Introduction
The sixth International Conference on Concrete Repair, Rehabilitation and Retrofitting (ICCRRR 2022) was held
in Cape Town, South Africa, from 03 - 05 October 2022. The Conference was the latest in a sequence of
ICCRRR International Conferences (Cape Town 2005, 2008, 2012 and 2018, Leipzig 2015). The organization
was a collaborative venture of the University of Cape Town in South Africa and Karlsruhe Institute of Technology
(KIT) in Germany.
Across the globe, ever-increasing amounts of national construction budgets are spent on condition assessment,
maintenance, monitoring, repair and strengthening of concrete structures. Considering this, substantial progress
has been made in understanding concrete deterioration mechanisms, non-destructive assessment
technologies, and repair and rehabilitation technologies. A large share of international research efforts in
structural and materials engineering is dedicated to these topics, and we believe that international events such
as the ICCRRR can contribute substantially to developing and implementing suitable solutions to address the
above issues.
ICCRRR 2022 has received excellent support by researchers and practitioners from around the world, with
authors being drawn from numerous research and industrial organisations. This book of abstracts contains the
2-page extended abstracts for the Keynote presentations and the short abstracts for all remaining presentations.
The 2-page abstracts for all presentations are published on the conference website, and the full conference
papers are published by MATEC Web of Conferences, a provider of open-access proceedings in Materials
Science, Engineering and Chemistry. Again, the link to the full proceedings is provided on the back cover of this
booklet.
The proceedings contain papers presented at the conference, classified into a total of 11 sub-themes which can
be grouped under four main themes: (i.) Concrete durability aspects, (ii.) Condition assessment of concrete
structures, (iii.) Concrete repair, rehabilitation and retrofitting, and (iv.) Developments in concrete material
technology, assessment and processing. Only original contributions were considered for inclusion in the full
conference proceedings and all papers submitted were subjected to a full process of peer review. The review
of manuscripts was undertaken by members of the International Scientific Advisory Board, acting independently
on one or more assigned manuscripts. This invaluable assistance, which has ensured that we can meet the
high quality expected for the Proceedings of the ICCRRR, is gratefully acknowledged.
Like countless other events, the ICCRRR was supposed to be held during the Covid Pandemic and had to be
postponed, in our case from 2021 to 2022. We decided to hold the conference in full contact mode as we believe
that in-person contact forms an integral and essential part of the ICCRRR philosophy, which is based on
exchanging the latest scientific knowledge and current industry developments in a personal, collegial
atmosphere – both in the lecture venue and over a cup of coffee during the breaks and social functions. We are
therefore grateful for the strong support we have received from all corners of the world and we wholeheartedly
welcome our international and national guests to Cape Town.
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We would like to give special acknowledgements to our valued supporters and partners in academia and
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Finally, we wish to thank the authors for their efforts at producing and delivering papers of high standard. We
are sure that the Proceedings will be a valued reference for many working in this important field, and that they
will form a suitable base for discussion and provide suggestions for future development and research.
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1 KEYNOTE PAPERS
Understanding the durability of concrete containing SCMs
Karen Scrivener 1
1

Laboratory of Construction Materials, EPFL, Switzerland

Increasing the use of supplementary cementitious
materials (SCMs) in concrete remains by far the most
practical way to reduce the CO2 emission associated with
cement and concrete. Supplies of the traditional SCMs,
blast furnace slag and coal fly ash, are limited and will
continue to decrease due to efforts to reduce global
warming. Calcined clays can be produced in effectively
unlimited quantities and open up new possibilities to
increase substitution levels. To use all these materials
with confidence we need to understand their durability
from a generic, mechanistic standpoint.
In general, SCM improve most aspects of durability
– chloride ingress, alkali silica reaction and resistance to
sulfate ions. On the other hand, carbonation rates will be
more rapid due to the reduced buffer to react with
incoming CO2. Nevertheless carbonation rates fulfil the
requirements in most standards and in the vast majority
of applications moisture levels are much too low to allow
active corrosion even once the concrete is carbonated.
Understanding the resistance to chloride penetration
is particularly interesting, as the corrosion of reinforcing
bars due to chloride ions is by far the number one cause
of durability issues with concrete. Traditionally chloride
ingress is considered to be a function of the porosity of
the concrete. Of course, porosity is a major factor, but
our recent studies show that it is far from the whole story.
For example, LC3-50 paste with a w/b ratio of 0.5 has a
higher porosity than OPC with a w/b ratio of 0.3, but an
effective diffusion coefficient of chloride 3-4 times
lower (Figure 1).
Researchers frequently attribute the lower diffusion
to the “tortuosity” of the pore structure, but this is in fact
a circular argument as “tortuosity” figures are derived
from the ratio of ion diffusion (or conductivity) in free
solution to the diffusion (or conductivity) in the sample.
The figures derived are far higher than can be explained
by simple geometric arguments. It must be appreciated
that even for concrete cured under water the saturated
pore network is made up of pores in the range of 10 nm.
There may be some refinement of the connected pore
sizes in blended systems, but this is not enough to explain
the large difference in diffusion rates.
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Fig. 1. effective Cl diffusion for OPC and LC3 pastes adapted
from Wilson et al. [1]

Our recent work indicates two other factors play a major
role. First the ionic concentration of the pore solution.
As shown in Sui et al [2] the diffusion seems to be
strongly correlated this the concentration of [Na + K].
On a simplistic level it higher numbers of charge
balancing Na+ and K+ allow higher levels of Cl- in
solution.

Fig. 2. Relation between apparent diffusions coefficient for
various blended systems with the alkali concentration in the
pore solution, from Sui et al [2].
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A second factor, which is not yet well understood, is the
composition of the C-(A)-S-H, which changes
significantly between OPC and blended systems. The
simulations from the recently completed thesis on Khalil
Ferjoui in our group indicates this may explain the
difference, but critical information on the actual surface
structure of C-(A)-S-H is still lacking.
This work illustrates that we need to change our
thinking of the factors affecting durability and evolve our
use of “durability indicators” accordingly. With respect

to resistance to chloride ingress the bulk resistivity,
which can be measured very quickly and easily seems to
be the best indicator.
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Measuring, understanding, and forecasting reinforcing steel
corrosion in concrete
Ueli Angst1,*
1

Institute for Building Materials, ETH Zurich, CH-8093 Zurich, Switzerland

Abstract. This contribution reviews recent advances in the areas of measuring, understanding, and
forecasting reinforcing steel corrosion in concrete. The overall goal is to promote scientific discussion and
progress to allow for technological innovations in the fields of non-destructive testing, structural health and
corrosion monitoring, as well as modelling of the performance of reinforced concrete structures and
maintenance strategies in actual service environments. Improved Condition assessment as well as Concrete
Repair, Rehabilitation and Retrofitting (ICCRRR) technologies are needed to face the challenge of ageing
infrastructure and to meet the “net zero by 2050 target”.

1 Motivation

2 Measuring corrosion

Corrosion of reinforcing steel in concrete is the primary
cause for the degradation of civil infrastructure [1]. It is
a common challenge of the industrialized countries that
the asset of structures contains an increasing portion of
relatively old structures, which need to be maintained to
ensure safety and availability. Projections for the number
of structures needing repair in the coming decades are in
the order of an increase by a factor of 3–5 by 2050 with
respect to now [2]. Already today, however, leading
industry nations are confronted with the need to close
bridges for heavy traffic due to safety concerns, and –
fortunately more rarely – cases of structural collapses.
Against this background, there is an urgent demand
for Improved Condition assessment as well as Concrete
Repair, Rehabilitation and Retrofitting (ICCRRR)
technologies. Without technological progress, it will be
extremely difficult to tackle the challenge of ageing
infrastructure.
Another concern relates to the pressing issue of
global warming and the need to reduce the construction
sector’s environmental footprint. Ambitions such as the
“net zero by 2050 target” call for dramatic changes in
both the materials used (e.g. low-emission cements,
recycled mineral waste and aggregates) and construction
processes (e.g. digital / additive construction). Such new
technologies not only needed to have a low
environmental footprint at the time of construction, but
to prove durability over long time scales.
For the reasons given above, it is vital to be able to
measure, understand, and forecast corrosion of steel in
concrete. This contribution will highlight recent
advances in these three areas and how they can contribute
to address the societal/environmental challenges outlined
above.

The measurement of corrosion means that corrosion
processes can be followed and quantified in both
laboratory studies and, more importantly, in-situ in
structures. While a number of techniques have been
developed that may allow for the detection of corrosiononset and the quantification of corrosion rates under
certain well-controlled conditions – in particular,
specially designed samples in the laboratory (e.g.
segmented bars for macro-cell corrosion studies [3, 4]) –
reliable measurements of corrosion processes under
actual exposure conditions in structures are still a major
challenge. Such quantification, however, is crucial for
the understanding of corrosion processes, as existing
models need to be expanded to better take into account
the dynamic behaviour under generally time-variable
exposure conditions [5, 6].
New opportunities may be seen in recent advances in
sensing technologies, allowing for the placement of
embedded sensors to characterize environmental
changes such as chloride concentrations and pH during
the life of a structure [7]. Such sensing techniques not
only allow for a better characterization of the exposure
conditions but also to relate corrosion processes to the
actual changes in the pore solution chemistry.
Additional opportunities for the in-situ quantification
of corrosion rates, especially for localized corrosion, are
related to combining advanced numerical corrosion
models with on-site measurements, such as [8]. Here, the
progress in computational power may facilitate the
development of a new generation of non-destructive
techniques.
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3 Understanding
corrosion

and

forecasting
3.

One of the prevailing key open questions is related to the
factors that lead to corrosion of steel in concrete in
chloride-exposure environments. Various assessments
have revealed that the concept of the critical chloride
threshold is not adequate in scientifically explaining
corrosion initiation [6]. A number of studies have
highlighted that different features at the steel-concrete
interface play important roles [9-11]. Nevertheless, it is
still not possible to reliably predict the initiation of
corrosion.
Similarly, the rate at which corrosion processes occur
is an important parameter, especially for the assessment
of the life or residual life of a structure. Recent
fundamental understanding about the relevance of
concrete microstructure and moisture [12] opened new
perspectives, both for the decarbonization of cement and
concrete and for new models to forecast the performance
of reinforced concrete. Such models may also be useful
on implementing and generating confidence in repair and
rehabilitation methods deviating from mainstream
approaches, such as the use of concrete surface
treatments [13]. Nevertheless, more research is needed to
develop engineering models that can reliably predict the
rate of corrosion of steel in concrete under actual
exposure conditions and on the basis of parameters
available in engineering practice.
Finally, corrosion-induced concrete cracking and
spalling is a common limit state in engineering practice,
but so far no model is available to reliably predict this
[14]. This may be related to the fact that most models are
centred on mechanical considerations, e.g. on the basis
of the assumption of a rebar idealized as an expanding
cylinder. On the other hand, little attention is paid on the
transformation of dissolved ferrous ions in the pore
solution, resulting from (electro-)chemical reactions,
including considerations of the thermodynamic stability
and the kinetics of different reactions in competition with
transport. A recent compilation of literature data on the
speciation of iron in cementitious systems [15] may be a
useful starting point in this regard, but certainly more
scientific studies are needed to fully reveal the “fate” of
dissolved iron in a cementitious matrix.
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Damage management of concrete elements by crack mitigation
and self-healing strategies
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Abstract. Small cracks in concrete elements that are allowed by structural design codes will not hamper the
functionality of the element initially, but do provide an easy access for aggressive agents into the concrete
and to the reinforcement. Therefore, cracks will lead to an acceleration of degradation processes and reduce
the service life and sustainability of concrete structures. Crack mitigation strategies like the incorporation of
superabsorbent polymers, and self-healing methods can help to reduce the maintenance frequency and
increase service life, however, their efficiency in realistic environments needs to be properly evaluated.

depassivation of the reinforcement was significantly
reduced, independent of the cover thickness. Cracks can
also increase the CO2 penetration through the concrete
cover, thus triggering an earlier start of the reinforcement
corrosion. Alahmad et al. [4] found that CO2 penetrated
freely in cracks with a width above 60 µm, while the
carbonation rate in the crack decreased for smaller crack
widths. Also, Van Mullem et al. [5] showed that
carbonation was significantly affected by the crack
tortuosity for crack widths below 100 µm.

1 Occurrence of cracks in concrete
The occurrence of small cracks in concrete is almost
unavoidable. Shrinkage phenomena and temperature
effects can induce early age cracks and at later ages the
intrinsic brittleness and low tensile strength of the
material in many cases leads to cracking in service. For
many structural elements, this results in the need to
introduce reinforcement, mostly steel rebars. In design
codes, cracks of limited width (200-300 µm) are allowed
for most structural elements if water tightness is not a
prerequisite. Fib Model Code 2020, Eurocode 2 and ACI
318, propose equations to calculate crack widths as a
function of reinforcement bar diameter and
reinforcement area ratio, concrete cover, concrete tensile
strength, steel-concrete bond strength and the induced
stress in the reinforcement. Small cracks will not hamper
the functionality of the element initially, but do provide
an easy access for aggressive agents into the concrete and
to the reinforcement. Therefore, cracks will lead to an
acceleration of degradation processes and reduce the
service life and sustainability of concrete structures.
Recently developed high performance and extremely low
porosity concrete types are mostly even more brittle and
sensitive to early age cracking than normal strength
concrete. Degradation models rarely include the crack
pattern as a durability parameter, because the effects of
cracks on the kinetics of the degradation mechanisms are
generally not well-known or too complex to introduce
into simple calculation models.

3 Crack mitigation and self-healing
strategies
To increase durability and the service life of the
structure, different mitigation and crack treatment
methods can be applied. Superabsorbent polymers
(SAPs) possess the ability to take up a significant amount
of liquids from the environment and due to their ability
to absorb and retain water from the cementitious mixture,
they have been successfully used as internal curing
agents preventing self-desiccation and reducing
autogenous shrinkage. In a recent study [6], commercial
acrylate based and in-house developed NaAMPS (2acrylamido-2-methyl-1-propanesulfonic acid sodium
salt) based superabsorbent polymers have been proven to
effectively eliminate early age shrinkage cracks in
reinforced concrete walls (14 m x 2.75 m x 0.80 m),
while reference walls without SAPs presented throughgoing cracks in the first 7 days after casting.
The so-called passive crack treatments are manually
applied if inspection indicates that crack widths have
exceeded allowable values for the structure and
environment in which it has to function. They only treat
surface cracks and the application is dependent on the
accessibility of the affected area. Active methods on the
other hand are incorporated at the construction stage.
Those methods, also called self-healing techniques, will
be activated when the cracks are formed and may fill
both interior and surface cracks.

2 Effect of cracks on concrete durability
It is clear that the presence of cracks in the concrete cover
zone provides easier access for various aggressive
agents. For instance, it has been found that cracks above
a certain critical crack width allow a faster penetration of
chloride ions into the matrix. This critical width could be
around 10 to 50 µm, as stated by Maes [1] and Van den
Heede et al. [2] respectively. Based on in situ inspections
on a concrete bridge, Kušter Marić et al. [3] mentioned
that above the crack width of 100 µm the time to
*

5
Corresponding author: nele.debelie@ugent.be

are used. Aerobic bacteria are not only in need of water,
but also of oxygen, of which the availability could
decrease from the crack mouth to the crack tip. This
could be overcome by using nitrate-reducing bacteria
together with nitrate as an alternative electron acceptor
that enables bacterial CaCO3 precipitation without O2
being available. These bacteria could provide the added
functionality of corrosion inhibition by nitrite produced
as an intermediate metabolite [12]. Other autonomous
mechanisms, based on encapsulated polymeric healing
agents, may be independent of water availability. Still,
one-component polyurethane precursors need humidity
to polymerize [13]. On the other hand, in unsaturated
specimens, the release and distribution of healing agent
can be positively affected by the capillary action of the
crack. Temperature changes will affect the rate of
chemical and enzymatic reactions and lead to a variation
in polymer viscosity thus affecting the crack filling
efficiency [14]. Therefore, the best self-healing strategy
will depend largely on the conditions in which the
concrete element will function.

3.1 Autogenous and autonomous healing
A further distinction can be made between autogenous
healing and autonomous or autonomic healing.
Autogenous healing relies on the conventional
constituents of the concrete matrix, and is mainly
induced by continued hydration of yet un-hydrated
binder particles near the crack walls, and precipitation of
calcium carbonate crystals in the crack. Methods to limit
crack width (fibre addition), provide the water that is
needed for hydration reactions to occur (e.g. addition of
superabsorbent polymers), or enhance hydration or
crystallization (e.g. by mineral additions or crystalline
admixtures) can be used to stimulate or improve
autogenous healing. Autonomous healing uses
unconventional engineered additions to provide the selfhealing function and includes the application of
encapsulated minerals and polymeric healing agents, and
of encapsulated or granulated micro-organisms. Various
microbes have been shown to induce precipitation of
CaCO3 as a result of their metabolism and the nucleation
properties and zeta-potential of the cell wall. Regarding
encapsulated agents, micro-encapsulation, macroencapsulation, and vascular networks have been applied.
The choice will determine the magnitude of the healable
damage, the repeatability of healing, and the recovery
rate. In these systems, the formation of the crack is
mostly the trigger to activate the self-healing, because it
ruptures the capsules and releases their content.
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3.2 Self-healing under realistic conditions
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overview of the different autogenous and autonomous
technologies [7], test methods to assess their
effectiveness [8] and models to predict the result of the
self-healing process [9]. However, many of the results
were obtained in ideal conditions, often environmental
conditions in laboratories. At the moment, there is a need
for further insights into the behaviour of self-healing
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Advances in predicting reinforcement corrosion damage on
concrete structures
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Abstract. Steel corrosion-induced damage in reinforced concrete (RC) structures is a pervasive problem that
affects minor and major infrastructural developments alike. In the recent past, focus has shifted from
prediction of corrosion rate which is affected by several inter-related factors, to the prediction and
management of corrosion-induced damage in the propagation phase. Much focus has also been placed on the
prediction of the residual life of these structures. These developments have been facilitated by a number of
developments in the field including advancements in materials technology, impact of climate change,
improved laboratory testing / simulations, real-time in-situ remote monitoring, and capacity / people
development. This paper discusses the main drivers that have shaped and provided impetus for the advances
in the management of steel corrosion damage in RC structures.

Furthermore, corrosion rate is affected by a number of
inter-related factors including cover depth and condition
(cracked or uncracked), concrete quality (including
binder type), temperature, concrete resistivity, relative
humidity and specimen design [1, 5]. These pose
challenges to the prediction of corrosion rate.
It is however clear that to date, due to the
aforementioned challenges, there has been no consensus
on the universal applicability of the various corrosion
rate prediction models, and focus seems to have shifted
to the prediction and management of corrosion-induced
damage in the propagation phase. Much focus has also
been placed on the prediction of the residual life of these
structures.
The prediction of steel corrosion damage in RC
concrete structures is hinged on adopting limit states for
corrosion-induced damage. A limit state refers to a state
beyond which a structure or part of it no longer satisfies
the desired performance criteria [6]. In order to depict the
different stages of corrosion-induced damage in the
propagation phase, the propagation phase is usually subdivided into sub-phases, the boundaries of which are
denoted by different limit states [4, 7].

1 Introduction
Steel corrosion-induced damage in reinforced concrete
(RC) structures, especially in the marine environment
[1], is a pervasive problem that has persisted for decades
despite the numerous studies in this field. The damage
takes different forms that stretch across both the
serviceability and ultimate limit states of the affected RC
structures, and include cover cracking (initiation and
propagation), delamination and spalling, increased
deflection, and loss of steel cross-sectional area. Even
with relatively good durability design, specification and
in-situ quality control, steel corrosion is inherently
difficult to completely eliminate, and most approaches
resort to the management of the risk thereof.
It is unavoidable to talk of steel corrosion damage
without referring to corrosion propagation. This is
because steel corrosion-induced damage is directly
associated with the corrosion propagation phase in the
service life of a corrosion-affected RC structure. More
than a decade ago, Otieno et al. [2] stated that “the
impetus to include corrosion propagation in the design
service life of RC structures can be attributed to a number
of reasons including, among others, (i) the rapid increase
in the number of deteriorated RC structures due to steel
corrosion, (ii) the need to safely utilize the residual
serviceability and strength of the RC structure with or
without remedial measures [3], and (iii) the propagation
phase may in some instances be sufficiently long to merit
consideration and quantification. These statements are
still valid today!

3
Focus areas
advancements

for

3.1 Developments in materials technology
Advances in the field of materials used to manage and
repair corrosion damage such as surface coatings,
corrosion inhibitors and sacrificial anodes [8] cannot be
ignored. These need to be further exploited to minimize
corrosion damage and maximize the total service life of
these structures.

Prediction of steel corrosion damage in RC structures is
intrinsically linked to the prediction of the progress of
steel corrosion in the propagation phase i.e. corrosion
rate. The latter, in addition to the lack of a unified method
for its quantification, is not easy to predict even though
several models have been proposed to date [4].
7
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drivers

The advancements in the management of corrosion
damage have been realized due various reasons. Salient
ones are briefly discussed in the following sections.

2 Prediction of corrosion damage
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3.2 Impact of climate change
The impact of climate change on the deterioration of RC
structures cannot be overlooked. The increasingly
harsher exposure environments due to, e.g., global
warming [9], require a corresponding response from
engineers not only in terms of reducing the carbon
footprint of concrete structures and focusing on the need
for net zero energy infrastructure but also in mitigating
the short- and medium-term needs. There is need for
further work on climate adaptation of corrosion-affected
RC structures.
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3.3 Improved laboratory testing / simulations
Empirical laboratory tests are invaluable in the
development of steel corrosion deterioration prediction
models. We therefore need to be acutely careful in the
experimental
designs
to
simulate
exposure
environments, and be even more careful in generalizing
the applicability of the results and models thereof.
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3.4 Real-time in-situ remote monitoring
The technological advancements such as artificial
intelligence and data analytics should be exploited in the
monitoring of in-service corrosion-affected RC
structures, and more importantly, the associated damage.
This is critical for some critical ageing RC structures
such as nuclear power plants. This will help immensely
in the validation and calibration of existing models and
forecasting of the performance of RC structures in the
long-term.
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3.5 Forecasting corrosion-induced damage
Advancements in time-dependent reliability analyses
have made it possible to predict and forecast cumulative
corrosion damage in RC structures.

9.

3.6 Capacity / People development
It is incumbent upon researchers to capacitate engineers
– especially novice ones – with the advancements in
knowledge relating to steel corrosion damage in RC
structures.

*

8
Corresponding author: mike.otieno@wits.ac.za

M. Otieno, M. Thomas, Ch. 7: Marine Exp. Envmts. &
Expsr. Sites, Marine Concrete Structures: design,
durability and performance, ISBN: 978-0-08-100905-5,
171-196 (2016)
M. Otieno, H. Beushausen, M. Alexander, Pro. Int. Symp.
on Serv. life Des. Infra. 4th-6th Oct., Delft, The
Netherlands, Significance of the corrosion propagation
phase in service life prediction of cracked RC structures,
533-560 (2010)
W. Y. Jung, Y. S. Yoon, Y. M. Sohn, Cem. & Conc, Res.,
Predicting the remaining service life of land concrete by
steel corrosion, 33(5), 663-677 (2003)
M. Otieno, H. Beushausen, M. Alexander, Cem. & Conc.
Comps., Modelling corrosion propagation in reinforced
concrete structures - a critical review, 33, 240-245 (2011)
M. Otieno, M. Alexander, H Beushausen, Magz. Conc.
Res., Corrosion in cracked and uncracked concrete influence of crack width, concrete quality and crack reopening, 62(6), 393-404 (2010)
ISO-2394, General principles on reliability for structures.
International Organization for Standardization, Geneva
(1998)
C. Q. Li, ASCE J. Struct. Eng., Reliability based service
life prediction of corr. affected concrete structures,
130(10), 1570-1577 (2004)
F. Bolzoni, A. Brenna, M. Ormellese, Cem. & Conc. Res.,
Recent advances in the use of inhibitors to prevent
chloride-induced corrosion in reinforced concrete, 154
(2022)
P. de-Wilde, D. Coley, Bldg. & Envmt., The implications
of a changing climate for buildings, 55, 1-7 (2012)

Sustainability verification of deteriorating concrete
infrastructure
Mette R. Geiker1*
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Abstract. Sustainable asset management is becoming increasingly important, both due to aging population
of buildings and infrastructure and due to more restrict policies. Management optimization requires
sustainability quantification and verification. The development in fib guidelines is summarized and
supplemented with further suggestions for sustainability quantification. Methods for including depreciation
rates in sustainability quantification need be established.

Structural Concrete Code, where MIVES is proposed
used for assessing the sustainability of concrete
structures. Adopting MIVES, the fib TG 6.3 proposes a
set of criteria be considered: economic: total costs, quality,

1 Introduction
A necessity for sustainability verification is combined
quantification of the time dependent performance of the
considered structure (or stock of structures) and the
various impacts of relevance. Further, sustainability
verification requires establishment of limit states
(relative or absolute at local or global level). Limit states
for sustainable reinforced concrete structures were
discussed by Geiker et al. [1] stressing the need for
considering the whole life cycle of a structure, and both
engineering and sustainability limit states.

dismantling, service life; environmental:
consumption,
emission, energy; and social: third parties; health and safety.

Despite “health and safety” could include structural
performance, this appears not explicitly mentioned
neither in the general description nor in the cases.
The draft of the fib Model Code 2020 (MC2020) [11]
fully integrates structural performance verification in
“sustainable and through-life management & care”.
Structural performance is treated as the basic aspect of
social performance of any concrete structure. In addition
to stating requirements and criteria, the draft of MC2020
provides guidelines for evaluation/verification. To
account for difference in performance of alternative
concretes Müller and Boumaaza [12] introduced the
“Concrete Sustainability Potential”, CSP= (fck∙tSL)/GWP,
where the characteristic concrete strength is multiplied
by the service life divided by the global warming
potential.

2 Guidelines
The European-funded DuraCrete project provided a
durability design framework resembling the established
structural design approaches [2]. This framework was
further developed and formalized in the fib Model Code
for service life design [3] and the ISO standard 16204
[4].
The fib Model Code for concrete structures 2010 [5]
also provides design principles for sustainability
(environmental impacts, social impacts, and aesthetics)
(see [5] Section 3.4), and suggests life cycle assessment
methods adhering to ISO 14040 [6] be used for
verification (see [5] Section 7.10). However, [5] provides
no specific design guidelines.
Addressing the intention of [5], a design and
management framework considering environmental
impacts was, based on Lepech [7], proposed by Lepech
et al. [8, 9].
The fib TG 6.3 “Sustainability of precast structures”
presents in [10] the Sustainable Structural Design (SSD)
method, which considers both environmental and
structural performance in a life cycle perspective. The
SSD method combines in economic terms input from life
cycle assessment with structural performance
assessment. Emphasis is placed on the SSD method
being modular, portable, and scalable to facilitate general
applicability. The fib TG 6.3 further advocate for the use
of the “MIVES” method, a multi-criteria decisionmaking method “capable of defining specialized and
holistic sustainability models to obtain sustainability
indexes”. Reference is in [10] made to the Spanish
*

3 Further sustainability quantification
3.1 Sustainability development space
For sustainability assessment Holden et al. [13]
introduced the “sustainability development space”
limited by threshold values (acceptance criteria)
illustrated in a radar chart/spider web diagram. Linnerud
et al. [14] recently applied the concept and used the
distance between “headline indicator” values and
corresponding thresholds to quantify the sustainable
development gap at different times and locations.
3.2 Age and use classes
Kohler and Hassler [15] introduced age classes and use
classes to provide an integrated system analysis approach
for assessment of larger building stocks. The approach
was applied by Brattebø et al. [16] for sustainability
assessment of building and infrastructure stocks. The
authors claimed that (i) when using use-age matrices, the
stock can be examined and documented over time
considering changes in use characteristics and aging of
9
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3.4 Depreciation of impacts
Using climate gas emission as the only measure, the
Norwegian Public Roads Administration recently
compared alternatives for maintaining a marine crossing
and demonstrated that cathodic protection resulted in
only 10% of the emissions of a new marine bridge [20].
The gain would be less if extending the CSP-concept
[12] and taking account for differences in expected
service life. However, it is of high importance also to
consider the urgent need for up-front emission lowering.
Methods for such sustainability quantification, including
depreciation rates, need be discussed and established.

the stock and (ii) when applying lifetime probability
functions together with materials density and energy
intensity coefficients of the system, life cycle
environmental impact patterns can be quantified.
Considering infrastructure stocks, it is the present
author’s expectation that the division into age classes
with benefit could be based on changes in the
requirements to durability related properties (e.g., cover
thickness and w/b ratio, alkali reactivity of aggregates,
air entrainment for frost resistance) and construction
practices (e.g., duration of curing and mitigation of early
age cracking). Furthermore, it is suggested that for
similar structures (e.g., highway bridges) the use class
could be subdivided into type classes reflecting the
condition of the structures. An example of such a
subdivision is given in Figure 1. Using the concept
according to Kohler and Hassler [15] and data from
Osmolska et al. [17] the stock of Norwegian standard Ibeam girders are subdivided into age and type classes
based on regulations and observed corrosion damage.

Acknowledgements: the author is grateful to Professor Helge
Brattebø, NTNU, and Professor Mike Lepech for discussions
and suggestions.
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The durability of concrete in sewer systems notably
related to the biogenic acid attack is a major economic,
societal and health issue in developed and emerging
countries. Strong deterioration occurs in the aerial part of
the pipes because of biological activity and notably the
production of sulfuric acid by sulfur oxidising bacteria
(SOB) developed in the biofilm in direct contact with the
concrete surface.
There are several major scientific and technical
challenges to develop durable and sustainable
cementitious materials intended for the construction of
new sewer systems, but also for the maintenance and
rehabilitation of old ones, and adapted to different level
of aggressiveness encountered in the sewers. Calcium
aluminate cements (CAC) have proven high resistance in
sewers compared to Portland-cement based (PC)
materials, the reason for their resistance (biological,
chemical) still being discussed. More generally the
intrinsic characteristics, particularly chemical and
mineralogical, of cementitious materials, which are
responsible for their resistance to the biogenic acid attack
in sewerage systems, are not yet fully understood. Also,
few studies in the literature investigated the resistance of
low-CO2 cementitious materials to the biogenic acid
attack so far. To make progress on these various issues,
the question of the assessment of cementitious materials
in laboratory using representative and accelerated
biological tests is also crucial, as notably chemical tests,
currently prescribed in some standards, were proven not
to be relevant in some conditions.
The presentation will aim to review the latest
progress obtained from the work carried out at INSA
Toulouse in the last decade, (i) in the understanding of
the mechanisms of biodeterioration and of the resistance
of cementitious materials exposed to sewer-like
environments, and (ii) the development of a
representative accelerated laboratory biological test
method (BAC test) [1-3] together with a universal
performance indicator and (iii) their exploitation to

*

assess the performances of a wide range of cementitious
materials in such conditions.
The studies investigated different types of binder
systems, including conventional binders, PC-based
cements, and CAC, and low-CO2 binders (blast-furnace
slag cements (BFSC), calcium-sulfoaluminate (CSA)
and alkali-activated (AA) based binders). In order to
identify the key factors responsible for the resistance of
cementitious materials in sewer, a comparative
evaluation of cementitious materials made of CAC, PC,
BFSC (PC with 30 to 95% of slag), CSA and AA-based
binders exposed to sulfur-oxidizing microbial activity in
different conditions, was carried out.
Firstly, a possible mechanism often argued in the
literature to explain the better resistance of CAC binders
is the bacteriostatic effect on SOB linked to their
aluminium leaching. Nevertheless, reactor tests
conducted on acidophilic SOB, demonstrated their
ability to acclimatise to high aluminium contents [4].
More generally, the nature of the material (CAC, PC,
BFSC, CSA and AA-based binders) did not significantly
affect the SOB selection on the surface of paste
specimens exposed to the BAC test [5,6]. Moreover, the
CAC materials seemed to favour the development of a
higher SOB activity (and so acid production) than PCbased systems, leading to more aggressive conditions.
The resistance of CAC materials to biodeterioration
appeared to be mainly linked to the intrinsic chemical
resistance of mineralogical phases initially present or
precipitated during the deterioration process (AH3).
Reactive transfer modelling using a home-made model
developed on Aquasim software, showed that the
transport phenomena limiting the dissolution of the
cement matrix seemed to constitute a secondary process
in the conditions of the BAC test [5,7].
Besides the very good resistance of calcium
aluminate cement, certain calcium sulfoaluminate
cement (CSA)-based materials have shown better
behavior than Portland cements in the experimental
conditions of the BAC test.
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Fig. 1. Equivalent OH Performance indicator (PIeqOH) of cement pastes made with different binders and exposed to the BAC test, as a
function of the cumulative leached sulfate (presented as estimated H+, as H2SO4 is produced by the sulfur oxidizing microorganisms
developed on the surface of the materials) in the leached solution of the BAC test [8]. The performance indicator (PIeqOH) is an indicator
that assesses the resistance of cementitious materials tested in the BAC test compared to the reference material (Portland Cement based
paste). Such indicator allows a classification of cementitious materials according to their resistance to biological attack i n sewer
conditions assimilated by the accelerated laboratory test. It is based on the evaluation of the leaching of chemical cementitious ions (in
particular calcium, aluminium, iron, magnesium and sulfate) which define the neutralizing capacity of the materials. The novelty and
interest of the indicator is that it allows to compare a range of materials with very different mineralogical and chemical natures. SR0 and
3: Sulfate resistant cements, PCH: Portland cement with iron rich addition, AAS, AASH and AASB: alkali activated slag alone, with
iron or aluminium rich additions. The meanings of the other acronyms are provided in the text.
The authors acknowledge the financial support of FUI Duranet
(BPI France), Saint-Gobain Pont-à-Mousson, LafargeHolcim,
and the Institut Universitaire de France (Junior Member award
A. Bertron).

Calcium sulfoaluminate clinker (CSAC) and calcium
sulfoaluminate clinker with gypsum (CSAG) showed
better performance than calcium sulfoaluminate clinker
with anhydrite (CSAC) (Figure 1). The evolution of the
mineralogical phases of the three studied CSA-based
materials consisted of the dissolution of AFt and AFm
phases and the formation of gibbsite-like AH3 on the
surface. The better resistance of CSA-based materials
was mainly attributed to the presence of aluminium
hydroxide (AH3) as well as its chemical stability in acidic
environments. Moreover, the mineralogical form of
aluminium-bearing phases was a key factor in the
resistance of such phases; i.e. the increase of the
aluminium content in the materials by non-reactive
mineral additives was shown to be insufficient to
improve the performance of cementitious materials.
The presentation will finally review the pending
questions and research needs for further years to develop
more durable and low-environmental impact sewer
structures. They are notably related to (i) which form of
aluminium based phases should be promoted in low-CO2
binders to increase their resistance to biogenic acid
attack, (ii) the relation between environmental conditions
in sewer pipes (including the H2S concentration, the
relative humidity, and the amplitude and frequency of
their variations, the geometry of the sewer, etc.) and the
aggressiveness of the environments, and how to consider
them in the classification of the aggressiveness of sewer
networks, and in the recommendations on material’s
design. (iii) We need also to establish reliable
correlations between the rate of deterioration of the
laboratory tests and on-site situation.
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Abstract. Ultra-Thin Continuously Reinforced Concrete Pavement (UTCRCP) overlays consist of a 50mm
thick steel fibre reinforced concrete layer, reinforced with about 6mm thick steel bars spaced at 50mm centres,
both lengthwise and breadthwise. The thin reinforced concrete layer is placed on top of layer works to extend
the life of existing pavements damaged by overloaded heavy vehicles. The maintenance cost of this thin
overlay is limited by the reduction in the movement joints. A number of UTCRCP trial sections have been
constructed in South Africa, with varying levels of success. In this paper the behaviour of the heavily
reinforced thin concrete layers under both environmental and rolling axle loads are discussed, based on
experimental test results. It is concluded that UTCRCP overlays can only be used for sustainable rehabilitation
of pavements if the behaviour of the thin concrete layer under both environmental and rolling axle loads are
understood and taken into account when deciding on joint spacing, steel reinforcing, casting conditions and
materials used in the concrete.

bituminous layer and the failure mechanism of these
pavements is typically rutting in the wheel path. The
possibility that UTCRCP overlays act as flexible
pavements when exposed to rolling axle loads should be
investigated.
Rigid concrete pavements are prone to curling and
warping as a result of temperature and humidity changes
throughout the depth of the concrete layer. The UTCRCP
concrete layer may be thin enough to limit the curling
and warping effects, but the lack of thickness could result
in increased length changes caused by daily and seasonal
temperature and humidity variations. The magnitude of
the effect of concrete thickness should be studied to
ensure that designers can make appropriate assumptions
in terms of spacing of movement joints and reinforcing
bars.

1 Background
Ultra-Thin Continuously Reinforced Concrete Pavement
(UTCRCP) overlays consist of a 50 mm thick fibre
reinforced concrete surface layer, reinforced with about
6 mm thick reinforcing bars spaced at 50 mm centres,
both lengthwise and breadthwise. The thin reinforced
concrete layer is placed over pavement layers damaged
by heavy vehicle axle loads. The long term maintenance
cost of these thin concrete overlays should be limited due
to the significant reduction in movement joints requiring
regular routine maintenance [1]. Although a number of
UTCRCP trial sections have been built, the question
whether UTCRCP overlays can be used for sustainable
pavement rehabilitation remains. In this presentation two
major issues that threaten the sustainability of UTCRCP
overlays are addressed. The first issue deals with the load
spreading and failure mechanism design assumptions
made during the design of UTCRCP overlays, while the
second issue deals with the environmental load that the
thin concrete overlay, with limited movement joints, is
exposed to.
Rigid concrete pavements are normally about 250
mm thick concrete slabs with closely spaced movement
joints. The slab thickness is determined based on the
flexural strength of the unreinforced concrete and the
concrete surface layer is deemed to behave according to
the “beam on elastic support” principles as proposed by
Westergaard in 1926 [2]. UTCRCP overlays are not only
highly reinforced, resulting in ductile behaviour, but the
thin concrete layer is also not rigid and differential
movement across the width of the pavement, makes the
design assumptions for rigid pavements not applicable
for modelling the behaviour of UTCRCP overlays.
Flexible pavements typically consist of a thin asphalt or
*

2 Experimental setup
Here two aspects of UTCRCP behaviour are considered,
with not only the effect of rolling axle loads, but also the
effect of environmental loads are taken into account.
In the first experiment reinforced concrete slabs with
thicknesses of 50 mm, 75 mm and 100 mm were
instrumented with temperature sensors and strain gauges
to determine not only thermal gradients, but also strains
that develop in free moving slabs. These measured
strains, can give an indication of the stresses that would
develop in UTCRCP, where movement is constrained. In
the second experiment, a 1:10 scale UTCRCP model was
built and tested at 10 G centrifugal acceleration in a
Geotechnical centrifuge to qualitatively study the
complex soil structure interaction behaviour of the thin,
ductile and flexible concrete layer placed on compacted
soil layers and exposed to a rolling axle load equivalent
to that of a typical 8 ton axle load (E80) [3,4]. Figure 1
13
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gives an indication of a cross section through the scale
model.

The permanent damage that the supporting layer works
experience is not visible from the surface as the ductile
concrete layer rebounds when the wheel load moves
away. As long as the highly reinforced concrete layer is
ductile and strong enough to withstand repeated load
cycles, the thin ductile UTCRCP overlay will protect the
layer works, maintaining a useable riding surface.
Test results indicate that steel reinforcing is required
in the breadth of the pavement to resist the sagging
moments that develop under the wheels of heavy
vehicles. However, the UTCRCP overlay not only has to
bridge rutting of supporting layers caused by heavily
loaded vehicles, but also has to resist the hogging
moments caused in the centre of the axles when the
downward force of the vertical wheel loads is resisted by
an equal and opposite upward reaction between the
wheel paths. By limiting the thickness of the concrete to
as little as 50 mm it is possible to place only one layer of
steel in the concrete to handle both sagging and hogging
moments. By placing this reinforcing at mid-depth, there
is sufficient concrete cover to protect the steel from the
negative environment effects if a suitable concrete mix
composition is used. The longitudinal reinforcing in
the UTCRCP is required to prevent cracks from opening
up as a result of both drying shrinkage and length
reduction caused by decreasing concrete temperatures.
The lack of thickness of the concrete layer means that the
stresses caused by the volume changes is significantly
higher than what design engineers normally calculate.
The spacing of movement joints has to be balanced with
the volume of steel required. Buckling of UTCRCP can
be prevented through not only careful selection of
materials used in concrete, but also specifying
permissible temperature ranges for casting concrete.

Fig. 1. Centrifuge model of UTCRCP

By instrumenting each pavement layer in the wheel path
and between wheel paths, the vertical displacements
caused by the passing of a rolling axle load was
measured. The shape of the deflection bowls of the
pavement layers was used to develop a conceptual model
of the load spreading and soil structure interaction under
a UTCRCP overlay.

3 Results
The test results from the thin concrete slabs clearly
indicated that the effect of daily and seasonal
temperature changes results in significant concrete
deformation. The advantage of a 50mm thick concrete
slab is however the lack of thermal gradient, which
explains the lack of curling and warping caused by
temperature changes. The thermal expansion of the thin
slabs will however be more than that of thicker slabs and
contractors may have to cast some parts of the UTCRCP
overlay when the temperature is high to ensure that
length reduction takes place, thus preventing
longitudinal buckling of the thin overlay. Sufficient steel
reinforcing in the length of the pavement can prevent
wide cracks from opening up as a result of drying
shrinkage and thermal contraction during cold winter
nights. Rainfall has a significant effect on the behaviour
of the thin concrete slabs as moisture absorbed on the
surface results in a significant length change. UTCRCP
pavements should be constructed using concrete that will
not absorb water during rain storms. This would be
possible by using a combination of fine fillers and pore
blockers, reducing the water/cement ratio and water
content of the concrete and sealing the running surface
of the pavement. The scale model test results indicate
that the flexible thin concrete overlay spans across the rut
that forms in the layer works after the first load cycle.

4 Conclusion
UTCRCP overlays can be a sustainable solution to
rehabilitation of pavements damaged by overloaded
heavy vehicles. Design engineers and contractors will
however have to take not only the actual soil structure
interaction behaviour under rolling axle loads into
account, but also the significant negative environmental
effects that determine the allowable distance between
movement joints, as well as the volume of longitudinal
reinforcing required in the thin concrete layer.
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Building repair and rehabilitation in a global paradigm of climate
change, resource depletion and an increasing demand for
building stock
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Abstract. The current industry processes to address the repair and rehabilitation of buildings are inadequate
to provide an effective extension of serviceable life. This often leads to premature demolition. Developed in
practice, an improved adaptation of the conventional new-build staged methodology is proposed to give
buildings a second life which, if led correctly by the concrete repair specialist, can extend the life and keep
the embodied CO2 stored in the building for another generation.

the owner’s decision. Decisions are often made without
sound engineering advice from concrete building
specialists, as the process to make such building
assessments is largely absent in South Africa.

1 Introduction
The successful repair and rehabilitation of concrete
structures is to extend service life and to avoid
demolition. This is imperative if we are to achieve zero
atmospheric carbon by 2050 and to reduce resource
depletion. Currently a 30 year old building embodies a
similar amount of CO2 as its operational energy if fossil
fuel-based. Retrofitting existing buildings to reduce
operational energy will become easier with new
technologies. Therefore repairing and rehabilitating
degrading buildings to avoid demolition and keep
embodied CO2 is critical for planetary health. This paper
proposes an alternate
assessment-design-repair
methodology to the current approach for buildings.

Fig. 2. Senator Park, Cape Town – the building value dropped
as degradation manifested

2 The current approach

In contrast, the norm for new civil engineering and
building projects is a rigorous design process. The
appointed Principal Consultant (“PC”), assisted by
specialist consultants, takes the project through 4
sequential Stages of Design [1] (Figure 3). Buildings
require regulatory approval. If viable after the first two
stages (brief/inception and concept design/viability) then
the team ‘builds’ the project on paper during the next two
stages (design development/regulatory approval and
specifications/pricing documentation). The appointed
Principal Contractor is assisted by specialist subcontractors. In civil engineering structures the PC is an
engineer, in buildings an architect. Determining
feasibility and ensuring viability makes the Principal
Consultant the project investment advisor.
The methodology for the assessment and repair and
rehabilitation for ageing concrete buildings with
advanced deterioration is relatively less well applied in
the building industry, if at all. Such defects are
incorrectly considered to be normal wear and tear with
owners employing decorating contractors who double as
concrete repair ‘consultants’. Sometimes a non-specialist
engineer is consulted who, after a visual inspection,
incorrectly proposes demolition or provides a general
repair
specification
extracted
from
product
specifications. Pricing is similarly generic with the
expected under-estimations. A proper condition
assessment is only conducted during construction, the

In civil engineering structures the concrete is generally
exposed and concrete repair specialists are consulted as
defects manifest. In buildings the structure is usually
hidden by finishes with defects manifesting when
degradation is advanced, the building condition curve
taking a downward turn (Figure 1). This is prevalent in
many concrete frame buildings designed and built in the
60s and 70s when durability was not understood.

Fig. 1. Senator Park, Cape Town - a high rise apartment block

In degrading commercial buildings rental returns drop.
Fewer funds become available for repair with further
drops in rent. This leads to further degradation and an
erosion of the building value (Figure 2). Demolition
becomes an option.
Demolition of a listed building requires Heritage
approval and cannot be demolished unless an engineer
determines that it is not structurally safe nor capable of
being made safe. The demolition of unlisted buildings is
*
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process similar to a geotechnical investigation being
undertaken once the foundations have been dug, usually
providing similar unwelcome surprises.

trategies and specifications are developed with the
specialist contractor for each defect type. Costs are
estimated.

Fig. 3. The conventional 4 stages of design and construction

Thus the extent of the concrete degradation is revealed
during construction, and in cases is so complex that work
has to be aborted. Demolition becomes a resigned option.
At best concrete repair specialists are consulted to rectify
the situation; the parties not initially aware that the
assessment of the residual structural capacity of the
degraded RC structure is a highly specialized field. The
client bears the cost and time overruns.
However the specialist assessment and repair of such
advanced deterioration in ageing RC structures is not part
of regular maintenance or normal wear and tear as
contemplated by the National Building Regulations
(“NBR”) [2] [3]. An application to the Local Authority
(“LA”) is required for structural repairs under the
direction of an appointed competent person (“CP”) who
is ‘qualified by virtue of his education, training,
experience and contextual knowledge to make a
determination regarding the performance of a building
or part thereof … ’ [4]. This is a structural engineer (or
two) who is a concrete repair and rehabilitation
specialist. Without this appointment the owner fails to
comply [5] [6], with neither the concrete defects
adequately analysed nor the root cause of the problem
and risks properly identified. Many ageing buildings are
unnecessarily demolished or repairs not properly
strategized.

Fig. 4. Proposed adaptation to the conventional stages of design
and construction

iii.

iv.

If repairs are viable the Brief is revised to enable a
2nd Stage 2 condition assessment and compliance
check but of all the building systems including
inter alia services, M&E, finishes, structures,
openings, water proofing and energy efficiency.
Costs are revised.
Outdated buildings may require an upgrade or
repurposing to make the rehabilitation viable. If so,
then Stage 1 and 2 are repeated until a feasible and
viable solution is developed. An informed brief is
thus developed with the client. An application is
made to the LA with the repair and upgrade plans.

Two essential changes are made to construction Stage 5.
i. A new pre-contract Stage 5a is added where each
defect type is repaired. This is to test the
specifications and to agree on the procedures,
measurement and certification of each type. The
recorded testing is the bench mark for quality
control.
ii. During Stage 5, each defect (with co-ordinates)
receives a quality control and claims record sheet
with 4 photographs: before opening up, remedial
work and closing-up, and after closing-up before
painting. The engineer is called to inspect unique
defects. These records are provided to the client for
maintenance.
Case studies of two developments where demolition was
averted by the author, one heritage and one 1970s high
rise apartment where the methodology was applied to
upgrade the building are presented in the key-note
address.

3 An improved approach
A staged methodology developed and successfully tested
in practice seeks to address the above shortfalls (Figure
4) to give the best chance to avoid demolition and to give
the building a valuable working life. Four essential
adaptations are made to the conventional 4 Stage design
methodology:
i. As per the NBR, the Stage 1 appointed competent
person (Principal Consultant) is a RC repair
specialist engineer [6]. Assisted by specialist
consultants (engineers/architect/QS) they advise
on the building asset and LA approvals. The
historical plans, reports and maintenance records
are researched and measured drawings prepared.
ii. A RC repair specialist contractor (with abseiling
specialists) is appointed during Stage 1 who makes
the works safe and exposes and records as many of
RC defects as possible to allow for a thorough
Stage 2 condition assessment. As-built details of
the defects are drawn. The defects are classified
into types and mapped onto the plans. Site and
laboratory testing enables a condition analysis. If
repairs are feasible then preliminary repair
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Abstract. This paper gives an overview of long term performance up to 30 years in the field of cathodic
protection of steel reinforcement in concrete in The Netherlands, focusing on impressed current systems based
on activated titanium anodes. Case studies are presented including applications to large numbers of precast
elements corroding due to mixed-in chloride with drilled in titanium anodes, parking garages and industrial
floors with titanium strips in cementitious overlays or titanium mesh in overlay. Based on observed failures
and replacements, analysis of working life of various types of systems and components and end-of-life
considerations are given. CP has become a fully accepted method of securing safety and serviceability of
buildings and infrastructure that are prone to corrosion. Observations show that with activated titanium based
systems, very long service lives can be obtained. The activated titanium itself keeps working well beyond the
observed period of 30 years. Some other components have relatively higher failure rates. The repairs that were
required in the cases discussed are dominated by failing anode-copper connections and to a minor extent
power sources and potential sensors.

increased. A growing numbers of systems have been
installed more recently in Germany, France, Belgium
and Switzerland. Long term performance and an
overview of interventions have been analysed [14, 15].
This paper focuses on impressed current CP (ICCP)
with anodes based on activated titanium. Essential
elements of every CP installation are the anode system,
comprised of the anode material itself, current feeders,
anode-cable connections, cathode-cable connections,
anode and cathode cables, junction boxes, a power
source, and the monitoring system. This paper reports on
observations and analysis of the long term performance
of activated titanium anode systems based on the
authors’ involvement in maintenance of a large number
of CP systems in The Netherlands. Another paper reports
on long term experience with monitoring systems [16].

1 Introduction
Cathodic protection (CP) of steel reinforcement has
become the major and most successful method to stop or
prevent corrosion in concrete. Over time, many
reinforced concrete structures develop corrosion of the
embedded steel, due to long-term exposure to aggressive
influences such as chlorides from sea water and de-icing
salts or the effects of mixed-in chlorides; in some cases
aggravated by carbonation [1, 2]. Steel corrosion causes
cracking and spalling of concrete and steel cross section
loss, compromising serviceability and eventually
structural safety. Consequently, repair and protection of
concrete structures has become a major industry in the
past 40 years. However, in many cases conventional
methods of concrete repair have been found to be
ineffective or not durable [3, 4]. CP on the other hand,
provides an effective and durable method for corrosion
protection of steel in concrete.
CP of concrete structures was developed in the USA
in the 1970s [5] and introduced in Europe in the 1980s
[6]. In the USA, a large number of concrete bridge decks
was damaged by corrosion due to chloride ingress from
de-icing salts. Early types of anodes were applied with
varying results; many of these early anode types have
been discontinued [7]. Later, new anode materials
became available, such as activated titanium and
conductive coatings, variants of which are still widely
used today; sacrificial (galvanic) anodes were introduced
in the late 1990s. From about 1985 in the UK [6], Italy
[8], Norway [9, 10], Denmark, Switzerland [11, 12] and
The Netherlands [13] application of CP to concrete

*

2 System working life
The working life of a CP system basically is the length
of time over which sufficient current flows to all
reinforcing steel that needs protection; the necessary
controllability also requires the monitoring system to
keep working properly. For ICCP systems this implies
that the complete chain from power source to anode to
steel and back needs to be conducting the current, as well
as the monitoring circuit needs to transmit correct
potential signals. Consequently, system failure can be
caused by loss of anode material, loss of anode/concrete
bond, anode-copper connection failure, cable failure and
power source failure; or by failure of potential sensors
and their cabling.
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A previous study [15] has shown that failure of the
following components occurred in a group of 105 ICCP
systems:
• Local attack of conductive coatings
• Anode-copper connections
• Power sources
• Potential sensors
In addition, in some cases loss of overlay/concrete bond
was reported. Long term behaviour of conductive
coatings was described in [17]. Here the long term
performance of titanium anode ICCP systems is
illustrated from six case studies installed since the early
1990s, out of about 100 projects in The Netherlands and
some additional observations.

Anticipating replacement of power units after around 15
years may be a good strategy [15].
Failure in the monitoring system may be due to potential
sensors loosing electrolytic contact, damaged cabling,
connections or measuring devices. General failure rates
are low [16], but with the typical minimum of only two
sensors in a zone, proper controllability is lost when a
single electrode fails. Placing a few more sensors than
strictly needed is a good strategy to maintain the ability
of proper monitoring for a long time.
Summarising, effective working lives of documented
ICCP systems have been found as long as thirty years,
but some of the older systems in particular required some
form of maintenance, i.e. repair of connections and/or
replacement of power units or potential sensors.

3 Overview and conclusions
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Cathodic protection reduces corrosion by injecting a
current into the steel that depresses its potential. In
concrete a negative shift of a hundred millivolts is
sufficient to reduce the corrosion rate to insignificant
values, essentially independent of chloride levels or
carbonation. Potential shift is measured at least twice a
year. This overview focused on long-term experience
with ICCP systems based on activated titanium anodes
and the following conclusions can be drawn.
A very long working life is possible with ICCP
systems based on activated titanium, but it may be
limited by failure of components of the electro technical
installation. Manufacturers of activated titanium anodes
claim lives for their material of 50 to 100 years, and no
evidence was found of the contrary. However, several
systems showed evidence of some kind of failure in the
current providing circuit or the monitoring system.
The parts that are most sensitive for degradation are
the connections between (primary) anodes and copper
cables. Accelerated corrosion of copper occurs when
even the smallest electrolytic path to the concrete and the
cathode (steel), arises, as the copper cannot resist anodic
polarisation at typical system operating voltages.
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requires good execution of connections and proper
sealing and/or sheltered positioning of junction boxes.
Repair or replacement of failed connections usually
concerns many items, and can be costly.
Failure of power units has occurred due to lightning
strike, moisture entering the cabinets or simple ageing of
the electronics. Such failures will be detected during
monitoring sessions. Power unit replacement is relatively
simple and nowadays generally not very costly.
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2.1 Concrete durability: innovative
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Abstract. Unlike natural aggregate particles, recycled concrete aggregates contain hardened cement paste
phases and multiple interfacial transition zones. These differences in properties may be linked to a decrease
in durability performance in recycled aggregate concrete. This paper presents a review of the literature
published on the durability performance of concrete produced using untreated fine recycled concrete
aggregate (fRCA). From the available literature, the durability performance of concrete made using fRCA is
strongly linked to the w/b used and the porosity of the resulting concrete matrix. Water absorption, gas
permeability, and chloride penetration were found to increase with fRCA replacement. A possible maximum
replacement level of 30% was observed in this regard. Carbonation resistance was found to increase with
fRCA replacement due to the presence of calcium hydroxide in fRCA samples.

1 Introduction
fRCA is a multiphase material composed of anhydrous
cement clinker, homogenous natural fine aggregate
particles, hardened cement paste, and natural fine
aggregate particles with adhered hardened cement paste,
as illustrated in Figure 1. Aggregate particles with
adhered hardened cement paste may have one or more
interfacial transition zones between these different
phases.

The presence of hardened cement paste phases and
multiple interfacial transition zones has been linked to a
reduction in the durability performance of concrete
produced using recycled concrete aggregate [1].
Furthermore, the proportion of hardened cement paste
phases present increases as the fineness of recycled
concrete aggregate is increased [2]. This suggests that
concrete produced using fRCA may have poorer
durability performance compared to concrete produced
with cRCA, which has a lower overall proportion of
hardened cement paste phases, and, by extension,
concrete produced using conventional natural aggregates,
which contains no hardened cement paste phases.
Therefore, this paper aims to review available literature
discussing the durability performance of concrete
produced using untreated fRCA to determine if literature
supports the use of fRCA in concrete production.

2 Durability performance of concrete
with fine recycled aggregate

Fig. 1. Recycled concrete fines, embedded in a new concrete
matrix, containing (a) hardened cement paste phases, (b)
anhydrous cement clinker, and (c) natural aggregate particles

*

Investigations of the durability performance of fRCA
concrete thus far have been limited to studies of water
absorption, gas permeability, accelerated carbonation,
and chloride penetration. Therefore, this review will focus
on the beforementioned performance parameters and how
these relate to concrete durability performance.
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2.1 Water absorption
In general, water absorption was shown to increase with
an increase in fRCA replacement level. However,
findings suggest that a substitution level up to 20% has a
limited effect on fRCA concrete water absorption
performance. The findings suggest that where concrete is
exposed to wetting and drying cycles of aggressive
agents, fRCA replacement level should be limited to 20%.
Where fRCA is used in such scenarios, concrete
performance can be optimised. The performance of fRCA
concrete in water absorption was found to be dependent
on the overall porosity and pore structure of the concrete
which, in turn, is linked to the w/b used. As in
conventional concrete, w/b can be optimised through the
use of normal and high-performance superplasticizers.
Performance was also found to be linked to the
composition and properties of fRCA used. This, in turn, is
linked to the composition and properties of the parent
concrete. Performance can be improved through limiting
the hardened cement paste phases present in the fRCA
sample used.

levels. Where fRCA is used in such scenarios, concrete
performance can be optimised. The performance of fRCA
concrete in chloride penetration was found to be
dependent on the overall porosity and pore structure of the
concrete which, in turn, is linked to the w/b used. As in
conventional concrete, w/b can be optimised through the
use of normal and high-performance superplasticizers.
Performance was also found to be linked to the use of
supplementary cementitious materials such as fly ash.

3 Conclusions
Based on the analysis of the findings outlined in section
2, the following conclusions were drawn:
•

•

2.2 Gas permeability
Studies on the effect of fRCA replacement on gas
permeability are limited and have opposing results. This
may be due to the mixing methods used, the quality,
composition, and properties type of fRCA used. Further
studies are required. However, the use of the two-stage
mixing approach was shown to improve gas permeability
performance of fRCA concrete.

•

2.3 Accelerated carbonation
Studies show that carbonation resistance increases with
the use of uncarbonated fRCA, due to the presence of
Ca(OH)2 in the hardened cement paste phases. Concrete
with fRCA replacement levels of up to 100% showed an
improvement in performance. In practice, this may lead to
better protection against carbonation-induced corrosion
and the associated serviceability issues.

•

•

2.4 Chloride penetration
In general, an increase in chloride penetration is observed
with an increase in fRCA replacement level. However,
findings suggest that a substitution level up to 30% has a
limited effect on fRCA concrete chloride penetration
performance. In practice, this may show acceptable
protection against chloride-induced corrosion and the
associated serviceability issues at 30% fRCA replacement

The effect of fRCA on durability properties is, as
expected, strongly tied to the w/b used and, therefore,
the pore structure of the concrete. Results are also
dependent on the quality of the parent concrete used,
the phases present in fRCA samples, and the physical
and chemical properties of fRCA used.
In general, water absorption, gas permeability, and
chloride ingress were found to increase with an
increase in fRCA replacement level. A maximum
replacement level of 30% may be advisable for the
optimal performance of the beforementioned
properties.
Where uncarbonated fRCA was used, carbonation
resistance increased with fRCA replacement. The
effect of fRCA replacement on carbonation depth is
dependent on the degree of carbonation of the parent
concrete used, with uncarbonated concrete exhibiting
good performance.
The use of the two-stage mixing approach,
supplementary cementitious materials, and normal or
high-performance superplasticizers may allow the
enhancement of durability performance of fRCA
concrete. Further studies in this regard are required.
There are limited studies are available on fRCA
concrete durability and the durability properties
studied are not comprehensive.
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11.6%, and 15.9 to 20.6% for the 0.45 and 0.55 w/b
respectively. This indicates that prolonged curing was
more beneficial to the 0.55 w/b mixes. This is expected as
the relatively less dense 0.55 w/b mixes have more scope
for densification and improvement in resistivity.
Results also show that for each w/b, at all FRA
replacement levels and all testing ages, the concrete
resistivities are comparable.

1 Introduction
Several studies have been carried out on the chloride
resistance of fine recycled aggregate (FRA) concrete.
Some of these studies show that the incorporation of FRA
negatively impacts the chloride resistance of concrete [1]–
[3], while others have reported that the FRA concrete is
comparable to natural aggregate concrete (NAC) [4], [5].
These show that the chloride penetration resistance of
FRA concrete requires further investigation.
Additionally, these studies are limited to test methods
that rely on electrical conductivity to measure the chloride
penetrability of recycled aggregate concrete. Therefore, in
addition to electrical methods, there is a need to assess the
chloride ion penetration resistance of FRA concrete using
other methods to widen the knowledge base on recycled
aggregate concrete. To address this, the bulk diffusion test
was used in this research to investigate the chloride
penetrability of concrete by diffusion- which is the
principal transport mechanism of chloride ions in real life
concrete structures. For comparison, the surface electrical
resistivity (SER) and the chloride conductivity index
(CCI) tests, both relying on electrical conductivity, were
used in this study to measure the chloride penetrability of
FRA concrete.

Fig. 1. Surface electrical resistivity results

3.2 Chloride Conductivity Index
Generally, it can be observed from Figure 2 that the 0.45
w/b mixes have lower conductivity (better chloride
resistance) than the 0.55 w/b owing to a denser
microstructure. At 28 days, for each w/b, the conductivity
values increased as FRA replacement level increased
owing to the relatively porous adhered cement paste
(ACP) of FRA [2] as well as the presence of multiple
interfacial transition zone (ITZ) between the natural
aggregate, ACP and new cement paste, which can
increase the penetrability of concrete [6]. With reference
to the control mix, an increase of 35% and 6.7% was
observed for the 50% FRA replacement level in the 0.55
and 0.45 w/b ratio respectively.
At 180 days, all concrete mixes showed a reduction in
CCI values due to the formation of more hydration
products and improved microstructure. With reference to
the 28-day CCI results, the control mixes showed a
decrease of 7% and 16% for the 0.55 and 0.45 w/b
respectively. For the experimental mixes containing 50%
FRA replacement, a decrease of 35% and 38% was
observed for the 0.55 and 0.45 w/b respectively. This

2 Experimental programme
Six concrete mixes comprising 0.45 and 0.55 w/b were
prepared using fine recycled aggregates (FRA) at 0, 25
and 50% by volume replacement of natural sand. The
chloride penetration resistance of the concrete was tested
using the SER test according to AASHTO T 358; the CCI
test according to SANS 3001-CO3-3; and the bulk
diffusion test according to ASTM C1556. The SER and
CCI tests were conducted after 28 days and 180 days of
wet curing, while the bulk diffusion test was carried out
after 28 days of wet curing and 180 days of exposure to
chloride solution.

3 Results and discussion
3.1 Surface electrical resistivity
The SER result is shown in Figure 1. Generally, the SER
of the 0.45 w/b mixes are higher than the 0.55 w/b owing
to the denser nature and thus less conductivity of the 0.45
w/b concrete mixes. Over time, there is an increase in the
SER of all concrete mixes from 28 days to 180 days,
owing to the densification of the concrete microstructure
due to cement hydration. With reference to the 28-day
result, the 180-day result showed an increase of 7.4 to
*
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indicates that curing is more beneficial to FRA concrete
mixes. Similar observation was made by [4].
3.3 Bulk diffusion
Figures 3 and 4 show the average chloride diffusion
profile of the 0.55 and 0.45 w/b concrete mixes after 180
days of chloride exposure. It is observed that the chloride
concentration on the exposure surface (2 mm concrete
depth) is high due to the concrete wall effect.

Fig. 3. Chloride diffusion profile for 0.55 w/b concrete mixes

Fig. 2. Results of chloride conductivity index

For each w/b, it is observed that the control NAC, the 25%
and 50% FRA concrete mixes all have comparable
chloride diffusion profile. This indicates that the
incorporation of up to 50% FRA as natural fine aggregate
replacement did not negatively impact the chloride
diffusion of concrete. As the FRA for this research was
used at air-dried state, [7] and [8] posit that during
concrete mixing, water may be absorbed by FRA, thereby
leading to reduced water in the cement paste and
consequently improved ITZ and concrete properties.
Also, Richardson [9] reports that chloride diffusion may
be affected by the continuous hydration of concrete. This
effect may be more significant for FRAC mixes, as FRAC
has been reported to have higher degree of hydration than
natural aggregate concrete especially over an extended
curing period [2], [10].

Fig. 4. Chloride diffusion profile for 0.45 w/b concrete mixes
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4 Conclusion
Based on the results of this study, the following
conclusions can be made:
• For a given w/b, the surface electrical resistance and
the chloride conductivity index of concrete
containing up to 50% FRA, is comparable to the
reference natural aggregate concrete (NAC).
• Extended curing is more beneficial to FRA concrete
than NAC as the electrical resistance of FRA
concrete is more significantly improved than NAC.
• Incorporating up to 50% FRA in concrete did not
impact the chloride ingress resistance of concrete, as
the chloride diffusion profile of NAC and FRA are
similar.

22

Assessing the mechanical and durability performance of
concrete made using recycled clay masonry rubble bricks
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Abstract. The South African construction industry is currently faced with mounting construction waste and
overflowing landfills. Consequently, the feasibility of using of clay masonry rubble brick (CMRB) as a
partial replacement for natural coarse aggregate in concrete was investigated. Three concrete mixes were
made using a water-to-binder (w/b) ratios of 0.60. A control mix as well as a mix containing 50% and 100
% replacement of coarse Andesite aggregate with CMRB as coarse aggregate was tested. The compressive
strength, shrinkage and durability properties (with respect to oxygen permeability, water sorptivity and
chloride conductivity) were assessed. The results show that the incorporation 100% MCR brick as coarse
aggregate produced the lowest compressive strength result, the highest shrinkage rate and the least resistance
to gaseous ingress and chloride conductivity. The concrete mix containing 50% MCR brick exhibited the
least resistance to water absorption through capillary action. The mechanical and durability properties of
both concrete mix containing MCR brick was largely affected by the porous nature of coarse masonry
rubble. The results can be attributed to a relatively high void ratio leading to the presence of more interlinked
pathways within the CMRB aggregate.

1 Introduction

2 Methodology

In developing countries the growing population has
driven an increase in the demand for commercial and
housing infrastructure. In addition there is an increase in
the number of demolished and/or abandoned houses
potentially resulting in tonnes of construction and
demolition (C&D) waste being generated annually.
Owing to the lack of guidelines on the re-use of C&D
waste in South Africa, the waste gets sent to landfill sites
or is illegally dumped, subsequently exacerbating the
negative impacts that the built environment has on the
natural environment[1].
Various waste materials have been researched as
viable replacements of natural andesite aggregates. These
include, but are not limited to, rubber obtained from the
waste produced by rubber-tyre industry [2 & 3] recycled
plastic i.e. high density polyethylene sourced from
municipal waste [4], glass to produce a composite referred
to as glascrete [5] and masonry rubble [6].
This study forms part of a larger project in which the
feasibility of using clay masonry rubble bricks as
aggregates in concrete was investigated. Clay masonry
rubble bricks were selected in particular owing to the vast
quantity of the material that has been discarded.
This extended abstract focuses on the viability of
replacing coarse aggregates with masonry rubble from
demolished buildings and its effects on the mechanical
properties of fresh and hardened concrete. The properties
that are investigated include workability, compressive
strength, drying shrinkage, and durability. Due to a
restricted study timeframe, properties that require a longer
testing duration (more than 3 months) such as creep were
not investigated.
*

2.1 CMRB as coarse aggregates
2.1.1 Sourcing clay masonry rubble bricks
CMRB aggregates were derived from clay masonry bricks
collected from an illegal dump site located in
Johannesburg South, South Africa. The CMRB were
subject to mechanical crushing to produce particle size
and grading characteristics that were comparable to the
control 19mm coarse Andesite aggregates used in this
study.
2.2 Concrete mix design
Three concrete mixes with 0, 50 and 100% replacement
of the coarse CMRB aggregate were then designed with a
w/b ratio of 0.6. The details of these mix designs are
summarized in the Table 1.
Table 1. Concrete proportions in kg/m3
Constituents
PC (CEM I 52.5 R)
FA
Sand Content (Andesite)
Stone Content (Andesite)
Stone Content (CMRB)
Water
Admixture
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0%
CMRB
301
129
799
1050
0
259
0

50%
CMRB
301
129
799
525
525
259
0

100%
CMRB
301
129
799
0
1050
259
0

2.2.1 Preparation of CMRB aggregates prior to
casting
Prior to casting, the crushed CMRB aggregates were
prepared according to a modified method adapted from
De Venny [6].

In contrast, concrete containing 50 and 100% CMBR
showed a number of cracks running through the CMBR
aggregates. This indicate that the load traversed through
some of the recycled CMBR aggregates, as this was the
path of less resistance, resulting in failure.

3 Results and discussion

4 Conclusion

The investigation into the mechanical and durability
properties of concrete made using CMBR as coarse
aggregates was conducted over a period of three months.
The results of only the compressive strength are outlined
and further discussed below.

In summary, the mechanical and durability properties of
concrete incorporating CMRB are negatively affected by
the porous nature of coarse CMRB aggregates. The
increased void ratio of the material implies an increased
number of interlinked pathways within the aggregate
which promote the transmission of stresses and strains,
and encourage the movement of fluids within the
concrete.

3.1 Hardened concrete properties
3.1.1 Compressive strength
Compressive strength (MPa)

5 Further testing and recommendations
35

Based on the results obtained, it is reasonable to suggest
that concrete containing coarse CMRB aggregates, may
be designed to meet low strength requirements. However
the variability and durability of the concrete produced
needs to also be taken into account.
The testing of other replacement levels below 50%
may be considered to confirm work done by [8] who
recommended a replacement level of 30%.

30
25

20
15
10
5
0
0%
CMRB

50%
CMRB
14 Days

100%
CMRB

0%
CMRB

50%
CMRB

100%
CMRB

References

28 Days

1.

Fig. 1. Compressive strength of concrete made using 0, 50 and
100% CMRB as coarse aggregate at 14 and 28 days

2.

In general the compressive strength is observed to
decrease as the replacement percentage of CMRB
aggregates increases as seen in Fig. 1, confirming work
done by Khalaf [7] and Zong et al. [8]. This results is
attributed to the high stiffness of the Andesite aggregate
relative to the CMRB aggregates.
The differences in compressive strength results are
further explained by examining the broken surfaces of the
crushed concrete cubes at 28 days as shown in Fig. 2.

3.

4.

5.

6.
7.
Fig. 2. Broken surfaces of concrete containing 100% CMRB

8.

Concrete containing 0% CMRB showed a relatively high
amount of the Andesite aggregates to be intact and failure
had occurred along the Interfacial Transition Zone (ITZ).
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The effect of cement reduction and substitution on the
mechanical and durability properties of concrete
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The conversion parameters (carbon equivalents) were
taken from different literatures and assumed pre-mixed
LC2 blends were used as a single binder material and
sustainability factor is determined by following
relationship [3]:

1 Introduction
People worldwide have tried to reduce their carbon
footprint in recent years. According to COP26, most
countries have agreed to implement strategies to mitigate
global warming's effects [1]. The cement industry has
used alternative cementitious materials to reduce its
carbon footprint. Limestone calcined clay, one of the main
composite cements, can reduce the clinker factor by 0.50.
This paper discusses how reducing and substituting
cement affects concrete's mechanical and durability
properties, especially chloride ingress. Reference mixture
is from a Croatian bridge. The paper discusses the
longevity, carbon footprint, and mechanical strength of
these mixtures.

Sustainability factor, ɸ = (fck × tSL) / GWP

3 Results and discussion:
Figure 1a-b illustrated the 28-day compressive strength
and non-steady state chloride migration coefficients of all
mixtures, calculated using the Eq 1.

28 day coompressive strength,
MPa

100

2 Materials and methods:
There were three mixtures used to analyse the impact of
reduction in the binder content in this study, among
which, two mixes were with CEM II B-S (C435 and
C340) and one as alternative binder with limestonecalcined clay and CEM I 42.5R (LC2-45). The kaolinite
content in used calcined clay, which was collected locally,
was found to be very small (about 18%). Bridge mixture
was taken as reference mixture (C435) for this study.
The fresh properties of all mixture were evaluated
based on EN 12350. Three cubes of 150 mm × 150 mm×
150 mm were prepared for compressive strength and
cylindrical specimen of 200 mm height and 100 mm
diameter was used to evaluate the chloride migration
coefficient. In this study, corrosion initiation and
propagation times were factored into the reinforced
structure's service life. Fick's second law of diffusion was
used to calculate how long it would take for the critical
chloride content to get through a 50-mm cover and start
reinforcing corrosion [8]. Time to corrosion depends on
surface chloride concentration (Cls = 0.8% by weight of
binder), chloride diffusion coefficients (Dcl), and ageing
coefficients (m = 0.6). The diffusion coefficients of each
mixture were evaluated using Equation 1, established in a
previous study [2].
Dnssm = 1.69 × Dcl

60

40

20

0

Chloride transport coefficients,
´ 10-12 m2/s

12

C435

(b)

C340

LC2-45

Non-stead state chloride migration coefficients
Calculated Dcl

9

6

3

0
C435

C340

LC2-45

Fig. 1 a) compressive strength, and b) non-steady state chloride
migration coefficients and calculated diffusion coefficients after
28 days of curing.

C435 and C340 had comparable compressive strengths
and adding 95 kg/m3 of cement had no effect. Decreased
cement content while maintaining w/b results in increased
aggregate content, which reduces workability and
compressive strength [4]. The calcined clay mixture
reached 78% of C435 strength after 28 days, with 45%
clinker replacement. Despite less clinker, alternative
mixtures were comparable to the reference. In general,
LC3 cements have good chloride resistance, but the clay
in this study had a lower amount of kaolinite [5]. Lowkaolin clay can also be used for LC3 cements, especially

(1)
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(a)

80

15

The Environmental impact assessment evaluated based on
the raw materials, transporting raw materials, and making
one cubic meter of concrete.

*

(2)

in regions with little kaolin clay. The service life of each
mixture determined as 94,89, and 85 years for C435,
C340, and LC2-45. As visible from the Table, there was
no significant reduction in the service life of mixtures
with a significantly lower amount of cement. Unlike to
compressive strength, the LC2-45 mix achieved 90% of
service life compared to C435.

[6,7]. Nevertheless, present study demonstrated
conclusively that the mixture could perform similarly in
the sense of an overall sustainability factor even with a
lower binder content and with the use of low-grade kaolin
clay as a binder.

4 Conclusion:
This study concluded that reduced binder content in
concrete won't affect mechanical or durability
performance. Furthermore, Concrete sustainability
requires optimizing binder content and using alternative
binders (especially locally available ones).

400

Global Warming Potential,
kg.eq. CO2 / kg

Clinker

LC2-blend

Crushed aggregate

20%

300

SP

32%

References
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100

0
C435

C340

2.

LC2-45

Fig. 2 Embodied carbon (GWP) of all mixtures

Alternative mixture with less clinker reduces ecological
footprint. Figure 4 shows the sustainability factor, which
combines all these factors.
25

24

3.

22.97

Sustainability factor, F

20.9
20

4.

15

10

5.
5

0
C435

C340

LC2-45

Fig. 3 Sustainability factor of all mixtures

6.

Even with a greater amount of clinker, C435 was found to
have the lowest sustainability factor. In contrast, the
alternative binder performed better than C435 with a high
replacement level. Moreover, since the kaolinite content
of the clay plays a crucial role in the chloride penetration
resistance, it could be expected to have even better
sustainability factor for binders based on high kaolin clay

7.
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The influence of different modifying polymers on the
mechanical properties of cement mortar within a defined service
temperature range
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Abstract. Within the scope of the research project “Experimental investigations and microstructure-based
modelling of the elastic and viscoelastic behaviour of PCC as a function of temperature” the temperaturedependent influence of the polymers on the load-deformation behaviour of cement stone, mortars, and
concretes is characterized by standard measurements as well as novel experimental campaigns and
completed by microstructural investigations before and after the temperature influence to also provide
information on changes in the morphology of single phases. The results of the study are bundled in a semianalytical multiscale model based on the methods of continuum micromechanics. By means of a bottom-up
approach, homogenized properties at the macroscale are determined using the specific microstructural
behaviour. The microstructure changing as a result of the temperature influence can thus be directly
correlated with the macroscopic material behaviour. After extending an existing multiscale model [1] by
considering principles of thermo-poro-elasticity, the temperature dependence of the mechanical properties
of PCC will be predictable. Presented in this paper are selected experimental results of the mortar
investigations of the research project, which is currently in process. This research has been supported by the
German Research Foundation (DFG), which is gratefully acknowledged.

knowledge is essential to further investigate the
temperature impact on the material and develop
appropriate prediction models for the application of PCC
in construction and the integration in design guidelines.

1 Introduction
Polymer-modified cement mortar and concretes (PCC)
are mainly used in concrete repair and restoration exhibiting improved durability and beneficial adhesion
strength compared to unmodified concretes. The problem
is, if corroded concrete areas or even whole concrete parts
have to be replaced with PCC, there is no possibility to
consider the added material for the verification of loadbearing capacity and serviceability, among other things
because of the unknown temperature depending behaviour of PCC. Commonly, the modifiers consist of
thermoplastic polymers, which feature a change in the
deformation behaviour under the influence of different
temperatures. Despite the distinct temperature-dependent
properties of the polymers, the load-dependent deformation behaviour of PCC was barely investigated. To
make statements about the effects of the polymers on the
load bearing and deformation behaviour of PCC, the
engineering properties of the material have to be
experimentally assessed under thermal conditioning.
Accordingly, the compressive and flexural strength as
well as the modulus of elasticity of PCC were
characterized in defined steps within a temperature range
from -20 °C to 60 °C. The experimental results reveal
influential changes in all tested mechanical attributes for
the PCC compared to an unmodified reference. This

*

2 Materials
For the investigations materials were used, that are also
used in practice. The samples were produced with a
middle strength class Portland cement CEM I 42,5 R and
a natural quartz sand with a maximum grain size of 2 mm,
to clearly point out the influence of the polymer
modification. For the polymer modification three
different polymer dispersions were used (Tab. 1). The
polymer-cement-ratios chosen were 0.05 and 0.15. At
processing and storage conditions of 20 °C and 65 % rel.
humidity polymer 2 and 3 form continuous films in the
hardened material. Polymer 1 does not form any films
under these conditions. The polymer particles do not
merge, but they have an adhesive bond to the aggregates
and to the hardened cement matrix [2]. The properties of
the polymers and their effect on the formation of
microstructure of inorganic binders have already been
extensively investigated at a processing and storage
temperature of 20 °C at the Bauhaus-Universität Weimar
[3]. A water-cement-ratio of 0.4 and a sand-cement-ratio
of 3.0 were chosen for the mortar tests.
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Table 1. Characteristics of the polymers
form of delivery
main parts
solid content [%]
MFT* [°C]
particle size [µm]
density [g/cm³]

Polymer 1 Polymer 2 Polymer 3
liquid
liquid
liquid
styrene
vinyl acetate
styrene
acrylate
ethylene
butadiene
50±1
52±2
50±1
32
0
12
Ø 0,15
Ø 1,34
Ø 0,13
1.03
1.07
1.02

* Minimum film formation temperature

Fig. 1. 28 days compressive strength

3 Methods and Results
The designation of the samples is based on the following
principle. REF is the abbreviation of the reference sample
whilst PCM is the one for polymer-modified mortars. The
following numbers 1 to 3 mark the particular modifying
polymer and the last numbers the polymer content in
percent based on cement weight.
The fresh mortar characteristics were determined
immediately after mixing. Therefore, the slump of the
flow-table test, the air void content, the moulded density,
and the fresh mortar temperature were investigated. The
influence of the polymers on the fresh mortar properties
is significant and existing research results could be
confirmed. Generally, a liquefaction of the mortar by the
polymer modification was observed.

Fig. 2. 28 days flexural strength

Table 2. Fresh mortar properties

REF
PCM 1-05
PCM 1-15
PCM 2-05
PCM 2-15
PCM 3-05
PCM 3-15

flow-table
test
[mm]
102
122
199
108
143
146
217

air void
content
[%]
4,5
4,3
2,8
4,9
5,4
7,2
10,0

moulded fresh mortar
density
temp.
[g/cm³]
[°C]
2,30
22
2,27
22
2,24
21
2,27
22
2,20
21
2,20
21
2,09
22

Fig. 3. 28 days dynamic modulus

4 Conclusions
The application of different service temperatures leads to
significant differences in the mechanical parameters of
PCMs, so that temperature must be considered as a
significant factor in modelling of the material behaviour
of polymer-modified cementitious systems. The findings
are used to develop a semi-analytical multiscale model
that integrates the temperature parameter.

The first step to get an impression of the temperaturedependent behaviour of PCC was to investigate the
compressive strength (Fig. 1), the flexural strength
(Fig. 2) and the dynamic modulus (Fig. 3) of the 28 days
old mortar beams with the dimensions of (40 x 40 x 160)
mm³ at the temperatures of -20 °C, 20 °C and 60 °C, so
that there are always temperature steps of 40 K. Until the
test date the samples were stored at 20 °C and 65 % rel.
humidity. Two hours before the particular testing the
samples were thermal conditioned in a temperature
chamber, by using a conditioning regime which allows to
achieve the goal temperature as quick as possible and
prohibits inner tensions caused by thermal differences
within the cross section of the samples, which can lead to
disturbances in the microstructure. The samples for the
compressive and flexural test were examined in a
universal testing engine with integrated temperature
chamber, that ensures constant temperatures during the
whole testing process.
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The samples that were frozen and not tested immediately
after demoulding were later used to measure degree of
saturation, porosity, and thermogravimetric analysis. The
degree of saturation and porosity were determined
following AASHTO TP 135 [10] with several
modifications. Thermogravimetric analysis (TGA) was
performed to determine the degrees of hydration [11].
Thermodynamic modelling of the studied systems is
performed using the GEMS3K [12] software coupled with
the CEMDATA v18 database [13]. GEMS3K performs
thermodynamic modelling by determining the phase
assemblage of a cementitious system that minimizes its
Gibbs free energy. The pore partitioning model (PPM)
[14], which synergistically combines thermodynamic
calculations with the Powers-Brownyard model [15], to
determine the amount of gel water and capillary water in
the studied mixtures systems.

1 Introduction
Binders that produce ettringite as the main hydration
product, a.k.a. ettringite binders, are increasingly being
used in repair applications because the rapid hydration
and strength gain associated with ettringite formation
allows for expedited construction timelines [1]. A main
goal of such repairs may be to extend the service-life of
reinforced concrete for which rebar corrosion caused by
chloride ingress has caused deterioration and spalling.
This issue raises the question: Does the repair material
have transport (e.g., diffusion) properties low enough to
prevent further degradation and reach the desired servicelife?
Electrical resistivity is emerging as a preferred
indicator for transport properties [2]. The objective of this
research was to investigate the role of factors like
saturation and pore solution in the electrical properties of
ettringite binders so a more accurate interpretation
towards transport properties could be obtained. In
addition
to
the
experimental
observations,
thermodynamic calculations and pore partition modelling
were used to support the findings and provide insight on
how the phases assemblages may have influenced the
electrical properties.

3 Results and Discussion
The resistivity measurements for samples immediately
after sealed curing are summarized in Table 1. The CSA
mixture had the highest bulk resistivity and pore solution
resistivity. The OPC and Blend mixtures had similar pore
solution resistivities and their bulk resistivity was less
than half that of the CSA mixture.

2 Methodology

Table 1. Experimental data for bulk sample resistivity (ρ) with
its standard deviation denoted (±) and coefficient of variation
(C.V.), and pore solution resistivity (ρ o).

The cements used in this study were a commercially
available calcium sulfoaluminate cement (CSA) and Type
III ordinary portland cement (OPC). Three mixtures of
100% CSA, 70%OPC+30%CSA, and 100% OPC were
prepared with w/c = 0.5. These will be referred to as
“OPC”, “Blend”, and “CSA” mixtures, respectively.
Cylinders (50 mm diam. x 100 mm height) were cast then
sealed and placed on rollers at 50 rpm for 24 hours. After
24 hours, samples were demolded and immediately tested
or placed in a freezer for later testing.
Bulk electrical resistance measurements were taken
immediately after demoulding using a Giatec RCON 2
device with an AC current of 1 kHz. Further details on
performing bulk resistance measurements and calculating
resistivity has been presented elsewhere [3,4]. The pore
solution was then extracted using the same apparatus
described in Ref. [5]and method for pastes described in
Ref. [6]. A maximum pressure of 320 MPa was held
constant for 1 minute once attained, before unloading.
Solutions were carefully sealed after collection and then
analysed using XRF to determine the Na+, K+, SO42+, Al3+,
and Ca2+ concentrations following previously developed
methods [7,8]. The conductivity of the solution was also
calculated [9].

*

Mix
OPC
Blend
CSA

C.V. (%)
0.4%
2.3%
6.9%

ρo
(kohm-cm)
0.0178
0.0174
0.0253

To better understand the resistivity measurements, the
degree of saturation, porosity, and degree of hydration
were measured, and these results are shown in Table 2.
Table 2. Summary of physical properties: degree of saturation
(S), porosity (ɸ), and degree of hydration (⍺).
Mix
OPC
Blend
CSA

S
85.9%
81.1%
66.5%

ɸ
34.6%
33.2%
25.9%

⍺
65.2%
63.2%
74.5%

Originally derived for geological applications, the
formation factor is used to decouple the pore solution
resistivity, from resistivity of the porous material so that
only microstructural properties of the pore network (i.e.,
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ρ
(kohm-cm)
0.95 ± 0.003
0.71 ± 0.016
2.13 ± 0.148

porosity and pore connectivity) remain as the influencing
factors. With this approach, formation factor can be linked
to transport properties of the porous material such as its
permeability/absorption capacity [16] and ionic
diffusivity [17,18].
Eq. 1 calculates the formation factor at the given
saturation, which will be denoted as FF*.
𝜌

𝐹𝐹 ∗ = 𝜌

hydration. While the pore solution resistivity was also
greater for CSA, this did not fully account for the greater
total resistivity. The degree of saturation was a significant
factor for the total resistivity and normalizing the
formation factor to a completely saturated state resulted in
a higher determined connectivity for the CSA and Blend
mixtures. The hydrate assemblages from thermodynamic
modelling support the observation that ettringite binder
phases may have higher pore connectivity than OPC
phases regarding transport phenomena, however later age
testing is warranted before any conclusions on the longterm durability of specific ettringite binders can be made.

(1)

°

The formation factor at a completely saturated state, FFsat,
can be theoretically calculated from Ref. [19]. Using the
formation factor at complete saturation (FFsat) the
connectivity of pores (β) can be determined from:
𝐹𝐹𝑠𝑎𝑡 =

1
𝜙𝛽

This research is based upon work supported Oregon Department
of Transportation (SPR 847) and by the National Science
Foundation under Grant #EEC-2127509 administrated by the
American Society for Engineering Education.

(2)

which indicates that FFsat is a quantity that is only a
function of the properties of the pore network, hence, can
be used to relate to transport properties of the material.
Table 3 shows a comparison of FF* and FFsat to
evaluate the effect of accounting for varying degrees of
saturation in the different systems. The formation factor
prior to correcting for saturation, FF*, displays the same
general trend as the bulk resistivity measurements with
the CSA mixture exceeding the OPC containing mixtures.
However, the FFsat value for the CSA sample is smaller
than that of the OPC mixture. This implies that the lower
free water content of the CSA samples was a primary
factor in its higher resistivity measurement.
The ramifications of the lower degree of saturation in
the CSA sample are seen in the calculated connectivity of
the pores, β, which is reported in Table 3 alongside the
formation factor results. The porosity and capillary water
contents were corroborated by the PPM results. The
connectivity is highest in the CSA system followed by the
blended system. This could be attributed to the varying
hydration products in each system that determine the
resulting morphology and tortuosity of the microstructure.
Given that ettringite was the most abundant hydration
product in CSA according to the TGA data and GEMS,
the high connectivity of the CSA mixture could indicate
that ettringite forms a more connected pore network than
binders containing C-S-H.
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Durability of concrete with Belite-Gehlenite clinker as fine
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shrinkage tests (ISO 1920-8), Freeze-thaw tests (ASTM
C666) and Accelerated carbonation tests (ISO 1920-12)
were carried out.
Figure 2 shows results of compressive strength testing.
Figure 3 shows results of the drying shrinkage tests.
Figure 4 shows the freeze-thaw test results.
Mixing clinkers showed better results in both compressive
strength and durability tests than no clinker.

1 Introduction

Accumulated passing raito
(%)

Large quantities of industrial waste and by-products are
currently used by the cement industry in Japan as raw
materials for the production of cement clinker. While the
amount of such waste has neither increased nor decreased
in recent years, domestic demand for cement has been
falling. To make full and effective use of these waste
materials, new applications of cement clinker need to be
explored. Large amounts of the waste, including waste
soil from construction, sewage sludge, waste clay and coal
ash, are used to produce Belite-Gehlenite clinker (GCL).
GCL is sintered from raw materials consisting of virgin
material (limestone, quartzite, etc.) that are blended and
pulverized with the industrial waste. In this study, the
focus is on the application of this GCL as a concrete
aggregate.
The durability of concrete structures and how to
improve it is an important issue. Any cracks that form
must be repaired before they become harmful. It has been
confirmed that when clinker is used as aggregate in
concrete, a self-healing property develops because any
unhydrated clinker reacts with water to fill cracks that
develop [1]. Therefore, in this study, the crack resistance
performance of concrete using GCL as fine aggregate is
evaluated in addition to the basic properties of the
concrete.
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0.15

0.3

0.6

1.18

2.36

4.75

9.5

Fig. 1. Particle size distribution of fine aggregate [1mm = 0.0394
in]
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Fig. 2. Compressive strength of concrete [1N/mm 2 = 145.038
lbf/in2]

The materials in this study are as follows. Ordinary
Portland cement was used as a binder (symbol: C; density:
3.15 g/cm3 [0.1138 lb/in3]). The fine aggregates were
crushed sand (symbol: S; surface dry density: 2.63 g/cm3
[0.0950 lb/in3]) and GCL (absolute dry density: 3.16
g/cm3 [0.1142 lb/in3]). The particle size distributions of
these fine aggregates were both adjusted to be within the
range defined in ISO 6274 (Figure 1) [2]. Crushed stone
(symbol: G; density: 2.64 g/cm3 [0.0954 lb/in3]) was used
as coarse aggregate. Tap water (symbol: W) was used for
mixing the concrete. A poly-carboxylic acid based highperformance air entraining and water reducing admixture
(symbol: SP), air entraining admixture (symbol: AE) and
anti-foaming agent (symbol: DF) were also used. Slump
tests (ISO 4109), air volume measurements (ISO 4848),
compressive strength tests (ISO 1920-4), Drying
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Fig. 3. Drying shrinkage test results
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In the period after drying began, shrinkage stress was also
greater in GCL 50% than in GCL 0%, but crack initiation
was slower. Table 1 shows that the first cracks occurred
in the GCL 0% sample within 10 days, while no cracks
were observed in the GCL 50% sample until 31 days. It is
surmised that this is because the hydration reaction
proceeds at the clinker surface, hardening and densifying
the structure and resulting in improved adhesion with the
reinforcement. This results in a highly elastic structure
deriving from the rigidity of GCL itself and this constrains
deformation.
These results confirm that crack resistance is
improved when GCL clinker is added to the concrete mix.
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Fig. 4. Freeze thaw testing

4 Conclusion

3 Crack Resistance of Concrete with
Bealite-Gehrenite Clinker as Fine
Aggregate

In this study, researchers investigated the properties of
concrete containing Belite-Gehlenite clinker (GCL) as
fine aggregate. Based on the results of the study, the
following conclusions can be drawn.
i. Compressive strength increases and drying shrinkage
decreases compared with concrete containing no
GCL. Carbonation is suppressed and does not
adversely affect freezing resistance. However, as
the proportion of GCL is increased, bleeding
increases. This may affect the cured properties and
further studies of this effect are needed in the future.
ii. Crack resistance tests confirm that the addition of
GCL leads to more drying days before crack
initiation, in spite of greater shrinkage stress. That
is, crack resistance is improved by the addition of
GCL.

The materials in this study are as follows. The materials
used in this examination are ordinary Portland cement
(Symbol: C; density: 3.15 g/cm3 [0.1138 lb/in3]) as binder,
river sand (Symbol: RS; surface dry density: 2.58 g/cm3
[0.0932 lb/in3]) as fine aggregate, GCL (absolute dry
density: 3.16 g/cm3 [0.1141 lb/in3]) as clinker fine
aggregate, crushed hard sandstone 2005 (Symbol: G;
Density: 2.64 g/cm3 [0.0954 lb/in3]) as coarse aggregate,
tap water (symbol: W) as kneading water, polycarboxylic
acid-based high-performance AE water reducing agent
(symbol: SP), and AE agent (symbol: AE) as composite
high alkylcarboxylic acid-based ionic surfactant and
nonionic surfactant.
Slump tests (ISO 4109), air volume measurements
(ISO 4848), compressive strength tests (ISO 1920-4) and
crack resistance tests were carried out.
Crack resistance test results are shown in Figure 5 and
Table 1.
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Table 1. Crack resistance test result
Number of days cracks
occurred after drying (days)
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Abstract. The durability of concrete has a profound impact on the service life of structural elements.
Indonesia has extensive peat soils, which provide a highly aggressive environment for concrete structures.
Geopolymer concrete has demonstrated good durability when exposed to acid /sulphate conditions similar
to those encountered in peat soils. This paper investigates the performance of geopolymer concretes
produced using Indonesian type F fly ash under sulphate and acid chemical attack. Geopolymer concrete
specimens have been exposed for 12-months in a range of solutions: 5% sodium sulphate, 5% magnesium
sulphate, 1% and 3% sulphuric acid, and simulated peat solution. The mechanical and durability properties
of specimens together with a control concrete have been monitored for compressive strength, change in
mass, water absorption and volume of permeable voids, ultra pulse velocity, air and water permeability, pH
profile, and microstructural analysis (XRD, SEM/EDS). The control immersed in water achieved 56.93 MPa
at 12-months of age. Magnesium sulphate exposure had a significant deterioration impact on the
compressive strength of geopolymer concrete, demonstrating an 11% reduction in strength, while those
exposed to sodium sulphate had an 8.9% increase in strength. Specimens exposed to peat solution displayed
a slightly increased strength and those in acid conditions a 1.2% and 4.5% decrease in 1% acid and 3% acid,
respectively. In general, the geopolymer concrete displayed a high level of resistance against sodium
sulphate, 1% sulphuric acid and simulated peat attack.

when exposed to sodium and magnesium sulphate,
sulphuric acid, and a simulated peat solution. The
findings of this study are significant for the utilization of
fly ash in Indonesia and the durability of FAGC in the
native Indonesian environment. Indonesia has a
significant area of peat and acid sulphate soils where
concrete is subject to an aggressive environment and
extensive durability issues due acid and sulphate attack.

1 Introduction
Various studies are investigating the use of industrial
waste products as a substitute for ordinary Portland
cement (OPC). Fly ash-based geopolymer is one of the
most popular alternatives due to its availability, superior
mechanical properties, low environmental costs, and
better durability than OPC concrete. The demand for
construction materials to have a long service life and lowcost maintenance requires durable concrete, particularly
under aggressive conditions. Studies have shown fly ash
geopolymer concrete (FAGC) have excellent resistance to
sulphate attack compared to cement-based materials [1].
An acidic environment is another aggressive mechanism
that deteriorates concrete. Past studies generally
concluded that sulphuric acid has a negative impact on
compressive strength development and causes mass loss
in FAGC, but compared to OPC, geopolymeric materials
have superior performance in an acid environment [2].
However, only few studies have been conducted to
observe the resistance of geopolymer material to a peat
acid environment. Peat is the accumulated organic
remains of dead plants [3] containing humic and fulvic
acid [4]. Peat can have a very low pH due to pyrite
oxidation [3].
Past studies have investigated the durability of FAGC
in sulphate and acid solutions. However, these studies
have conflicting reports on the performance of fly ash
geopolymer, particularly under sulphate and peat acid
attack. This study addresses this gap by providing
comprehensive data regarding the deterioration of FAGC
*

2 Experimental Procedure
Type F (low calcium) fly ash obtained from Paiton Power
Station, Indonesia, containing 82.5% of amorphous
phases. A mix of sodium silicate and sodium hydroxide is
used as the alkaline reagent in liquid form. The FAGC is
made with Na2O dosages of 10% and alkali modulus
(mass ratio of SiO2 to Na2O in the alkaline solution) of
1.375. The ratio of fly ash to aggregate and the ratio of
water to solid (fly ash, solid in alkaline solution) is fixed
at 0.808 and 0.35, respectively. FAGC underwent heat
curing at 80ºC for 24 hours. Once reaching 28-days, the
100x100x100 mm3 cube specimens are immersed in water
for 24 hours to obtain water-saturated specimens before
being exposed to chemical solutions. The specimens are
exposed to 5% sodium sulphate, 5% magnesium sulphate,
1 and 3% sulfuric acid, and simulated peat acid (0.49%
humic acid, 0.49 fulvic acid, and 0.03% sulfuric acid, pH
2.5) solutions. The specimens are then immersed for 12
months in a humidity-controlled room at a temperature of
22 oC, and relative humidity of 70%.

3 Results and Discussion
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FAGC stored in water shows good strength development
over time, an increase approx. 24% between 1-month
(46.54 MPa) and 12-months (Figure 1) indicates ongoing
geopolymerization. The increasing strength is coupled
with a decrease in the permeable voids ratio, as
demonstrated by an increase in UPV, a decrease in water
absorption, a decrease in air and water permeability index.
SEM images exhibit pores with a range of sizes at 1month. At 12-months, the number of pores is reduced in
number and relative size. This is attributed to continuing
chemical reaction between fly ash and the alkaline
solution, forming N-A-S-H gel, which fills the pores and
densifies the matrix [5]. Moreover, there is no discernible
difference between 1-month and 12-months specimens
based on visual observations, and there is no significant
change in mass over the 12-month period (less than
0.3%).

absence of the expansion products ettringite and gypsum
could account for the relatively minor increase in mass
observed.
A reduction in compressive strength in 1% and 3%
sulphuric acid of approx. 1.2% and 4.5% are noted
compared to the control specimen after 1-year. The
decrease in mechanical performance is influenced by the
stability of the N–A–S–H network under sulfuric acid
attack [8]. Meanwhile, more than 3% mass reduction is
measured over 12 months of exposure to 3% sulphuric
acid, while approx. 2% mass loss is observed in 1%
sulphuric acid. The sulphuric acid specimens retain their
shape structurally, with minor delamination on the surface
and at the edges of the specimens.. On the other hand,
specimens in the peat solution generally show good
performance, with a 1.25% increase in strength noted at
the end of 12 months compared to control samples and a
0.26% loss in mass. No noticeable deterioration is
observed on the surface of the specimen.

4 Conclusions
Based on the experimental works, FAGC demonstrates
very different resistance to sulphate attacks. In sodium
sulphate solution, compressive strength develops a higher
value, while in magnesium sulphate, FAGC experiences
strength loss compared to control specimens. However,
both media types do not contribute to a mass change,
supported by the absence of expansion product in the
FAGC specimens. FAGC decreases compressive strength
in 1% and 3% sulphuric acid solutions, while FAGC in
peat media demonstrates good performance.

Fig. 1. Compressive strength FAGC specimens exposed to
various sulphate and acid solutions at 12 months

The FAGC concrete shows superior resistance to sodium
sulphate compared to magnesium sulphate. The study
notes an increase of nearly 9% in compressive strength in
the sodium sulphate solution to the control specimen at
12-months of age. The increase in strength is likely due to
continuing of the geopolymerization reaction in the
sulphate solution [6]. However, there is a significant
reduction in compressive strength in the magnesium
sulphate specimens (residual strength of 89%) compared
to the control specimens. This suggests the formation of
magnesium aluminium silicate hydrate (M-A-S-H) gel in
the geopolymer matrix [7]. It appears sodium sulphate
favors the structural maturity of the binding phases, while
magnesium, as the cation accompanying the sulphate
anions, promotes decalcification and destruction of the
main binding phase. The data demonstrates negligible
changes in the mass with exposure to sulphates, an
increase of less than 0.24% for sodium sulphate and
0.25% for magnesium sulphate over the 12-months. X-ray
and SEM investigation identified no new crystalline
phases, such as ettringite or gypsum, in the specimens
exposed to sodium and magnesium sulphates. The
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Abstract. One of the effects of supplementary cementitious materials (SCMs) in concrete is the dilution
effect which is as a result of partially replacing Portland cement with SCMs. The dilution effect of corn cob
ash (CCA) with respect to strength gain and transport properties of concrete is the focus of this study. 100
mm concrete cubes were prepared with corn cob ash partially replacing Portland cement at 15% and 30%
using w/b ratio of 0.4 and 0.6. The effect of CCA replacement level on the compressive strength
development between 3 and 28 days, and transport properties at 28 days of curing was done. This was
compared to the effect of fly ash at the same replacement level and 100% Portland cement content. The
results showed that compressive strength decreases with increasing ash content and increases with increasing
curing age. The dilution effect of CCA was more pronounced at the two replacement levels than fly ash with
a marginal gain or strength loss compared to w/c ratio corresponding to each w/b ratio. The oxygen
permeability index obtained for CCA concrete were lower compared to that of fly ash concrete at the same
replacement levels and PC concrete at the same w/b ratio. Also, the water sorptivity index and chloride
conductivity index for CCA concrete were higher than that of fly ash and PC concrete at the same w/b ratio.

compressive strength development of concrete, it is
important to know why this is so as it will help to improve
the further development of the material.

1 Introduction
A known effect of SCMs in cementitious systems is their
dilution effect which has a relation with the quantity of
the PC in the system. Dilution effect of SCMs has two
phases, one is the reduction in the quantity of PC, and the
other is the increase in the w/c ratio of the system [1]. Both
effects have an influence on the properties of cementitious
system especially compressive strength and the pore
structure. The hydration of PC with time densifies the
microstructure of cementitious systems but with increase
in w/c, the inter-particle spaces increases thereby
increasing the pore network of the system. Dilution effect
is compensated for by increasing the fineness of SCMs
and subsequent pozzolanic reaction of reactive SCMs.
The fineness of SCMs, as fine particles has been
associated with increased degree of hydration of PC [2]
while the pozzolanic reaction further contributes to the
formation and growth of hydration products. The
behaviour of SCMs in cementitious systems will therefore
depend on their characteristic properties and interaction
with PC.
In this study, the early-age up to 28 days compressive
strength and transport properties of concrete containing
CCA at levels higher than 10% were investigated in order
to determine the effect of using CCA as a major (above
10% content) component in cement production. Also, it is
crucial to understand the performance of CCA in concrete
to help in the proper classification and subsequent
utilisation of the material. Also, other studies [3] [4][5]
have shown that the inclusion of CCA reduces the

*

2 Experimental set-up
Corn cob ash and fly ash were used to partially substitute
PC at 15% and 30% levels, while water to total
cementitious material ratio, w/cm ratio of 0.4 and 0.6 were
used to cast test specimens. Five mix proportions, 100%
PC, 85/15 FA (85% PC and 15% FA), 85/15 CCA (85%
PC and 15% CCA), 70/30 FA (70% PC and 30% FA) and
70/30 CCA (70% PC and 30% CCA) were studied.
Concrete samples of 100 mm cube were cast and tested
for compressive strength at the ages of 3, 7 and 28 days.
Also, at the age of 28 days, concrete discs specimen 70 ±
2 mm diameter and thickness of 30 ± 2 mm were cored
and cut from 100 mm cubes to test for transport properties
(using the durability index tests) of each mix.

3 Discussion of results
3.1 Compressive strength
The results of the compressive strength test is presented
in Figure 1. The results showed that compressive strength
varies with both w/cm ratio and curing ages and this is
consistent with the strength characteristics of
conventional concrete. Also, up to the 28 days
investigated, the strength values of both fly ash and CCA
were lower compared to plain PC and the strength values
for CCA were lower compared to fly ash.

35
Corresponding author: Damilola4fa4@gmail.com

Compressive strength (N/mm2)

80

3

70

7

be linked to the reduction in the PC content leading to an
increase in the interparticle spaces and capillary porosity
as increase in w/c ratio increase the permeability of
concrete [7]. However, for CCA, sorptivity index reduces
with increasing w/b ratio which can be linked to the
workability of the mix as the mix at w/cm ratio of 0.6 was
more workable than at 0.4. The chloride conductivity
index (CCI) increases with increase in w/b ratio for all the
mixes showing the sensitivity of the test to differences in
w/b ratio. This can also be linked to the increase in pores
sizes and their interconnectivity as well as capillary
porosity with increase in w/b ratio[6].
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4 Conclusion

PC
85/15FA 85/15CCA 70/30FA 70/30CCA
Water to total cementitious material ratio per mix

The effect of using CCA as a partial replacement for PC
on the early age properties of concrete compared to fly ash
has been studied, there is an improvement in the early age
compressive strength especially at 3 and 7 days with a
marginal gain in strength at 28 days. Also, CCA
influenced the transport properties of concrete and thus
affects the microstructure of concrete showing
susceptibility to oxygen gas and water ingress but a good
resistance to chloride ion ingress.

Fig. 1. Compressive strength development in concrete

3.2 Dilution effect
For both fly ash and corn cob ash, their dilution effect
increases with increasing ash content in concrete while
that of CCA leads to a reduction in strength when
compared to PC at higher curing age. Compared to fly ash,
the dilution effect of CCA is more pronounced at both
replacement levels, and this can be associated to the
differences in their reactivity and possibly fineness. At 0.4
w/cm ratio, where fly ash was consistently gaining
strength with age compared to its increased w/c ratio
effect at both replacement level, CCA had a strength loss
or marginal strength gain. At 0.6 w/cm ratio, the dilution
effect of fly ash concrete increased with increasing ash
content with strength gain compared to the increased w/pc
ratio. For CCA, there is a marginal gain in strength and
strength loss at 15% replacement level compared to the
increased w/pc ratio but at 30% however, there is a gain
in strength compared to the increased w/pc ratio.
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The following tests were carried out: Slump test of
concrete (ISO 4109 [3]), air quantity test (ISO 4848 [4]),
compressive strength test (ISO 1920-4 [5]), mass change
rate test and sulfate neutralization depth test (Japan
Sewage Works Agency "Corrosion prevention and
corrosion prevention technical manual of sewerage
concrete structure").
The binder compositions of these formulations are
shown in Table 2. Three water-binder (W/B) ratios were
used: 30%, 25% and 20%. The mass ratio of cement in the
binder was kept constant at 20% based on past research
results1).
The replacement ratios of FA in the binder were 0%,
10%, 20% and 30%, with the remainder replaced by BS4.
In total, 12 formulations (numbered 1 to 12) were
examined, consisting of these binder ratios along with
three W/B ratios. A forced biaxial mixer with a nominal
capacity of 60 L was used for mixing. To begin with, the
binder and fine aggregate were placed into the mixer and
air-kneaded for 30 seconds, after which any material
adhering to the inner wall was scraped off. Next, the
kneading water including the high-performance AE water
reducing agent and resin acid AE agent was added. After
kneading for 120 seconds, the coarse aggregate was
added, with the resulting mix discharged after a further 90
seconds. The blended formulations were then used for
various tests.

1 Introduction
Corrosion and erosion of concrete structures by sulfuric
acid at sewerage facilities in Japan has recently become a
social problem. The deterioration means that facilities can
fail to reach their expected service life. On the other hand,
in the face of global warming, the development of lowcarbon concretes using blast furnace slag and fly ash,
which are industrial by-products, is progressing. These
concretes use less cement, the manufacture of which emits
large quantities of carbon dioxide.
Against this background, a new low-carbon concrete
that is highly resistant to sulfuric acid is developed in this
study.

2 Outline of the experiment
The materials used in this study are shown in Table 1. The
materials used in this experiment was a conventional
Portland cement (C; Density: 3.16 g/cm3), Fly ash (FA);
density: 2.20 g/cm3) and a specific surface area of 4000
cm2/g of blast furnace slag (BS4; density: 2.90 g/cm 3).
Crushed sand (S; Density: 2.56g/cm3) was used as fine
aggregate. Tap water (W; Density: 1.00g/cm 3) was used
as mixed water. In addition, high performance AE water
reducing agent (SP; Density: 1.10g/cm3) and resin acid
AE agent (AE; Density: 1.06 g/cm3) was used.

Table 1. Materials used
Material
Ordinary Portland Cement
Fly ash
Blast furnace slag 4000
Crushed sand
Tap water
High performance AE water reducing
agent
Resin acid AE agent

*

Symbol
OPC
FA
BS4
S

Density (g/cm3)
3.16
2.20
2.90
2.56

W
SP

1.00
1.10

AE

1.06
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Table 2. Binder compositions
Formulation

Abbreviation

1

FA0(W/B30)

2
3

FA10(W/B30)
FA20(W/B30)

4
5
6
7

FA30(W/B30)
FA0(W/B25)
FA10(W/B25)
FA20(W/B25)

8
9

FA30(W/B25)
FA0(W/B20)

10
11
12

FA10(W/B20)
FA20(W/B20)
FA30(W/B20)

W/B ratio (%)

OPC

Mass ratio (%)
BS4
80

FA
0

70
60

10
20

50
80
70
60

30
0
10
20

50
80

30
0

70
60
50

10
20
30

30

25

20

20

3 Conclusion

3.3 Mass change
Mass change is shown to be suppressed in formulations
containing fly ash. It is thought that the pozzolanic
reaction of fly ash results in densification of the hardened
concrete, which prevents the intrusion of sulfuric acid.

3.1 Fresh properties
By adjusting the addition of AE and SP agents, the target
air volume of 4.5±1.5% and slump of 15±2 cm were
satisfied for all formulations in the tests of fresh
properties.

3.4 Sulfate neutralization depth
After immersion in sulfuric acid, the neutralization depth
was increase with the proportion of blast furnace slag.
Blast furnace slag develops strength slowly, so the
concrete remains more porous and allows easy
permeation of sulfuric acid.

3.2 Compressive strength
Formulations with a low water-binder ratio satisfied the
target compressive strength of 60 N/mm2, which places
them in the high-strength concrete category. High
compressive strength can be ensured by ensuring
sufficient calcium hydroxide for full reaction of the blast
furnace slag fine powder in specimens with no FA.
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Mechanical properties and self-sensing ability of amorphous
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The aim of this research work is to develop a corrosion
resistant fiber-reinforced concrete for radioactive waste
disposal structures. In the case of precast concrete, the use
of fibers is a solution to reduce the amount of steel
reinforcement while maintaining high mechanical
performance and durability. Concrete is a widely used
material in construction field for its high compressive
strength. The strain capacity of plain concrete is in the
range of 0.1 to 0.2 mm/m, which results in brittle failure
of the material. Even with low crack opening values,
brittle behavior is observed. When a stress is applied to
the concrete, very quickly, there is a localization of the
deformations and a development of one or several
macrocracks. For ordinary concrete, reinforcing bars are
used to improve the strain capacity and the tensile
behavior. However, the presence of steel reinforcement
can cause durability concerns due to corrosion. This study
is carried out by The French National Radioactive Waste
Management Agency (Andra) within the framework of
the Cigéo project. This project is a deep geological
disposal facility for the storage of radioactive waste. In
this scope, Andra is studying alternative to conventional
reinforced concrete to reduce corrosion and therefore
increase risk control. One of the solutions is to use noncorrosive fibers as concrete reinforcement. In addition,
the use of electrically conductive fibers appears as a
solution to improve the “smart material” potential of
concrete, that is to say the ability to monitor its level of
stress and its state of damage in real time.
The study focuses on the mechanical performance and
self-sensing capabilities of fiber-reinforced concrete
through flexural tensile tests. The fibers used are
amorphous metallic fibers "Fibraflex" (AMFs) from the
company Saint-Gobain SEVA. They have a straight shape
type with a thickness of 24 or 29 µm, a length of 20 or 30
mm and a width of 1 or 1.6 mm. Four batches are studied,
the first one is a plain concrete, and three others have a
fiber content of 20 kg/m3 with an aspect ratio of 123, 114
and 82.

*

Three-point bending tests are performed in accordance
with the European standard NF EN 14651 “Measuring the
flexural tensile strength”. Results showed that AMFs are
efficient to significantly improve the strain capacity and
the residual post peak strength of the concrete resulting in
an improved flexural toughness. These fibers are most
effective at low CMOD values, in fact, they showed the
best efficiency when the crack mouth opening (CMOD) is
lower than 0.5 mm. As they are also resistant to corrosion,
they are particularly suitable for applications where
containment is a priority, including in an aggressive
environment. By restraining the crack opening, these
fibers allow a better sustainability to be achieved.
Self-sensing potential was tested through three-point
bending tests with a cyclic loading. The loading scenario
is divided into several cycles, the first one is in the prepeak stage where the concrete is considered as undamaged
and the others four are in the post-peak stage. Electrical
measurements are conducted with a Wheatstone bridge
for the all duration of the test. Results showed that both
plain and fiber-reinforced concrete have the ability of
monitoring their damage state according to electrical
measurements once they reached an advanced damage
level. Before the peak load, the voltage variation in the
Wheatstone bridge is not significant. At this loading level,
only micro-cracks have been initiated and they do not
cause any major change in the electrical properties of the
concrete. After the peak load, micro-cracks coalesce
forming one or more localized macro-cracks. For fiberreinforced concrete, the evolution of the electrical
resistance is mainly due to the change of intrinsic
electrical resistance of the fibers, i.e., the evolution of the
fiber-matrix bond and the progressive rupture of the fibers
with the crack opening. Regarding plain concrete, the
evolution of the electrical resistance is mainly governed
by the limitation of the ionic conduction due to the crackinduced discontinuity in the material.
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Abstract. The role of supplementary cementitious materials (SCM) in the prevention and mitigation of the
Alkali-Silica Reaction (ASR) in concrete materials and structures is becoming increasingly significant and
relevant in the civil engineering. The use of SCMs in South Africa is limited to Ground Granulated BlastFurnace Slag (GGBS) and Fly Ash (FA) as they are readily available. With recent advancements in concrete
technologies, it has been found that calcined clays such as Metakaolin (MK) have been useful in concrete
to improve the chemical, mechanical, and physical properties of concrete material. Deposits of MK have
been found in some regions of South Africa and are now available for consumption with various applications
but have not yet been widely accepted as conventional SCM within the concrete ready-mix industry. This
article aims to summarise state-of-the-art and existing knowledge gaps in the application of SCMs in
concrete material and identify the feasibility and benefits of extending the use of SCMs with MK in
a comparative study with FA Class F and SF. The performance of MK with respect to the key variables such
as exposure conditions, reaction mechanisms and pore solution composition in the prevention of ASR in
concrete material relative to the mentioned SCMs is discussed.

SCMs with MK can reduce the environmental impact by
reducing the cement and concrete industry’s carbon
footprint.

1 Introduction
South Africa boasts a wide variety of power generation
plants over a wide geographical area. Power generation
sources range from coal, nuclear, hydro, solar, and wind
energy. Coal power plants are predominantly found in the
provinces of Gauteng, Limpopo and Mpumalanga. Due to
the bituminous coal used in power generation, Class F FA
is found in South Africa. As there is an abundance of FA
in South Africa, costs incurred on transportation of FA to
other regions of South Africa increase the cost of readymix concrete in the coastal regions of South Africa. With
recent advancements in concrete technologies, it has been
found that calcined clays such as Metakaolin (MK) have
been useful in concrete to improve the chemical,
mechanical, and physical properties of concrete material.
Alkali-silica reaction (ASR) is a reaction in concrete
where alkalis found in cement reacts with silicas present
in natural aggregates, which causes concrete material to
expand as the reaction between alkalis and silica takes
place. With structures subjected to ASR, their intended
serviceability period is reduced, resulting in unforeseen
overhead costs in maintenance. Therefore, the mitigation
of ASR is important to ensure the durability of concrete
structures is preserved in the built environment. SCMs
have been found to be effective in the mitigation of ASR
in concrete [1].
Engineering methods and technology are becoming
increasingly more advanced and efficient. The need for
more efficient and durable concrete to complement
advancements in engineering methodologies and
technologies is of the essence. This will help improve the
durability and serviceability of civil engineering
infrastructure and lowers capital costs associated with
construction and maintenance [2]. Extending the use of
*

2 Fresh state properties of metakaolin
concrete
As with other pozzolanic materials, MK influences the
setting times of cement-based materials. The addition of
MK will increase both the initial and final setting times
[3], which is good for the ready-mix industry. However,
care must be taken to add accelerating admixtures to the
mix when temperatures are low (winter season).
Typically, the fresh properties (slump, slump flow) of
concrete containing MK decreases as the content of the
MK increase in the mixture, irrespective of the MK type.
This is influenced by several factors, such as fineness,
particle shape, and water/cement ratio [4]. Also, the
rheological properties, yield stress, and plastic viscosity
are influenced by the addition of MK in cement-based
materials (paste, mortar, concrete).

3 Hardened state
metakaolin concrete

of

The hardened state properties, compressive, flexural, and
splitting tensile strength of concrete containing MK are
influenced by MK. Generally, when MK is substituted for
cement, it improves the strength of cement-based
composites up to an optimum content of 15-20%, beyond
which the strength could decrease. However, strength
properties increase at later ages, up to 90 days. MK acts
as a filler within the matrix (physical effect) and the
chemical effect when the hydration kinetics densifies the
microstructure of concrete. As the MK reacts with
calcium hydroxide from the reaction of cement with
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properties

water, more calcium-silicate hydrate, calcium-aluminate
hydrate, and calcium-silicate-aluminate hydrate are
produced; hence, enhancing strength [5].

& Glasser [12] and Hong & Glasser [13], reducing the
Ca/Si ratio will reduce the amount of alkalis in the C-S-H
gel. This reduces the amount of siliceous material that the
alkalis can absorb.

4 Durability of concrete containing
Metakaolin
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The durability of concrete is affected by the transport
mechanisms such as the ingress of water, oxygen and
chlorides. Concrete durability is the ability of the concrete
to resist the penetration of gases and liquids. Some
durability indices of importance are water sorptivity index
(WPI), oxygen permeability index (OPI) and chloride
conductivity index (CCI).
Concrete structures or elements whose durability has
been affected can generally be attributed to the type of
concrete structure and exposure. For example, reinforced
concrete water retaining structures for freshwater would
need to be very resistant to oxygen and water
permeability. Therefore, the durability indices are
important when designing concrete for a specific purpose
and ensuring durability and performance [6].
With concrete structures in South Africa subjected to
various types of exposures due to climatic and industrial
diversity, there is a need to ensure more durable concrete
to ensure the sustainability of South African
infrastructure. Previous studies have outlined the
advantages of incorporating MK into concrete and the
durability of hardened concrete containing MK [7, 8, 9].
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5 Influence of metakaolin in the
mitigation of the alkali-silica reaction in
concrete structures
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The mechanism of ASR can be attributed to the chemical
composition of the constituents of the concrete material,
where concrete with lower alkalinity will not be able to
dissolve silicas in the aggregates [10]. Alkali-silicate gel
formed in the pore solution by the hydration of cement
with alkalis and hydroxide ions. This may lead to swelling
as the gel is hydrated by sustained exposure to moisture,
causing the aggregate to crack. The failure in the
concrete’s matrix ultimately causes a structure to lose its
integrity due to ASR [11].
A study conducted by Hong & Glasser [12] shows that
decreasing the Ca/Si ratio increases the amount of free
sodium (Na) and potassium (K) in the Calcium-SilicateHydrate (C-S-H) gel. This reduces the pore solution's
alkalinity and silica's dissolution in the aggregates. A
further study by Hong & Glasser [13] suggests that silicarich cementitious material or pozzolana will alter the
Ca/Si ratio within the cement paste.
By introducing MK, a pozzolan with a higher silica
content and lower calcium content, the Ca/Si ratio was
adjusted. As suggested in the studies conducted by Hong
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Abstract. This study explores the influence of mix design parameters on the fresh and hardened properties
of geopolymer mortar made with treated dune sand (TDS) and granulated blast furnace slag (BFS). A total
of nine geopolymer mortar mixtures were designed following the Taguchi method for four factors, each
with three levels. These factors included BFS replacement rate by TDS, alkali-activator solution to binder
ratio (AAS/B), sodium silicate-to-sodium hydroxide ratio (SS/SH), and sodium hydroxide (SH) molarity.
The investigated performance quality criteria were flowability, compressive strength, water permeability,
and carbon dioxide footprint. Results revealed that a mix made with TDS replacement, AAS/B, SS/SH, and
SH molarity of 25%, 0.5, 1.5, and 14 M yielded superior performance.

1 Introduction

2.2 Development of mortar mixes
In this study, four factors having three levels each, were
evaluated. The factors were TDS replacement percentage,
AAS/binder ratio (AAS/B), SS/SH, and SH solution
molarity. As a result, nine geopolymer mortar mixtures
were generated by adopting the factors and levels into the
orthogonal array, as shown in Table 1.

The incorporation of precursor binders such as granulated
blast furnace slag (BFS), fly ash, and silica fume in the
production of geopolymer concrete led to superior
strength and durability responses compared to traditional
concrete [1, 2, 3].
Dune sand sourced from the desert can be treated into
various fractions of sizes intended for different
applications [4, 5]. Treated dune sand (TDS) processed
from desert dune sand can be successfully employed by
the construction industry [6, 7]. Although several
investigations reported promising results on the
incorporation of fine quartz-powder or TDS in
geopolymer composite [8, 9], the optimization of mix
proportions of geopolymer mortar received little
attention.
This paper aims to valorize TDS in BFS-based
geopolymer mortar for construction applications. The
Taguchi approach was adopted to optimize the mixture
proportions while considering the effect of various factors
on the carbon footprint and properties of geopolymer
mortar, including flowability, compressive strength, and
water permeability. Such data can be of particular interest
to scientists and engineers that seek to promote the use of
sustainable construction materials.

Table 1. Mixture proportions of geopolymer mortar mixtures.
Mix ID

2.1 Materials
Commercially available granulated blast furnace slag
(BFS) and treated dune sand (TDS) were used as the
precursor binders. Further, TDS was derived from desert
dune sand that was sieved to obtain a powder finer than
75 m. In turn, as-received dune sand was used as fine
aggregates. Additionally, sodium silicate (SS) and sodium
hydroxide (SH) were combined to form the alkaline
activator solution (AAS).

SH solution

0.50

1.0

6

D2

25

0.55

1.5

10

D3

25

0.60

2.0

14

D4

50

0.50

1.5

14

D5

50

0.55

2.0

6

D6

50

0.60

1.0

10

D7

75

0.5

2.0

10

D8

75

0.55

1.0

14

D9

75

0.60

1.5

6

3 Results
3.1 Hardened properties
Figure 1 plots the compressive strength and rate of water
absorption or sorptivity of investigated geopolymer
mortar mixtures. Clearly, the strength response followed
a decreasing trend with TDS additions. For instance, the
compressive strength decreased from, on average, 33.6
MPa to 15.6 and 5 MPa for geopolymer mortar mixtures
containing 25, 50, and 75% TDS, respectively. The
corresponding water absorption responses varied from
0.97 to 2.8, and 5.8 mm/hr0.5, respectively. Such results
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SS/SH

2.3 Testing procedures
The flowability of fresh mortar mixes was conducted as
per ASTM C230. The compressive strength and sorptivity
were determined as per ASTM C109, and ASTM C1585
test methods, respectively.

2 Experimental work

*

AAS/B

D1

TDS
replacement
25

are in line with other studies that demonstrated the
dilution effect of dune sand, especially at higher
concentrations [9].
The analysis of variance (ANOVA) was carried out to
determine the contribution of each factor to the targeted
performance criteria. As summarized in Table 3, the TDS
replacement was the controlling factor, exhibiting the
highest percentage of more than 96% among others.
Conversely, the AAS/B, SS/SH, and SH solution molarity
were the least contributing factors, yielding contributions
of less than 2%. Such results corroborated with
experimental ones, reflecting the controlling effect of
TDS on the flowability and compressive strength
responses.

Fig. 2. S/N ratios of TDS replacement

4 Conclusions
The optimization of mixture proportions of TDS-BFS
blended geopolymer mortar was successfully carried out
using Taguchi’s approach. Geopolymer mortar composed
of 25% TDS and 75% BFS achieved superior flowability
and strength responses among all tested mixtures.
The authors gratefully acknowledge the United Arab Emirates
University (UAEU) for supporting the research reported in this
paper by Grant No. 31N453. Also, the assistance of the lab staff
and engineers at the civil engineering laboratory of UAEU in the
preparations and testing of specimens is much appreciated.
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factor to secure superior performance of the targeted
criteria. It is worth noting that the sorptivity of mixtures
was not considered in this progression since high
correlation values exist between strength and sorptivity
responses, as reported in the previous section. As shown
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Abstract. This investigation aims to provide experimental data on the performance of alkali-activated
mortar made of copper mine tailings (CMT) and fly ash (FA) exposed to acid-sulphate attacks and elevated
temperature environments as a measure of durability. FA was used as a replacement material, substituting
20 to 40% of the CMT by mass, and sodium hydroxide was the alkaline activator, which was added in terms
of Na2O content by mass of the total binder at 5%, 10%, and 15%. The durability performance of alkaliactivated mortar was evaluated against 5 % and 10% concentrations of sulphuric and hydrochloric acids,
and magnesium and sodium sulphates up to 180 days of exposure, as well as elevated temperature
environment. The specimens were first visually examined, and weight change was measured before being
exposed to an elevated temperature environment and the residual compressive strength was measured. It
was observed that Na2O content and elevated temperature environment influenced the residual compressive
strength of alkali-activated mortar. Increasing the Na2O content for all CMT-FA-based mortar samples
performed well in sulphates and acids mediums in terms of durability, but with a slight reduction in its
durability performance in terms of residual compressive strength. However, these effects were more
profound in samples exposed to acids, particularly those with lower FA replacement levels and sodium oxide
content. For the high-temperature exposure, the residual compressive strength of all CMT-FA samples was
much higher than the initial values. The findings also revealed that the partial replacement of CMT by FA
significantly improved the residual compressive strength in terms of the durability performance of the alkaliactivated mortar.

by 30 to 60% [10]. Na2SiO3 and NaOH are frequently
utilized to activate when making alkali-activated concrete
[11], Na2SiO3 can influenced strength rather than NaOH
and its molarity [12]. It is attributed to the use of more
sodium silicate to produce more silica gel and contribute
significantly to high strength and better performance [13].
Reports have shown that there is still no agreement on the
effect of various parameters on the properties when it
comes to innovative cementitious materials, durability of
novel blend regimes are still not fully understood due to
the variation in experimental data from prior studies [14].
However, there is limited research to quantify the effect
of sodium oxide (Na2O) content and elevated temperature
environment on the durability properties of alkaliactivated mortar. The research aims to investigate the
effect of NaOH in terms of Na2O content by mass of the
total binder on the durability performance of the mortar.
The durability performances of the mortar were measured
in terms of sodium and magnesium sulfate resistance,
sulphuric and hydrochloric acid resistance, and elevated
temperature environment. The evaluations were done
through visual observation, change in weight after
exposure, and residual compressive strength in an
elevated temperature environment.

1 Introduction
Durability is a critical necessity for application and the
viability of construction materials for the overall
performance in aggressive environments during its design
existence period. Structures made of concrete are known
to be badly damaged by sulfate attacks, and high
temperatures are a major hazard as well [1]. Cement
production involves several steps, that is a high energyintensive process that emits one ton of greenhouse gases
for each ton of cement produced and requires the
equivalent of a barrel of oil per ton [2], and has a negative
influence on the environment, as well as the future of
mankind [3-4]. Alkali-activated cementitious binders can
provide a sustainable and environmentally friendly
alternative to conventional ordinary Portland cement
(OPC) [5-6], that provides a reduction in CO2 emissions
for up to 80% when compared to OPC, and is primarily
based on chemically activating industrial wastes as
precursor materials reach in aluminosilicate. It has
improved mechanical qualities and greater durability in
harsh settings than normal cement concrete [7-9] and is
generally stable in the presence of sulphuric and
hydrochloric acid, with weight loss ranging from 5 to 8
%, while Portland cement was destroyed, and lost weight

*
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specimens to a temperature at 200 ℃, then gradually
decreased up to 600 ℃ as the CMT replacement by FA
increases as well as Na2O content increases from 5 % to
15 %. The specimens with 5 % Na2O content were
observed to have the least increase in residual
compressive strength while the specimens with 15 %
Na2O content was observed to have the highest increase
in residual compressive strength. The CMT specimens
were observed to have the least increase in residual
compressive strength while CMT60-FA40 specimens
were observed to have the highest residual compressive
strength. Mortar specimens in the sulphate solutions
perform better in terms of residual compressive strength
than the specimens in the acid solutions.

2 Experimental procedures
2.1 Acid and sulphate resistance
Three specimens of each mortar mixture were submerged
in each of the 5% and 10% sulphuric acid (H2SO4), and
hydrochloric acid (HCl) as well as for sodium and
magnesium sulphates for a period of 20 weeks following
the ASTM C-267. Acid and sulphate resistance was
measured on mortar samples in terms of the weight gained
and weight loss. Relative weight loss and weight gain
were estimated as a percentage of the initial weight of
specimens to determine its weight loss and weight gain.
2.2 Residual compressive strength at elevated
temperature
The residual compressive strength was measured on the
specimens according to ASTM C109. Three specimens of
each mixs were placed in an oven at an elevated
temperature after the exposure to acids and sulphates
attacks. The specimens were tested after the exposure to
an elevated temperature to determine the average residual
compressive strength.

4 Conclusion
Alkali-activated mortar specimens prepared with
pozzolanic base materials utilising sodium hydroxide as
the alkaline activator, which was added in terms of Na2O
content by mass of the total binder ranging from 5%, 10%,
and 15% showed mortar pastes resisted the attack when
exposed to acids and sulphates, as well as to elevated
temperature environment.

3 Main Finding

Reference

3.1 Visual appearance and change in weight
The visual appearances of the alkali-activated mortar
specimens after varied exposures from 4 to 20 weeks
indicated no difference in appearance from what was
observed before exposure. Following a 20-week soak in
10 % acid solutions, the surface of the test specimens was
seen to withstand the attack, with slightly rough surface
and apparent void. For the sodium and magnesium
sulphate solutions, there was no damage to the surface of
mortar pastes specimens.
The trends in weight changes of CMT-FA alkaliactivated mortar specimens in sulphates solution
gradually increased within the exposure period for up to
20 weeks in sulphate solution due to absorption of the
exposed liquid. The rapid increase in weight occurred for
all specimens up to 4 weeks of exposure. A maximum
increase in weight was observed in CMT60-FA40
specimens and the least gained in weight occurred in
CMT specimens. Weight loss was observed for CMT-FA
specimens in 10 % acid solutions for up to 20 weeks.
CMT-FA specimens with the highest Na2O content had
the minimum weight loss after 20 weeks. As the Na2O
content increased, weight loss also decreased
correspondingly in acid solution. Weight loss was
observed in the 10 % acid solutions at a marginal weight
loss.
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3.1 Residual compressive strength at elevated
temperature
Residual compressive strength of alkali-activated mortar
pastes exposure to elevated temperature after sulphates
and acids attacks sharply increases for all mortar
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Effect of styrene-acrylic latex polymer on the dimensional and
mechanical stability of ettringite accelerated binders composed
of CAC-PC-C$
Lamiya Noor1, * , and Jason H. Ideker1
1

Oregon State University, Corvallis, Oregon 97331, USA.

Abstract. Cementitious binder composed of CAC-PC-C$ (calcium aluminate cement- Portland cementcalcium sulfate) forms ettringite as the principal hydration product which promotes high early strength (~
20 MPa) within a very short time (~ 3 hours). This property makes these materials suitable for many rapid
repair applications as well as construction works where the required time for opening to service is nominally
3 hours or less. However, it is evident from previous literature that synthesized ettringite is susceptible to
decomposition due to temperature and relative humidity (RH) raising the question of whether these materials
would be long-lasting in outdoor applications. In this study, the effect of styrene-acrylic latex polymer on
CAC-PC-C$ binder, specifically ettringite stability, for two different exposure conditions: i) 23oC, 50% RH
and ii) 50oC, 50% RH was evaluated. Preblended CAC rich (60%) CAC-PC-C$ cementitious system, with
and without polymer modification, were investigated by changes observed in dimensional and mechanical
(i.e., flexural, and compressive strength). Results from this study will help to understand how the addition
of styrene-acrylic latex polymer affects the stability of ettringite in CAC-PC-C$ cementitious systems
exposed to different temperatures and relative humidity.

represents control specimens without any polymer
addition and M2 represents polymer modified specimens.

1 Introduction
The calcium aluminate (CA) phase of CAC cement
controls the early hydration of the CAC-PC-C$ ternary
binder. When the CA phase interacts with the C$ phase in
the presence of water, ettringite is formed. As a result, the
amount of ettringite generated and its thermal stability
determine the early age fresh and hardened properties of
this ternary binder [1, 2]. Recent investigations found that
styrene acrylic copolymer latex (SA) increases toughness,
flexural, and tensile bond strength in the PC (76%) rich
CAC-PC-C$ ternary binder. The optimal performance of
the polymer in this ternary binder, however, is dependent
on the full development of the polymer film and the
binder's hydration [3, 4]. At increased temperatures (40o
C), rapid conversion of ettringite to monosulfoaluminate
was reported in a CAC-PC-C$ binder rich in CAC [1].
Because no studies have been done to date to understand
the effect of SA latex on ettringite stability in the CAC
rich CAC-PC-C$ ternary binder, this study aims to
understand the effect of SA latex addition on the volume
and mechanical stability of this ternary binder at different
exposure conditions.

Table 1. Mix proportion of cement samples.

M1
M2

0.35
0.35

Retarder
(%)
0.2
0.2

Styrene-acrylic latex
polymer (%)
0
1.5

2.2 Volume and mechanical behaviour
Volume stability was investigated by following the
standard practice for use of apparatus for the
determination of length change of hardened cement paste,
mortar, and concrete (ASTM C490 / C490M – 17) [6]. In
addition, mass change had also been recorded.
Mechanical behaviour was investigated by measuring the
flexural strength and compressive strength according to
BS EN 196-1 [7].

3 Results and Discussion

2.1 Materials
In this study, a preblended CAC-PC-C$ ettringite
accelerated binder with a composition of 60% CAC, 13%
PC and 27% hemihydrate C$ was selected. 25 x 25 x
152.4 mm samples were prepared from cement paste by
following the ASTM C305-14 mixing procedure [5]. Mix
proportions have been detailed in Table 1. Here M1

3.1 Dimensional and mass change
In both exposure conditions, polymer modified CAC rich
CAC-PC-C$ binder showed higher shrinkage compared
to control specimens. Shrinkage increases in polymer
modified specimens after 28 days in both exposure
conditions were approximately the same (~15%). It was
also observed that shrinkage behaviour depends on
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Samples were demolded after 24 hours of curing in
ambient laboratory conditions (23oC and 50% RH) and
then exposed to tow simulated environmental conditions1) 23oC and 50% RH, and 2) 50oC and 50% RH for
1,3,7,14, and 28 days.

2 Methodology

*

Case

exposure duration too. At early age (1~3 days) in 23oC
and 50% RH, the difference in shrinkage values in both
control and polymer modified specimens was
significantly lower than the later age shrinkage values. On
the other hand, at 50oC and 50% RH, expansion was
observed in polymer modified specimens after 1 day and
then shrinkage occurred after 3 days where control
specimens did not exhibit any expansion behaviour. In
both exposure conditions, mass loss was observed in the
control and modified polymer specimens. However, as
compared to control specimens, polymer modified
samples exhibited considerable mass loss (25% higher in
23oC and 50% RH and 15% higher in 50oC and 50% RH).
Shrinkage and mass loss in polymer modified specimens
can be attributed to incomplete hydration of the ternary
binder because of the latex film taking the place of the
hydration product site [8].

samples was significantly higher than control samples at
23°C and 50% RH. Polymer addition did not significantly
improve 28 days compressive strength when specimens
were exposed to 50oC and 50% RH. After 28 days, the
average compressive strength in control specimens were
96 MPa, whereas it was 79 MPa in polymer modified
specimens. Incomplete polymer film and/or binder
hydration might have hindered the formation of a dense
microstructure resulting in lower compressive strength [3,
8]. Future research will include microstructural analysis
to observe how polymer addition affects ettringite
formation in this ternary binder.

4 Conclusion
This study presents the preliminary findings of styrene
acrylic polymer latex effect on CAC rich CAC-PC-C$
ternary binder. Initial volume and mechanical results
show that polymer addition improves the flexural strength
of ternary binders. However, further microstructural
investigation will be conducted to understand how
polymer film formation affects ettringite formation and
binder hydration.

3.2 Flexural and compressive strength
Flexural strength was improved in polymer modified
samples subjected to 23oC and 50% RH for 28 days.
However, a reduction in flexural strength was observed
from 1 day to 28 days in both control and polymer
modified specimens. Flexural strength decreased by 13%
in polymer modified specimens from 1 day to 28 days,
while it decreased by 60% in control specimens. The
flexural strength of control specimens after 28 days of
exposure at 50oC and 50% RH was 3.6 MPa, while
polymer modified specimens had 5.1 MPa, which was
42% higher than control specimens. It was also observed
that drying exposure condition at increased temperature
(23oC, 50% RH vs. 50oC, 50% RH) had no significant
effect on the 28-day flexural strength in polymer modified
specimens, but the average flexural strength in control
specimens declined to 14%. The range of compressive
strength from 1 to 28 days in both exposure condition for
control and polymer modified specimens varies from 6090 MPa. Early age (1 day) compressive strength was
found greater in control samples than polymer modified
samples at 23oC and 50% RH, after that there was a drop
in compressive strength values up to 28 days. On the other
hand, 28 days compressive strength in polymer modified
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2.2 Service life modelling and prediction of durability
Probabilistic service life design of reinforced
structures via free web application
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With the following parameters:

1 Introduction
The degradation of traffic infrastructure is to a large extent
caused by chloride induced corrosion. Damage to highly
exposed structural elements in the splash water zone often
occurs before the planned service life and causes
enormous costs in repair.
Although recognized models for probabilistic service life
design are available and anchored in regulations (e.g. [1]),
their application and thus the verification of the design are
currently reserved for experts only due to complicated and
cost-intensive statistical software.
With the help of the newly developed and freely
accessible web application, target service lifes can now
easy be calculated already in the planning stage.

Cs
x
Dapp,0
t
erf
n
Ccrit,carbon
Ccrit,Top12

Since the surface chloride concentration Cs of the chloride
profiles considered here was measured at a cover of 10
mm, the value 10 mm (0.01 m) is in eq. (3) subtracted
from the concrete cover x. The result is the chloride
content C(x,t) at reinforcement level at time t, which is
calculated for each year.
To calculate the corrosion probability Pcorr, Monte Carlo
simulations were performed using a python code
developed at ETH Zurich. With the inverse standard
normal distribution and the corrosion probability Pcorr, the
parameter β can be calculated (Eq. 4).

2 Methods
2.1 Statistical Distribution of Ccrit
Based on an extensive collection and analysis of critical
chloride contents (Ccrit) [2], it was found that Ccrit can be
well described by a lognormal distribution. The
parameters λ and ϵ² for the lognormal distribution are
related to mean µx and standard deviation σx as follows:
1

()
()

𝜇𝑥 = exp(𝜆 + 𝜖 2 )
2
2
𝜎𝑥 = 𝜇𝑥2 × (exp(𝜖 2 ) − 1)

𝛽 = −𝜙 −1 (𝑃𝑐𝑜𝑟𝑟 )

2.2 Durability modelling

𝑥−0.01
𝑛

𝑡
2×√𝐷𝑎𝑝𝑝,0 ×( 0 ) ×𝑡

)

The approach described above was implemented in a
freely accessible web application. Target service lives can
now be checked already in the planning stage and, if
necessary, the effect of countermeasures, such as
optimized concrete technology, adjusted cover depth, etc.
can be rapidly assessed.

(3)

𝑡
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(4)

3 Web application

2.2.1 Monte-Carlo Simulation
The following equation acc. [1] is used to model the
service life (initiation of corrosion) in uncracked concrete:

𝐶(𝑥, 𝑡) = 𝐶𝑠 × (1 − 𝑒𝑟𝑓 (

Surface chloride concentration (µ, σ)
[wt.-%/c]
Concrete cover (µ, σ) [m]
Apparent chloride diffusion coefficient (µ, σ)
[m²/s]
time [s]
(Gaussian) error function
Aging exponent [-]
Critical chloride content (µ, σ) for carbon
steel [wt.-%/c]
Critical chloride content (µ, σ) for Top12 as
stainless reinforcement (1.4003) [wt.-%/c] [3]

Fig. 1. Screenshot of free web application

Within the web application, the user is initially guided
through the program based on a selected structure (bridge,
tunnel, parking structure) and an associated component
selection (e.g. bridge → center pier). Recommendations
are given for all necessary input parameters, such as the
chloride load Cs to be applied or the tolerable corrosion
probability Pcorr for the serviceability limit state
calculation. To start the service life calculation, only the
binder type incl. w/b-value has to be defined and the
concrete cover has to be specified.
The calculation result represents a durability
assessment in the form of an achievable service life in
years. The result can then be optimized by adjusting
parameters, such as selecting a different binder or
adjusting the concrete cover. The result display includes
on the one hand the service life achievable with
conventional carbon steel (B500B) and on the other hand
always the extended service life achievable with Top12 as
stainless reinforcement. Fig. 1 shows a screenshot of the
application illustrating an example calculation. The web
application is designed in two modes: The first mode has
experience-based built-in assumptions for various input
parameters (e.g. Cs). The second (expert) mode allows
specifying various input parameters with more freedom.
The aim of the web application is to make service life
estimations as intuitive as possible for planners, owners
or building operators who do not have access to
specialized software. The primary goal is to raise
awareness for durability and give professionals a tool to

quickly assess and understand the influence of different
input parameters. Although the implemented service life
model approach follows internationally accepted state-ofthe-art methodology, we would like to stress that the
model results need to be treated with caution. It should be
clear that such models always depend significantly on the
assumptions made and cannot yield absolute service lives.
Nevertheless, service life calculations can provide support
in the decision taking process. An example is the
comparison of different steel grades, namely the use of
Top12 as stainless reinforcement with a higher corrosion
resistance [3] than carbon steel.
Such model-supported decision taking in the planning
stage is an important stepping stone towards the
elimination of premature repairs and their adverse
economic and environmental effects.
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Durability Aspects of Chloride-Affected Cracked Concrete
Structures Reinforced with 1.4003 Rebars
Christoph Dauberschmidt1,*, Andreas Fraundorfer1, Frederik Ripa1,
1
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Abstract. The protection of reinforced concrete components exposed to chlorides is often ensured by
coating systems, which are usually associated with high maintenance costs over the service life. A possible
alternative is the use of high-alloy, stainless steel reinforcement. Through smart selection in areas subject to
particularly high stresses and the possibility of using mixed reinforcement with black steel, this type of
reinforcement can also be used for economical construction. In many areas, it is sufficient to use significantly
cheaper chromium steel rebars instead of very expensive, highly corrosion-resistant austenitic chromiumnickel steels. An industrial research project was carried out at Munich University of Applied Sciences in
which the resistance of a chromium steel reinforcement with material number 1.4003 in chloride-exposed
separation cracks of RC-specimens was investigated. The results obtained formed the basis for the
development of design variants for underground parking garages. Structural tests on a large number of
existing structures show how a long service life can be achieved with such reinforcement even under high
chloride loads.

to be tested, 18 specimens were tested. All 18 specimens
were manufactured identically to each other and were
used for the usual determination of scatter in the tests.
From the determined chloride contents during corrosion
initiation, a distribution function was created according to
the corrosion initiation probability, see Fig. 1.
Using a linear distribution function and a corrosion
initiation probability of 5 %, the characteristical chloride
content of the 1.4003 steels is 1.7 wt.-%/c. This value is
below the smallest single value for the determined
samples and therefore on the safe side for the tests. With
a probability of 50 % for a corrosion initiation, the tests
result in a chloride content of approx. 4.1 wt.-%/c.
Comparing the B500B refractory steels, the value at 50 %
probability of corrosion initiation is 0.6 wt.-%/c.
Results on pickled 1.4003 reinforcing steels in
uncracked concrete are presented in [4]. The mean critical
corrosion-inducing chloride content was found to be
Ccrit = 2.3 wt. %/c. A comparison shows a significantly
lower Ccrit = 1.3 wt.-%/c for unalloyed reinforcing steel.
The significantly better performance of the unalloyed
reinforcing steel in non-cracked concrete is primarily due
to the continuous coating by the alkaline environment of
the concrete compared to the crack area.
All test results refer to pickled reinforcement made of
1.4003. Possible applications of 1.4003 for parking
structures can also be found in the full length paper.

1 Introduction†
There are many strategies to ensure the durability of RCcomponents exposed to chloride. In most cases, a coating
requiring high maintenance over the service life is applied
on the exposed concrete surface in order to exclude
chloride penetration into the concrete. If the coating
systems are not properly maintained and cracking remains
undetected, even one winter period with chloride ingress
within the crack [2] can be sufficient to initiate rebar
corrosion. The limit value of 0.5 wt.-% Cl-/c, from which
according to [3] an expert planner should evaluate the
corrosion risk and which is considered to be the lower
limit value for corrosion to occur, relates mainly to uncracked concrete and unalloyed reinforcing steel.
A possible design strategy is the use of high-alloy,
ferritic chromium steel 1.4003. The corrosion resistance
of such a reinforcing steel available on the market in
chloride-containing crack areas in reinforced concrete
components is currently the subject of research at the
Institute for Materials and Construction Research at the
Munich University of Applied Sciences.

2 Test procedure & results
The detailed test procedure can be found in the full length
paper. Common carbon steels and the ferritic chromium
steel 1.4003 were tested in cracked concrete beams loaded
with chloride solution. For each grade of reinforcing steel

*
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preliminary tests and interim results for this research project have already been presented in [1]
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Fig. 1 summed corrosion initiation probabilities (values of stable corrosion initiation on the samples) with linear regression function
and (dashed) normal distribution from [5]

3 Conclusion
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The influence of temperature on the cracking of plastic concrete
Marnu Meyer1,*, Juandré van Zyl1, and Riaan Combrinck1
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Abstract. High early age concrete temperatures can lead to many problems such as an increased rate of
cement hydration, as well as an increased rate of moisture loss from fresh concrete which can ultimately
lead to the occurrence of plastic shrinkage cracking. Concrete is also batched and cast at various ambient
temperatures which greatly influences the temperature development of the concrete after placement. There
is a need to understand the influence of concrete temperature on the plastic cracking of concrete. This study
investigated the temperature development over the thickness of a concrete slab when exposed to different
initial concrete and ambient temperatures as well as the effect these factors have on plastic shrinkage
cracking. This was achieved by experiments on concrete samples at varying temperatures while measuring
the concrete temperature, pore water evaporation, shrinkage, settlement, setting times and plastic shrinkage
cracking. It was concluded that exposure to higher initial concrete and ambient temperatures significantly
increases the average temperature over the thickness of the concrete. The evaporation of pore water was
higher when exposed to higher evaporation conditions. The plastic shrinkage, settlement and plastic
shrinkage cracking were more severe in the presence of higher initial concrete and ambient temperatures
even though the critical period and setting times were reduced due to an increase in the concrete temperature.

and one vertical were used to keep the temperature
sensors in place during casting. The plastic settlement and
shrinkage of the concrete were measured using 300 x 300
x 100 mm moulds, similar to the mould and methods used
by Slowik et al. [2]. The mould was fitted with LVDT’s
to measure the plastic settlement and shrinkage. The
plastic shrinkage cracking was measured in a mould based
on the proposed mould from ASTM C1579 [3] with the
exception of two additional steel bars at each end of the
mould. The setting times were measured by means of a
normal penetration resistance test in accordance with
SANS 50193-3 [4] that makes use of a Vicat apparatus.
The concrete mix was designed to reach 30 MPa at 28
days and had a slump of 60 mm. The material
constituents, relative densities and mix proportions are
summarised in Table 1.

1 Introduction
High early age concrete temperature can lead to many
problems such as an increased rate of cement hydration as
well as an increased rate of moisture loss from freshly
placed concrete [1]. The initial temperature of the
constituents used can also affect the temperature of the
concrete when cast. In South Africa concrete is often
batched and cast in hot, dry and windy conditions. These
conditions have a significant influence on the evaporation
of free water which greatly influence the occurrence of
plastic shrinkage cracks in concrete. There is a need to
understand how these factors influence the temperature of
concrete as well as how this then influence the plastic
cracking of concrete.

2 Experimental framework
Experiments were conducted in order to investigate the
influence of air temperature and concrete casting
temperature on the concrete temperature development,
pore water evaporation and plastic cracking of fresh
concrete. The ambient and concrete casting temperatures
were varied while the wind velocity and relative humidity
were kept constant. Concrete samples were placed in a
climate chamber in order to simulate these different
climate conditions. Two different ambient (25°C and
35°C) and three different initial concrete casting
temperatures were used (15, 25 and 35°C).
Moulds with inner dimensions of 200 x 200 x 100 mm
were used to measure the rate of evaporation by weighing
the concrete filled moulds every 30 minutes with a scale
measuring to the nearest 0.1 g. A similar mould as used
for the evaporation tests were used to measure the
concrete temperature. Two metal plates, one horizontal

*

Table 1. Concrete mix constituents.
Description
Relative
[kg/m3]
density
Water
1.00
215
Cement (CEM II 52.5 N)
3.14
366
Fine aggregate
2.64
936
Coarse aggregate
28
875

3 Test results and discussions
Table 2 illustrates a summary of the average results
gained during testing. This includes the ambient
temperature (AT), the average concrete temperature (CT)
over the depth of the specimen at the start and end of each
test, the average evaporation rate (ER) and the crack area
(CA) for each test.
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can cause a decrease in the setting time of concrete and
ultimately result in an increased tendency and severity for
PSC. The results also confirm that the time of the PSC
onset on the surface of the concrete is normally near or
just after the initial setting time. It can be concluded that
a decrease in concrete casting temperature results in a
longer time period between the initial set and the first
onset of PSC. The results also showed that no cracks
started after the final set was reached.

Table 2. Summary of mean results after each test.

1
2
3
4
5
6

Test name

AT
in °C

AT25CT25
AT25CT35
AT25CT15
AT35CT25
AT35CT35
AT35CT15

25
25
25
35
35
35

CT at
start
in °C
24.1
34.8
15.3
24.9
35.9
15.3

CT at
end in
°C
24.8
25.5
23.9
32.5
33.1
33.4

ER in
kg/m2
/h
0.29
0.43
0.22
0.49
0.56
0.31

CA in
mm2
89.2
105.6
25.2
104.8
130.6
67.5

The temperature of fresh concrete is greatly dependent on
the ambient conditions, with the air temperature being the
bigger influencing factor during the plastic state of
concrete. The fresh concrete samples exposed to a various
ambient temperatures caused noticeable changes in the
temperature of the concrete. The temperature of the
concrete tends towards the ambient temperature. The
surface of the concrete is exposed to the air surrounding it
and therefore the surface temperature of fresh concrete is
more susceptible to change due to the ambient conditions
compared to the core of the concrete. The effects of
evaporative cooling are also more prominent on the
surface of the fresh concrete. Although the concrete
temperature changes towards the ambient temperature,
concrete with a higher initial temperature resulted in a
higher average as well as ultimate concrete temperature
over the thickness of the concrete after 6 hours. An
increase in the initial concrete and ambient temperature
results in an increase in the total mass loss due to
evaporation experienced by a concrete specimen. The
warm concrete has the highest evaporation rate at the end
of the test, due to the fact that it has a higher concrete
temperature, but the difference between the specimens are
smaller.
An increase in either the ambient or the initial concrete
temperature will result in higher shrinkage during the
plastic state of concrete. The shrinkage is proportional to
the mass loss due to evaporation, which means that the
difference in shrinkage between the specimens are
proportional to the difference in ambient and initial
concrete temperature. All the specimens experienced pure
settlement due to the effect of gravity. The moderate and
cold concrete stabilised, however a secondary settlement
occurred and was due to the effects of evaporation that
causes capillary pressure to build up in the concrete and
cause a three dimensional shrinkage. The timing of the
secondary settlement also coincided with the time the
shrinkage starts. The crack results are shown in Fig. 1.
Exposure to high casting and ambient temperatures
resulted in larger crack areas compared to specimens
exposed to lower temperatures. It is clear that the crack
area increases with an increase in the casting temperature
of fresh concrete. A higher casting temperature also
resulted in the plastic shrinkage cracks to occur earlier.
The warm concrete also started to crack earlier than the
moderate and cold concrete in both ambient conditions.
At higher concrete and ambient temperatures the
hydration process accelerates which resulted in reduced
setting times. An increase in the ambient temperature also
resulted in a decreased initial and final setting times for
the concrete specimens. An increase in the temperature

Fig. 1. Average crack area over time for all tested specimens.

4 Conclusion
The following significant conclusions can be drawn from
this study:
• The temperature of fresh concrete is greatly
dependent on the ambient conditions, with the air
temperature being the bigger influencing factor
during the plastic state of concrete. The surface
temperature of fresh concrete is more susceptible to
change due to the ambient conditions compared to the
core of the concrete. The effects of evaporative
cooling are also more prominent on the surface of the
fresh concrete.
• An increase in the initial concrete and ambient
temperature results in an increase in the total mass
loss due to evaporation.
• An increase in either the ambient or initial concrete
temperature will result in higher shrinkage during the
plastic state of concrete. The shrinkage is
proportional to the mass loss due to evaporation
which means that the difference in shrinkage between
the specimens are proportional to the difference in
ambient and initial concrete temperature.
• Plastic shrinkage cracking is more severe when
exposed to higher ambient and or initial concrete
temperature.
• In practice concrete should be kept as cold as possible
when cast to minimise the occurrence and magnitude
of plastic shrinkage cracking.
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A critical evaluation of the use of crack width requirements in
the durability design of marine reinforced concrete structures
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Abstract. Crack width requirements play a significant, and often dominant, role in the design of marine
reinforced concrete structures. However, there are several issues with both the theoretical basis and the
practical application of these requirements. This paper discusses some of these issues, in order to highlight
the need to evaluate the overall effectiveness of the crack width requirements.

The durability of marine reinforced concrete (RC)
structures may be significantly reduced by chlorideinduced reinforcement corrosion. To mitigate this threat,
durability design, focused on reducing the penetration of
chloride ions into the concrete, plays a large role in the
design of marine RC structures. One of the key
specifications within the current durability design
approaches are crack width requirements. These
requirements typically involve limiting crack widths to
certain maximum values, primarily by ensuring that the
amount and layout of the reinforcing steel provides
sufficient tensile restraint to the concrete.
However, there are several issues with the use of the
crack width requirements, relating to both the theoretical
knowledge on which they are based, and their application
in practice. This paper discusses four of the most
significant of these issues, in order to highlight the need
for an evaluation of the overall effectiveness of the crack
width requirements.

Despite this complexity, the crack width requirements
place an emphasis on crack width alone, and do not
consider the effects of any other of the above factors. This
implies that the current crack width requirements do not
reflect the true nature of reinforcement corrosion in real
cracked RC structures, and therefore do not adequately
account for the effects of cracking on durability.

2 The relationship between crack width
and corrosion rate
The use of crack width requirements in durability design
has been debated, without conclusion, since the 1970s [6].
Much of this debate has been focused on the relationship
between crack width and corrosion rate. The crack width
requirements are based on the fundamental assumption
that wider cracks result in higher corrosion rates, and
therefore in shorter service lives. However, even after
approximately five decades of research, there is no
definitive proof that such a relationship exists. Instead,
two opposing schools of thought are evident in the
literature [7], with the first believing that there is no
relationship between crack width and corrosion rate, and
the second maintaining that wider cracks result in faster
corrosion propagation.
While the exact process behind the formation of
corrosion cells in cracked RC is not fully understood [8],
it is known that corrosion cells are composed of an anode,
where the reinforcing steel loses electrons, and a cathode,
where the electrons lost from the steel react with water
and oxygen to form hydroxide ions. In cracked RC, the
anode is typically located at the crack, while the cathode
is in the uncracked region [8].
The first school of thought, led by researchers such as
Beeby [2], is based on these principles of corrosion –
namely, that the anodic and cathodic reactions responsible
for corrosion rely on the presence of oxygen and water at
the cathode, and the ability of electrons to travel from the
anode to the cathode. However, as the cathode is often in
the uncracked region in marine RC structures, the
availability of oxygen and water at the cathode is
determined solely by the penetrability of the uncracked
concrete, while the mobility of electrons depends only on
the resistivity of the uncracked concrete [2]. As neither
the penetrability nor the resistivity of the uncracked

1 The complexity of cracking
Concrete may crack for a variety of reasons – including
shrinkage, thermal movements, or applied loads. These
cracks are a normal, expected property of RC structures,
and generally do not pose a threat to their safety.
However, cracks may significantly reduce the durability
of RC structures in the marine environment, by allowing
for instant (or near-instant) ingress of chlorides, oxygen,
and water to the level of the reinforcing steel [1]. This
results in the formation of corrosion cells in the vicinity
of the cracks [2], and subsequent corrosion of the
reinforcing steel.
However, the influence of cracking on reinforcement
corrosion has been found to be very complex. Much
research has been carried out on the effects of cracking on
the durability of marine RC structures, with the earliest
study reportedly being carried out in the 1930s [3]. This
research has shown that, while cracks typically lead to
instant initiation of corrosion, the extent to which
cracking influences corrosion propagation depends on
several factors, such as the width, orientation, frequency,
and activity of the crack, and the cover depth and quality
of the concrete [1, 4, 5].
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concrete is a function of crack width, it then follows that
corrosion rate should not be a function of crack width.
There is some experimental evidence to support this view
– Miyagawa [9] found that corrosion rate depends more
on the ratio of the cathodic to anodic area than on crack
width, while Yu et al. [10] and Chen et al. [11] observed
no relationship between crack width and corrosion rate,
with the maximum amounts of corrosion damage not
necessarily occurring at the widest cracks.
However, most recent research has shown that there is
likely to be a relationship between corrosion rate and
crack width, even if this relationship is heavily influenced
by other factors, such as cover depth and concrete quality
and resistivity [1]. Scott and Alexander [12] found that an
increase in crack width from 0.2 to 0.7 mm resulted in an
increase in corrosion rate of 11-75 %, depending on
binder type, while Otieno, Beushausen and Alexander [1]
found that corrosion rate increased as crack width
increased from “incipient”, to 0.4, and then 0.7 mm. These
findings were attributed to the fact that wider cracks result
in greater concentrations of chlorides at the reinforcing
steel, larger areas of exposed steel (and thus larger
anodes) and prevent the cracks from healing autogenously
or being sealed by debris or corrosion products [12].
It can thus be seen that the relationship between crack
width and corrosion rate is unclear, with valid arguments
existing for both schools of thought. However, even if
there is a relationship between crack width and corrosion
rate, both Otieno, Alexander and Beushausen [1] and
Scott and Alexander [12] found that relatively narrow
cracks, with widths below the crack width requirements,
result in significant, non-zero corrosion rates. This
implies that, even if the basis for the crack width
requirements is valid in theory, in practice they may not
prevent corrosion from occurring, and may not guarantee
that adequate service life is provided.

[13]. This may significantly reduce durability, as using
more, smaller rebars (rather than fewer, larger rebars)
increases the surface area of the reinforcement exposed at
the anode, thereby increasing the corrosion rate [14].

4 Cost and environmental sustainability
implications of using the crack width
requirements
In addition to the use of smaller rebars, the crack width
requirements also frequently result in large increases in
the total amount of reinforcing steel used. These increases
may sometimes be as much as several hundred percent
more than the amount needed to meet ULS requirements
[13]. It is likely that these increases will have significant
effects on both the cost and sustainability of marine RC
structures – yet, to date, no one has quantified these
effects.

5 The need to evaluate the use of the
crack width requirements
It is evident that there are significant issues with the use
of crack width requirements in the durability design of
marine RC structures. Even if it assumed that there is a
relationship between crack width and corrosion rate, it is
unclear whether the requirements result in more durable
RC structures. At the same time, the use of the
requirements comes at a significant economic and
environmental cost, the magnitude of which is also
unclear. There is thus a great need to evaluate the effects
of the crack width requirements on the durability, cost,
and environmental sustainability of marine RC structures.

References
1.
2.
3.
4.
5.

3 Practical issues with the crack width
requirements
There are also several practical issues with the use of the
crack width requirements. The first of these is the fact that
the crack width requirements are outdated. While some of
the crack width formulas (used to determine the amount
and layout of reinforcement required to meet the crack
width requirements) have been updated, the overall
requirements have not been changed since they were first
introduced in the 1980s [13]. This means that the crack
width requirements currently used in the design of marine
RC structures are based on outdated research, conducted
before or during the 1980s, even though it is evident from
more recent research that there is no clear relationship
between crack width and corrosion rate.
Yet perhaps the biggest issue with the use of the crack
width requirements is the fact that they tend to result in
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A numerical modelling framework to predict the effects of selfhealing on chloride penetration in Ultra High Performance
Concrete (UHPC)
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Abstract. In-service conditions, concrete develops cracks, favoring pathways for aggressive substances to
penetrate and destroy the matrix and the reinforcement. Cementitious material’s inherent ability to self-seal
cracks – owing to delayed (secondary) hydration and calcium carbonate precipitation -may result in greater
durability in aggressive environments. The effect of autogenous and stimulated healing – mixtures enriched
with healing agents – on chloride penetration was recently investigated experimentally at the Politecnico di
Milano for an Ultra-High-Performance Concrete. The entire laboratory campaign is simulated in this study
using a numerical model based on the Multiphysics-Lattice Discrete Particle Model (M-LDPM), which can
simulate autogenous and stimulated healing in ordinary and advanced cementitious materials. An improved
version of the Hygro-Thermo-Chemical (HTC) model is used to simulate the healing process, which
includes the effect of crack closure on permeability. The healing model is coupled and harmonized with an
existing M-LDPM-based chloride diffusion model for saturated and non-saturated concrete in order to
capture the results obtained through the aforementioned experimental campaign. The numerical results show
that the model can capture both the reduction in chloride penetration due to crack sealing and the different
degrees of crack closure that can be achieved with and without using crystalline admixtures as healing
agents. The research activity from which this work stem was framed into the H2020 ReSHEALience project
(GA 760824).

because they only account for a subset of the major
processes that govern chloride penetration. Moreover,
modelling the effects of specific addition, which are not
normally used as such and with the explicit purpose of
favouring/activating the healing reactions [6], is also far
from being an accomplished task.
This study aims to stimulate chloride penetration in
cracked and self-healed UHPC numerically. In this
context, Zhang's discrete multiphysics model [6] is
utilized for chloride diffusion in an effort to strike a
delicate balance between capturing the fundamental
physics and having a formulation that is as simple as
possible without compromising its versatility and
generalizability in order to achieve successful calibration
and validation. For self-healing, a meso-scale discrete
model for both autogenous and stimulated autogenous
healing in cementitious materials is exploited [7]. Due to
the fact that this phenomenon is a crack-based process, the
simulation of the crack patterns and the chemical
reactions occurring along the crack walls enables a more
precise parameter calibration and, consequently, more
reliable numerical predictions. The discrete nature of the
method allows to capture the local impact of crack closure
on the material's moisture permeability, chloride
diffusion, and mechanical behaviour. The results of a
laboratory campaign conducted at Politecnico di Milano
[8] were used to calibrate and validate this study.

1 Introduction
Chloride penetration is the leading causes of long-term
corrosion of steel reinforcement in reinforced concrete
structures exposed to marine environment or de-icing
salts. The time for chloride penetration depth to reach the
reinforcement is used as a parameter to assess the service
life. The autogenous healing of concrete can lead to a
significant recovery of physical and, in some cases,
mechanical properties of damaged concrete [1], [2].
Effectiveness of crack self-sealing, however produced, in
delaying the chloride penetration was reliably assessed
and confirmed [3] though a quantitative approach able to
provide, e.g., a crack width-exposure time scenario
dependent of the rate of recovery of chloride
imperviousness, is far from being reached. This can be
ascribed to the sparsity and variety of the data base, to
which even data mining strategy would hardly be
applicable [4,5]. This indicates that calibrating models of
chloride penetration with an excessive number of
parameters is exceedingly difficult and may result in
unsuccessful fitting. As is evident from brief literature
review of Zhang's paper [6], phenomenological models
are insufficiently precise and limited to the range of data
to which they were fitted, making them ineffectively
predictive. Therefore, simple theoretical models cannot be
generalized to a wide range of exposure conditions
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2 Materials and methods

3 Experimental vs numerical results

Mix-design of employed UHPCs is shown in Table 1.

Figure 2 shows the comparison between numerically
predicted and experimentally identified chloride
penetration profiles. The results confirm the reliability of
the modelling approach and highlight the capability of the
UHPC with CA to keep to lower values the chloride
content in the inner specimen upon long exposures.

Table 1. Mix design
Constituents [kg/m3]
Cement CEM I 52.5R
Slag
Water
Steel fibers Azichem
Readymix 200 ®
Sand (0-2 mm)
Superplasticizer BASF
Glenium ACE 300 ®
Crystalline admixtures
(CA) Penetron Admix ®

Without CA
With CA
600
500
200
120
982
33
0

4.8

Concrete disks Ø100 x 80 mm were used for the tests. Six
out of nine concrete disks were pre-cracked by splitting
test up to a residual crack width of 100 ± 50 µm after
unloading. Displacement transducers were placed on the
disk for monitoring the crack width during the splitting
test. All the samples were then waterproofed with silicone
and tape on the lateral surface and on one of the two bases,
in order to enforce a unidimensional inlet of water. The
specimens were then immersed in water with 33 g/L of
NaCl up to six months (in order to simulate an
environment similar to seawater) for their healing,
changing the curing bath every month. After pre-cracking
and at the target time, specimens were taken out of the
chloride solution and cracks were analysed via an image
processing protocol as follows. At least three microscope
images were taken for each diameter crack at equidistant
points of the length of the crack at each of the two faces
of the specimen.
After one, three and six months, chemical titration was
performed (as per BS EN 14629:2007 or RILEM TC 178TMC) according to a tailored methodology, suitably
conceived and validated throughout this study. The
procedure consisted in drilling micro-cores (8 mm
diameter) at three different positions parallel to the
diameter crack and at three different distances orthogonal
to it, having further care of separating the material as
progressively drilled at four different equally spaced
depths, down to 20 mm from the exposed surface, as
shown in Figure 3. The 36 determinations obtained for
each specimen allowed to “reconstruct” the chloride
penetration profiles. Though conscious of the theoretical
non-applicability to the case of cracked concrete, the data
were also used to calculate an apparent diffusion
coefficient as affected by healing by fitting them through
2nd Fick’s diffusion law.

Fig. 2. Chloride penetration profiles (numerical vs.
experimental) for UHPC without (left) and with crystalline
admixture (right) at different exposure time (30,90, 180 days).

4 Conclusions
The modelling approach proposed in this paper has been
demonstrated capable of predicting the chloride
penetration in UHPC as also influenced by autogenous
and stimulated healing and stands as a useful tool to
support durability based design of concrete structures.
This research activity has been performed in the framework of
the ReSHEALience project which has received funding from the
EU Horizon 2020 program GA 760824 (www.uhdc.eu).
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Fig. 1. Schematic of core drilling for chloride titration and image
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Performance based approach to assess the spalling resistance
of concrete under freeze-thaw attack
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Abstract. Assessment of resistance against freezing-thawing (F-T) attack using the performance-based
approach remains a conundrum. Most techniques require many specimens and a long test duration. This
study intends to search for an easy, inexpensive, and rapid performance-based approach to examine the F-T
resistance of concrete. Performance parameters measured include mechanical strength, permeation
properties, porosity along with general material characteristics. Theoretical aspects were considered, and
two fundamental factors, tensile strength and inner stress caused by freezing, were considered. After
numerous trails, a multi-parameter index using tensile strength and sorptivity is given to assess resistance
of concrete. It is believed that use of the proposed approach can reduce the test duration and relevant cost
involved in FT resistance evaluation by 80% at least and presented findings encourage the movement from
the current prescriptive design criteria to performance-ensuring specifications. The results also indicate that
in situ permeation test methods should be improved to give basic characteristic of concrete, so that the
evaluation can be performed rapidly and reliably on concrete in structures

phenomenon and most likely to the impossibility of its
single casual explanation. Therefore, no attempt is made
here to justify or qualify the various influencing factors,
which has been well reported elsewhere.
This study concentrates on fundamental facts
concerning deterioration processes, which would be the
basis of selection of appropriate performance parameters
to quantify the freeze-thaw resistance.

1 Introduction
The freeze-thaw resistance of concrete is its ability to
maintain physico-mechanical properties when exposed to
cyclic freezing and thawing. The search for assessing this
characteristic of concrete has been in place for the past
150 years, but the test conditions such as the dimensions
of specimens, the conditions of saturation with water or a
salt solution, and the temperature of freezing and thawing
have been different. These differences made it difficult to
compare the results of freeze-thaw tests conducted by
different laboratories.
Numerous attempts have been made to examine
freeze-thaw resistance of concrete from small changes in
the characteristics of the concrete under test conditions
closer to the service environment. However, freeze-thaw
attack is a long-term deterioration process that cannot
easily be assessed. In this context, the performance-based
approach appears to be promising. However, this is not
straight forward because many factors need to be
considered for assessing the freeze-thaw damage, such as:
the hydraulic pressure of the liquid in concrete; the
crystallisation pressure of ice; the specific form of
crystallisation pressure; ice segregation in micropores of
cement paste; the formation of "ice lens"; the osmotic
pressure; the water migration through porous medium in
its zone of contact with ice; and the filling of pores and
gas cavities with water films. As Sholer [1] emphasised in
1952, all the factors determining the concrete strength and
the value of inner stress induced by freeze-thaw process
influence the freeze-thaw resistance of concrete and
uncountable factors make the combination of these factors
infinite. This enumeration points to the complexity of the

*

2 Experimental programme
2.1 Design of the experiment
The experimental programme was carefully designed to
achieve the following specific objectives:
i. To determine the effect and interaction of main mix
proportion parameters, e.g. aggregate content,
cement content and water content, on durability
performance to evaluate the reliability of the
prescriptive approach under the freeze-thaw
condition;
ii. To find out how single performance parameter, e.g.
intrinsic permeability, sorptivity and strength,
compares with the freeze-thaw resistance and
identify the relative merits and drawbacks;
iii. To propose, test and verify a multi-performance
parameter approach to assess the freeze-thaw
resistance, hence offering one performance-based
approach for practical application.
The experimental programme was designed by limiting
treatments to a reasonable number, by including three
factors, viz: water-cement ratio, aggregate-cement ratio
and aggregate size (Fig. 1).
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All of the tests for transport properties, porosity and
freezing-thawing resistance were determined when the
concrete was seven months old.

3. Results and discussion
For the 33 factorial experiment used in this study, the
variances corresponding to the main effects of the three
factors and interactions were determined and tested for
their significance. Interaction is indicated when the level
of a factor influences the effect of another factor. The Fstatistic was used, in which the ratio of the mean square
of the variable to the error mean square was determined
and compared with the percentile from standard tables for
a level of significance. The initial analysis indicated that
two types of basic parameters governed the induced stress
due to freezing-thawing, viz. permeation properties and
porosity. The former controls the movement of water and
air, whilst the other defines the maximum freezable water
in concrete. No general correlation between rate of
damage and these two performance parameters
individually was found in the analysis. Therefore, their
combined effect on the freezing-thawing resistance was
then assessed. The paper reports all of the statistical
analyses and the models thus obtained for the damage rate
and 22 indices used to explain the damage rate for the 27
different mix compositions.

Fig. 1. Factors, factor levels and full sample space of the 33
experimental design

2.2 Test specimens and test methods
Test specimens were manufactured by following standard
procedures. The general performance of the concrete was
determined by measuring the slump and the density at the
age of 28 days using three cubes of 100mm size. The
compressive strength was determined using these cubes at
the age of 28 days. Slabs of size 600x300x50mm were
cast for measuring the air permeability and sorptivity. The
test result for each treatment combination was obtained
from an average of three replicates. Three cores of size
50mm were cut from the slabs to determine the intrinsic
permeability coefficient using a permeability cell. These
cores were also used to determine the sorptivity by
capillary suction test. Another set of three cores each for
each treatment combination was used to determine the
water absorption by immersion as well as the porosity of
the concrete. The porosity was determined using the
immersion test as well as the vacuum saturation method,
as stated in ASTM C642. The surface tensile strength of
concrete was determined by carrying out the pull-off test
on slabs. In addition, these slabs were used for measuring
the air permeability index, the sorptivity index and water
permeability index using the Autoclam permeability
system.
The resistance to freezing-thawing was determined
using slabs of size 230x215x75mm. The test was carried
out using a computer-controlled environmental chamber,
and the accelerated freezing and thawing was carried out
in accordance with ASTM C666, Procedure B.

4. Conclusions
Traditional prescriptive specification can provide
valuable guidance to design durable concrete against
freezing-thawing attack if conventional raw materials are
used, but it is not sufficient to ensure the service life of
concrete structures and can build up barriers to use new
materials
and
techniques.
Performance-based
specification is a promising methodology to solve these
issues. The difficulty is to select suitable performance
indices for accurately describing the durability of
concrete. The results reported in this paper shows that a
combined index using detailed quantitative clarification
of the basic performance of concrete can be used
effectively to express the freezing-thawing resistance of
concrete. Although the freezing-thawing resistance
depends on many factors which are not covered in this
study and, hence, the discussion unavoidably appears to
be somewhat dogmatic, the implementation of the
proposed performance-based approach enables an
excellent control of concrete quality at a very low cost.
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Abstract. The cracking of fresh concrete, while still in a plastic state, includes both plastic settlement and
plastic shrinkage cracking, which starts once the concrete is cast to around the final setting time. The
cracking process is complex and is influenced by numerous factors which include the climate, mix
proportions, element geometry and construction procedures. Preventing these cracks therefore remains a
problem in practice. One of the reasons for this is the lack of a model that can be used to determine the
location, timing and severity of the cracking before the cracking occurs. The main challenges with such a
model are the testing of the fresh concrete to determine the tensile material properties, the appropriate
constitutive law needed, and the time dependency of material properties as well as the anisotropic volume
change. This paper presents a finite element model that uses a total strain smeared cracking approach and
accounts for both the time dependency of material properties and the anisotropic volume change. The model
gives an adequate representation of the cracking behaviour of fresh concrete for extreme climates but not
for normal to moderate climates, mainly due to the size discrepancy between the interior and surface cracks
during experiments. A parameter study showed that both the settlement and shrinkage strains significantly
influence and therefore govern the size of the final plastic crack, while the material mechanical properties
only influence the time of crack onset and rate of crack widening.

Finally, as verification of the model results, the actual
cracking was also determined with experiments. Moulds
based on the ASTM C1579 [4] mould were used and
modified to increase restraint by adding an additional steel
bar at each end [5].

1 Introduction
The cracking of fresh concrete is a complex process with
various influencing factors such as environmental
conditions, mix proportions, construction procedures,
concrete element geometry, restraint and time. Preventing
these cracks remains a problem in practice. One of the
reasons for this is the lack of knowledge of when, where
and how severe the cracking is going to be before the
structure is build. The general guidance given up to date
is that these cracks are likely to occur if the evaporation
rate is more than 1 kg/m2/h [1, 2] and if so the appropriate
preventative measures, mostly aimed at minimising the
evaporation, should be taken. This creates a need for a
model that can be used to determine the location, timing
and size of the cracking before the cracking occurs.
For this paper a macro level finite element approach
based on continuum mechanics is used to model the
cracking behaviour of fresh concrete.

3 Model framework
The software package DIANA Version 9.6 [6] was used
for the modelling. This study adopted one of the several
existing constitutive crack models that are already well
establish for mature concrete. The smeared rotating crack
model that uses fracture energy and a crack band width
for crack propagation was chosen. Smeared cracking was
chosen since the crack location was not known
beforehand. The rotating crack model was chosen to
ensure the crack orientation remains perpendicular to the
principal strain direction. A tension softening stress-strain
relationship that is based on fracture energy to govern
crack propagation and related to a crack band width was
chosen to prevent mesh dependent release of energy.

2 Experimental setup and results
Input data for the finite element model, such as the free
shrinkage and settlement strains, tensile strength, Young’s
modulus and fracture energy, needs to be determined with
experiments. The tensile material properties of the fresh
concrete was determined using a direct tensile test setup.
The setup consists of a support structure, air bearing,
mechanical linear actuator and dog bone shape mould.
The Young’s modulus was determined as the gradient
of a linear trend line that was fitted the ascending portion
of the graph between 30 and 70% of the tensile strength.
The free settlement and shrinkage was determined using
the setup proposed by Slowik et al. [3].

*

Fig. shows the finite element mesh as well as
boundary conditions that are used to model the
experiments. The mesh size is consistent, with the
dimensions of all the elements at 5 x 5 mm. The model
further uses linearly interpolated four node quadrilateral
isoparametric plane stress elements. The thickness of the
elements are 200 mm which corresponds to the width of
the mould. The parameters needed for a total strain crack
model are the tensile strength (Ft), Young’s modulus (E)
and fracture energy (Gf), all as a function of time. A linear
tension softening curve [6] based on fracture energy
which is smeared over a crack band width (h) is chosen as
this best represents the initial fracture energy (Gf) values
60
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obtained during the experiments. The settlement and
shrinkage of fresh concrete act as applied loads on the
concrete as for a traditional model. The volume change of
fresh concrete is anisotropic, meaning different
magnitudes and rates of strain in both the vertical and
horizontal directions. The plastic shrinkage is modelled as
a function of time using the discrete shrinkage function
available in DIANA [6].
The model is executed using a physical non-linear
time dependent analysis that employs an incrementaliterative procedure in a series of time steps. The regular
Newton-Raphson iteration procedure is used together
with a tangent stiffness matrix, since this approach proved
to be robust and stable for analyses with crack localisation
and propagation [6]. Furthermore, an energy convergence
criterion is used where convergence is reached in an
iteration of a specific time step once the resultant energy
variation relative to an equilibrium state is less than
0.00001. The time steps are increased in 20 minute
increments for all analyses.

tension of the water. This crust layer often completely or
partly obstructed the visibility of the crack at the surface.

Fig. 2. Modelling results at the extreme climate showing the
resultant displacement and maximum principal tensile strain at
170 minutes.

A parameter study was conducted to investigate the
influence of variable input values on the results obtained
with the model. The input parameters investigated consist
of both material properties as well as settlement and
shrinkage strains. The results showed that both the
settlement and shrinkage strains govern the size of the
final crack, while the material properties only influence
the time of crack onset and rate of crack widening.

5 Conclusions
The following significant conclusions can be drawn:
• The main challenges with the finite element
modelling of fresh concrete are: the testing of the
fresh concrete to determine the tensile material
properties, the time dependency for material
properties as well as volume change, the anisotropic
nature of volume change in terms of direction, and
the appropriate constitutive law needed to govern the
behaviour of the fresh concrete under loading.
• The finite element model presented in this study
accounts for both the time dependency of material
properties and the anisotropic volume change of fresh
concrete.
• The model gives an adequate representation of the
cracking behaviour of fresh concrete for extreme
climates with high evaporation rates but not for more
normal to moderate climates. The main reason for the
poor correlation with experimental results at
moderate climates are the size discrepancy between
the interior and surface cracks during experiments.
• The parameter study showed that both the settlement
and shrinkage strains significantly influence and
therefore govern the size of the final crack, while the
material properties only influence the time of crack
onset and rate of crack widening.

Fig. 1. Finite element mesh including the boundary conditions
used to model the cracking.

4 Modelling results
The model results at the extreme climate where all the
elements are given cracking behaviour are shown in Fig.
. The localisation of strain indicates cracks, with the most
notable and severe crack located above the central
triangular restraint. Smaller cracks also occurred from the
tip of the smaller triangular restraints upwards as well as
around the steel bar at both ends of the mould. This
included two shear cracks starting from the sides of the
steel bar as well as a tensile crack at the surface above the
steel bar. Similar crack positions and crack sizes were also
observed during the experiments at the extreme climate.
However, for the moderate climate, the final sizes of
the cracks in the analyses were more than twice the sizes
of the cracks observed during experiments. The main
reason for this significant difference between the
experimental and analyses results was the size
discrepancy between interior and surface cracks as
observed during experiments at the moderate climate. The
experiments showed that for the moderate climate the
interior crack below the concrete surface was notably
larger than the measured surface crack, while for the
extreme climate the interior and surface cracks were
similar.
The reason for this size discrepancy between the
surface and interior crack at the moderate climate was the
high amount of bleed water on the concrete surface during
tests. This crust layer consisted of ultra-fine cement and
dust particles that were kept in suspension by the surface
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Salt frost scaling of concrete – new insights regarding the
damage mechanism
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ice layer acts as an additional moisture reservoir. Due to
thermodynamic constraints, the brine is drawn from the
outside towards surface near ice lenses in the concrete,
which now can grow further. This process thus represents
a specific kind of cryogenic suction, the cryogenic
suction of brine that takes place at the interphase of
concrete and (frozen) salt solutions.
The theory contradicts the intuitive understanding of
the effect of highly concentrated NaCl solution. It would
typically be expected, that the ingress of a high salt
content would rather prevent the formation of ice instead
of intensifying it. However, the cryogenic suction of brine
was verified in several experimental setups [3-5].
A major drawback remains for that theory. As the core
of the Cryogenic Suction theory is the uptake of unfrozen,
highly concentrated brine, scaling should be intensified
with increasing de-icer concentrations. Furthermore, it is
a process, which is probably limited to the immediate
surface layer of concrete. Consequently, additional
processes for liquid uptake must be considered, which are
able to strongly increase the salt concentration in deeper
concrete layers, e.g. as described in the micro ice lens
theory by Setzer [6].

1 Introduction
To achieve the important goal of clinker reduction for
concretes in cold and temperate climates, it is important
to understand the underlying mechanisms for salt frost
scaling. A peculiar characteristic of the attack is, that the
most intensive scaling in laboratory tests occurs, when the
salt concentration in the test solution is only moderate,
e.g. at 3 wt.-% NaCl. However, the cause for this
pessimum phenomenon is not fully understood. Existing
theories for salt frost scaling attack thus struggle to
account for it.
Two conflicting damage theories dominate the current
State of the Art – the glue spall theory and the cryogenic
suction theory. The present study addresses the ability of
these theories to account for the pessimum effect.
Both theories consider the eutectic behaviour of salt
solutions which describes, that below their freezing point,
salt solutions exist as a mixture of pure ice crystals and
unfrozen salt solution over a wide temperature range.

2 Evaluation - glue spall theory
The glue spall theory from Valenza and Scherer [1]
attributes surface scaling to the interaction of an external
ice layer with the concrete surface. As the contraction of
ice is about five times higher than that of concrete, stresses
occur at the ice-concrete interface. Salt frost scaling is
induced, when the ice layer cracks and these cracks
propagate into the concrete. According to the theory,
scaling should only occur in a narrow NaCl-concentration
range, wherein brine pockets weaken the ice layer just
enough to reduce its tensile strength without making it to
soft to induce damage to the concrete [1].
The glue spall theory was evaluated here in salt frost
scaling tests (CDF [2]) with a wide range of NaClconcentrations. It was found, that both the location of the
pessimum (0.5 instead of 3.0 wt.-% NaCl) and the scaling
intensity at high NaCl-concentrations disagree with the
glue spall theory. This indicates that the glue spall theory
cannot account for all aspects of salt frost scaling.

3.2 Experimental evaluation
To test this hypothesis the ice formation in hardened
cement paste (as a model material for concrete) was
characterised by low temperature differential scanning
calorimetry (LTDSC). The increased salt concentrations
in the hardened cement paste (HCP), which would result
from the saturation by the micro ice lens pump, were
recreated by saturating the samples in different NaClsolutions before the LTDSC measurement.
A specific LTDSC setup was used, which allowed the
cyclic freezing and thawing of hardened cement paste in
contact with brine (22.4 wt.-% NaCl). It was found that:
• the brine is sucked into the HCP during the freezethaw cycles,
• the brine uptake causes additional ice formation in
the HCP despite the accompanying ingress of salt,
• a preconditioning of the HCP with salt solutions
reduces the capability of the HCP to form ice due to
the uptake of brine.
Concisely – beyond a critical salt concentration, the ice
formation in concrete is suppressed and the scaling
intensity should thus be reduced.

3 Evaluation - cryogenic suction theory
3.1 Introduction to the theory
The cryogenic suction theory by Lindmark [3] considers
the uptake of de-icer solution in concrete at sub-zero
temperatures. In the theory, unfrozen brine from the outer
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intensive saturation (liquid + salt) occurs, which exceeds
the uptake by cryogenic suction of brine(see Figure 2).
As the melted test solution has resumed its initial
concentration (e.g. 3 wt.-% NaCl), this process dictates
how much salt is taken up by the concrete.

4 Conclusions
By considering cryogenic suction of brine during frost in
combination with liquid uptake during thawing, the
pessimum effect in salt frost scaling tests can be
explained. Cryogenic suction of brine can take place,
when ice formation in the concrete has begun and when a
minimum amount of salt is present in the test solution.
The suction process should be strongest at the minimum
temperature in a freeze-thaw cycle (see Figure 1).
The salt concentration in the unfrozen brine mainly
depends on the type of solute and on the minimum
temperature. The concentration of NaCl in the liquid brine
is 22.4 wt.-% at a minimum temperature of -20 °C.

Fig 2. Liquid uptake with proceeding thawing progress

Assuming, that the major part of liquid uptake occurs
during thawing, suction by the micro ice lens pump should
account for reduced scaling intensity, when test solutions
exceed a certain salt concentration.
The research was supported by the Deutsche Forschungsgemeinschaft (DFG) under grant LU1652/29-1. The authors
would like to thank Professor Marianne T. Hasholt of DTU for
the valuable discussion on the manuscript.
Fig 1. Cryogenic suction of brine at -20 °C

References

The initial concentration of the de-icer solution only
influences the amount of unfrozen brine, but not its
concentration, once the de-icer solution has started to
freeze. The cryogenic suction of brine is probably limited
to the immediate surface layer of the concrete (<1 mm),
which will be removed from concrete by scaling, to some
extent.
Parallel to the cryogenic suction of brine an internal
distribution of moisture occurs inside the pore structure of
the concrete, as the pore solution from the unfrozen gel
pores is drawn towards lenses of frozen pore solution in
the capillaries. The hardened cement paste shrinks.
When the thawing phase starts, a heating gradient
causes the outer test solution to melt before the ice in the
concrete can melt. Consequently, the concrete starts to
take up the melted test solution. As the moisture flow
follows the receding ice front into the concrete an

1.
2.

3.

4.

5.

6.

63

J.J. Valenza II, G.W. Scherer, Mechanism for salt scaling.
J. Am. Ceram. Soc. 89, 1161-1179 (2006)
DIN CEN/TS 12390-9:2017-05: Testing hardened
concrete - Part 9: Freeze-thaw resistance with de-icing
salts - Scaling; German version CEN/TS 12390-9:2016
S. Lindmark, Mechanisms of salt frost scaling on portland
cement-bound materials: studies and hypothesis.
Dissertation, Lunds Universitet, Sweden (1998)
Z. Liu, W. Hansen, A hypothesis for salt frost scaling in
cementitious materials. J. Adv Concr Technol 13, 403-414
(2015)
M. Müller, H.-M. Ludwig, M.T. Hasholt, Salt frost attack
on concrete: the combined effect of cryogenic suction and
chloride binding on ice formation. Mater Struct 54 (2021)
M.J. Setzer, Micro ice lens formation and frost damage.
International RILEM Workshop on Frost Damage in
Concrete, Minneapolis, USA, 1-15 (1999)

Impact of slag on carbonation rate of concrete based on calcium
aluminate cement
Alma-Dina Bašić1, *, Marijana Serdar1, Ingrid Mikanovic2, and Gunther Walenta2
1
2

University of Zagreb, Faculty of Civil Engineering, Department of Materials, Zagreb, Croatia
Calucem GmbH, Besselstrasse 8, Mannheim, Germany

Abstract. Throughout their service life, concrete structures are exposed to various environmental
conditions that affect their durability. The cementitious matrix inevitably comes into contact with air, which
leads to a progressive carbonation reaction. As a result of carbonation, changes occur in the microstructure
and porosity of the cementitious matrix. Calcium aluminate cement is produced to increase the resistance of
composites to aggressive environments, but its application is limited by the occurrence of conversion
process. The addition of slag inhibits the conversion process of calcium aluminate cement and prevents a
reduction in compressive strength due to the formation of C2ASH8 hydrate, while contributing to the net
zero commitment of the cement industry. It remains an open question how these changes in microstructure
caused by the addition of slag affect the carbonation rate of calcium aluminate cement-based concrete.
Therefore, the objective of this study was to determine the effects of slag on the microstructure and porosity
of calcium aluminate-based concrete before and after accelerated carbonation. For this purpose, the
mechanical properties, porosity, and reaction product of a concrete mix containing 30% calcium aluminate
cement replacement by slag were compared to calcium aluminate cement-based concrete before and after
exposure to 3% CO2 for 7 and 28 days. Thermogravimetric analysis (TGA) and mercury intrusion
porosimetry (MIP) were tested to understand the changes in reaction products and pore size distribution,
respectively.

CAC100 and CAC70SL30) to estimate influence of
GBFS on durability properties of calcium aluminate
cement-based concrete. To assess the impact of GBFS on
durability properties of CAC concrete, a comparison of
the system without slag and with 30% replacement of
CAC cement by slag was made. The samples were
prepared with 420 kg/m3 of calcium aluminate cement,
river aggregates and water to binder ratio of 0.45.
Microstructure
studies
were
performed
by
thermogravimetric analysis (TGA) and mercury intrusion
porosimetry (MIP), and mechanical properties by
measuring compressive strength. Mixtures without and
with replacement 30% of CAC cement by slag were
analysed before and after exposure to 3% CO2.

1 Introduction
Calcium aluminate cement is mostly used as alternative to
ordinary Portland cement (OPC) where resistance to
aggressive environments is needed [1]. However,
hydration of CAC cement is highly dependent on
environmental conditions, such as temperature and
relative humidity, which affects hydrate formation.
Hydrates that are formed initially are known as metastable
hydrates (CAH10 and C2AH8), and they are transformed
trough conversion process into stable hydrates (C3AH6
and AH3 gel) under the influence of temperature and
humidity [2]. Conversion process increases the porosity
of the cement matrix and consequently decreases
compressive strength [3]. The most used supplementary
cementitious material for CAC replacement is blast
furnace slag (BFS). By the reaction of CAC cement
hydrates with silica straetlingite (C2ASH8) is formed [4],
which inhibits conversion process [5]. Due to carbonation
process, the reaction of CO2 and CAC cement leads to the
formation of CaCO3 and AH3 gel, regardless of the nature
of hydrates present [2]. The objective of the present study
is to understand the impact of slag addition on
microstructural and porosity changes of calcium
aluminate cement-based concrete before and after
accelerated carbonation.

3 Results and discussion
For measuring carbonation effect the powder was
extracted from the samples. The carbonation of pure CAC
mixture (Fig. ) results in decomposition of CAH10 phase
to calcium carbonate (CaCO3) and AH3 gel. By prolonged
carbonation up to 28 days a larger amount of CAH10 phase
is decomposing. Additionally, with significant
decomposition of CAH10 phase, decomposition of C3AH6
phase occurs, but carbonation of that phase is not so
significant compared to the carbonation CAH10 phase. In
case of a mix with replacement (Fig. ) metastable phases
CAH10 and C2AH8 carbonate initially followed by
straetlingite (C2ASH8) carbonation. The decomposition of
these three phases produces AH3 gel and CaCO3. The
formation and decomposition of C3AH6 phase is similar
after 7 and 28 days of carbonation. The intensity of peak

2 Materials and methods
The calcium aluminate cement and granulated blast
furnace slag (GBFS) obtained by Calucem d.o.o. were
used. Two concrete mixes were prepared (labelled
*
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corresponding to the decomposition of calcium carbonate
is more intense for CAC70SL30 compared to pure CAC
mix which implies that mix with replacement has faster
carbonation rate.

and 56 days of curing in water compared to mix with
replacement 30% of CAC by slag. The compressive
strength of these samples is expected to be higher because
there is more cement material that during the hydration
process reacts with water and contributes to the
development of higher compressive strength. After 28
days of carbonation the compressive strength values are
similar for both mixtures. Increase of 20% in compressive
strength between non-carbonated and carbonated
CAC70SL30 sample is attributed to faster carbonation
rate and higher decrease in total porosity after
carbonation.

4 Conclusion
The TG analysis, MIP and compressive strength
measurements performed in this research were used for
better understanding microstructural and mechanical
changes of calcium aluminate cement concrete after
exposure to accelerated carbonation. It was found that
when exposed to accelerated carbonation, metastable
hydrates carbonate to form calcium carbonate and AH3
gel. Additionally, in a mixture with 30% cement
replacement by slag, straetlingite is formed which
carbonates after metastable hydrates and contributes to
the formation of calcium carbonate and AH3 gel. The total
porosity of both mixtures decreases after carbonation, but
for the mixture with replacement CAC cement by slag, the
decrease in total porosity is greater and affects a
significant increase in strength after carbonation.

Fig. 1. TG curves of non-carbonated and carbonated CAC100
sample

The research presented in the paper is part of a scientific project
“Development of a new innovative ECO2Flex product”
(KK.01.2.1.02.0047)”, funded by the European Union,
European Regional Development Fund. The second author
gratefully acknowledges support from the project "Alternative
binders for concrete: understanding microstructure to predict
durability, ABC" (UIP-05-2017-4767), funded by the Croatian
Science Foundation.

Fig. 2. TG curves of non-carbonated and carbonated
CAC70SL30 sample after 7 days and 28 days of carbonation at
different depths
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Abstract. Service-life models developed for reinforced concrete structures have worked under the
assumption that once corrosion initiates, the precipitation of corrosion products occurs predominantly at the
steel-concrete interface (SCI) generating expansive stresses, subsequently leading to the spalling of the
concrete cover. Recent work has explicitly shown that corrosion products could also precipitate a few
hundred microns away from the SCI. The development of corrosion products further away from the SCI has
been hypothesised to be due to competition between the kinetics of diffusion, precipitation/sorption and
oxidation of aqueous Fe2+, once dissolved due to corrosion. This study experimentally assesses the stability
of Fe2+ in solutions representative of conditions where the steel reinforcement is undergoing carbonationinduced corrosion. We use spectrophotometric techniques to quantify the kinetics of iron oxidation in
solutions with pH ranging between 5 and 9. This data would feed into a reactive transport model enabling
us to develop a better understanding of the propagation phase of corrosion in reinforced concrete structures.

corrosion products can take place further away from the
SCI [4]. Therefore, it is extremely important we to obtain
kinetic data on each of the above-mentioned processes to
elucidate on the propagation phase of corrosion.
This study experimentally assesses the oxidation of Fe2+
in solutions representative of conditions where the steel
reinforcement is undergoing carbonation-induced
corrosion. We use spectrophotometric techniques to
quantify the kinetics of iron oxidation in solutions with
pH ranging between 5 and 9.

1 Introduction
Steel corrosion is a major cause of premature degradation
of reinforced concrete structures. Corrosion of the steel
reinforcement proceeds either due to the action of
chlorides, when available above a threshold concentration
at the steel concrete interface (SCI), or due to a reduction
in the pH at the SCI driven by leaching or carbonation of
the concrete cover. Predictive service-life models that
have been developed over the last few decades, have laid
extraordinary emphasis on the transport of aggressive
species or pH front from the exterior towards the steel
concrete interface [1]. This is reflected strongly in the
available literature assessing the durability of steelreinforced concrete structures, and consequently, it is
primarily this transport phenomenon that has been used
for developing design codes. Additionally, the majority of
the studies focussing on steel corrosion, have put
significant effort in characterising the onset or initiation
of corrosion in different cementitious binders. However,
much less effort has been put into characterising the
propagation phase of corrosion[2,3].
Once corrosion has initiated, ferrous ions released due
to the anodic dissolution of metallic iron can either (1)
oxidise to ferric ions, (2) diffuse away from the SCI, and
(3) precipitate as Fe(OH)2 or thermodynamically favoured
Fe(III) hydr/oxides. All three process occur concurrently
and are in kinetic competition with each other. Currently,
service-life models assume the precipitation of corrosion
products in the vicinity of the SCI and thereby, the
resulting expansive stresses are often predicted to
originate at the SCI. Diffusion of ferrous ions away from
the SCI and the differences in the oxidation kinetics of
ferrous ions with changing pH are often not taken into
account. Recent studies have shown thate precipitation of
*

2 Materials and Methods
2.1 Materials
All solutions were prepared using Fluka or Merck
analytical grade chemicals. Ultrapure water (Milli-Q
water, 18.2 M.cm resistance) used for the preparation of
solutions and for sample dilution was generated by a
Milli-Q Gradient A10 purification system (Millipore,
USA). Ultrapure water was boiled for 2 h under
continuous N2 purging in order to prepare degassed water.
The O2 concentration of the degassed water was measured
and found to be below the detection limit (1 ppb) of a
PreSens PSt6 planar oxygen sensor (Regensburg,
Germany). All wet chemistry experiments were
conducted in glove boxes under an inert N2 atmosphere
(O2, CO2 < 0. 1 ppm).
2.2 Oxidation of Fe2+
A stock solution of 10-2 M FeCl2 was prepared using 0.01
M HCl at pH 2. To assess the oxidation of Fe 2+ under
varying pH conditions, solutions with pH 5, 7, 8 and 9
were prepared using 1 mM concentrations of different
buffers to stabilise the pH. In this study, we used sodium
acetate for pH 5 solution, 4-(2-hydroxyethyl)-166
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piperazineethanesulfonic acid (HEPES) for pH 7 and 8
solutions, and sodium tetraborate decahydrate for pH 9
solution. Known aliquots of the stock 10-2 M FeCl2
solution were pipetted into the buffer solutions to achieve
an initial concentration (Co) below the solubility limit
w.r.t Fe(OH)2 at the corresponding pH. In the case of pH
5, 7 and 8 solutions, the initial Fe2+ concentration was 2 ´
10-5 M, whereas in the case of pH 9 solution, the Fe 2+
concentration was 5 ´ 10-6 M. Depending on the pH, these
solutions were labelled as FeIIOx-5, 7, 8 and 9. Fe2+
concentrations were measured using the ferrozine
method, as described by Viollier et al. [5]. An aliquot was
drawn from FeIIOx-5, 7, 8 and 9 at different times and
mixed with a 0.01 M Ferrozine solution and then
transferred into a 5 cm quartz cuvette. The absorbance of
each of the solutions was measured with the Cary 6000i
spectrophotometer (Agilent, USA) at 562 nm wavelength,
over time to quantify the aqueous [Fe2+].

Fig. 1. Influence of pH on the oxidation of ferrous ions. Co and
Ct refer to the measured Fe2+ concentrations at time = 0 and time
= t (x-axis), respectively.

3 Results and discussion
The oxidation kinetics of Fe2+ in aqueous solutions has
been described as a function of the pH and dissolved
oxygen concentration, by the following relationship (Eq.
1) [6,7]:
−

𝑑𝐹𝑒 2+
𝑑𝑡

= 𝑘[𝐹𝑒 2+ ][𝑂𝐻− ] 𝑥 [𝑂2 ]

For a given pH and assuming constant [O2] in the glove
box, one could assume the reaction to be pseudo-first
order w.r.t [Fe2+]. The corresponding k’ was calculated to
determine the half-life of ferrous ions in solution. The
half-lives of ferrous ions in aqueous solutions of pH 5, 7,
8 and 9 were calculated to be 38,508 mins, 3,851 mins,
398.5 mins and 2.2 mins, respectively.
Additionally, the use of a liquid waveguide capillary
flow through cell is currently being tested to measure Fe2+
oxidation rates at nanomolar concentrations, relevant for
conditions pertaining to corrosion in cementitious media.

(1)

where, [Fe2+], [OH-], and [O2] represent the aqueous
ferrous ion, hydroxyl ion and dissolved oxygen
concentrations, respectively and k (M-(1+x)s-1) is the
universal rate constant of Fe2+ oxidation. As seen from Eq.
1, the kinetics of ferrous oxidation can be regarded as first
order w.r.t concentrations of ferrous ion and dissolved
oxygen, whereas, the oxidation kinetics have been shown
to be either zero (pH < 5), first (5 < pH < 8) or second (pH
> 8) order w.r.t [OH-] (x = 0, 1, 2) [7]. At any given pH
and under constant oxygen concentrations (as is the case
in the experiments conducted in this study), the reaction
becomes pseudo-first order w.r.t Fe2+ concentration and
can be written as (Eq. 2):
−

𝑑𝐹𝑒 2+
𝑑𝑡

= 𝑘𝑎𝑝𝑝 [𝐹𝑒 2+ ][𝑂2 ] = 𝑘′[𝐹𝑒 2+ ]

This study was funded by Swiss National Science Foundation
(PP00P2_194812).
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Modeling reinforcement corrosion in concrete relies on
numerically solving the governing reactive transport
equations in a domain of interest. Traditionally, such
domains are simplified by homogenizing the physical
characteristics of the porous media and material
properties over a representative volume. Relatively recent
studies have put additional emphasis on the role of the
steel-concrete interface in the corrosion behavior because
this region has a microstructure significantly different
from that of bulk concrete [1]. It is questionable if the
homogenization technique is the correct approach to
investigate corrosion phenomena at the steel-concrete
interface.
This study explores a novel approach of obtaining a
three-dimensional discretized domain directly from SEM
images of a concrete or mortar specimen with embedded
steel. The images are obtained by SEM imaging of
consecutive surfaces prepared by focused ion beam (FIB)
nano-milling. This produces an image stack that allows
reconstructing the three-dimensional microstructure of

the original sample’s steel-concrete or steel-mortar
interface. This procedure achieves a resolution of 30 nm
along all directions in space, i.e. the resulting dataset
consists of isotropic voxels of 30×30×30 nm3. Therefore,
it is possible to reconstruct pore sizes down to capillary
pores with diameters of about 100 nm. Since the capillary
porosity plays an important role for the transport
properties of porous materials, this approach provides
access to more realistic modeling of transport phenomena
at the capillary scale.
Different datasets have been collected from the steelmortar interfaces and the steel-concrete interfaces. For
each dataset, the stack of raw images undergoes an imageprocessing workflow, schematically depicted in Figure 1,
to produce a digital twin of the imaged region. This
includes various image-processing steps, namely noise
filtering, image stack alignment, background correction,
and stripe filtering. Finally, the resulting image is
segmented into pore space and solid matrix.

Fig. 1. The image-processing workflow, which is applied to the image stack produced by the FIB-SEM microscope.

Fig. 2. Excerpt from an image slice of the THS 03 dataset and its binary segmentation. It shows the stripe and bubble artifacts, which
can cause small errors in the segmentation.
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Figure 2 shows an example of a raw image with two types
of artifacts that are targeted by the image processing
workflow, as well as the resulting segmentation. The
segmentation is performed by the machine-learning based
WEKA segmentation algorithm implemented in ImageJ
[2].
The digital twin is used to quantify the pore structure
of the interfacial zone in a number of ways. In addition to
the porosity that is obtained from the segmentation, a
procedure based on the watershed algorithm is used to
compute the pore size distribution. Moreover, the
tortuosity of the pore space is estimated using a random
walk algorithm. A further characteristic of the pore space
is the autocorrelation function. These properties allow

comparing the imaged regions of the different specimen.
Furthermore, characterizing the pore structure in terms of
such quantities provides a basis for the generation of
artificial pore structures for larger scale simulations.
Ultimately, this study aims to accurately solve reactive
transport models on a realistic pore structure
representation, thereby providing conceptual insight into
corrosion and related transport phenomena at the capillary
pore scale.
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Thermodynamic and kinetic considerations of corrosion
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The complexity of cementitious systems as well as a
multitude of deterioration mechanism make the accurate
service-life predictions of reinforced concrete structures
inherently challenging. Existing deterministic and
statistical service life models rely on a priori knowledge
of transport properties and other input parameters that
project the evolution of structural damage far into the
future. Whilst there is a general consensus regarding the
mechanism by which corrosive agents induce steel
corrosion in concrete 1, it is yet unclear whether model
parameters governing carbonation, chloride ingress and
corrosion product formation can reliably predict
corrosion. It is consequently paramount to combine
corrosion science principles, crystalline phase assemblage
and the kinetic and mass transfer limitations thereof.
Iron corrosion products feature a specific molar
volume ~ 2-6 times larger than Fe(0). Depending on pore
size, geometry as well as the degree of supersaturation,
the formation of iron (hydr)oxides may hence induce
expansive stresses and ultimately spalling of the concrete
cover. For any constant flux of Fe2+ released into the
concrete pore network, it is apparent that the amount of
iron remaining mobile, at disposal to hydrolyse, oxidise
or form aqueous complexes depends on the rate of
precipitation. To model the trade-off between these

competing processes, it is crucial to categorise every
reactive step determining the fate of iron based on how
fast they occur relative to the time-scale of interest.
Reactions that proceed to equilibrium sufficiently fast,
i.e., reactants that undergo chemical transformation close
to instantaneously compared to the reference time-frame,
may be modelled thermodynamically. Assuming fast iron
oxidation and speciation kinetics at alkaline pH, the fate
of iron in cementitious systems appears to be governed by
the release of bivalent iron ions at the steal-concreteinterface and their precipitation within the concrete pore
network.
Across the Fe(III)-H2O system, FeO2- or Fe(OH)4- in
equilibrium with 2l-Fe(OH)3(s) marks the upper solubility
limit of iron at high pH values, as all other ferrous and
ferric iron oxides as well as cementitious iron-bearing
phases feature a lower solubility2. Whilst there are several
aqueous chloride species that can significantly increase
the total iron concentration at acidic pH, chloride appears
to have no effect on the upper aqueous iron concentration
at the prevailing alkaline milieu, characteristic to
cementitious media. This is illustrated in Figure 1a.
increasingly high aqueous chloride concentrations can
lead to the stabilisation of other, more crystalline iron
oxides such as chloride green rust.

Fig. 1. (a) The solubility of 2l-Fe(OH)3(s) for varying pH as predicted by the thermodynamic modelling software GEMS3K in the
presence of 100 mmol NaCl2, together with the (b) time dependent decrease of aqueous Fe(III) at pH = 14, as measured by ICP-OES.
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Empirical data on the total iron concentration (i) in a
controlled laboratory environment and (ii) in equilibrium
with real cementitious systems may nevertheless exceed
the solubility limit of iron as dictated by the precipitation
of 2l-Fe(OH)3(s) by 2-5 orders of magnitude. Depending
on the pH and the presence of other co-existing anions,
the time for precipitation reactions to run to completion
spans from several hours to weeks3. Other studies record
significantly increased aqueous iron concentrations in the
presence of silica and carbonates4. This is due to the
stabilisation of some yet uncharacterised iron complex or
alternatively due to kinetic hindrance of Fe(III)
precipitation in the presence
of the latter ions. As displayed in Figure 1b, aqueous
iron concentrations are already lower than the solubility
of 2l-Fe(OH)3 after a few minutes, while they approach
their thermodynamic limit as dictated by lepidocrocite, γFeOOH(s), over the course of several hours. Consistent
with previous observations, the decay in the total
dissolved Fe(III) coincides with a stoichiometrically

consistent increase in the amount of solid iron oxide
formed according to e.g. Fe3+ + 3H2O(l) ⇌ FeOOH(s) +
3H+. To mathematically assess the trade-off between
thermodynamic upper solubility limit (Figure 1a) and
reaction velocity (Figure 1b), a set of kinetic rate laws
governing the progression of [Fe3+] with time as a
function of pH, degree of iron (hydr)oxide saturation as
well as the activity of other aqueous species must be
established.
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Testing the Bromide penetration resistance of concrete:
substitution of NaCl by NaBr in Rapide Chloride/Bromide
migration test (RCM/RBM)
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In addition to the test procedure with 10 wt.% NaCl in
0.2 N KOH, it is possible to reduce the salt content
according to the standard. The results and interpretations
shown here are based on migration tests carried out with
a salt content of 3 wt.% NaCl in 0.2 N KOH.
Compared to the conventional rapid chloride
migration test with NaCl, the RBM test uses the salt NaBr
in the same concentration. The other test parameters and
the other procedure remain unchanged. The NaCl
concentration of 3 wt.% NaCl in 0.2 N KOH is approx.
0.5 mol/l.

1 Introduction
The conventional rapid migration test (RCM test = Rapid
Chloride Migration test) according to [8] is used to
determine the chloride penetration resistance of noncracked concrete that has not yet been exposed to
chlorides. Due to the relatively short test duration, the test
is extensively used for research purposes. The derived
material parameter from this test is the chloride migration
coefficient, which is an input variable in service life
calculations. These calculations enable a prediction of the
service life of reinforced concrete elements linked to
reinforcement corrosion.
In the area of research, it may also be of interest to
define this important material variable for concrete, which
has already been exposed to chlorides. By replacing the
salt NaCl (sodium chloride) with NaBr (sodium bromide)
in combination with the application of an analytical
system such as laser-induced breakdown spectroscopy it
becomes possible to investigate the ion penetration
resistance of concrete already been exposed to NaCl on a
laboratory scale.
Compared to another approach [7], where NaCl is
replaced by NaI (sodium iodide), in this study a more
economical possibility of substituting NaCl with NaBr in
the migration test (RBM test = Rapid Bromide Migration
Test) is presented.
In a first step concrete has been studied, which was not
exposed to any salt before to compare the ion transport
behaviour for each NaCl and NaBr.
By using this procedure, the time dependent
development of the chloride migration resistance can be
investigated in more detail also for in-situ concrete.

3 Concrete mixtures,
measurement

and

For investigations of the ion penetration behaviour (Cl- or
Br-) in the rapid migration test with NaCl or NaBr in a
0.2 N KOH solution, concretes with four different binders
were tested. The binders CEM I, CEM I+SF (f=1.0, silica
fume content = 5.8 wt.%), CEM II/B-S and CEM III/A
were tested. Furthermore, for the concretes produced with
CEM I and CEM I+SF, the water-binder value were
varied according to DIN EN 12390-18 [2]. After the test,
the sample (cylinders) are splitted in two halves. For the
presented investigations, the penetration depth was
measured with the indicator (0.1 N AgNO3) only on onehalf (instead of both) of each sample. This deviates from
the outlined procedure in the standard, where this
measurement has to be performed on both halves of the
cylinder. The other halves were used for the LIBS analysis
to measure the elements chlorine and bromine
quantitatively. Here concrete surfaces without the
indicator applied had been used to avoid influences from
the silver salt formation on the measurement results. By
using LIBS the penetration depth of chlorine and bromine
can be measured simultaneously. These investigations are
not part of this publication.
For the investigations presented here, the penetration
depth was determined optically according to the standard.
The basis for this procedure is the formation of white
reaction products leading to white areas on the concrete
surface. These poorly soluble silver salts AgCl or AgBr
are developed within the reaction of the indicator
(0.1 N AgNO3) and the chlorides and/or bromides. The
boundary between the white and brown areas is basically
understood as the penetration depth and was determined

2 Experimental set up of RCM/RBM tests
To adapt the test method, it is necessary to replace
chlorides by bromides. Therefore, it is important that the
chemical properties are almost comparable. Relevant
parameters such as solvation numbers [4], ionic radius,
electronegativity and others [9] are approximately the
same, which should lead to comparable transport
mechanisms in concrete during the migration test.
The execution of the test procedure for determining the
chloride penetration resistance of concrete can be taken
from the standard DIN EN 12390-18 [2].
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on the fracture surface of each sample at nine measuring
points of three samples.

measurements of the penetration depths are comparable,
so that it cannot be assumed that the substitution of NaCl
by NaBr leads to a larger scatter.
With suitable analytical methods such as laserinduced breakdown spectroscopy, concrete that has
already been exposed to NaCl it is probably possible to
investigate the bromide penetration resistance in the
migration test with NaBr (RBM test) [1]. Further
investigations have been [6] and have to be made to use
the RBM test results to receive more information about
concrete which has already been exposed to NaCl to
implement this additional information in service life
considerations [5].

4 Results of RCM/RBM tests
In order to test whether it is possible to substitute NaCl by
NaBr in the RBM test the confidence band [4] were
calculated fig. 1 using a linear regression model.
If the data points consisting of the arithmetic mean
values of the penetration depths from the RCM and RBM
tests are within the confidence bands [3], it can be
assumed with 95% probability that the unknown sample
values of the penetration depths are within the lower and
upper confidence limits.
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Abstract. Reinforced concrete is the most used construction material for infrastructure due to its strength
and durability. However, under chloride exposure, they often do not achieve the designed service life. Hence,
premature repairs or even replacement of components are required, which increases the environmental
impacts and costs over the entire service life. This study evaluates the environmental impacts of using high
alloy steel as a corrosion prevention measure for different chloride exposure conditions. High alloy steel
shows a great potential in reducing the environmental impacts in condition under severe chloride levels.

150 kg of steel per m3 of concrete. The system boundaries
include the materials production and use phase. The
construction and end-of-life phases are assumed to be the
same for each type of reinforcement, hence they are not
included in this analysis. The manufacturing phase
follows the cradle-to-gate approach including the
extraction of the raw materials up to their processing.
The concrete mix contains a Portland cement CEM I
52.5 N with a water/cement ratio of 0.40. The
reinforcement alternatives are carbon steel (CS) and high
alloy steel (HAS). The use phase includes the repair
activities necessary to keep a defined level of
serviceability given the possibility of steel corrosion due
to chloride ingress. In this study, only concrete patching
is considered as a repair measure. For the life cycle
inventory, the input and outputs of each element were
collected from several data bases. The steels and cement
information are taken from their Environmental Product
declaration (EPD), published in [3] by the German
Institute for Building and Environment. Aggregates
information derives from the ELCD-database [4]. The
concrete patching impacts are taken from the results of the
author previous work [1]. Information regarding
complementary elements such as water, energy and
transportation were taken from the Ecoinvent database
[5]. The midpoint indicators are Global warming potential
(GWP) and Abiotic depletion of fossil fuels (ADFF) are
calculated using the method “CML-IA Baseline“ [6].
A durability assessment was conducted to determine
the number of repairs needed thorough the element
service life applying a full probabilistic approach
following [7]. Here, the limit state is steel depassivation,
which corresponds to the time when the chlorides at the
steel surface reach a critical threshold (Ccrit). The Ccrit
mean values (µ) [in wt.-%/b] are 0.6 for carbon steel and
1.8 for the high alloy steel. The coefficient of diffusion
was obtained experimentally, with µ = 5.34·10-12 m2/s.
Three chloride surface concentrations were with µ = 1.5,
3.5 and 5.5 [in wt.-%/b], representing low, high and
severe chloride environments, respectively. The
execution of the concrete repair is set when the reliability
index (β) reaches a limit value of 0.5 (depassivation
probability of 30.9%). Further details of this evaluation
can be found in [8]. In figure 1 are the results of the

1 Introduction
Reinforced concrete is and has been the most important
building material for our infrastructure over the last
hundred years. However, both the energy-intensive
production of steel and the energy-intensive production of
cement contribute to the great environmental footprint of
the construction sector. Nevertheless, there is no other
significantly eco-friendlier material in prospect, which
could replace reinforced concrete in the near future. Thus,
we need to design reinforced concrete in the most
sustainable way under consideration of the material
production process and the requirements over the entire
service life of a reinforced concrete structure.
Often, chloride exposed reinforced concrete structures
do not achieve the designed service life, even though; the
execution followed the current prescriptive durability
design rules. Consequently, chloride-induced corrosion
could limit the design service life and leads to premature
repair measure that increases the carbon footprint of a
structure even more [1]. At the one hand, there is an
increasing scarcity of resources for supplementary
cementitious material (e.g. fly ash, slag, etc.), which are
currently in use with a positive effect on durability.
Changes to the cement composition are unavoidable and
alternative low-clinker and therefore low-CO2 composite
cements are becoming increasingly important. However,
their durability performance differs from the conventional
binders. On the other hand, the current durability design
considers exclusively carbon steel as reinforcement,
neglecting higher alloyed steels with greater corrosion
resistance. This alternative has been historically neglected
given the high prices of those steel types. The objective of
the study is to evaluate the sustainability of high alloy
steel as a corrosion prevention measure in reinforced
concrete under to several chloride exposure conditions.

2 Methods
For evaluating the environmental impacts a Life Cycle
Assessment (LCA) is performed following the
standardized procedure in the ISO 14040 [2]. The
functional unit is defined as a reinforced steel plate with
an area of 1 m2 and thickness of 0.5 m with a service life
of 100 years. The reinforcement density is assumed as
*
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durability assessment for the chloride surface content of
5.5 wt.-%/b. Here the carbon steel needed 7 repairs within
the 100 years, while the high alloy steel only needed 1
repair.

environmental impact, and hence traducing this to the
reinforced concrete results. On the other hand, CS needs
to be repaired 4- and 7-times higher chloride exposures,
respectively, while HAS needs only 1 repair in case of
severe chloride exposure. The numbers of maintenance
activities increase sharply the GWP and ADFF results.
For the CS, the maintenance represented a raise of almost
5 times the GWP and 20 times the ADFF, when
comparing low chloride exposure results with severe one.

Fig. 1. Reliability index β vs time for a chloride surface content
of 5.5 wt.-%/b.

3 Results and conclusions

Fig. 3. Results of the abiotic depletion of fossil fuels (ADFF).

The results of this study highlight the importance of the
corrosion prevention for the sustainability of reinforced
concrete structures exposed to harsh environments. Here
the high alloy steel provides significant reductions on the
overall environmental impacts, when the concrete is
subjected to severe chloride loads, despite the high
impacts of the HAS production.
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Abstract. Against the background of the high CO2 emissions generated in the production of Portland
cement (OPC), research is being carried out worldwide into alternative types of cement that can be produced
in a more climate-friendly way. These alternative binders have a lower clinker-cement ratio or contain no
Portland cement at all. To allow for widespread use in reinforced concrete components, an understanding of
how they affect the corrosion behaviour of embedded steel is necessary. The first step in effectively
protecting steel from corrosion is passivation. In the study presented here, various alternative binders from
the following groups were investigated: OPC with the supplementary cementitious materials (SCMs)
calcined clays or modified steel mill slag, alkali-activated materials (AAMs), a calcium sulfoaluminate
(C𝑆̅A) cement and the C-S-H binder Celitement®. An OPC and a CEM III/B have been investigated as
reference materials. Mortar samples were prepared with all of these binders and the passivation behaviour
of embedded steel was observed in electrochemical studies on three-electrode test specimens. In addition,
the pH values of the pore solutions were determined, since it is an important parameter for assessing
passivation ability.

strength. The w/b value of 0.5 was not exceeded in any of
the mixes. The W/B value of alkali-activated binders was
calculated from the added water and the liquid portion of
the activator.
A detailed description of the binders investigated here
can be found in [1].

1 Materials and methods
To obtain information on the influence of different
alternative binders on the passivation of embedded steel,
mortar test specimens were produced with eight different
alternative binders. In addition, test specimens with two
standardized cement types (CEM I and CEM III) were
produced as reference material. Table 1 gives an overview
of the materials used.

1.1 Potential measurements
Figure 1 shows the design of the prepared specimens. The
working electrodes out of smooth black steel (S235) were
sand blasted beforehand.

Table 1. Overview - Investigated Materials
Group

Identifier

Binder

Reference

Ref 1
Ref 2

CEM I 42.5 N
CEM III/B 42.5 N

SCMs

CC I
CC II
LD

70 % Ref 1 and 30% Metaillite
70 % Ref 1 and 30% Metakaolin
70 % Ref 1 and 30% BOF Slag

̅A
CS

CSA

̅ A with tartaric acid as retarder
CS

C-S-H

C-S-H

Celitement®

GeoMK

Metakaolin / potassium silicate

Geo FA

Fly ash / NaOH + sodium silicate

AAS I

GGBFS / sodium silicate

AAMs

The test specimens were prepared with these binders,
CEN standard sand and water. The mixtures of the
reference cements were prepared with a w/b value of 0.5.
For the other binders, a practical approach was taken in
the mix design and the mix formulations were adjusted for
similar workability (flow spread) and similar compressive
*

Fig. 1. Cylindrical three electrode specimen design
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After casting the specimens were stored in laboratory
climate and covered in plastic sheets. After seven days the
sheets were removed.
The measurements started immediately after casting
and the potential versus the embedded MnO2 reference
electrode was measured daily.

were removed at the age of 7 days. This indicates an
influence of storage conditions on the passivation process.
Possible influencing factors could be drying processes or
oxygen availability.
At 28 days of age, the measured potentials of all test
specimens were relatively close to each other around
100 mV vs. SHE. The only exception is the series CSA,
which was around 0 mV after 28 days.
The measured potentials indicate a passivation of the
embedded steel after 28 days for the reference specimens,
the specimens with SCMs (CC I, CC II, LD), the C-S-H
and the AAMs. This was confirmed by current density
measurements, starting at the age of 28 days and visual
examination of the working electrodes after the test. The
CSA specimens are still under test.
The pH of the pore solutions of all binders measured
by the leaching method were above 11 with the smallest
pH for CSA (11.2). Comparative measurements of the pH
values of pressed out pore solutions and pore solutions
obtained by leaching at 7 and 28 days of age suggest that
the pH values tend to be underestimated with the leaching
method. However, pore solution obtained by pressing out
could not be obtained for all binders, so the values
obtained by leaching were used.

1.2 PH of the pore solutions
The pH of the pore solutions was determined by leaching
cement paste samples. For this purpose, cement paste
samples were casted in boxes stored closed for 28 days.
Then removed, dried at 60 °C for 24 h, crushed and
ground (< 100 µm). The powder was mixed with
deionized water in a 1:1 ratio for 5 min, the emulsion was
centrifuged and the pH in the centrate was measured.

2 Results and discussion
Figure 2 shows the results of the potential measurements
over 28 days. The mean value of three specimens each are
shown.

3 Conclusions
The following conclusions can be drawn from the
research shown:
• All binders investigated here develop pore solutions
with pH values greater than 11, which is sufficiently
high for passivation of the embedded steel.
• The measurements show passivation of the
embedded steel in the specimens with reference
cements, the specimens with SCMs (CCI, CCII, LD),
the specimens with C-S-H binder and the AAS I
specimens.
• The storage conditions could have an influence on the
passivation of the steel in the investigated
geopolymers (Geo FA, Geo MK).
In order to be able to make statements about the influence
of the different binders on durability, further
investigations on carbonation and chloride penetration
resistance are carried out.

Fig. 2. Potentials at the young age (mean value of 3 specimens)

For all binders tested, the scatter of the measured values
was greater in the first few days and became steadily
smaller in the course of the measurements. In the group
of reference cements, in the SCMs and in CSA and C-SH, the scatter was initially below ±100 mV and towards
the end of the measurement below ±50 mV. The AAMs
showed significant scattering of several hundred mV,
especially in the first days, which also became small
towards the end of the measurement and was below
±25 mV.
The potential values of the geopolymers (Geo MK and
Geo FA) show a stronger increase after the plastic sheets

This research project is funded by the German Research
Foundation under the grant number 416337623.
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Reinforcement corrosion of circular concrete columns under
sustained load
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Abstract. This paper presents the results of an experimental study of the axial capacity of circular spirallyreinforced concrete columns that were subjected to accelerated corrosion while sustaining a constant
compressive service load. Two sets of columns of five columns each were designed with different spiral pitch
to investigate the effect of concrete confinement on the corrosion propagation. Columns with non-confining
spiral reinforcement had only their longitudinal reinforcing steel corroded, whereas in the other set of
specimens, the spiral reinforcement was corroded and isolated from the vertical reinforcing steel. The cracking
initiation, pattern, and widening of the concrete cover were monitored for a period of 4-10 months, and
relations obtained between the crack widening and propagation and the elastic shortening of the column and
steel mass loss were established. After the accelerated corrosion period, eight columns were tested to failure
under either concentric or eccentric load; the vertical deformation, cracking pattern and failure type were
monitored and recorded. The failure of specimens with non-confining spiral reinforcement was characterized
by sudden crushing of the concrete and longitudinal reinforcement buckling, with a reduction in load capacity
of 30-40%. Columns with confinement reinforcement failed in a ductile manner by progressive spalling of
the concrete cover, maintaining their load capacity in spite of the corroded spiral reinforcement.

1 Introduction
The high pH of concrete that results from the hydration of
cement protects reinforcing steel from corrosion. This
high pH environment is disrupted when concrete is
contaminated with sufficient chlorides or when
carbonation of the concrete cover occurs. The passivity
that naturally occurs in steel in a high pH environment is
then broken, and corrosion of reinforcing steel begins
when sufficient oxygen and water are present. The
reaction creates corrosion products that have lower
density and higher volume than the original steel
reinforcement. The resulting pressure against concrete
due to corrosion products build-up leads to cracking,
spalling, and delamination of the concrete cover.
Damage
resulting
from
chloride-induced
reinforcement corrosion is often found in reinforced
concrete (RC) infrastructure located in coastal areas or in
cold regions that depend on the use of de-icing salts
during the winter months. Canada’s use of an estimated 4
to 5 million tonnes of de-icing salts per year for winter
maintenance has led to widespread reinforcing steel
corrosion-induced damage [1], mostly manifested in
parking garages and highway bridges. Corrosion is
particularly problematic in RC structures with inadequate
concrete cover and low water-cement ratio concrete, and
in aging infrastructure that has been in service for at least
30 to 40 years.
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Limited studies are reported in the literature with respect
to the effect of reinforcement corrosion on the
serviceability and structural performance of RC columns
[2-5]. A major observation from these studies is that the
load carrying capacity of corroded columns is lower than
that of non-corroded columns, the reduction being
attributed to: (i) the increase in load eccentricity caused
by uneven corrosion of the longitudinal reinforcement;
(ii) buckling of the longitudinal reinforcing bars when
column ties are corroded; and, (iii) the actual deterioration
of the concrete section from loss of confinement and
cracking, spalling and/or de-lamination of the concrete
cover [5].
The work presented herein results from an
experimental study that explored the effect of
reinforcement corrosion on cover cracking and the
bearing capacity of short circular RC columns. It differs
from previous studies in that the corrosion of specimens
took place while the specimens were sustaining
compressive service load.

2 Experimental program
The experiment involved 10 columns, 8 of which were
corroded and 2 served as control. Test specimens were
circular and 260 mm in diameter with 6-15M longitudinal
reinforcing bars and 10M spiral reinforcement. Two types
of column designs were used in the experimental
investigation, with 5 specimens of each type being built.
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Table 1. Details of column specimens and failure load test results.
Colum
n ID

Pitch
(mm)

Reinforcement
to be corroded

Duration of
corrosion
(months)

Load

Pmax
(kN)

CV

220

None (control)

---

Concentric

1,310

CVG

220

Entire cage

10

Concentric

890

CV1

220

Longitudinal

10

Eccentric

776

CV2

220

Longitudinal

4

Eccentric

871

CV3

220

Longitudinal

4

CS

80

None (control)

---

Concentric

CSG

80

Entire cage

10

Concentric

CS1

80

Spiral

10

Eccentric

CS2

80

Spiral

4

CS3

80

Spiral

4

Failure type
Brittle: crushing concrete & buckling
of longitudinal rebars
Brittle: crushing concrete, rupture of
spiral & buckling of longitudinal
rebars
Brittle: crushing concrete & buckling
of longitudinal rebars
Brittle: crushing concrete & buckling
of longitudinal rebars
Not tested

1,575 –
1,540
1,680 –
1,508
1,630 –
1,787

Ductile
Ductile: buckling of longitudinal at
second stage
Ductile: spiral rupture at second stage
Not tested

Eccentric

•

The difference between the two designs was the spiral
reinforcement pitch (220 mm for type CV and 80 mm for
type CS), which allowed investigating the effect of
confinement on the behaviour of the corroded columns.
The RC columns sustained a constant service load
throughout the chloride-induced corrosion process, which
was simulated through an impressed-current accelerated
corrosion regime. Crack propagation and crack widths in
the concrete cover were monitored over time. Once the
columns’ level of corrosion damage reached a prescribed
level, 8 columns were tested to failure, under either
concentric or eccentric axial load. The details of the
column specimens and failure load results are presented
in Table 1.

1,860 –
1,005

Excessive deformation at 2nd peak,
leading to destabilizing test setup

Columns of type CS failed in a ductile manner by
progressive spalling of the concrete cover,
maintaining
load
capacity
despite
spiral
reinforcement corrosion.

Financial support provided by the Natural Sciences and
Engineering Research Council of Canada is gratefully
acknowledged.
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3 Conclusions
Based on the experimental results of this study, the
following conclusions are drawn:
• The pattern of cracking differed between CS and CV
columns. The cracking pattern was in the form of
longitudinal cracks along vertical bars in type CV
columns, but more random and distributed over the
surface in type CS columns.
• The width of longitudinal cracks in columns CV was
approximately 6-8 times the width of transverse
cracks in columns CS.
• The failure mode of type CV specimens was
characterized by sudden crushing of the concrete and
longitudinal reinforcement buckling, with reduction
in load capacity of 30-40%.
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Corrosion-induced concrete cracking - a poromechanical,
multiscale approach
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Corrosion of reinforcement bars in concrete plays a
significant role in determining a structure’s durability and
hence, its serviceability lifetime. Ferrous ions released at
the steel-concrete interface diffuse through the pores and
undergo many chemical reactions leading to the formation
of rust (ferrous/ferric precipitates). As the stress-induced
in the concrete exceeds the material strength, internal
cracking begins (see Figure 1). The three corrosion-driven
mechanisms: ionic diffusion, chemical reactions and stress
development co-occur at the micro-scale (within pores
ranging from nanometers to micrometres) and
subsequently, influence the load-bearing capacity at the
macro-scale.

Thus, this study aims to develop a holistic approach to
corrosion-driven damage in concrete by coupling the three
mechanisms (diffusion, stress development, formation of
𝐹𝑒(𝑂𝐻)2 across different length scales: macroscale and
microscale.

Fig. 2. Multi-scale modelling approach considered for the study.

To this end, a multi-scale modelling approach is employed
to link the influence of pore structure to the macro-scale
behaviour of concrete. Figure 2 shows the schematic for
the employed multi-scale modelling approach. At macroscale (> 10−2 m) a material point (x) is assumed to be made
up of a Representative Volume Element (RVE) (see Figure
2), an analytical representation of the pore structure where
the pores (ranging from 10−9 m to 10−4 m) are idealized
either as spheres or as cylinders. The process of diffusion
and the damage is considered at the macro-scale whereas
the chemical reactions among species (𝐹𝑒 2+ , 𝑂𝐻 − ) and the
pressurization of pores are considered at the microscale. A
self-consistent homogenization scheme is employed tolink
the mechanisms at two different length scales. At the
macro-scale, the diffusion of the ionic species (Fe 2+, OH– )
in the bar (as shown in Figure 2) is determinedby solving
the following governing equation at each material point.

Fig. 1. Schematic showing the different mechanisms and the
interplay among them that leads to the corrosion-driven damage
in concrete

Over the years, various numerical approaches have been
proposed to understand better the process of cracking in
concrete induced due to the corrosion mechanism. Several
studies [2, 4, 10, 13, 19] assumes the ferrous precipitation
in the accommodating region around SCI, thus neglecting
the pore structure and migration of ferrous product away
from the SCI as observed experimentally [17].
Furthermore, instantaneous precipitation of 𝐹𝑒(𝑂𝐻)2 is
assumed, and its formation rate is considered to be
proportional to the corrosion rate [3, 12, 14], thus
neglecting the dependence of solubility of 𝐹𝑒(𝑂𝐻)2 [1,
7]). The multi-scale modelling of corrosion mechanisms
[3, 10, 14, 15] considers an effective diffusion coefficient or
an effective Young’s modulus to ac- count for the pore
structure; however, the values derived are either tailored to
specific experiments [9] or considerably approximates the
pore shapes or sizes. Lastly, the pressure buildup in the
pores due to the formation of 𝐹𝑒(𝑂𝐻)2 is accounted
empirically manner [5, 8, 11]). The crystallization theory
[6, 16] that the pore shape and size are crucial to the
buildup of pressure due to a growing precipitate.
*
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𝜕𝑐(𝑥)
𝜕𝑡

+ ∇𝑗(𝑥) = 0, 𝑗(𝑥) = 𝐷∇𝑐(𝑥)

(1)

where 𝑗(𝑥) is the flux of the ionic species at material point
𝑥, 𝑐(𝑥) is the concentration of ionic species and 𝐷 is the
diffusion coefficient.
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The above equation is solved numerically using the Finite
Element Method (FEM). Similarly for the damage
process, the governing elasticity equation is as follows:
∇𝜎(𝑥) = 0, 𝜎(𝑥) = ℂ: ∈ (𝑥)

(2)

where 𝜎(𝑥) is the stress at the material point 𝑥, ℂ is the
fourth-order tensor and ∈ (𝑥) is the strain. The
concentration gradients and the strains at each material
point is passed to the respective RVE (see Figure 2) and
based on the homogenization scheme, an effective
diffusive flux and an effective stress in the solids and the
pores is computed : 𝑗(𝑥) = 〈𝑗〉𝑅𝑉𝐸 = 〈𝑗〉𝑠𝑜𝑙𝑖𝑑 + 〈𝑗〉𝑝𝑜𝑟𝑒𝑠 ,
𝜎(𝑥) = 〈𝜎 〉𝑅𝑉𝐸 = 〈𝜎 〉𝑠𝑜𝑙𝑖𝑑 + 〈𝜎 〉𝑝𝑜𝑟𝑒𝑠
where
an
effective property 〈⋆〉 depends on the porosity as well as
the shapes and the sizes of the pores at microscale. The
diffusionof species (𝐹𝑒 2+ , 𝑂𝐻 − ) at the macro-scale is
coupledwith the chemical reaction between them:
𝐹𝑒 2+ + 2 𝑂𝐻 − → 𝐹𝑒(𝑂𝐻)2 . The formation of ferrous
precipitate 𝐹𝑒(𝑂𝐻)2 within each pore of an RVE is
estimated based on the minimization of Gibb’s free
energy and susbequent pressure buildup in each pore is
estimated based on the crystallization theory [18]:
𝑝=

𝜐𝑅𝑇
𝑉𝑚

ln 𝜌𝐻

𝑐

2 𝑜𝑚∞

𝑑𝐴

− 𝛾 𝑑𝑉 𝑓𝑜𝑟 𝑐 > 𝑐𝑡ℎ

Fig. 3. Moles of Fe2+ and Fe(OH)2 at macroscale as well as
moles of Fe(OH)2 in pores of the RVEs. The right RVE is at x =
0:05 and the left RVE is at x = 0:25.

(3)
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where 𝑑𝑉 is the curvature of the pore, 𝑐 the concentration
of 𝐹𝑒(𝑂𝐻)2 precipitated in the pore and 𝑐𝑡ℎ the threshold
concentration. The proposed methodology is employed to
study the corrosion-driven mechanism in a bar (see Figure
2) and to estimate the time delay between the first release
of ferrous ion and the stress development. Figure 3 show
the concentration of 𝐹𝑒 2+ ions, precipitated 𝐹𝑒(𝑂𝐻)2 in
the bar at time ≈ 27 hrs. The moles of 𝐹𝑒(𝑂𝐻)2 in RVEs
are also shown in the figure. The concentration of
𝐹𝑒(𝑂𝐻)2 is lower than the threshold concentration, thus
leading to no pressure buildup for the first 27 hrs of the
diffusion process.
The holistic approach thus presented is capable of
predicting the formation of ferrous products considering
pore structure at microscale and subsequently, the stressinduced due to their growth. The first principle approach
makes the methodology physically as well as
thermodynamically consistent and gives a better
understanding of all the mechanisms involved and the
interplay among them.
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Updating the prediction of chloride-induced corrosion in RC
structures by considering cracks detected by a CNN
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Abstract. Reinforced concrete (RC) structures are generally inspected visually at regular time intervals.
Due to the continuous ageing of infrastructure, particularly in industrialised countries, there is an everincreasing need for efficient and reliable condition assessments, which maximise the information gained
during an inspection. This allows for improved planning of maintenance works. Recent developments in the
field of machine learning, in particular in deep learning, have the potential to allow the analysis of a vast
amount of data in a short time. In the case of chloride-induced corrosion, an a-priori depassivation
probability can be estimated (e.g. by the fib model code for service life design in non-cracked concrete) and
later spatially updated following Bayes Theorem to approximate the remaining service life of the structure.
The update process is composed of two steps: (i) Detection of cracks through image-based inspection by a
pre-trained convolutional neural network (CNN) and (ii) modifying the chloride ingress model based on the
inspection and detection of cracks. In such a case, the chloride ingress model is modified to account for
cracked concrete locally. This contribution will describe the process of updating corrosion predictions based
on image analysis in detail and apply it to an example.

Accordingly, a service life model (SLM) for uncracked or
cracked concrete will be chosen.

1 Introduction
We often encounter reinforced concrete structures as a
part of the infrastructure, such as tunnels, bridges, dams,
etc. Those structures are exposed to many different
degradation mechanisms caused by different exposure
environments, and as a consequence, these engineering
structures need regular inspections. The type of inspection
can be divided into three groups: (i) visual inspection,
(ii) non-destructive inspection and (iii) destructive testing
e. g. in the form of drilling cores to estimate the depth of
the carbonation front. The importance of a time-efficient
and reliable condition assessment of structures will
increase in the future in industrialised countries
drastically. The construction peak between 1960 and 1980
led to a high number of structures. Those structures are
reaching now an age where first damages can be expected
that might require maintenance works to prolong the
service life [1]. In order to prioritise those works, the
inspection of structures should maximise the information
gained during the inspection.
The recent advances related to unmanned aerial
vehicles (UAV) will enhance routine inspections of RC
structures [2]. Those UAVs are expected to collect
durability related information that later can be analysed.
This data collection approach, combined with the latest
developments in machine learning offers great potential
in the future in the condition assessment of RC structures.
This work attempts to combine the visual inspection
in the form of crack assessment with a pre-trained
convolutional neural network (CNN) with common
service life models for RC structures. Hereby, for each
part of the structure, the CNN determines if a crack is
present in the corresponding part of the image.

*

2 Theoretical backgrounds
2.1 Crack detection with CNN
The CNN was trained with the annotated image dataset
from Dorfshan et al. [3]. All images from the RC parts of
the data set were taken. This part has 40’000 images, half
of it with a crack and the other half without a crack. The
range of the crack width is between 0.06 mm and 25 mm.
The size of the colour images (RGB channels) was
256 ´ 256 Pixels (equal to approximately 10 ´ 10 cm2 of
the surface) and reduced to 227 ´ 227 Pixels to fit the
input layer of the pre-trained CNN. The images were
randomly split into 80 % for the so-called transfer training
(TF) and the remaining 20 % for validation. The VGG16
network was used as the base model trained on the image
net dataset. The variety of the training images was
increased with image augmentation e.g. by flipping the
images at the horizontal and the vertical axis combined
with slight rotations of the images. This resulted in an
accuracy of over 99 % on the validation data set with the
binary decision if a crack is detected in the image or not.
2.2 Service life modelling
A SLM on the diffusion equation was used to model the
chloride ingress in the uncracked concrete. As a model for
the cracked concrete, a modified version by Kwon et
al. [4] was used. The analytical model for the ingress was
modified by an additional term taking into account the
crack width w in millimetres according to eq. (1). The
formula is obtained from a regression analysis of port
wharves where a total of 9 drilling cores with a single
crack between 0.1 and 0.3 mm were analyzed.
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𝑓(𝑤) = 31.61 ⋅ 𝑤 2 + 4.73 ⋅ 𝑤 + 1

(1)

2.3 Numerical integration of the service life model
If a crack occurs, the diffusion coefficient D increases by
the factor f given in eq. (1). The solution to the diffusion
equation describing transient chloride ingress with a
constant surface chloride concentration for a timedependent diffusion coefficient is given by [5].
𝑐(𝑥, 𝑡) = 𝑐𝑠 erfc

𝑥
2√𝑇(𝑡)

,

𝑡

𝑇(𝑡) = ∫0 𝑑𝑡 ′ 𝐷(𝑡 ′ ).

Fig. 1. Overlay of the output of the CNN and the rectified
concrete surface 10 y after construction.

(2)

Here, x designates the penetration depth of the chlorides,
and T comes from a convenient transformation of the time
variable. For the diffusion coefficient 𝐷(𝑡) we adopt the
expression used in [4],
𝐷(𝑡) = 𝑓(𝑤, 𝑡) × 𝐷𝑟𝑒𝑓 (

𝑡𝑟𝑒𝑓

𝑚

) ,

min (𝑡,𝑡𝑅 )

(3)

where 𝐷𝑟𝑒𝑓 is the value measured after 𝑡𝑟𝑒𝑓 , 𝑡𝑅 is the time
after which the diffusion coefficient in the absence of
cracks remains constant, and 𝑚 is the ageing factor. The
factor 𝑓(𝑤, 𝑡) accounts for the effect of the crack of width
𝑤 at time 𝑡. Equation (2) was integrated numerically to
compute the chloride profiles at various times.

Fig. 2. Calculation of the chloride concentration at depth of
50 mm for the uncracked surface and the curves for a crack
found at the first inspection after 10 y and the second after 20 y.

4 Conclusions and Outlook
A SLM was spatially updated by incorporating visual
information obtained by a surface image and analysed by
a CNN to select an appropriate chloride-ingress model.
This workflow can be used to automatically update the
SLM based on the image without the need to look for
cracks during inspection manually. The main limitation of
the workflow is that no automatic estimation of the most
influencing parameter of eq. (1) the surface crack width.
The estimation of the crack width is currently not possible
and is consequently a work in progress. In addition, the
eq. (1) does not take into account other parameters such
as the crack depth and might be simplistic for accurate
SLM.
Furthermore, cracks are not the only degradation
mechanism of RC structures that can be automatically
detected. The model can be extended with crack growth
models or Monte-Carlo simulations of the different
parameters of the SLM.

3 Application to a numerical example
3.1 Assumptions and simplifications
The application of the described workflow is illustrated
on a laboratory sample. The sample is expected to be
initially free of cracks. Two inspections were performed
after 10 and 20 y after construction for illustration
purposes. The critical chloride content (Ccrit) was fixed
to 0.4 M-% referred to the mass of cement [6] and a
surface chloride concentration of 1 M.-% was set. Since
the CNN only detects the presence of the crack, a crack
width of 0.2 mm is assumed for the calculations. D was
fixed to 1.45 x 10-12 m2/s and the concrete cover was
fixed to 50 mm.
3.2 Results and Analysis
Figure 1 shows the application of the CNN with the crack
probability with an overlay to the rectified image of the
concrete surface with an area of 50 ´ 140 cm2, assumed
to be taken 10 y after construction. The output of the CNN
is a value between 0 (no crack) and 1 (crack). Values
below 0.5 were set to the classification “no crack” and
values above 0.5 were assigned to “crack”. Figure 2
shows the calculated chloride content at the level of the
reinforcement considering the presence of cracks areas in
different scenarios (uncracked, cracked after 10 or 20 y).
If a crack was found 10 y after construction, the Ccrit was
reached over 20 y before the uncracked concrete,
highlighting the drastically reduced service life.
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to the Estimated Corrosion Risk
Andreas Fraundorfer1*, Thomas Heilmayer1, Christoph Dauberschmidt1, Christoph Gehlen2
1
2

Munich University for Applied Sciences HM, Germany
Technical University of Munich, Germany

Abstract. When using corrosion monitoring on reinforced concrete structures exposed to chloride, selfcorrosion can play a decisive role in the interpretation and evaluation of the results. Only a part of the
corrosion current can be measured electrochemically as element current. A significant proportion of the
cathode process takes place on the measuring anode electrode itself. With decreasing water content of the
concrete, the ratio of self-corrosion current to measurable element current increases. Corrosion tests on this
topic are currently being carried out at the Munich University of Applied Sciences in cooperation with the
Technical University of Munich. The moisture sorption isotherms determined at the beginning of the
corrosion tests for the concrete mixtures investigated are presented here. Additionally, the electrolytic
resistivities of the concrete mixtures in dependence on their water and chloride contents have been evaluated.
In consideration of literature results, a moisture range can be evaluated that is associated with harmless
corrosion processes.

1 Introduction

2 The electrolytic resistivity
corrosion parameter

By applying the repair method 8.3 according to [1] and
[2], or W-Cl according to [3], drying out the chloride
contaminated RC-component is intended to decelerate the
corrosion process at the reinforcement by increasing the
electrolyte resistance. Therefore, the success of the repair
method should be monitored by corrosion monitoring to
prove that the corrosion process is reduced to non-critical
levels over time. According to [4] however, self-corrosion
increases with drying, since the corrosion process is
increasingly shifted to the measuring anode.
Studies on the change of self-corrosion during drying
are currently being carried out at the University of
Applied Sciences Munich in cooperation with the
Technical University of Munich. For this purpose, the
moisture storage functions and water content - resistance
coefficients of all concretes investigated were determined
as input parameters. These are presented within the
framework of this paper as well as a drawn conclusion
with corrosion probabilities from already existing
literature results. These are intended to serve as a guide in
which exposure humidity corrosion processes can
decelerate to a harmless level and thus allowing to define
a relevant lower moisture level, which serves for the selfcorrosion tests.

*

a

In [5], referring to [6, 7] a correlation between electrolytic
resistivity and probability of damaging corrosion for OPC
at 20°C was given, see Table 1. It should be noted that the
values given were intended as a suggestion.
Table 1. Associated risk of damaging corrosion of
reinforcement for Rel on OPC at 20°C acc. to [5]
Rel = ρ
[Ωm]
< 100

Risk of damaging corrosion
[-]
high

100 – 500

moderate

500 – 1.000

low

> 1.000

negligible

This classification will be used simplified for the
interpretation of the sorption isotherms with the
associated specific electrolytic resistivity that were found
in this study.
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as

Fig. 1. Nomogram of OPC in dependence on the relative humidity (1estimated risk of damaging corrosion acc. to [5]; 2no risk of
chloride-induced corrosion; 3intrinsic chloride content neglected, chlorides dissolved in mixing water; ! Attention: Values are only
valid for this examination, just use as estimation)

can be regarded as an approximation for the following
corrosion tests.
The investigations presented here are intended to show
that for OPC concretes, depending on the chloride content
up to about 2.5 wt%/c, a moisture spectrum between 65%
to below 50% RH emerges, at which the specific
electrolyte resistivity increases to values above 1,000 Ωm.
Drying out at high chloride contents to achieve negligible
corrosion rates, therefore, seems realistic under practical
conditions only in special cases. Based on the results,
φ = 55% relative humidity was chosen as the lowest
humidity level for the self-corrosion tests.
The electrolytic resistivity of the concrete is an
important, but not the only decisive parameter for
assessing the risk of corrosion.

3 Results & interpretation
The whole experimental procedure as well as the sorption
isotherms and the specific electrolytic resistivity in
dependence on the relative water content can be found in
the full length paper.
Fig. 6 shows the resulting specific electrolytic
resistivity in relation to the relative humidities during
storage and the water content of the concretes
investigated. In addition, the estimated corrosion risk
according to [5] for OPC is plotted. The OPC with a
chloride content of 0 wt.%/c is entered as an upper fixed
point to mark the limit for low chloride contents, even if
no chloride-induced corrosion takes place there.
The illustration in Fig. 1 is intended as a rough guide
to show how chloride contents affect the conductivities
and thus, approximately, the corrosion system. Depending
on the chloride content, when comparing the 1,000 Ωm
limit, above which negligible risk of damaging corrosion
are mentioned according to [5], ambient humidities of
approximately φ < 65% are permanently necessary, in
order to get concrete into the range of such high
electrolytic resistivity. For chloride contents around
2.5 wt%/c, the required humidities in the investigated case
are around φ < 50%, and for chloride contents of 4 wt%/c,
humidities of around φ < 40% are necessary for such a
strong drying to take place.
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a DFG research project on the repair method 8.3
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A comparison between uniform and galvanic corrosion rate in
carbonation induced corrosion of reinforced concrete
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Reinforced concrete is popular as a building material all
over the world. Unfortunately, it can be deteriorated by
corrosion after a while, which can lead to a premature
reduction of its service life. Recently, concern about
carbonation-induced corrosion has increased due to the
need to lower emissions released to the environment.
However, a change of clinker content to reduce CO2
emission could lead to concrete exhibiting lower
resistance against the carbonation process. Among the
binder substitutes available, slag is a supplementary
cementitious material that is currently in favor. This paper
compares the carbonation induced corrosion occurring
when cement with high clinker content is used and when
a high percentage of the clinker is replaced by ground
granulated blastfurnace slag.
Numerous researchers are of the opinion that
carbonation-induced corrosion occurs in uniform or
generalized corrosion. However, there are several
alternative opinions. According to Alonso et al., in real
structures, corrosion caused by carbonation may be
localized. Castel and Nasser indicate that galvanized
corrosion in carbonated concrete structures seems higher
than uniform corrosion. This phenomenon is also
described by François et al.. As schematically shown in
Fig. , when the carbonation front reaches the first layer of
rebars, there is a strong galvanic coupling between the
other layers of the reinforcement, including the stirrups,
which are still in un-carbonated concrete that is quite
saturated due to the distance to the concrete surface. The
corrosion of the first layer then results from a coupling
between a uniform corrosion and a galvanic corrosion.
Unlike the corrosion products formed during chlorideinduced corrosion, those of carbonation-induced
corrosion are not fluid, so the pressure on the concrete
cover will be high. It could lead to the premature
appearance of corrosion-induced cracks, which are
inaesthetic, may reduce the bond between reinforcing
steel and concrete, and may lead to delamination and thus
to safety problems for the public.
In this study, the corrosion in carbonated concrete is
studied from the points of view of both galvanized
corrosion and uniform corrosion. It is important to better
understand the relative proportions of galvanic corrosion
and uniform corrosion in the early process of corrosion in
real carbonated reinforced concrete structures.

*

Fig. 1. Schematic Illustration of galvanic corrosion due to
carbonation: when the carbonation front reaches the first layer
of the reinforcement layout, the other layers of steel bars, which
are still passive and located in the un-carbonated zone act as a
cathode.

1 Comparison of concrete on corrosion
current in both uniform and galvanic
parts
The uniform corrosion rate found in this study are about
1.5 A/cm2 (Fig.). For the results of this limited study, the
uniform corrosion rate is quite constant whatever the type
of cement used and whatever the w/b ratio.
The galvanic corrosion rate found in this study are
varying between 15.5 A/cm2 and 0.5 A/cm2
corresponding to a high Cathodic/Anodic ratio (C/A=16).

Fig. 2. Influence of resistivity on the uniform current density
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•
•
•
•
•
Fig. 3. Influence of resistivity on the galvanic current density
(for a C/A ratio of 16)

The uniform corrosion rate found in this study are about
1.5 A/cm2 (Fig.). For the results of this limited study, the
uniform corrosion rate is quite constant whatever the type
of cement used and whatever the w/b ratio.
The galvanic corrosion rate found in this study are
varying between 15.5 A/cm2 and 0.5 A/cm2
corresponding to a high Cathodic/Anodic ratio (C/A=16).

•

The uniform corrosion rate does not depend of the
concrete resistivity. (resistivity in this paper, varies
from 69 to 718 Ω.m)
The galvanic corrosion rate is highly dependent of the
resistivity.
The galvanic corrosion rate is highly dependent of the
C/A ratio.
On-site corrosion rate, which is the sum of the
uniform part and the galvanic part, is then likely to
depend of the resistivity of concrete.
The galvanic corrosion rate is highly dependent of the
C/A ratio. In practice, C/A ratio could be limited or
important. In the case of local defects or presence of
cracks, the galvanic part of corrosion rate could be
the most important contribution to the total corrosion
rate.
The use of CEM III concrete, which corresponds to
high resistivity concrete, leads to a significant
limitation in the galvanic corrosion rate on-site.

Authors thank the financial support of French Perfdub project (
http://perfdub.fr,) which main objective is to define a
performance-based approach for durability of concrete and
concrete structures.

2 Discussion
The paper compare two aspects of corrosion process in
case of carbonation-induced corrosion on RC structures :
the uniform corrosion process and the galvanic corrosion
process which exists in case of multi-layers of steel where
only one layer is in carbonated concrete.
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Chloride profiles with a peak – why and what are the
consequences for predictions?
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Almost all models for predicting chloride ingress into
concrete are based on data from curve-fitting measured
chloride profiles to solutions to Fick’s 2nd law of
diffusion, especially the erfc-solution for semi-infinite
cases with constant surface chloride content. The curvefitting gives two parameters, the apparent chloride
diffusivity Da and the apparent surface chloride content
Csa [1].
When performing curve-fitting of a chloride profile
several data points close to the surface are not included.
The apparent surface chloride content Csa frequently
reaches an unreasonably high level when curve-fitting is
performed in this way. This level has very little to do with
the actual chloride content in the concrete.
A possible way of handling chloride profiles with a
peak is to “rescale” the concrete in such a way that the
depth “0” is calculated from the depth of the top of the
peak. A new “surface chloride content”, “Cmax”, is derived
by curve-fitting to the data beyond the peak [2]. This
approach is what is used in the fib model for predicting
chloride ingress, where the depth scale is rescaled by
reduction of the depth-scale with the depth x of the peak.
A slice of concrete with a thickness of x is neglected.
Such an approach should over-estimate chloride ingress.
Alternatively, using data from curve-fitting to chloride
data beyond the peak only, for predictions without
excluding the slice of concrete between the surface and
the peak, means that the concrete in this part is assumed
to have the same properties as the rest of the concrete.
Such an approach should under-estimate chloride ingress.
The main reason for occurrence of the peak in chloride
profiles in concrete submerged in seawater seems to be
leaching that affects the surface region of concrete in
various ways. Leaching of alkalis changes the pH in the
pore solution that will change chloride binding. Leaching
of Portlandite will eventually create large voids in the
pore system and change the tortuosity and the
constrictivity. Leaching of CSH and other binder reaction
products will reduce chloride binding, increase the
porosity and changes the microstructure.
Recently, a number of these parameters were
quantified by Fjendbo et al (2022) [3]for several
concretes. Their studies inspired the development of a
model for chloride ingress that includes the effects of
leaching.
A simplified physical model for chloride ingress, using
finite differences, has been developed to quantify the local
changes due to leaching and the consequences of these
changes with time. The model uses Fick’s 1 st law for
*

chloride diffusion and linear chloride binding. The depth
XL of leaching with time is modelled with a simple squareroot expression, XL = kLt.
The consequences of leaching are assumed to be linear
from the surface into the depth of leaching. The
consequences of leaching are modelled as depthdependent changes of porosity, p, chloride binding
capacity, dcb/dcf, and the diffusion coefficient DF1 in
Fick’s first law.
An example of chloride profiles from the model is
shown in figure 1, without and with leaching included.
The model, without leaching (top part of figure 1),
gives perfect fits for all exposure times to the erfc-solution
to Fick’s 2nd law with a diffusivity DF2 of 4.210-13 m2/s
and a surface chloride content Cs of 11.8 kgCl/m3. These
two parameters could be regarded as the true transport
properties of this concrete, in those parts where no
leaching has occurred.
The results from the model demonstrate the movement
of the peak inwards with time, as found in long-term
chloride ingress data from submerged concretes.
The major parameter for the occurrence of a peak
seems to be the loss of chloride binding, as seen from
parameter analysis by the model. The changes of the
porosity and the diffusion coefficient have minor effects
on the shape of the chloride profile.
The effect of neglecting the changes in material
properties in the leached parts of the concrete is quantified
by comparing predictions with these changes and
predictions using the error-function solution to Fick’s 2nd
law with chloride diffusivities from curve-fitting the
profiles predicted by the model.
Consequently, the effect of leaching can be handled by
performing the traditional curve-fitting to the erfcsolution to Fick’s 2nd law, and perhaps also to the MejbroPoulsen solution [1], and accept the usage of unnaturally
large apparent surface chloride contents Csa.
The apparent diffusivity is the same, Da = DF2 =
4.210-13 m2/s, with and without leaching! The difference,
however, is the apparent surface chloride content that is
much higher with leaching included, Csa = 18 kgCl/m3,
compared to 11.8 kgCl/m3, i.e. some 50 % higher.
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Even though the model includes leaching in a very simple
way the results look very much like the results by Fjendbo
et al [9]. Their data for the leached zone has a low
resolution; the numbers are averages over the whole
thickness of the first sample from their concretes. To
improve a model including leaching the distribution of the
parameters within this thickness should be studied in more
detail.

Fig. 2. Predictions by using the profile (orange, bottom curve)
including leaching, after two years of exposure. Predictions are
done for 10 years of exposure, with Da and Csa from traditional
curve-fitting (blue, top curve) and with Da and Csa from the fib
model with a slice cut off (green, middle curve)

The results from the model seem promising. The model is
very simple but could easily be improved and extended
once better knowledge is available. It would be interesting
to verify it against field data; data that is available but
could not yet be used because of time- constraints.
More sophisticated models, that describe the chemical
interactions in a more correct way, must also include the
consequences of leaching. Input data for those
consequences, however, are still missing to a large extent.
The results from applying the fib model are worrying.
This model uses a fixed peak that does not move with time
and it uses an apparent diffusivity that is much smaller
than the actual diffusivity. The results implicate that this
model severely under-estimate chloride ingress, in spite
of a slice cut off. This must be analyzed in more detail.

Fig. 1. Examples of predicted chloride profiles for 1-10 years
exposure to seawater with [Cl]=10 g/l, without (top) and with
(bottom) leaching included.

The effect of leaching, from what is seen with the model,
is the same penetration depth but much higher chloride
levels when leaching is considered. This is of course a
consequence of the loss of binding, the increased porosity
and the increase in diffusion coefficient in the leached part
of the concrete. This part has a much smaller resistance to
ingress of chlorides than the bulk concrete.
The effect of neglecting a slice of the concrete in the
fib model has been quantified with the model by
comparing predictions with and without this slice.
By “cutting off” a slice of concrete with the thickness
equal to the depth of the peak, for each exposure time,
curve-fitting the remaining chloride profile to the erfcsolution gives apparent diffusivities and surface chloride
contents.
The apparent diffusivity Da becomes only Da =
2.810-13 m2/s when the curve-fitting is done to the profile
where a slice is cut off as in the fib model. The apparent
surface chloride content Csa becomes 10.5 kgCl/m3. These
two parameters are evaluated according to the principles
in the fib model.
A comparison is made in Figure 2 between the two
alternative ways to make predictions from a profile after
a short exposure time, here two years, up to an exposure
for ten years.
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Influence of red mud addition in alkali-activated mortars on
corrosion resistance of steel
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Abstract. Alkali-activated materials (AAM) consist of a precursor, which is a source of aluminosilicates,
and an alkali source. The precursors are usually waste materials from various industries such as fly ash from
thermal power plants and slags from the metallurgical industry. Due to the increasing use of these materials
in the cement industry and strategies for decommissioning coal-fired power plants, alternative raw materials
from waste streams are increasingly being explored. One of these materials is waste from the aluminium
industry, known as red mud. Due to its chemical composition, which is similar to that of other cementitious
materials, red mud is suitable for use in the cement industry. It can also be used as a source of
aluminosilicates in the synthesis of AAM. In this study, the corrosion behaviour of steel in chloride exposed
AAMs based on fly ash and slag was investigated with and without the addition of red mud. During exposure
of AAM to tap water and a 3.5 wt.% NaCl solution, the corrosion process was monitored by corrosion
potential. AAM mixes containing red mud exhibited better corrosion resistivity and lower current density
values compared to mixes without red mud, indicating a possible contribution of the red mud to chloride
binding and improving the passivity of the steel.

1 Introduction

2 Materials and methods

Alkali-activated materials (AAM) are being researched as
an alternative to Ordinary Portland cement, in the effort
to reduce CO2 emissions and landfilling of industrial byproducts. AAMs are produced by the reaction of
aluminosilicate, usually fly ash (FA) and blast furnace
slag (BFS) with an alkaline activator. Availability of
precursors such as fly ash is decreasing, and therefore a
need for alternatives is emerging [1]. Recently, much
attention has been paid to bauxite residue, also called red
mud. Red mud is a waste generated during the production
of alumina, which involves dissolving bauxite ore in
highly alkaline sodium hydroxide [2][3]. Due to the
production process, red mud is a highly alkaline product
with a pH of 10-13.5 and is pumped off for disposal,
posing a major threat to the environment. For every ton of
aluminium produced, about 0.3-1 tons of residue is
generated [4]. The high alkali content and chemical
composition of red mud are attractive in the pretext of the
corrosion resistance of reinforced concrete. It was
previously hypothesised that red mud can prevent the
corrosion of reinforcing bars by maintaining its passivity
[5]. Present research is focused on observing the influence
of locally available red mud used in alkali-activated
binders on the corrosion parameters, such as open-circuit
potential (Ecorr) of steel embedded in alkali-activated
mortars exposed to tap water and NaCl 3.5 wt.% solution.

Red mud was obtained from landfill in Dobro Selo near
Mostar and fly ash originates from thermal power plant
Kakanj, Bosnia and Herzegovina. Chemical composition
of used materials is presented in Table 1, while Table 2
shows mix design of mortars used in this study. AAM
mortars were prepared with w/b = 0.24, while binder to
aggregate ratio was 0.33. OPC mortar was prepared
according to standard [6]. Mix labelled FA 1 was based
on fly ash as precursor, while mix labelled FARM 1 was
based on the combination of fly ash and red mud.

*

Table 1. Chemical composition of used materials
CaO
FA
RM

SiO2 Al2O3 Fe2O3 Na2O
52.7
21.9

22.7
16.9

7.3
37.9

1
7.2

K2O

SO3

2.2
0.2

1.2
0.2

Monitoring of steel corrosion in mortars was performed
applying unconventional three-electrode cell suggested
by Šoić et al. [7] and previously used by Runci et al. [8].
After mixing, mortars were cast into plastic cylinders
glued to polished steel plates and mortars were in contact
with steel. Tap water and NaCl solution were poured on
the mortar surface. A graphite stick was immersed in
water as a counter electrode, and saturated calomel
electrode was used as a reference. The open-circuit
potential (OCP) was measured periodically. Steel was
polarised to ±10 mV corrosion potential at a scan rate of
0.166 mV/s. Values of corrosion potential (Ecorr) of steel
were used to analyse the corrosion behaviour of steel in
mortars exposed to tap water and 3.5 wt.% NaCl solution.
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9.8
9.9

decline in values after 60 days. After 70 days in mix
FARM 1 Ecorr started to decrease and reached – 363 mV
by the end of the testing period. However, after 40 days
of exposure and till the end of test period FARM 1 had
higher Ecorr than the values in FA1 without RM and OPC
sample.

Table 2. Mix design of the mortars
Mass (%)
FA 1
RM
NaOH
Waterglass
Water

FA 1
66.1
0
9.4
24.5
0

FARM 1
52.9
13.2
9.4
24.5
0

4 Conclusion
This study investigated the corrosion behaviour of steel
embedded in alkali-activated fly ash mortar and in mortar
in which 20% of the fly ash have been replaced by red
mud. The mortars were exposed to tap water and 3.5 wt%
NaCl solution and the open circuit potential (Ecorr) was
monitored. When the mortars were exposed to a NaCl
solution, the sample with red mud had highest Ecorr values
compared to the sample without substitution and OPC.
Although the causes of this beneficial effect need to be
further investigated, based on previous studies with red
mud, it can be hypothesised that this positive effect of red
mud may be due to the presence of Fe3+ ions, which
promote the passivation of steel. In addition, the presence
of Al2O3 also affects chloride bonding, which may be
another reason why sample with red mud in NaCl solution
showed more beneficial results.

3 Results and discussion
Figures 1 a) and 1 b) show results obtained by
measurement of the open-circuit potential (Ecorr) of
samples in tap water and 3,5% wt. NaCl solution,
respectively.
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Fig. 1. Changes in potentials (Ecorr) of samples exposed to a) tap
water and b) NaCl 3.5 wt.% solution

Results of Ecorr measured in NaCl are derived as an
average value of three identical samples. In addition to
alkali-activated mortars, OPC mortar was examined as
reference. In tap water, Figure 1 a), OPC sample exhibited
expected behaviour, potentials were quite stable and
maintained around 0 and -100 mV during entire test
period. Potentials in AAM samples were stabilised after
60 days. Potential in FA1 mortar was between -270 and 290 mV. Steel embedded in FARM 1 mortar exhibited
lowest values of Ecorr in tap water. Mortars exposed to
simulated sea water solution (3,5%wt. NaCl) are
presented in Figure 1 b). After 60 days of monitoring,
corrosion potential value in OPC started to decline,
reaching value of -457 mV at the end of testing period.
Steel embedded in FA 1 exhibited even more pronounced
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Abstract. Seven-wire strands in pretensioned concrete (PTC) structures can undergo chloride-induced
localized corrosion leading to catastrophic failure. In this case, the corrosion products occupy the space
between the seven wires of the strands and do not exert expansive pressure onto the surrounding concrete
until advanced stages of corrosion. Hence, unlike the case of conventional reinforced concrete systems, the
propagation of corrosion of strands (during the initial stages) cannot be detected by visually observing the
possible corrosion stains on the concrete surfaces. Hence, it is important to optimize the corrosion-resistance
of PTC systems during the design stage itself such that they can remain corrosion-free throughout the
expected service life of 100+ years. This article presents the effect of binder on the critical chloride threshold
(Clth), a key parameter influencing the corrosion initiation period. In this study, pretensioned wire specimens
comprising of self-reacting frame and in-built electrochemical cell were prepared to determine the Cl th of
prestressed steel embedded in mortar. Wires were stressed to the service-level prestress of 0.76 times the
ultimate tensile strength of the prestressing steel. Performance in the three binders, namely ordinary
Portland cement (OPC), OPC+30% of Class F fly ash, and OPC+50% ground granulated blast furnace slag
were evaluated. The specimens were subjected to wet-dry exposure using simulated concrete pore solution
containing NaCl, and the Clth was determined. It was found that the stress leads to significant reduction in
the Clth and must be considered for service life estimations. Also, the synergistic effects of chloride diffusion
coefficient (DCl) and Clth on the corrosion-free service life of PTC systems are demonstrated.

1 Introduction

2 Materials and Methods

Typically, the pre-tensioned concrete (PTC) structures are
designed for a deemed-to-satisfy life of 100+ years.
Prestressed strands are the backbone of these PTC
elements, and their failure can be brittle or catastrophic in
nature, because of which the PTC structures can fail even
without any warnings, say, sagging/deflection of beams.
Also, some post-failure analyses have revealed the
possibility of chloride attack and stress corrosion cracking
(SCC) of steel strands [1–4], leading catastrophic failures.
This prevailing scenario makes it very necessary to ensure
that the prestressing (PS) steel strands and cementitious
materials used in the new construction are of adequate
quality to meet the 100+ years of service life. This work
quantifies the role of pulverized fuel ash (PFA; fly ash)
and ground granulated blast furnace slag (GGBS) in
enhancing the probabilistic service life. The paper
demonstrates the need for specifying both strength and
durability requirements (say, “Mx-Dy” concrete). Such an
approach can aid engineers and designers in making
informed choices of materials to achieve protection of
PTC systems against chloride-induced corrosion and to
achieve service life of 100+ years with minimal
maintenance/repair cost.

*

The chloride threshold, Clth, was quantified using a test
method (developed at IIT Madras) called ‘PSd-ACT’
(where ‘PSd’ refers to prestressed and ‘ACT’ refers to
accelerated chloride threshold) to mimic field scenario.
Figure 1 (a) shows the schematic of the PSd-ACT test
setup with a stressed PS steel wire of 5.28 mm diameter
(extracted from 7-wire strands of nominal diameter
15.2 mm) embedded in mortar. Three cement mortar
mixes with a ratio of 0.5:1:2.75 (water: binder: fine
aggregate) were used; namely OPC, PFA30, GGBS50. In
the OPC mix, 100% of the binder component consisted of
ordinary Portland cement. In the PFA30 mix, 30% of OPC
was replaced with PFA by weight. In the GGBS50 mix,
50% of OPC was replaced with GGBS. 15 specimens
were tested per mortar type and the king wire was
tensioned to 0.76 times the ultimate tensile strength of
strand i.e., fpu as per IS 1343 [6]. Testing involved
subjecting the specimens to dry-wet exposure (5d-2d)
using simulated concrete pore solution containing 2%
NaCl, monitoring the electrochemical impedance spectra
(EIS), and determining the chloride concentration at the
steel-cementitious interface as per SHRP S330 [7]. Refer
Joseline et al. [5] for more details.
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3 Results and discussion
The EIS responses were monitored during every wet
period and the corrosion initiation was identified. Then,
the Clth values were determined (see Figure 2). The mean
Clth of PSd steel in OPC was greater than that in PFA30
and GGBS50 mortars. However, the time for corrosion
initiation depends also on the chloride diffusion
coefficient, DCl, of concrete. To illustrate the synergistic
effects of DCl and Clth on the service life of various PTC
systems, six concretes with different DCl were considered
for a case study (refer Joseline and Pillai [8] for details on
the inputs). The comparison of the probabilistic service
life (say, time to initiation of corrosion) of PTC systems
considered is shown in Figure 3. It can be observed that
the 50% probability of corrosion initiation in the OPC
systems (extreme values of the expected range of DCl) was
<10 years under the considered exposure conditions. The
PFA concrete system with higher DCl can achieve a
corrosion-free life close to 80 years (at 50% probability).
However, if the PFA concrete with lower DCl or slag
concrete systems are used, the chances of corrosion
initiation (even low probabilities) during the expected
service life are absent, although the Clth values are either
lower or not significantly different from that of OPC
system.

Fig. 3 Probabilistic service life of prestressed concrete

4 Conclusions
This paper shows that the chloride threshold (Clth) of
prestressed steel is strongly influenced by the
cementitious system. Although fly ash-based system had
a lower Clth than OPC system, PTC girders with fly ash
can exhibit longer corrosion-free life than OPC systems due to the synergistic effects of DCl and Clth. Likewise,
slag-based system had a higher Clth and very low DCl,
which synergistically lead to a very high service life
compared to OPC and PFA systems. Hence, it is
recommended that the selection of binder should be
primarily based on the synergistic effect of DCl and Clth on
corrosion initiation time and not only Clth. Also, to
achieve desired corrosion-free service life, the paper
recommends specifying concretes as ‘Mx-Dy’ concrete,
where x and y represents target compressive strength and
target DCl, respectively.
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3.1 Degradation and condition assessment
Forensic investigation concerning inspection and diagnosis of
condition of water storage systems in the Gulf.
Michael Grantham1,*and Rob Polder2
1
2

Sandberg LLP, London UK
RPCP Consultants, Gouda, The Netherlands

Most of us are fortunate enough to enjoy drinking safe,
potable water direct from the tap in our homes and
businesses. Most of us give little thought to the challenges
and difficulties faced by those operating the water supply
system, whose job it is to design, install and operate
infrastructure capable of handling, purifying, storing and
delivering water safe enough for us to drink. We think
little of the design and construction challenges that
involves or how designers and contractors ensure that the
durability of the installed plant and infrastructure will
meet the required service lifetime. In temperate countries
that is challenge enough, but when constructing storage
towers, reservoirs and piping systems in hot, arid
countries it is, perhaps, not surprising that difficulties can
occur during construction and operation.
This is sometimes further compounded by the fact that
designers are often based in Europe in more temperate
conditions and may not fully appreciate the difficulties of
constructing in a hot, arid climate. Furthermore,
Engineers may try to apply the same acceptance standards
that they would in more temperate countries, not fully
appreciating the difficulties of construction in hot
climates.
Sandberg were asked to visit and comment on a
sizeable project in the Gulf involving water storage
towers, ground reservoirs and ancillary buildings in
contemplation of legal proceedings. The structures had
been built by a contractor but some problems had
occurred in construction due to the high temperatures and
issues with the concrete placement. The main issue that
needed to be resolved was whether the problems that
occurred were within acceptable limits for that type of
construction and what repair recommendations were
appropriate.
The Client for the project had rejected the structures
and was aiming for demolition and reconstruction which

*

was a draconian step, given the level of problems – all of
which were easily repairable. A significant amount of
misdiagnosis had occurred with dark flecks on the surface
of reservoirs being attributed to corrosion of
reinforcement, for example, when in fact they were due to
mould growth on the surface of the concrete and were
literally surface deep only. There were also significant
questions to be answered as to what constituted an
acceptable level of leakage from water storage towers. An
issue was also present with very severe corrosion to some
reinforcing bars close to ground level in several ground
reservoirs, despite the reinforcement being epoxy coated.
It was considered highly likely that this damage was in
fact due to stray current corrosion from current leakage
from the cathodically protected water pipelines that
delivered water to the facilities in question.

Fig. 1. Typical Elevated Water Tower
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The specification for the project called for the cast-inplace concrete for the water retaining structures to be a
class 35A with a minimum cement content of 385 kg/m3
and a maximum of 400 kg/m3. The reservoirs were
specified as water retaining structures and the structural
reinforcement was specified as epoxy coated. The cement
was specified as ordinary Portland cement (i.e CEM1).
The specification required compliance with BS8007:1987
(in 2006, that standard was replaced by BS EN1992-3, but
this project used the older standard). The concrete finish
was specified as class F3 (shall be smooth and of uniform
texture and appearance). In fact, the authors of this paper
made reference to the guidance in BS EN1992-3 (4) since
it gave good guidance on industry expectations in relation
to watertightness. All structures were also coated
externally and in the case of plant rooms, internally too.

Fig. 2. Photograph of one of the very few structures showing
live leakage of water internally. The dark staining may indicate
rust but this was never investigated or proved in the initial
reports

Table 1 – Standard and Contract Requirements and Test Results from reports for the owner.
Watertight Concrete Design Criteria vs Field Testing
Criteria
Min. Cement Content
Max. Cement Content
Max Water/Cement
Ratio
Min. Cube Strength
Concrete Grade
Max. Crack Width
Min. Concrete Cover
Reinforcing Steel

BS 8007 Severe Service

Contract
Documentation

Initial Test
Results

325 kg/m³
400 kg/m³
0.5
35 MPa

385 kg/m³
400 kg/m³
0.45
35 MPa

332 kg/m³
395 kg/m³
0.6
32.9 ‐ 60.7 (EWTs)
31 ‐ 48 (GSRs)

35A
0.2 mm

35A
0.2 mm

< 35A
not measured

40 mm
Epoxy Coated

50 mm
Epoxy Coated

28 mm to > 50 mm
Epoxy Coated

The full paper discusses the diagnosis of the issues that
were being considered with the structures and in the
author’s opinion, the attempts by the opposing parties to
misrepresent the information and to recommend wholly
unnecessary demolition of some structures. The paper
discusses that, in common with most civil engineering
structures, defects occur in practice. The key point is
whether the defects will impact on the service life of the
structure and whether they can be easily remediated. It is
critical to assess the condition of potentially affected
structures dispassionately and objectively and to

recommend solutions based on best practice and
experience.
Most important of all, if a dispute proceeds to
Arbitration or to Court Proceedings, it is essential to
report findings accurately and truthfully and to be
objective in the assessment. In the author’s experience as
an expert witness this is unfortunately frequently not the
case. Evidence may be misrepresented, distorted and even
omitted to support a particular viewpoint. Fortunately, the
barristers, legal representatives, judges and arbitrators are
experienced and shrewd people and can form their own
judgement when they see such distortions in play.
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Corrosion monitoring of reinforced concrete structures –
actual research results and new guidelines
Andreas Fraundorfer1,*, Christoph Dauberschmidt1
1

Munich University for Applied Sciences HM, Department of Civil Engineering, Munich, Germany

Abstract. The corrosion of reinforcing steel in concrete, caused by de-icing salt or carbonation, represents
a considerable repair expense in Germany every year. Electrochemical corrosion monitoring can be a helpful
tool to determine the ingress of the depassivation front into a chloride exposed structure. The installation of
appropriate sensors in existing structures can make the success of the repair verifiable after the repair work
has been completed. To date, however, there is no set of rules for corrosion monitoring. In 2018, a leaflet
B12 of the DGZfP [1] was published for the first time, which can serve as a guideline. Furthermore, in the
last 3 years a broad-based research project has been carried out in Germany on open questions of corrosion
monitoring. The knowledge gained in this way will be incorporated into a DAfStb-Leaflet that is currently
being processed. Both the relevant findings of the investigated part at the University of Applied Sciences
Munich HM and the content of the leaflet are presented.

Monitoring has been used by experts in the corrosion field
for a long time in some cases, and there are already a large
number of publications on the subject, such as [5 - 7].
Nevertheless, the procedure is also accessible to a broader
spectrum of planners via Specification B12, although
pronounced special knowledge in the field of corrosion is
still required in order to design and ultimately also
interpret a target-oriented monitoring concept.
Nevertheless, there is a lack of regulations in Germany
that adequately cover corrosion monitoring.

1 Introduction
Repair methods in which the chloride-contaminated
concrete can remain in the structure are based on
preventing one of the sub-processes necessary for
corrosion. This is possible, for example, by means of
cathodic corrosion protection, which prevents the
dissolution process of the reinforcing steel by its cathodic
polarization. Cathodic corrosion protection is regulated
separately in a separate standard in Germany [2], which
takes account of this complex special area. The situation
is different for electrochemical corrosion monitoring
(hereafter monitoring).
Even if this is not a repair method, the application of
monitoring is necessary, for example, for procedure 8.3
according to [3], also W-Cl according to [4]. The repair
method is based on the idea of increasing the electrolyte
resistance of the concrete by drying it out (e.g. by
applying a coating that is open to diffusion but waterproof
from the outside) to such an extent that corrosion stops.
The lack of water content should prevent any significant
transport of ions between the anode and the cathode.
Corrosion monitoring must be used to verify the success
of the repair process. However, there is no standard
regulating this procedure.
In 2018, the Specification B12 [1] of the DGZfP on
corrosion monitoring in reinforced and prestressed
concrete structures was published.

*

2 Research on corrosion monitoring
The cooperative research "KoMICS" with the Munich
University of Applied Science (HM), the Federal Institute
for Material Research and Testing (BAM), the Technical
University Munich (TUM) as well as four industrial
partners and the German Committee for Reinforced
Concrete (DAfStb) as the guideline-giving institution,
aims to answer open questions in corrosion monitoring for
reinforced concrete structures exposed to chloride. These
include both the suitability of various sensor systems and
the specification of relevant measurement parameters to
be recorded. The project is funded by the German Federal
Ministry for Economic Affairs and Energy (BMWi)
within the framework of the WIPANO guideline
(Knowledge and Technology Transfer through Patents
and Standards). In the course of this, the incorporation of
the results developed in the project into a draft set of rules
is to take place at the end of the project.
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Fig. 1. Exemplary preliminary test results of different measuring anodes (OPC-concrete)

The subproject of the Munich University of Applied
Sciences HM aims to partially develop and investigate
sensor systems for the deterioration phase. The focus is on
the mutual comparability of the measurement results. The
aim of the subproject is to determine boundary conditions
that must be taken into account during the design,
installation and evaluation of the sensor systems.

monitoring principles and equipment. The authors believe
that this specification is an important step forward
towards the implementation of corrosion monitoring as a
standard option for repair strategies for reinforced
concrete structures.
Furthermore, the results of a research project called
“KoMICS” currently carried out show that corrosion
sensors installed subsequently can also record corrosion
activity well. Preference should be given to anodes that
are already present on the existing structure. Ideally, these
are areas of corroding reinforcing steels in which
anodically active areas can be electrically isolated and the
element currents recorded over time. Substitute anodes
show comparable corrosion behaviour over time, but in
terms of the magnitude of the measured element current,
direct anodes show more realistic values and are therefore
easier to evaluate. Special attention is currently being paid
on the estimation of self-corrosion under dry
environmental conditions. Self-corrosion must be taken
into account when evaluating the measured element
currents so as not to underestimate the corrosion activity
on the unsafe side.

3 First test results
Details on the specimen and the measurement can be
found in the full length paper. First test results are shown
in Fig. 1 for one type of the test specimen. It shows that
the recorded element currents, as a measure of the
corrosion activity during storage in a dry climate
(65 – 55 % RH), decrease significantly with time until
they are below 10 µA after about 1 year. After about
1 year of storage at 65 - 55 % RH, the test specimens were
placed in a humid climate (90 % RH) for selective
rewetting. It can be seen that the elemental current of the
anodes increases again after a few weeks. The difference
between the directly embedded anode and the
subsequently isolated anode seems to be more random, as
this behaviour could not be observed at the BFC samples
(not given in Fig. 1).
Particularly in the case of large sensors (concrete
screws or drop-in anchors) and dry exposure conditions,
there is a risk that the corrosion activity will be
significantly underestimated due to a high proportion of
self-corrosion.
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Condition assessment of a prestressed concrete slab after
nearly 60 years in service
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Abstract. Two concrete deck slabs extracted from the former Champlain Bridge in Montreal, Canada, have
been evaluated using non-destructive testing (NDT), followed by destructive testing. This bridge was
constructed in the late 1950’s and was famous for its novel design which included transverse post-tensioning
of the deck infill panels situated between the top flanges of the longitudinal girders. Its location experiences
harsh environmental conditions with frequent freeze-thaw cycles, hot and humid summers, and the use of
de-icing salts during winters. This study presents the preliminary results of an exhaustive condition
assessment of two prestressed concrete slab panels, where NDT techniques (including visual assessments,
electrochemical and concrete soundness tests) have been conducted prior to destructive testing, which
includes the stiffness damage test, damage rating index, compressive strength test, titration testing for
chloride content, carbonation, four-point bending test, as well as tensile and gravimetric tests on extracted
tendons. Although visual inspection did not indicate poor concrete quality, the results of the ultrasonic pulse
velocity testing showed that both concrete slabs are of poor quality and may be suffering from internal
defects. Chlorides may have also been introduced through the strand conduit anchor points. These findings
raise concerns regarding the structural integrity of corrosion-affected members.

to the Champlain bridge are showing major signs of
distress at a quicker rate than expected.
As part of the highly integrated superstructure, the
infill slabs (Fig. 2) play a major role in the bridge’s loadtransfer system. The continuous use of de-icing salts over
the lifespan of the bridge, combined with the failure to
incorporate appropriate mitigation measures, have
contributed to the corrosion of the slabs’ post-tensioned
prestressing tendons [1]. As a result, it is of great
importance to fully understand how distress mechanisms
influence the mechanical, durability and functional
properties of affected ageing concrete field members over
time.

1 Introduction
Located in Canada, the Champlain Bridge (Fig. 1) was an
iconic steel truss cantilever bridge with two concrete
approach spans that connected the city of Montreal to the
South shore crossing the Saint Lawrence River. The
Champlain Bridge was constructed between 1958 - 1962
and remained in operation until 2019. Over the last six
decades, the regular use of winter de-icing salts led to
significant levels of deterioration of its concrete elements.

Fig. 1. Champlain Bridge layout [1]

The structure’s novel design, which included prestressed
concrete girders connected to transversely post-tensioned
infill slabs, introduced problems when replacing
deteriorated members or monitoring their structural health
[1]. Although multiple restoration projects were
completed, the Champlain Bridge was eventually
demolished after 57 years of service.
The Champlain Bridge was built during a crucial time
in the evolution of bridge construction techniques and
winter road maintenance practices. Winter de-icing salts
were not considered in the design of the bridge
components. As a result, many concrete structures similar
*

Fig. 2. Infill slab S1 extracted from Champlain Bridge

2 Scope of work
This work is part of a broader evaluation of the Champlain
Bridge, which includes diagnosis and prognosis of various
extracted structural elements, and the establishment of
management protocols for bridges in similar climates.
This paper focuses on the assessment of two prestressed
infill slabs. The objective of the work is to correlate the
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4.2.2 Testing for corrosion
Rebar and tendons were evaluated using half-cell
potential measurements, as described in Table 1. As per
ASTM C876 [4], one tendon from each slab has a high
probability of active corrosion. It is important to note that
the metal conduit around the strands may impact half-cell
potential readings.

material deterioration and structural implications of
corrosion by evaluating actual field members.

3 Methodology
The 2 m x 3 m concrete infill slabs described in this study
were received by the authors in late 2021. Non-destructive
tests listed in Section 4 have been completed at an indoor
storage location. Further tests, including the stiffness
damage test (SDT), damage rating index (DRI),
compressive strength test, titration testing for chloride
concentrations and carbonation, four-point bending test,
tensile and gravimetric tests of extracted tendons will be
performed in Fall 2022. Numerical modelling will also be
conducted to assess the slab structural integrities.

4.2.3 Testing for chlorides and carbonation
Silver nitrate solution sprayed on the side of the slabs
indicated the presence of chlorides around the strands
within the metal conduit, and in the cracks along the soffit.
This suggests that corrosion was initiated by chlorides
introduced from tendon anchor points in the structure.

4 Results and discussion

Table 1. Summary of non-destructive test results

4.1. Visual assessment
Two slabs, S1 and S7, were cut from the driving surface
of the bridge without removing the pavement.
Prestressing tendons are placed transversally at average
spacings of 1000 mm. Each tendon consists of 12-7 mm
diameter strands tightly grouped within a metal conduit.
The application of grout appears successful with limited
visible empty space. Concrete cracking with white
discoloration is observed along the slab soffits parallel to
the strands.

Test
Schmidt
hammer
UPV
Half-cell
potential
Chloride test

Average results – S7
55.39

2.0 km/s – 2.8 km/s
Possibility of active corrosion at one tendon
location
Chloride in metal conduit and along slab soffit

5 Conclusion
Based on the above obtained results, the following
conclusions can be drawn:

4.2. Non-destructive tests

•

4.2.1 Schmidt rebound hammer and ultrasonic pulse
velocity
The rebound number was determined at 12 locations
along each slab soffit. Average rebound numbers for S1
and S7 were 54.84 and 55.39, respectively (Table 1).
Ultrasonic pulse velocity testing was performed on 800
mm long strips between reinforcement in order to assess
concrete quality. Measurements for both slabs ranged
between 2.0 km/s and 2.8 km/s (Table 1), indicating poor
concrete likely due to internal defects [2].
Concrete compressive strengths were estimated by
incorporating the empirical formulation developed by
Meynink and Samarin (1979) [3]:
fcyl = -24.1 + 1.24(Ir) + 0.058(Vus)4

Average results – S1
54.85

•
•

UPV testing showed that the concrete slabs are of
poor quality, with the possibility of suffering from
internal defects.
One prestressing tendon from each slab may be
exhibiting corrosion.
Chlorides may be introduced through the strand
conduit originating at anchor points.
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where fcyl is the cylindrical concrete strength (MPa), Ir is
the average rebound number, and Vus is the average pulse
velocity (km/s).
The calculated average compressive strengths for S1
and S7, 44.23 MPa and 45.0 MPa, respectively, are in
accordance with the reported design strength (40 MPa).
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A case study on concrete testing for accurate assessment and
maintenance of concrete structures
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Abstract. The South African National Road Agency’s (SANRAL) Bridge Management System (BMS)
identified 5 concrete structures in the Eastern Region for priority assessments and repair. Defects in the
structures included spalling and cracking of the concrete with varying degrees of severity recorded across
structures and across individual structural elements. Concrete testing was carried out to accurately determine
the deterioration causing mechanism, and to select an appropriate repair strategy for the rehabilitation of the
defects. Carbonation depth, durability index, chloride content, chloride profile and cover depth tests were
carried out on all structures except for the 2 inland structures where chloride tests were omitted due to low
chloride exposure conditions. For the remaining 3 structures exposed to airborne salts, chloride-induced
corrosion was ruled out following evaluation of the test results. Chloride contents measured were
insignificant and good chloride conductivity results were achieved. Crack and spalling defects on all
structures were attributed to carbonation-induced corrosion. The variation of carbonation and cover depth
test measurements, with due cognisance of the “micro-climate” experienced by various structural elements,
correlated well with the variation in the degree of severity of defects recorded across structures and elements.
Poor oxygen permeability and water sorptivity measurements also correlated well with carbonation ingress
measurements. Test results obtained from the investigation were imperative to accurately assess and
determine the appropriate repair methods on this project. The project specifications and repair products were
specifically detailed for each structure, ensuring sufficient information was provided for tender and
construction purposes.

incipient anode formation with new areas of corrosion in
turn leading to repair failure [1]. The accurate diagnosis
of defects is therefore essential to ensure expensive
concrete repairs are not undertaken with an adverse result.
Concrete testing is therefore necessary for the
specification of appropriate repair methods applied to the
defected concrete.
For 2 of the 5 bridges, the likelihood of chloride
related defects was deemed low at the outset due to their
inland locations and the resulting low exposure to
airborne salts and seawater, as well as the absence of any
indication of chlorides being present in the ground water.
This information allowed for chloride testing to be
omitted from the investigation of the inland structures.

1 Introduction and background
A condition assessment and repair of four bridges and one
culvert was carried out for the South African National
Road Agency Limited (SANRAL). The structures were
identified as requiring immediate investigation and repair
through SANRAL’s Bridge Management System (BMS)
– an inventory of information collected on all bridge
structures owned by SANRAL. Defects observed in the
structures included spalling and cracking of the concrete,
varying in degrees of urgency across structures as well as
in each element of individual structures. The aim of the
concrete testing was to determine the cause of defects and
to confirm appropriate repair methodologies to form part
of the project specifications.
Concrete testing was recommended to SANRAL and
carried out to gather information on the condition of the
concrete, and to determine the cause of corrosion in the
structures. It is essential to understand the corrosion
causing mechanism so that an appropriate treatment of the
concrete can be carried out thereafter. Spall resulting from
corrosion of reinforcement is commonly repaired using a
proprietary cementitious repair system, an acceptable
solution for carbonation-induced corrosion. Localised
repairs of spall resulting from chloride attack may
however still leave the reinforcement susceptible to
corrosion should all the chloride-affected concrete not be
treated. The adjacent repaired concrete can result in

2 Results and findings
Compressive strength, carbonation depth, cover depth,
chloride content, chloride profile and durability index
tests were carried out on all structures – except the 2
inland structures for which chloride testing was omitted.
The results of the concrete tests performed on one of the
coastal structures (Bridge 1) are discussed to illustrate
why concrete testing is imperative and what conclusions
can be drawn from such an investigation. Results of
concrete testing conducted for Bridge 1 have been
summarised in Table 1 and durability index test results
have been presented in Table 2.
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could be attributed to poor workmanship at placement
stage of construction). In this case, it was recommended
that the spall be repaired, and a carbonation barrier
coating be applied to the entire surface of the parapets (in
accordance with EN 1504) to halt the carbonation front
movement. Cover on the bridge deck was noted as
significantly low and was exceeded by carbonation depths
measured, indicating the carbonation front had moved
past the reinforcement layer and corrosion had
commenced. This was consistent with spalling observed
in certain areas of the edge beam. Carbonation depths
generally varied in different elements of Bridge 1. Depths
were not high in the parapets, abutments, and piers,
however significant depths were recorded on the bridge
deck. The difference could be attributed to ‘microclimates’ that occur in a structure where different
elements exposed to different moisture and thermal
conditions cause different rates of carbonation [3].
The oxygen permeability and water sorptivity test
results were poor, indicating that the concrete was
susceptible to ingress of moisture and gases. The chloride
conductivity test produced an excellent result which
provided supplementary information supporting the
conclusion that the ingress of chlorides was not the cause
of defects. The result indicated that the chlorides are likely
bound in the concrete through the presence of cement
extender materials such as granulated blastfurnace slag or
fly ash, making them unavailable for the initiation of
chloride induced corrosion. Cognisance was given to the
chemically bound chlorides which may be released due to
deterioration of the cement hydrates caused by
carbonation. In this case, the chlorides would then become
available for the corrosion reaction [4].

Table 1. Bridge 1 concrete testing results
Parapet
s

Abutment

Pier

Deck

34.3

48.1

48.5

36.1

0.019

0.020

0.019

0.017

29

57

71

26

5

15

15

30

Compressive
strength (MPa)
Average chloride
content (% weight
of sample)
Average
measured
cover (mm)
Carbonation
depth
(mm)

Table 2. Bridge 1 durability index testing results
Durability
index value

Qualitative
descriptor

Oxygen permeability
index (no unit)

9.45

Poor

Water sorptivity
(mm/hour0.5)

10.32

Poor

Chloride conductivity
(mS/cm)

0.65

Excellent

Compressive strength tests conducted on cores extracted
from the bridge elements all showed adequate in-situ
concrete strength. This did not however mean that the
structure was at a lower risk of defects as research has
shown that carbonation locally increases the cement paste
density and compressive strength as a result [2].
Chloride results have been presented as an average
chloride content as the concentration profile remained
constant with depth into the concrete. Chlorides measured
were therefore concluded to have been built into the
concrete mix during construction and had not migrated
into the concrete. Results were compared to the maximum
chloride content limit in the COTO specifications – 0.2%
of the cementitious binder. Beyond this threshold,
reinforcement is regarded to be at risk of chloride-induced
corrosion. For all 3 bridges, chlorides measured were
established to be well below these limits, even with the
actual cementitious material content of the concrete
unknown. For the 0.2% limit to be exceeded, cementitious
material content in the concrete mixes of Bridge 1 would
have had to be less than 250 kg/m3 and would not have
achieved the compressive strength results reported.
Considering this, the possibility of any defects occurring
due to chloride-induced corrosion were ruled out.
Corrosion and spalling defects observed on the bridge
elements were linked to low cover measurements
(compared to minimum requirements in Table 12 of TMH
7 Part 3) and significant carbon dioxide ingress.
Carbonation depths were noted as minimal on the bridge
parapets, but defects were observed in localised areas
where visual inspection showed minimal cover (which

3 Conclusion
Concrete testing prior to undertaking repair work is
essential for the accurate diagnosis of defects and the
specification of appropriate repair methods to ensure the
service life of the concrete is achieved or prolonged as per
client requirements. Repair quantities can also be assessed
more accurately prior to construction. Concrete testing
ensures that no additional expenses are incurred due to
incorrectly diagnosed defects resulting in failed repairs,
and also provides valuable as-built records for use during
future maintenance and assessments.
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(i) the remaining bearing capacity and (ii) the durability
(with focus on corrosion damage) are included. The
protocol exist of five consecutive phases: 0) tender stage,
1) inspection stage, 2) research stage, 3) assessment stage
and 4) report stage.
Prior to the investigation, it has to be decided whether
an assessment study is needed (Phase 0). Various
scenarios exist for which it is urged to investigate the RC
balconies: damage can be expected due to the age of the
building (end of service life is approaching) or the
environment (exterior, sea or saline), damage of the RC
elements is already observed, etc.
The file investigation performed in Phase 1 includes
the collection of information of the original design (plans,
reinforcement sketches, as-built reports, etc.).
Information about previous repair actions and/or a
previous inspection reports are also part of the file
investigation. A thorough visual inspection of 100% of
the balconies (top, bottom and front) with inventory of
observed damage (quantification and qualification) is
essential. A schematic visualisation of the considered and
most expected defects and damage mechanisms for RC
balconies are depicted in Figure 1.

1 Introduction
Facing the aging building stock, challenging times can be
expected with a sharp increase of reinforced concrete
buildings requiring maintenance, repair and/or
replacement. For the condition assessment of existing
reinforced concrete structures an in-depth and reliable
inspection strategy and evaluation showing the cause and
extent of the damage is essential (i) to determine the actual
bearing capacity, (ii) to make an estimation of the residual
lifespan (iii) to select a durable and service-life extending
repair strategy. The repair might fail in early stage when
the cause of the problem was not (completely) identified
[1]. Therefore, a stepwise protocol to evaluate the
condition and remaining bearing capacity of cantilevered
reinforced concrete (RC) balconies is presented in this
paper. A semi-probabilistic method is used by applying
partial safety factors based on Eurocode guidelines and fib
Bulletin 80. The condition of the structure is determined
based on NEN2767 regulations.
In the past decades numerous incidents of collapsed
RC balconies are reported worldwide and it can be
expected that the frequency of cases with collapsing
concrete elements might increase in time if no actions are
undertaken. The main failure mechanism is corrosion of
the reinforcement causing the reduction of the steel
section: more than 75% of the damaged reinforced
concrete structures are in a way related to corrosion,
induced by carbonation of the surrounding cementitious
matrix and/or chloride ingress. Corrosion affects the
durability of a concrete structure, resulting in cracks and
delamination of concrete parts due to the expansive nature
of corroding steel. Furthermore, the structural safety of
the structure can be jeopardized as corrosion reduces the
cross section of the reinforcement bars in a uniform (due
to carbonation) or local way (pitting corrosion initiated by
chlorides). Besides a reduction of the steel area caused by
corrosion, lower positioning of the reinforcement and
higher applied loadings are reported as the main
contributing factors to the failure of cantilevered RC
balconies.

Fig. 1. Observed damage on top, bottom and side of cantilevered
RC balconies.

Corrosion, initiated by carbonation and/or chlorides, is the
main deteriorating mechanism in most cases. Corrosion
initiated by carbonatation is often visible at the underside
Based on the prior visual investigation of Phase 1
different areas are selected on which Phase 2 is
performed. The basic field testing and sampling procedure
includes a combination of non-destructive and destructive
measurements:
description
of
visual
damage
characteristics, measuring dimensions of the balcony and
identifying layers, rebar detection and determination of
the attributive properties of the reinforcement, chloride
content determination and/or profiling, determination of
carbonation depth, rebound hammer and a possibility of

2 Protocol for cantilevered balconies
Based on a critical review of existing standards and
guidelines, integrating existing knowledge and on-site
experience, a stepwise protocol to evaluate the condition
and remaining bearing capacity of cantilevered reinforced
concrete (RC) balconies is developed. The evaluation of
*
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additional testing such as potential mapping, in-situ
strength determination of steel and/or concrete. The
proposed step-by-step method is intended to avoid
overkill of (destructive) testing measurements. Guidelines
on the amount of test that need to be performed are
available in the full paper.
Once the damage causes is identified, the condition of
the RC elements is determined, based on NEN 2767
regulations. Each element is ranked with a score between
1 (excellent condition) and 6 (extremely poor condition),
based on severity, extent and intensity of the damage.
The acquired information can be used in order to come
to a funded assessment of the damage (with regards to the
durability of the structure) and the bearing capacity of the
cantilevered RC balcony. This approach is visualized in
Figure 2. Note that the protocol mainly focusses on
corrosion damaged RC balconies.

Preventive life extending and curative repair techniques
are directly linked to the durability related condition of the
element. Note that by means of probabilistic approaches
the probability of failure with regards to depassivation of
the reinforcement can be determined and evaluated.
For the evaluation of the bearing capacity, the
comparison of the applied and the resistant bending
moment (MEa vs. MRa respectively) is the critical failure
mechanism for cantilevered slabs. The reliability of a new
concrete structure is mostly verified based on a semiprobabilistic method by applying partial factors for
material properties and for applied loading according to
the Eurocodes (EC). However, updating existing
buildings to current standards requires a greater
investment. The remaining working life is often smaller
than the assumed 50 years for new buildings and the
actual structural condition can be obtained by on-site
measurements. The often conservative requirements for
new building might underestimate the behaviour of
existing structures. The Additional Partial Factor Method
(APFM) as mentioned in [3] and fib Bulletin 80 will be
considered for evaluating the bearing capacity.
In Phase 4 an inspection report is created, including
the final condition score and complete durability related
damage diagnosis, evaluation of the remaining bearing
capacity and residual life estimation. Based on the results,
recommendations to continuous monitoring, preventive
maintenance and/or curative repair (possible techniques,
materials, urgent intervention,...) based on the principles
described in EN 1504-9 should be created, preferably in a
life cycle perspective with respect to both costs and
environmental impact [4].
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Abstract. The Bridge, a highway bridge structure, was built using a suspected alkali-silica reactive
aggregate in the 1960’s in a city in central Canada. Its concrete elements experienced rapid deterioration
resulting in the need for costly increased repairs and rehabilitations. Alkali-silica reaction (ASR) is one of
several damage mechanisms which might be contributing to damage of concrete elements. Infrastructure in
central Canada experiences frequent freeze-thaw cycles, and heavy use of de-icing salts in winter as well as
high heat and humidity in summer which might intensify distress. In recent years several concrete elements
were selected for further assessment. Among them, five segments of a decommissioned Pier cap were
selected for preliminary evaluation through visual inspection (conventional, semi-quantitative and
quantitative using the cracking index) and non-destructive techniques (Schmidt hammer, ultrasonic pulse
velocity and surface resistivity). Preliminary assessment results will be used to determine the appropriate
locations (i.e., demonstrating the lowest/ highest deterioration) to extract cores for further assessment. Future
work will be conducted on extracted cores using a multi-level assessment technique consisting of
mechanical (compressive testing and stiffness-damage test) and microscopic procedures (the damage rating
index and SEM) to assess the condition of the Pier cap.

ASR-induced damage is frequently coupled with other
damage mechanisms (e.g., Freeze-thaw and/or steel
corrosion) [5,7]. The Bridge was exposed to freezing
winter temperatures and warm, humid summers which
makes additional mechanisms likely. In the 1960’s
Central Canada introduced de-icing salts for winter road
maintenance. Since then reinforcement corrosion due to
chlorides has become extremely common and resulted in
substantial changes in the design code to prevent chloride
ingress into concrete structures [6].
The behaviour of coupled damage mechanisms is
challenging to predict. Coupled mechanisms may
significantly increase the rate of deterioration compared
to a single mechanism [7]. As such, coupled ASR and
freeze-thaw damage is generally linked to increased crack
propagation from ASR because expansion of frozen water
deepens cracks and facilitates greater movement of liquid
water [7]. In laboratory research, the coupled effects of
chloride and freeze-thaw have been found to increase
scaling on concrete surfaces in addition to increasing the
rates of crack propagation and chloride penetration [8-10].
It is important to investigate field structures which are
experiencing coupled deterioration mechanisms due to the
large size of in situ concrete elements, and uneven
exposure to chlorides and moisture.
Accurate assessment of the current and future service
life of a deteriorated structure is essential to ensure safety,
schedule the replacement of structures and manage the
costs associated with public infrastructure. Visual and
non-destructive techniques are the primary method to
determine the structural health of aged structures this
paper presents preliminary findings in the condition
assessment of the selected Pier cap. This work is part of a
broader research effort to have more reliable and effective

1 Introduction
The selected bridge for this study, is a concrete highway
bridge, which was constructed in the early 1960’s and in
part traverses a waterbody.

Fig. 1 Pier cap under study (photo from 2021).

Central Canada has a history of reactive aggregates which
can lead to alkali-silica reactions (ASR) in concrete [1].
ASR is a chemical reaction between un or poorly
crystallized silica in the aggregate with alkali hydroxide
from the cement paste. These produce a secondary
product (the so-called ASR gel) which in the presence of
water, can expand causing cracking in concrete [2,3].
Such cracking can significantly impact the mechanical
properties of effected elements where a considerable
reduction of tensile (i.e., up to 65%) and stiffness loss
(i.e., up to 50%) at low/moderate expansion (i.e., 0.05 to
0.12% expansion) while compressive strength losses can
be up to 35% at very high expansion (i.e., 0.30%
expansion) [4]. ASR was previously confirmed in some
elements of the bridge through the extraction of cores
during the mid-1990’s.
*
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ways to assess the condition of the Bridge and similar
structures through the use of distinct diagnostic and
prognostic techniques. The in situ diagnostic techniques
presented here, will later be compared to microscopic and
mechanical testing which will be performed on the
extracted cores. Thus, such results can be better used to
develop more effective management protocols for
deteriorated concrete infrastructure.

average reading of 2.74 km/s. SH and UPV were used to
estimate concrete compressive strength using the
combined Sonic Rebound method [12] indicating
compressive strengths around 30MPa on the east and west
faces and compressive strengths around 45MPa on the
bottom surfaces.
Surface resistivity was performed on both the internal
and external concrete surfaces. The external concrete had
average readings around 200 KΩꞏcm and the internal
concrete had average readings around 9 KΩꞏcm. This
indicates that the repair concrete has a better quality than
the main concrete and offered greater protection against
the ingress of harmful ions like chlorides.

2 Methodology
The preliminary evaluation results presented in this work
have been gathered from five segments (dimensions 1 m
x 2 m x ~2.0 to 3.3 m) removed from the Pier cap (fig.1).
A number of visual inspection techniques
(conventional, semi-quantitative and quantitative using
the cracking index) as well as non-destructive techniques
(Schmidt hammer, ultrasonic pulse velocity and surface
resistivity) were performed a preliminary assessment of
the condition of the above-mentioned element. Results of
the preliminary assessment will be used to decide the best
locations (i.e., demonstrating the lowest/ highest
deterioration) to retrieve cores for further evaluation.

4 Conclusion
Preliminary investigation of the pier cap clearly identified
the need for further investigation of this concrete element.
Good agreement was found between quantitative visual
inspections (CI) and non-destructive techniques (SH and
UPV) with different levels of damage identified on
different surfaces of the pier cap
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3.1 Visual Inspections
Qualitative, semi-qualitative (i.e., measuring crack
widths) and quantitative (i.e., conducting the cracking
index) assessments of observable damage were
performed.
Concrete was aesthetically different depending on the
location in the structure with concrete on the bottom face
appearing darker and concrete on the top surface which
supported the girders having a rougher texture. All
segments have an internal concrete with large aggregate
covered by an external concrete with smaller aggregate.
Results from the cracking index (CI) indicated lower
cracking on the diagonal surface and higher cracking on
the east facing surface.
3.2 Non-destructive tests
Non-destructive tests were performed on the external
repair concrete replicating testing that could be performed
in situ. Schmidt hammer (SH) measurements had slightly
higher values on the bottom surface compared to the west
and east facing surfaces. High SH results correlated to
lower CI values indicating areas of lower and higher
concrete quality. Ultra-sonic pulse velocity (UPV)
measurements, were performed with results indicated
poor concrete quality warranting further testing [11]. UPV
readings varied between 4.89 km/s and 1.43 km/s with an
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Abstract. Corroding reinforced concrete structures are frequently assessed to determine the rate of
corrosion propagation and the level of deterioration, which might compromise the structure’s reliability.
Appropriate measures should be considered in deciding when and how to implement maintenance if safety
must be ensured. However, the influential factor that governs or informs such decisions is corrosion damage
quantification. Nonetheless, the current non-destructive methods of corrosion damage quantification often
lead to ambiguity, and most do not evaluate corrosion damage in terms of the rebar’s cross-section loss,
which is the primary effect of corrosion. To address these shortcomings, this paper proposes an effective,
reliable, and less-complicated model for quantifying corrosion damage in reinforced concrete structures
based on the cross-sectional area of the corroding bar. The study was conducted through experimental
(laboratory-based) and numerical investigations of the relationship between the level of corrosion and the
corrosion-induced crack width. Based on the investigations’ findings, appropriate relationships and essential
parameters were identified, and the model was derived analytically. The derived model assesses corrosion
damage in terms of the corroding bar’s residual cross-section and requires only a few input parameters,
which can be obtained by non-destructive testing if not known. The model was tested against data obtained
from the laboratory investigation and against other experimental and analytical data from the literature, and
the results showed a good correlation.

concrete structures by proposing an effective, reliable,
and less-complicated model. The study was conducted
through a laboratory-based experiment and numerical
analysis of the relationships between the level of
corrosion (cross-section loss and mass loss) and the
corrosion-induced crack width.

1 Introduction
The maintenance of corroding concrete structures is a
challenge to engineers, not only because of the
complexity characterising the corrosion process but also
the uncertainty of corrosion damage quantification [1,2].
In most instances, these structures are in service, thus,
requiring a non-destructive method of evaluation, which
often leads to ambiguity. Such situations often lead
engineers and practitioners to recommend repair earlier
than necessary or when the structure is beyond its limit
state. According to Bloomfield [2], if appropriate repairs
are to be performed on corrosion-damaged concrete
structures, then engineers must fully understand the cause
and extent of the damage or risk wasting resources. This
implies that appropriate corrosion damage quantification
is the most crucial task in the assessment of corroding
concrete structures.
Corrosion damage quantification in reinforced
concrete structures is one of the areas still underdeveloped
and contentious. Although there are some suggested nondestructive models for corrosion damage prediction, the
need to adequately quantify the degree of reinforcement
corrosion has not been addressed. Most corrosion damage
prediction models are imprecise and cannot reproduce the
same outcome as the experimental results from which the
models were fitted [3], too complicated to be used in realworld conditions [4], and interestingly, most do not
evaluate corrosion damage in terms of the rebar’s crosssection loss [5].
Therefore, this paper seeks to address the need for a robust
method of quantifying corrosion damage in reinforced
*

2 Methods and Procedures
2.1 Laboratory-based Experiment
The laboratory-based experiment was conducted to
investigate the evolution of the corrosion-induced crack
width and its relationship with the rebar’s cross-section
loss under the influence of chloride-induced corrosion.
This experiment consisted of an accelerated corrosion test
conducted on reinforced concrete specimens with varying
binder types.
2.2 Numerical Analysis
The numerical analysis consisted of simulations of steel
corrosion in concrete, conducted using ANSYS 19.2
workbench student version. The simulations aimed to
structurally predict the behaviours (stresses and
deformations) of the system being modelled and study the
relationship between the pressure exerted by the
expansive corrosion product on the surrounding concrete,
which was applied as internal pressure, and the
corresponding deformations and resultant stresses. The
applied load was derived based on several assumptions,
including the absence of rust diffusion into the
surrounding concrete.
106

Corresponding author: victor.gilayeneh1@students.wits.ac.za

and requires input parameters that are easily obtainable
both in the laboratory and the field. Apart from the volume
expansion ratio of the corrosion product, all the required
input parameters can be obtained by non-destructive
testing.

3 Main Findings
3.1 Laboratory-based Experiment
The findings of laboratory investigation revealed that the
solubility of the corrosion product greatly influences the
relationship between the corrosion level and the width of
the corrosion-induced crack. The largest crack width did
not necessarily occur at the location of the maximum
cross-section loss along the bars. This is the consequence
of the corrosion product migrating away from the steelconcrete interface and could be attributed to the condition
tested (presence of chloride and enough moisture).
Therefore, the quantitative description of this relationship
was obstructed. However, it was observed that the coverdiameter ratio influenced the appearance of the corrosioninduced crack, as cracks first appeared on the lowest cover
depth for all specimens that cracked.

5 Validation of the Derived Model
The derived model was tested against data from the
laboratory investigation and experimental and analytical
data from the literature, and the results showed a good
correlation. However, the validation against laboratorybased experiment data showed the largest deviation, while
the analytical data showed the best correlation. The bestfitting of the analytical data is attributed to the absence of
the migration or diffusion effect of the corrosion product.

6 Concluding Remarks
This paper presents a model for quantifying corrosion
damage in reinforced concrete structures in terms of the
residual cross-section of the corroding bar. The derived
model applies to structures in service and requires simple
input parameters that are also obtainable by nondestructive testing. It is expected that the proposed model
will assist engineers in deciding when to recommend
appropriate repairs for corrosion-damaged concrete
structures based on an informed assessment of the residual
cross-section of the corroding bar. The model was tested
against data from the laboratory investigation and other
experimental and analytical data from the literature, and
the results showed a good correlation. However, the
proposed model is not without limitations, which result
from some variables not considered in the analyses,
especially the diffusion effect of the corrosion product and
partially, due to some of the assumptions employed in the
derivation.

3.2 Numerical Analysis
The applied pressure was found to have a direct
dependency on both the volume of steel being oxidised
and the properties of the corrosion product and also,
directly proportional to the deformations and the resultant
stresses. The findings also showed an inverse relationship
between the deformation and the cover depth, tensile
strength, and elastic modulus. The influence of the rebar’s
diameter was evident in the derivation of the applied
pressure. When other conditions are constant at a given
attack penetration, an increase in the diameter of the rebar
results in a greater section loss, thus, an increase in the
internal pressure, which also leads to an increase in the
deformation and internal stresses.

4 Derivation of the Model
The model was derived analytically based on findings of
the laboratory-based experiment and the numerical
analysis and is presented in Equation – 1. The derivation
employed similar assumptions as the applied pressure, in
addition to the assumption that concrete is an isotropic
linear elastic material up to the point of failure in tension.
𝑅𝑟𝑏 = √𝑟𝑏 2 −
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Where 𝑹𝒓𝒃 is the residual radius of the rebar (mm), 𝒓𝒃 the
original radius of the rebar (mm), 𝑫 the rebar diameter
(mm), 𝒄 the concrete cover depth (mm), 𝑬𝒄 the concrete’s
elastic modulus (GPa), 𝒘 the corrosion-induced crack
width (mm) and 𝒏 the volume expansion ratio of the
corrosion product.
The derived model expresses the remaining crosssection of the corroding bar in terms of the residual radius
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Approach to the development of a model to quantify the quality
of tendon localization in concrete using ultrasound
Stefan Küttenbaum 1, Stefan Maack 1, and Alexander Taffe 2
1
2
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Each engineering decision is based on a number of more
or less accurate information. In assessment of existing
structures, additional relevant information collected with
on-site inspections facilitate better decisions. However,
observed data basically represents the physical
characteristic of interest with an uncertainty. This
uncertainty is a measure of the inspection quality and can
be quantified by calculating and expressing the
measurement uncertainty.
The rules to calculate the measurement uncertainty
provided in the Guide to the Expression of Uncertainty in
Measurement [1-3] are internationally accepted and well
established in metrology. While the calculation itself can
be performed straightforwardly in a variety of practical
cases, the modelling of the measurement, which is
principally necessary, requires extensive knowledge of
the entire measuring process and may be too laborious in
practice. Therefore, this paper contains a developed
measurement model that was used to compute
measurement results (including uncertainties) describing
mounting depths of tendons in a prestressed concrete
bridge using ultrasonic echo. This model is, in principle,
only valid for this individual case, but may be utilized as
orientation for comparable measurement scenarios in the
future. Further, it can be used to estimate the dimension
of achievable measurement uncertainties in nondestructive as-built plan reconstruction using ultrasound.
In conclusion, it is demonstrated how the incorporation of
on-site and non-destructively measured as well as qualityassured inner geometrical dimensions, i.e., the tendon
position, into the probabilistic structural assessment of a
prestressed concrete road bridge can influence reliability
in an exemplary serviceability limit state.
The proposed measurement model is composed of the
input variables noted in the Ishikawa diagram. Such input
quantities need to be quantified to compute the measurand
(the quantity of interest), usually contribute to the
combined measurement uncertainty and/or must be
considered to correct the measured quantity value for
identified and estimated systematic measurement errors.
Based on a measurement model, which should consist of
all relevant, stochastically modelled input quantities and
their mathematical relationship, the calculation acc. to the
Guide to the Expression of Uncertainty in Measurement
then yields a measurement result. This result can be stated
by the measured value 𝑦̂ and the attributed combined
*

standard measurement uncertainty 𝑢(𝑦̂), which expresses
the measurement uncertainty as a standard deviation [4].
Such a measurement result can serve as a sound basis for
the data-informed analysis of structures. Some disciplines
prefer the use of a coverage interval 𝑦 ± 𝑘𝑢(𝑦̂)
containing the “set of true (…) values of a measurand” [4]
with a defined probability.
Uneven surface 𝐷𝑆𝑝,
Reference thickness 𝐷

* delimited in
this study

Varying moisture 𝐶𝑇,𝐹
Changes in pulse shape 𝑇𝐴, 𝐹
“Competing” reflectors 𝑇𝐴,

𝑆

tendon:
depth

time of
flight
Measuring scale resolution 𝑇
“Black box” NDT-system 𝑇

Equipment
Transmitter-receiver-spacing 𝑇𝑆𝐸

Offset (data acquisition delay) 𝑇𝑉
Propagation velocity 𝐶𝑇

Fig. 1. Ishikawa diagram summarizing the input quantities

With regard to the data-informed assessment of the
prestressed concrete bridge in serviceability limit state
SLS decompression, the vertical tendon position within
the decisive cross-section was modelled prior to testing
using a normal distribution with 𝜎 = 1 𝑐𝑚 [5] acc. to the
JCSS Probabilistic Model Code and 𝜇 = 16,3 𝑐𝑚
according to the available drawings. The measurement
result, in turn, is 𝑑𝑆𝑝 ~𝑁 with 𝜇 ≙ 𝑑̂𝑆𝑝 = 14,9 𝑐𝑚 and a
standard deviation 𝜎 which equals 𝑢(𝑑̂𝑆𝑝 ) = 0,6 𝑐𝑚 .
Accordingly, a comparably slight but nevertheless
mathematically unfavourable deviation between the
planned and the measured (actual) position could be
detected, and the uncertainty reduced. The effects of
including the measurement result instead of the initial
model on the computational reliability are plotted below.
The change in the reliability index remains insignificant.
However, the level of approximation of the computation
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Human factor *

Varying temperature 𝐶𝑇,𝑇

model could be increased. Further information can also be
found in [6].

the development of a “net” consisting of approximate
values of measurement uncertainties commonly to be
expected on concrete structures for different testing tasks
and measurement procedures. This facilitates to
communicate efficiently which orders of magnitude of
partial safety factor reduction the user can expect when
certain measurement data is intended to be included in
semi-probabilistic assessment of existing structures.
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Fig. 2. Computed reliability index acc. to Hasofer/Lind over the
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Case study: Afrisam Ulco Preheater – Digital Audit through
Unmanned Technology – A Delta Scan and Spec Con case study
Darryl Epstein1,*,
1

Delta Scan, Johannesburg, South Africa

Abstract. A visual baseline inspection of the Ulco Preheater Structure was carried out on the 17th of
September 2020 using unmanned inspection drones together with proprietary digital inspection software.
The objective was to identify, classify and quantify reinforced concrete defects on a 100m high tower and
to advise on the required remedial actions. Delta Scan worked with Spec Con to provide a turnkey inspection
and repair service where all estimates and guesswork were eliminated. The entire inspection and digitisation
were completed in one day on site with no Health and Safety risks, high accuracy in reporting and at a
fraction of the cost of conventional inspection techniques.

The process involves the following steps:
• Capture detailed information by flying in and
around the asset with an enterprise inspection
unmanned vehicle.
• Combine hard-to-reach areas with ground-based
data capture and confined space drones
• Complex systems will include a LiDAR scan of
the structure
• Generate a high-resolution point cloud and 3D
mesh using photogrammetry fusion
• Extract texture maps of the façade and soffit
• Run defect detection, quantify, sort and
categorise the defects, and report on findings
This entire process is completed in a matter of days. The
precision replica, with material defects, is hosted on the
Delta Cloud™ platform, where the visualisation and
measurement of defects are made possible. Façade
material maps were extracted from the model to allow for
accurate analysis on the surface to enable simultaneous
classification, severity rating and measurement of defects
throughout the structure. A detailed overview was
provided in addition to the interactive model to list each
type of defect and the underlying causes and provide
enough clarity on the extent of damages to allow Spec
Con to rehabilitate the structure.
Using a drone-mounted thermal camera, a further indepth analysis of the structure was undertaken. Precision
thermal cameras allow the detection of early-stage defects
resulting from reinforcing corrosion and internal stresses
and have proven to reduce maintenance costs and future
repairs drastically. Structural thermography captures the
heat radiance from the surface of materials, and by
mounting the camera on a drone, a constant distance is
maintained throughout the inspection. Where concrete
delaminates as a result of stresses or reinforcing
corrosion, an air gap is introduced into the shell, which
prevents heat transfer and affects the surface temperature

1 Background
Delta Scan is a market leader in engineering digitisation
and inspection solutions using unmanned vehicles
(drones) and LiDAR, focusing on data analytics and cloud
software development for asset management and
mapping. Instead of the drone as the solution, it becomes
a tool, and the value brought out through analytical
insight.
Conventional audits typically involve rope access,
scaffolding, or a gondola-based system to capture
structural information. A technician with a camera and a
clipboard means reports are comprised of hundreds of
localised images with little to no insight into the nature of
the defects and the impact on the overall structure, and the
severity and the quantities are based on estimation. The
bottom line is that inspection becomes a tool of
approximation instead of accuracy.

2 The Delta Scan Approach
The Preheater was inspected using licensed enterprisegrade Unmanned Aerial Vehicles (UAV) using RGB
(Visual) cameras and structural thermography to study the
surface and identify internal material degradation. The
structure consists of a reinforced concrete frame
populated with processing equipment and pipework and
is exposed to high loads and temperatures resulting from
the kiln and heating processes.
The flight paths and overlap are calculated beforehand
to meet the requirements of resolution and environmental
conditions, and the data was then processed into a highprecision Digital Twin with geometric and material
accuracy. Delta Scan develops 3D digitisation technology
to create digital versions of a structure indistinguishable
from the real version on site. This allows for a desktop
evaluation of all material defects and provides a powerful
way of assessing and quantifying damages.

*
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in the damage zone. Conventional inspection techniques
involve the use of a “tap” or “hammer” test to listen for
hollow material, which only provides a rough estimate at
best.
Delta Scan has developed inspection techniques to
map out these areas and accurately assess the extent of
external and internal damages without ever needing to
come close to a structure.

Any critical defects are recorded, indicating a more
significant underlying structural concern. In that case,
additional destructive testing involving cores or chemical
testing and structural analysis may be necessary. The
difference is that now there is a way to get a highly
detailed and accurate baseline.
Spec Con specialises in concrete repair, rehabilitation
and maintenance and utilised the findings of the digital
investigation to rehabilitate the structure.

Table 1. Summary of case study results.
Inspection steps

Delta Scan Digital Inspection
Technology

Conventional Inspection Techniques
- rope access

Planning and Safety Prep

0.5 days

5 days

P&G - set up and access

1 hour

2 days

Inspection time on site

1 day

2 weeks

Compilation of a report

5 days

2 weeks

Generating a BOQ
Actual Cost of Repair versus BOQ
generated
Total Time

1 day

3 days

95% accurate

+/-60% accurate

7 days

24 days

The digital twin eliminated all guesswork, and the
contracting team could determine the best means for
access and plan the maintenance in a short time. The Delta
Scan investigation produced a BOQ accurate to 95% that
allowed for precise budgeting and ordering of materials.

of digital technologies resulted in significant savings over
using conventional methods. The inspection is completed
safer, faster and at a fraction of traditional costs. The
results from the audit provide clarity and accuracy in
determining the root causes of defects and assist in
planning for rehabilitation and budgeting. Having a record
of the digital models allows for follow-up inspections and
tracking of the condition of the asset throughout its
service life.

3 Conclusions
The structure scanning was completed in a single day on
site, while reports were delivered five days later. The use
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3.2 Non-destructive measurement and assessment
techniques
An artificial intelligence approach to detection and assessment
of concrete cracks based on visual inspection photographs
Mufaro Gomera1 and Yunus Ballim1*
1

School of Civil & Environmental Engineering, University of the Witwatersrand, Johannesburg

Abstract. This paper reports on the development of an artificial intelligence system, based on convolutional
neural networks and machine learning algorithms to assess photographic images of concrete surfaces for the
presence and characteristics of cracks. CNNs are deep learning techniques that are particularly useful for
image categorization. An important challenge in the development of the system was to ensure that real cracks
could be distinguished from non-crack features or profiles on the concrete surface. After development, the
AI system was trained using 1900 images of cracked and non-cracked concrete surfaces. A further 1100
images were then used for validation and testing of the system. The images were segmented or pixelated in
order to simplify the representation of the Image and make it easier to locate objects and boundaries. The
system was further developed to estimate the length and average width of cracks in an image. The testing
protocols showed that the AI model was 99.6% accurate in classifying cracked and non-cracked images.
Furthermore, the average error for calculation of crack length and crack width was 1.5% and 5%
respectively. These results show good promise for development of a fully-fledged AI system to support
inspection and maintenance of RC structures.

such as lines and curves in images. The system was further
developed to estimate the length and average width of
cracks in an image.

1 Introduction
Monitoring and inspection are essential aspects of a
proper maintenance and repair system for reinforced
concrete (RC) structures. This process requires an ability
to detect, record and analyse the nature and extent of
visible cracking on the surface of the concrete. This is
usually achieved through deployment of inspectors who
must have the knowledge and competence to recognise
and interpret cracking on concrete surfaces. The
accumulating stock of RC infrastructure, together with the
limited availability of people with the knowledge and
competence to undertake proper inspections creates a
serious limitation to suitable maintenance and repair of
RC structures. This paper reports on the development of
an artificial intelligence system based on convolutional
neural networks (CNNs) and machine learning algorithms
to assess photographic images of concrete surfaces for the
presence and characteristics of cracks. CNNs are deep
learning techniques based on artificial neural networks
and are particularly useful for image categorization. An
important challenge in the development of the system was
to ensure that real cracks could be distinguished from noncrack features or profiles on the concrete surface. After
development, the AI system was trained using 1900
images of cracked and non-cracked concrete surfaces. A
further 1100 images were then used for validation and
testing of the system. The images were segmented or
pixelated in order to simplify the representation of the
Image and make it easier to locate objects and boundaries
*

2 Approach to Development of
Convolutional Neural Network (CNN)
Analysis of structural features of photographic images,
such as thresholding, are the simplest techniques to detect
cracks [1]. Furthermore, general global transforms and
edge detection identifiers, such as the fast Haar transform
(FHT), fast Fourier transform (FFT), Sobel and Canny
edge detectors, can be used to further increase image
processing performance [2]. Although image processing
techniques are successful at detecting some specific
features, their robustness is limited because images of
cracks collected from a concrete building may be
influenced by features such as light, shadows, uneven or
profiled surfaces. For this project, the CNN model was
coupled with improved Otsu image processing [3]. All
photographic images were obtained at 0.5 m to 3 m from
the concrete surface, in good focus and with the optical
axis approximately normal to the concrete surface. To
accelerate the data preparation process, a Python code was
developed to randomly extract and classify images into
two classes: with cracks and without cracks.
A CNN model was trained using an image dataset of
cracked and non-cracked concrete surfaces. To detect the
crack, a semantic segmentation algorithm was used and
this was followed by application of a thinning and
tracking algorithm for image processing to calculate the
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crack length and width. The CNNs were trained using a
part of the dataset that was manually categorised while
another part of the dataset was used to validate the model.
The data was gathered from concrete surfaces throughout
the campus of the University of Witwatersrand and the
surrounding Johannesburg area. To process this large
dataset, a high-performance computer with a graphics
processing unit (GPU) was used to train the neural
network.

predictions and low misclassification errors. These results
show good promise for development of a fully-fledged AI
system to support inspection and maintenance of RC
structures. Figure 3 shows examples of the model
predictions from actual images in the dataset.

3 Results
Figure 1 shows the increasing accuracy for the training
and validation of the deep learning model over 14 CNN
epochs. It is clear that the computation converges rapidly
during the first epoch. Over the range indicated in Figure
1, the model achieved a training accuracy of 99.57%.

Fig. 3. Examples of a false negative (top) and a true positive with
crack characteristic determination (bottom) predictions from the
model

4 Conclusion
This study shows that convolutional neural networks,
coupled with improved Otsu image processing can offer a
powerful
tool
for
classification,
localization,
segmentation, and quantification of damage in cracked
cement-based materials and concrete structural elements.
Importantly, the model can be developed in an opensource platform such as Python, to improve the
effectiveness of structural health monitoring using
photographic images.

Fig. 1. Increasing accuracy of the model with successive epochs
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Imaging of results in NDT-CE: Strength and limitations in the
use of Radar vs. Ultrasonic Echo
Alexander Taffe1,*
1
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Abstract. Radar and Ultrasonic Echo are well established NDT-CE methods for the imaging of results of
RC structures with tendon ducts. From the physical background both methods are complementary; this
becomes obvious looking at the parameter of the reflection coefficient. Whereas Radar is very quick in data
acquisition revealing easily metal structures Ultrasonic Echo is slower but goes deeper and gets good results
even in highly reinforced areas. For a profound decision what method is most suited for a certain testing
task, it is necessary to know the strength and limitations of each method. In this contribution the imaging of
results will be presented for both methods. It will be shown up to what depth single rebars, tendon ducts or
the backwall can be detected depending on thickness, spacing, reinforcement ratio and bar diameter. Other
limiting factors are concrete dampness in case of Radar or compaction quality in case of Ultrasonic that
must be taken in account. Knowing these interrelations, it will be possible to distinguish areas that allow a
quick data collection with Radar from areas that require the slower Ultrasonic Echo data acquisition but
allowing an in-depth sight. This will contribute to a reliable and satisfying solution of ambitious testing tasks
using NDT-CE methods.

objects together with variation of the spacing of the rebars
of the mesh near the surface brings 140 areas of different
conditions ([3], [4]).

1 Systematic Testing under various
conditions
1.2 Testing tasks
Radar and Ultrasonic Echo (US) have been established in
Non-Destructive Testing in Civil Engineering (NDT-CE)
for decades and are well regulated in guidelines ([1], [2]).
Devices are more affordable and easy to use. Even with
an App on your own tablet, imaging of results can easily
be done.
The efficient use of NDT-CE methods is far more than
imaging of results. First the testing task or testing problem
must be formulated. In this contribution it is dealt with:
• Localisation of an object (rebar, tendon duct) by
measurement of the lateral position,
• Measurement of the concrete cover dc
of rebars
and tendon ducts .
The achievable depth dc depends on the spacing of the
mesh near the surface (sa,SF), the diameter of the object
and the spacing the objects to be detected (sa). The
parameters are dealt with in the next chapter, when die
construction of the test specimens is described.

Fig. 1. Variation of the parameters of the 6 test specimens at
HTW Berlin, where the Radar and Ultrasonic echo
measurements have been carried out.

2 Measurements
2.1. Radar
The Radar measurements have been carried out with a
step-frequency-antenna that covers a frequency range
from 0,2 bis 4,0 GHz. The estimation of the wave speed
has been done at an area of known depth. Along the
measured line every 5 mm a measurement is recorded.
The data assessment is performed in an App of the device
manufacturer and is not dealt with in this short paper.

1.2 Test Specimens
For the user it is important to know under what conditions
rebars and tendon ducts can be detected. If these
conditions are given, the detection of these objects can be
expected when the results are imaged. Under severe
conditions the limit-of-detection might be exceeded, and
objects cannot be found anymore.
The results presented in this contribution have been
measured on 6 test specimens that have been designed to
cover a wide range of conditions. Fig. 1 gives an
impression about the variation of the parameters. In total
the variation of the diameter and the depth (dc) of the
*

2.2 Ultrasonic echo
For the US measurements a linear-array operating with 16
channels with 3 dry-point-contact sensors on each
operating with a frequency of 55 kHz was used. The
estimation of the wave speed was performed at an area of
known depth. This 16-channel array provides an
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automated positioning system by an implemented camera
that localises its position on a reflecting measuring tape.
The data assessment is also performed in an App of the
device manufacturer and is not dealt with in this short
paper.

3 Results
limitations

revealing

strength

30 cm. This means a relation dc/sa of 6. For raw data a dc/sa
of 2-3 is only possible.
Under even heavier conditions as shown in Fig. 2,
Ultrasonic echo (US) allows the detection of tendon ducts
no matter if the spacing sa,SF of the mesh is 5 or 3,5 cm. A
detection with Radar would be impossible. Once a
diameter can be detected ([4] shows that  > 12 mm
should be given), the spacing sa,SF of the mesh near the
surface does not heavily influence the detectability.
Under the same conditions as shown in Fig. 3 also with
US all 3 rebars with a spacing of 5 cm can be detected up
to 30 cm depth, which also means a dc/sa of 6, which is the
same as Radar. But for US, the diameter must be of at least
12 mm. The detection of a diameter of 8 mm is very
unreliable.
Even though these results are up to a certain amount
subjective, the strength and limitations of Radar and US
can be summarised as shown in Fig. 4. This will help the
engineer to estimate before a measurement if the given
condition may lead to a reliable detection of objects.

and

In Fig. 2 it is shown for Radar that the detection of tendon
ducts beneath a mesh near the surface with a spacing
(sa,SF) of 13,5 cm is very reliable. A spacing with less than
7 cm makes the detection of objects under the mesh
unreliable under the given conditions.

Fig. 2. Colour-coded 3-D imaging of the Radar results. The
detection beneath a mesh with asSF = 13,5 cm is reliable. For an
as,SF of less than 7 cm the detection of the 4 tendon ducts
becomes unreliable.

Fig. 4. Strength and limitations of Radar and US expressed by
the parameters sa,SF (spacing of the mesh near the surface) and
the relation of dc/sa which can be approx. equal for both

methods.
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Recent advances in (ultra)sonic active and passive monitoring
of reinforced and prestressed concrete structures
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Abstract. In addition to already established structural monitoring methods such as deformation, inclination
or strain gauges or acoustic emission sensors, sonic or ultrasonic monitoring might provide valuable
information about the condition or alteration of a structure. Sensors such as geophones, recording ambient
noise in the sonic and subsonic frequency range can provide information beyond modal analysis by using
interferometric methods. Wave velocities determined by this method are related to the elastic properties and
stiffness of material and structure and can be converted into damage indicators. Embedded active ultrasonic
transducer networks can provide more detailed insight about deterioration or damages again, using
interferometric technologies. This approach is extremely sensible, detecting relative change in velocity on
down to 10-5. These methods, including benefits and remaining challenges, are demonstrated using data
from a test structure at BAM’s test site demonstrating the case of prestress loss, and data from an actual
bridge still under traffic.

(Fig.1) were placed on the structure to record induced and
ambient vibration. From the recordings, sonic wave
velocity changes due to load or damage in the structure
can be reconstructed by cross-correlations and coda wave
interferometry.

1 Introduction
A large amount of reinforced or prestressed concrete
structures for traffic and public infrastructure have been
built in the 1950ies, 60ies and 70ies and are now
approaching the end of their lifetime. A significant
percentage is suffering from slowly developing
deterioration such as corrosion, alkali-silica-reaction, or
fatigue or more rapidly developing damages such as loss
of prestress caused by breaking prestressing strands wires.
Monitoring these structures is a requirement for safe
operation and planning of repair and rehabilitation.
In the following sections, we present two innovative
methods for instrumentation and/or data processing
providing complementary information about the state of
structures, evaluated in large scale experiments.

2 Passive sonic monitoring of prestress
loss
Fig. 1. Top left: BlueSeis-3A 6-C sensor. Top right: BLEIB test
structure. Bottom: Bleib test structure with position of the four
sensors.

The BMBF funded project Giotto, conducted with
seismologists from LMU Munich and U Hamburg, aims
to develop a real-time monitoring method for the
performance of structures primarily by using novel sixcomponent (6-C) sensors for translation and rotation
measurements. So far, the recordings of the velocity and
acceleration response in the translation direction have
been used to obtain the eigenfrequencies of structures and
to perform modal analysis. Recently, direct measurements
of rotation have been used to fully characterize the
dynamic behavior of structures.
An experiment was carried out at the experimental
structure BLEIB at BAM’s test site at Horstwalde,
Germany. This structure is a 24 m long invers U-Beam
with adjustable external prestressing. Four 6-C sensors

*

In our experiment, the prestressing force was lowered
from the standard value of 450 kN to 200 kN and back.
Fig. 2 shows the relative velocity change reconstructed
from the conventional translational and the rotational
data. Prestress loss results in a significant velocity drop of
up to 5 % in our experiment. While for the translational
data the results are the same for both spans of the
structure, there is a difference in the rotational data. The
cause for this effect is not yet proven, but a different
amount of damage in the spans due to earlier experiments
is known. Details of this experiment and more results are
reported in [1].
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Fig. 2. Velocity change with changing prestressing force
reconstructed from translational (blue) and rotational data
(green) for both spans of the BLEIB structure.

3
Ultrasonic
Gänstorbrücke

monitoring

of

the

The DFG Research unit CoDA aims to develop ultrasonic
monitoring methods for concrete damage assessment in
Germany's aging infrastructure. To test the methods
developed in simulations and laboratory experiments on a
large scale, we have embedded several ultrasonic
transducers at the Gänstorbrücke in Ulm, one of
Germany's best monitored road bridges.

Fig. 4. Velocity and waveform correlation change for mid-span
sensor pair during the load experiment with v2 different load at
various positions. Box in bottom right: qualitative result of strain

gauge measurements mid span.
Fig. 5. Image of velocity changes caused by a 32 t load mid span.
Large velocity drop related to tension below the load; complex
pattern at the right where the tendon ducts split.

Fig. 3. Gänstorbrücke, built 1950, prestressed concrete, over the
river Danube from Ulm to Neu-Ulm. Some tendon wires suffer
from 50% cross section loss due to corrosion.

4 Summary

Since fall 2020 we are monitoring parts of the center of
the bridge, as well as an abutment, and compare the results
to the commercial monitoring system (strain gauges,
acoustic emission, temperature, displacement). All and
analyzed with different coda wave-based algorithms to
detect signal and volumetric velocity changes. As other in
previous years no damage events were recorded, the only
change in the ultrasonic signal is caused by temperature.
The capabilities and limitations of the coda wave-based
monitoring system were tested in a static load experiment.
The results for a mid-span sensor pair are shown in Fig. 4,
revealing a clear correlation of velocity and waveform
correlation change to truck weight and position.
A map of velocity change produced by analyzing data
from this load experiment shows that the influence of load
on the material and strain distribution can be detected with
array measurements (Fig. 5).

In addition to already established structural monitoring
methods, sonic or ultrasonic monitoring might provide
complementary valuable information about the condition
or alteration of a structure. While passive sonic
monitoring is able to reveal global damage conditions,
especially when measuring rotations, ultrasonic
monitoring is able to detect local damage and stress
distribution.
The authors appreciate the contribution of several colleagues
and divisions from BAM as well as our project partners in DFG
FOR 2825 Coda and BMBF Giotto, including the cities of Ulm
and Neu-Ulm.
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the chloride penetration resistance of concrete interfaces.
Chloride migration tests such as RCM offer an alternative.
In contrast to diffusion tests, the migration of chloride
ions is accelerated through an electric field. The
evaluation uses an empirical equation with the chloride
penetration depth as key input parameter, which is
obtained through a silver nitrate indicator test on cracked
specimens following migration.
Concrete corrosion caused by freeze-thaw-action
results in a deterioration of the cement matrix
microcracking and lowered cohesion between aggregates.
Standardised tests quantify freeze-thaw-damage after
defined freeze-thaw-cycles through the superficial massloss of an exposed specimen, which is not applicable for
narrow-banded interfaces. For the same reason, neither a
damage-induced increasing volume nor a decreasing
dynamic modulus of a specimen allow for the separation
of cracked interfaces and cracked matrix, but deliver only
a general assessment of the damage propagation in the
entire specimen. An alternative may be provided by direct
tension tests, which react sensitive to superficial
microcracks.

1 Introduction
Concrete-to-concrete interfaces, commonly described as
joints, are inevitable when casting an additional layer of
concrete onto an existing structure as part of a repair or
retrofitting measure. Due to the wall-effect, segregation
and temporal effects, the interfacial bond is a structural
weakness, resulting in reduced tensile strength and
durability. As interfaces present a quasi-two-dimensional
problem, many experimental methods for the
determination of concrete properties, which focus on a
three-dimensional isotropic bulk material, are not
applicable.
The key parameter for assessing the mechanical and
durability properties of a concrete-to-concrete interface is
the adhesive bond strength. Since the determination of
concrete tensile strength is generally complex due to
concrete brittleness, the focus lies on indirect testing
methods such as flexural or splitting tests, where a
compressive load evokes crack inducing tensile stresses.
Laboratory direct tension tests are rarely used for
requiring a technically sophisticated and expensive setup.
For in-situ testing of the adhesive bond strengths of
overlays, a simplified version, the pull-off test, has
become the reference procedure [1].
Concrete-to-concrete-interface
durability
must
distinguish the direction of the corrosive attack: When
corrosive media such as chlorides, carbon dioxide or
freezing/thawing water penetrate the concrete
perpendicularly to the interface, the bond may weaken,
while the resistance to the attack is formed by the exposed
bulk concrete layer, and can be tested with standardised
procedures [2–5]. When the interface may act as pathway
for the corrosive attack due to their typically elevated
porosity, setups must additionally consider interface
alignment.
Indicator tests such as the phenolphthalein test for
carbonation depth are generally suited for the analysis of
interfaces, since the structural weakness provided by the
interface facilitates cracking the specimen for the test
following exposure to CO2. The carbonation rate
calculates from the measured depth of the carbonation
front and the duration of the exposure.
Chloride diffusion tests use powder samples received
from grinding several layers parallel to a surface exposed
to a chloride solution to determine a depth-dependent
chloride profile. As profile grinding requires a larger area
of the exposed surface while the interface only affects a
narrow band, this method is unsuited for the evaluation of
*

2 Experimental work
A standard concrete (w/c = 0.50, c = 350 kg/m³,
fcm,cube,28 d = 57.0 MPa) was used for the evaluation of
experimental test setups for analysing concrete-toconcrete joint durability (see [6] for more extensive
information). After casting the first layer, specimens were
wet-stored for one week before adding a second layer of
the same concrete. In between, the surface of the first
layer was prepared by roughening via water-jetting or left
as-cast.
Reference
specimens
were
produced
monolithically without an interface.
Freeze-thaw-tests used cylindrical specimens, which
were partly sealed with epoxy resin to prevent
deterioration of the front faces. Specimens were subjected
to up to 56 freeze-thaw-cycles (± 20 °C, 12 h). During the
cycles, the development of the relative dynamic modulus
(RDM) was determined through ultrasonic pule
measurements, and, following the last cycle, specimens
were examined through direct tension tests. Stress was
applied through a constant strain rate of 1 · 10-5 s-1,
allowing for the recording of the tension-softening
behaviour.
While
RDM-measurements
yielded
inconclusive results, with only monolithic specimens
showing a sudden drop of RDM between 42 and 56
freeze-thaw cycles, direct tension tests proved to be more
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Corresponding author: hoeffgen@kit.edu

extensive and meaningful. All series showed a reduced
stiffness in form of a declining secant modulus of
elasticity, which can be obtained from the stressdeformation-curve. Both monolithic specimens and those
with water-jetted joints showed a declining tensile
strength with a higher number of freeze-thaw-cycles. A
direct comparison is hindered, because monolithic
specimens require a notch for crack localisation.
Specimens with joints take advantage of the already
introduced structural weakness. On the other hand, due to
the reduced aggregate interlock, the tension-softening
behaviour of specimens with joints is more brittle
compared to monolithic specimens, thereby provoking
metrological errors. In the present analysis, those errors,
namely snap-backs, were bypassed by interpolating
affected stress-deformation-curves to determine the
fracture energy GF (Fig. 1).

24 h. The implementation of RCM tests with specimens
containing joints proved unproblematic. Results show no
explicit influence of joints on chloride resistance (Tab. 1).
The evaluation of diffusion test specimens through silver
nitrate yielded similar results, although the validity of the
empirical equation for calculating the chloride migration
coefficient of concrete joints remains unclear. An
alternative evaluation method of chloride diffusion may
be provided by micro-XRF, which requires additional
calibration.
Table 1: Results of carbonation depth (xc) unidirectional
chloride diffusion depth (dc), and rapid chloride migration
coefficient (DRCM).
Joint type

xc,28 d
[mm]

dc
[mm]

DRCM
[10-11 m²/s]

monolithic

6.8(4)

16.2(5)

1.36(20)

water-jetted

9.0(11)

15.3(9)

1.30(6)

as-cast

12.3(35)

15.2(9)

1.21(8)

3 Conclusion and outlook
The durability of concrete-to-concrete joints is of major
importance for lasting retrofitting measures. However,
many standardised test methods for concrete durability
cannot be adopted for localised structural weaknesses
provided by joints. The present study found direct tension
tests provide meaningful results of freeze-thaw-damage
development in concrete joints. The execution of indicator
tests for carbonation and chloride penetration is
unproblematic for concrete joints, although the
significance of obtained measurements requires
additional research.
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Microscopic assessment of ASR-affected columns after 20
years in service
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Therefore, this work tried to use microscopic testing
procedures (Damage Rating Index and petrographic
analysis) to appraise the condition of the external columns
of the SITE building at the University of Ottawa (Ottawa,
ON, Canada). The Damage Rating Index (DRI), a semiquantitative microscopic procedure has shown to be very
reliable to evaluate the extent of damage in deteriorated
concrete [2]. Despite originally being developed in a
laboratory setting (i.e., under free expansion), DRI
analysis has been successfully used to appraise restrained
concrete specimens [3,4] as well as distinct structural
members in field conditions. The full extent of this
research can be found in [5].

1 Introduction
Alkali-silica reaction (ASR) is one of the leading causes
of concrete distress, resulting in loss of serviceability in
affected structures [1]. ASR occurs when un/poorly
crystallized silica in reactive aggregates reacts with alkali
hydroxides present in the concrete pore solution, resulting
in the production of a viscous secondary reaction product
known as “ASR gel” or “silica gel” [1]. Upon exposure to
moisture, the above-mentioned reaction product swells
and results in concrete cracking and expansion, leading to
the degradation of mechanical properties in affected
structures.
Recently sign of damage have been observed on the
various columns of the School of Information Technology
and Engineering (SITE) building constructed in the early
2000s, located on the University of Ottawa campus
(Ontario, Canada) as shown in Figure 1. The presence of
map cracking surrounded by ‘dark rims’ of moisture on
various surfaces of these columns (Figure 2A) along with
the presence of whitish products exudated on the surface
of concrete columns (Figure 2B) could be the sign of
Alkali-Silica Reaction damage

2 Material and methodology
Initially, conventional visual inspection and cracking
index, which aims to assess the visual integrity of
deteriorated concrete quantitatively [6], were conducted
for selecting the four most damaged columns for further
assessment. Coring was then performed in those four
columns through the use of 100-mm hydraulic drills to
extract two horizontal specimens (roughly 730mm and
830mm in length) across the widths of each member.
Finally, the cores were promptly wrapped and stored in an
environmentally controlled chamber at 12°C ± 2°C to halt
any ongoing reactions, before being cut into 200mm
specimens using a diamond-bladed concrete saw. Later,
the petrographic examination was conducted on thin
sections (i.e., 75x50mm) prepared from the cores
extracted from the damaged column in order to investigate
the cause of the deterioration in the damaged columns.
Afterwards, DRI analysis, a semi-quantitative
microscopic assessment, was conducted on three samples
per column after each sample was cut longitudinally and
then polished using grits 30, 60, 140, 280, 600, 1200, and
3000 to produce a clear surface. Prior to the examination,
a 1x1cm grid was hand-drawn on the surface of polished
concrete to facilitate the counting of petrographic
features.

Fig. 1. External rotunda columns of the S.I.T.E. building.

A)

B)

3 Results and discussion
After conducting a conventional visual inspection and
cracking index, columns C1, C3, C4, and C7
demonstrated the highest CI value and crack width, have
been selected for further analysis (Figure 3). Upon the
examination of the thin section specimens through
petrographic analysis, ASR gel was found in the coarse
aggregate and the cement paste cracks which shows that

Fig. 2. A) presence of map cracking and B) whitish product on
the surface of external columns of SITE building.

*
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ASR is the main cause of the deterioration of columns of
the SITE building (Figure 4).

Fig. 5. Potential expansion attained for assessed columns.
Table 1. Correlation of ASR damage degree, expansion levels
and the results of microscopic assessment [16].

Fig. 3. Measured cracking index (CI) of each column of SITE
building.

ASR
damage
degree (%)

Later, after conducting DRI on cored specimens (Figure
4), one sees that C4 (i.e., 381) presented the highest DRI
number, followed by C3 (i.e., 265), C1 (i.e., 187), and C7
(i.e., 176). Also, observation of open cracks with and
without reaction product (i.e., OCAG and OCA) and
cement paste cracks with reaction product (i.e., CCPG)
could confirm the presence of ASR.

Reference
expansion
level (%)

Multi-level assessment
SDI
DRI

Negligible

0.00 – 0.03

0.06 – 0.16

100 – 155

Marginal

0.04 ± 0.01

0.11 – 0.25

210 – 400

Moderate
High
Very High

0.11 ± 0.01
0.20 ± 0.01
0.30 ± 0.01

0.15 – 0.31
0.19 – 0.32
0.22 – 0.36

330 – 500
500 – 765
600 – 925

4 Conclusion
According to the induced expansion result, the damage
level is at the negligible/low stage, therefore, the reaction
is in the early stages. No immediate structural
implications are foreseeable for the examined members,
particularly due to the negligible loss in compressive
strength (i.e., the predominant type of loading exerted on
the columns) exhibited at the aforementioned expansion
levels. One may predict that such losses may become
more pronounced in the long-term (i.e., within 10 years)
as the expansion levels rise beyond moderate levels (i.e.,
≈ 0.10 to 0.12%) [7].

Fig. 4. Results of Damage Rating Index.

Comparing the DRI results gathered in this study and the
DRI range proposed by Sanchez et al., after a thorough
investigation of concrete samples incorporated mix
designs with 13 different reactive aggregates and 3
different concrete strengths (i.e., 25, 35, and 45MPa) [7]
(Table 1), the following result has been obtained: the
greatest level of distress was found in C4 (i.e., moderate
– 0.08%), followed by C3 (i.e., marginal - 0.05), and
C1/C7(i.e., negligible – 0.03%). These results can be seen
in Figure 5.
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The demands on modern concrete structures are
continuously increasing. Engineers and architects have to
consider not only the safety and durability of a structure,
but need to take into account also other aspects such as
sustainability, resilience, environmental issues related to
climate change and the socio-economic environment.
Two of the ways in which these objectives can be reached
is the use of digital models of structures and computeraided advanced numerical analysis methods. In order to
assess a structure realistically (in the sense of: precisely),
the various input parameters, such as the “true” position
of tendons, must be known. Determining these input
parameters is a major challenge in civil engineering and
vitally important since differences between the original
planning and the actual as-built situation are not unusual
in practice. These deviations may be caused by changes
that have been found to be necessary during the
construction phase or may also result from an initially
uncertain range in the quality of the supplied materials
(e.g., concrete strength). Over the last decades, nondestructive testing methods for civil engineering (NDT
CE) have been established as an important tool for helping
the engineer to confirm crucial characteristics of an
existing structure, or, in some cases, to find out they are
not as expected.
This paper demonstrates how measurement data of
non-destructive testing can be evaluated in order to map
the internal structure of structural concrete components.
The presented case study includes the geometrical
reconstruction of the position of tendons inside a test
specimen, which was built at the Federal Institute for
Materials Research and Testing (BAM) in Berlin. The
evaluation method presented here is demonstrating using
ultrasonic echo measurements. This method does not
require any prior knowledge about the acoustic material
properties of the investigated structure. This is a great
advantage considering the strong material variations in
concrete structures. In addition, it is shown where the
limits of the method are and what accuracy can be
expected in locating the tendons during on-site testing.
The principle of the ultrasonic echo method is shown
in 0. A probe is placed on the surface and sends a short
pulse into the component (transmitter (T)). The pulse
propagates through the measured object at a materialdependent velocity (c). If it encounters an interface at
which the acoustic material properties change, parts of the
pulse are reflected and other parts pass through the

*

interface in transmission. The state of the art is operating
test probes for concrete testing without coupling agents.
The probes have a mean frequency of fm = 55 kHz (SH
waves). By using post-processing with SAFTreconstruction algorithms, interfering effects (e.g.,
surface waves) in raw data can be suppressed and the
signal images of point-shaped reflectors can be focused
on their geometrical origin.

Fig. 1. Different testing scenarios of the ultrasound echo method
(dotted line – path of the pulse, red solid line – impulse shape
after a certain propagation time)

The input parameters for SAFT-reconstruction include the
dimensions of the aperture, the knowledge of the
characteristics of the radiated sound field as well as the
velocity (c) of the excited ultrasonic wave. To be able to
calculate the sound velocity (c), the transit time (t) and the
travel path (d) of the pulse in the material are needed. To
detect the actual first arrival of the acoustic pulse of a
signal is often not possible because of structural noise in
concrete. For this reason, reference points have to be
defined in the ultrasonic signal. This means in turn that
the calculated velocity (c̅) is related to the selected
reference point, which deviates from the true value
(material constant). Also, the so-called multiple echoes
are needed for the sound velocity calculation. These occur
when the pulse is reflected several times between an
interface (e.g., the back wall of the component) and the
opposite surface (e.g., the measuring area). The principle
of calculating the related sound velocity (c̅) and the time
zero (t0) is shown in 0. The effect of multiple echoes and
the associated doubling of the travel path of the pulse
through the component is taken advantage of here. It is
assumed that the surface and the back wall of the
component are parallel.
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component thicknesses can be reconstructed with a small
mean error of less than 1 %. As expected, the highest
precision in geometrical reconstruction is achieved when
the range of calibration and reconstruction is identical
(mean error max. 0.6 %). As a tendency, the more the
range of the calibration and the range of the reconstruction
differ geometrically, the more the result of the
reconstruction deviates from the actual value. For the
results of the geometrical reconstruction of the tension
channels this tendency can be seen even more clearly.

Fig. 2. Relationship between transit time and increase in travel
path in the case of multiple reflection of the sound impulse at the
back wall of the structural component

The basic procedure is shown in the first step using a
reference specimen made of polyamide. In the second
step, the evaluation and comparison are then carried out
at a concrete specimen. As described in the introduction,
the location of tendons as safety-relevant components of
a structure is a common testing task. For evaluation and
validation purposes, a test specimen with the internal
designation "Pk266" was produced at BAM. It features
different scenarios, such as varying component
thicknesses and depth positions of the tendons. The
geometrical dimensions are shown in 0.

Fig. 4. Result matrix for the mean error of the geometrically
reconstructed measurement data from the actual dimensions of
the test specimen "Pk266" for the different investigated
variations.

Due to the large range of variation for the different
concrete mixtures, the advantage is that the parameters (c̅,
t0) can be obtained directly from the measured data
without having to perform additional measurements
(calibration measurements) on the structure or on
extracted specimens (drill cores). As a result of the
investigations, a comparative presentation of different
variants shows that the described procedure is suitable to
perform a sufficiently accurate geometric reconstruction
for the position of tendons and component thicknesses
solely from the measured data. The achieved accuracies
depend on the different boundary conditions and
assumptions. The error for lower mounted tendons is
smaller (min. err. 0.8 %) than for tendons closer to the
measuring area (max. err. 6.0 %). This result is
significantly influenced by the choice of the reference
points in the signal, the consideration of the geometry of
the aperture of the measurement technique as well as of
the differences between the position of the objects of
interest and the depth range in which the sound velocity
and time zero were calibrated.

Fig. 3. 3D technical drawing of BAM specimen ”Pk266“ made
of concrete with tendon ducts.

The sound velocity (c̅) and the time zero (t0) were
determined for different variants using the proposed
procedure, and the reconstruction calculation was done
using the InterSAFT software. A total of 21 data sets
(21 variants) were evaluated. The matrix in 0 summarizes
the results of the geometrical reconstruction calculations.
By color-coding the mean geometrical errors of the
reconstructed results, the following simplified summary
statements can be made: With the proposed approach, the
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1 Introduction

2 Methodology

Before undertaking any repair or rehabilitation of
deteriorated sewer concrete structures, it is crucial to
assess the sewer condition [8], analyse the nature of
deterioration, and, most importantly, confirm that
Biogenic Acid Corrosion (BAC) is the leading cause of
the attack. Analysis of sewer conditions is accompanied
by visual inspections using passive/semiautonomous
robots controlled by a human inspector or fully
autonomous robots requiring no human intervention [1].
Concrete samples are usually cored for microstructural
analysis depending on the degradation severity. The
microstructural analysis involves assessing the
deteriorated concrete samples by studying concrete
morphology and mineral composition of concrete before
and after corrosion. The leading cause and concrete
compositions influencing the deterioration can be
identified with such information. The analyses typically
include X-Ray Diffraction Analysis (XRD) [2]. Scanning
Electron Microscope (SEM) paired with Energy
Dispersive Spectroscopy (EDS) and, sometimes, ThermoGravimetric Analysis (TGA).
XRD analysis is mainly performed on ground powders
or flat surfaces [3]. However, applying this technique to
concrete under BAC might be challenging, especially
when the corrosion products are insufficient or
ineffectively collected for powder analysis or when the
concrete contains a high aggregate content for flat
surfaces. Also, the analysis provides information on
minerals or phase composition of the deteriorated
concrete without explicitly indicating how they evolve,
migrate, or dissociate in the concrete zones (i.e., an intact
zone, a transition zone, and a deteriorated zone). On the
other hand, SEM analysis [4] can examine and determine
concrete morphology evolution after BAC, concrete
zones, corrosion front, and, most importantly, elemental
distributions [5–7]. However, the morphology and
elemental distribution interpretation depend on the image
analyser's knowledge and experience to identify the
mineral phases associated with those elements [8,9].
Therefore, QEMSCAN (Quantitative Evaluation of
Minerals by Scanning Electron Microscopy) analysis
[10], which can identify and quantify mineralogical
phases within the concrete microstructure [11], was
applied in this study to analyse the evolution of concrete,
cementitious phases when subjected to BAC in sewers.

*

Two concretes; a blend of 80% Sulphate Resisting
Portland Cement and 20% Fly Ash (SRPC+FA) and
Calcium Sulpho-Aluminate (CSA) cement, with 0.4
water/binder ratio, calcite and siliceous aggregates, were
cast by Lafarge Holcim in France and delivered as 150
mm cubes to the University of Cape Town civil
engineering laboratory in South Africa for field sewer
exposure. SRPC+FA and CSA concrete had 44.8 ± 11.0
MPa and 40.3 ± 3.9 MPa 28 days strength, 2379 kg/m3,
and 2320 kg/m3 saturated density, respectively. For each
mix, five concrete discs of 70 mm diameter and 50 mm
thickness were cut, epoxy coated, and fixed in a plastic
basket, then subjected to a sewer site with about 100 ppm
maximum H2S concentration, 15 oC to 30oC temperature,
and 70% to 100% relative humidity.
After 2 years of exposure, the discs were retrieved
from the site for mass and thickness loss measurements
and SEM and QEMSCAN microstructural analysis.
Sample preparation for microstructural analysis followed
procedures recommended by [3] and [12]. SEM analysis
was conducted using an FEI Nova Nano SEM 230.
QEMSCAN analysis was conducted using the
QEMSCAN 650F machine, and mineral identification
and distribution across the concrete microstructure were
analysed using Species Identification Protocol (SIP) built
in the iDiscover™ v.5.0 software [10,11].

3 Results and Discussions
3.1 Mass and thickness loss
After two years of exposure, SRPC +FA concrete
experienced a mass loss of 3.22 ± 0.90% (of its original
mass). CSA concrete experienced a mass gain of 1.22 ±
1.23%. SRPC+FA mass loss was associated with
substantial concrete loss due to sewer corrosion. In
contrast, CSA mass gain was linked to moisture
absorption and corrosion products accumulated within the
concrete voids and at the concrete-epoxy coating
interface. On the other hand, both concretes experienced
thickness losses equivalent to the corrosion rates of 2.78
± 0.74 mm/yr and 0.99 ± 0.42 mm/yr for SRPC+FA and
CSA concrete, respectively. Mass and thickness bulk
measurements indicated that CSA performed better than
SRPC+FA concrete.
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SRPC+FA concrete. Finally, it was concluded that
QEMSCAN analysis was a very appropriate tool for
analysing the cementitious phase evolution of concrete
under sewer biogenic acid attack, although it should be
used along with other microstructural analysis tools for
the best results.

3.2 SEM analysis results
Both concretes showed two distinct zones, i.e., an intact
zone and an altered zone. SRPC+FA altered zone was
further observed as two zones, the transition zone and the
deteriorated zone, while identifying a CSA transition zone
was challenging because it had similar phases (i.e.,
ettringite) as the intact zone. Altered zone depths of about
1.06 mm and 1.26 mm were observed for SRPC+FA and
CSA concrete, respectively.

4 Conclusion
Based on the observations of this study, the following was
concluded:
• Mass and thickness bulk measurements indicated that
CSA performed better than SRPC+FA concrete,
• SRPC+FA's poorer performance was associated with
the decalcification of Ca-silicate because of its
susceptibility to biogenic acid attack; however, the
formation of Mg-silicate in the transition zone
possibly decelerated its attack,
• CSA's better performance was associated with
ettringite transformation to gibbsite, which
contributes to the biogenic acid resistance.
Finally, QEMSCAN analysis is a viable tool for analysing
the cementitious phase evolution of concrete under sewer
biogenic acid attack.

3.3 QEMSCAN analysis results
In cementitious phase evolution, QEMSCAN analysis
indicated that the concretes consisted of a significant
amount of calcite and quartz, with 80 % of the concrete
composite aggregates. SRPC+FA concrete was rich in
calcium silicate hydrates in the intact zone, Mg-silicate in
the transition zone, and Al-silicate, gypsum and quartz
fines in the deterioration zone. On the other hand, CSA
concrete contained ettringite and portlandite in the intact
zone, while gibbsite, gypsum and other aluminate phases
were observed in the deteriorated zone, see Fig.1.
SRPC+FA
CSA
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Laser Induced Breakdown Spectroscopy – A Tool for Imaging
the Chemical Composition of Concrete
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Abstract. One of the most common causes of damage is the ingress of harmful ions into the concrete,
which can lead to deterioration processes and affect structural performance. Therefore, the increasingly
aging infrastructure is regularly inspected to assess durability. Regular chemical analysis can be useful to
determine the extent and evolution of ion ingress and to intervene in a timely manner. This could prove
more economical than extensive repairs for major damage, particularly for critical infrastructure. In addition
to already established elemental analysis techniques in civil engineering such as potentiometric titration or
X-ray fluorescence analysis, laser-induced breakdown spectroscopy (LIBS) can provide further important
complementary information and benefits. The possibilities of LIBS are demonstrated using the example of
a drill core taken from a parking garage.

1 Introduction
Despite standards and regulations, concrete structures
often show serious damage in practice. One of the most
common causes is the ingress of harmful ions into the
concrete, which can lead to damage processes and
compromise structural performance. Common damage
processes include chloride induced corrosion or alkalisilica reaction. Regular chemical analysis can provide a
possibility to monitor the presence or progress of ingress
of harmful ions. Based on these analyses, suitable
maintenance concepts can be developed in conjunction
with further investigations.
In the following sections, the alternative chemical
analysis method of laser-induced breakdown
spectroscopy is presented, and investigation results are
demonstrated on a drill core from a parking garage under
deicing salt and carbonation exposure.

Fig. 1. Laboratory system for daily use (left); Mobile system
for on-site measurements (right).

3 LIBS analysis on a drill core
To determine the depth-dependent element contents, drill
cores are usually taken from the investigated structure.
The cores are then split to perform LIBS measurements
on the cross-sectional area. With one LIBS measurement
the simultaneous determination of several chemical
elements is possible. As an example, the element
distribution of Cl, Na and C are shown in Figure 2.
To indicate the determined contents in relation to the
hardened cement paste matrix, only spectra that can be
assigned to this phase are considered. The identification
is done by means of matrix elements such as Ca, Si or O.
In the figure, excluded spectra, i.e. spectra which cannot
be assigned to the hardened cement paste matrix, are
marked in black. To obtain ingress profiles, the depthdependent mean value is calculated. For the quantification
of Cl, the LIBS system was calibrated with reference
samples.
The depth profiles determined with LIBS allow a
detailed analysis of the ingress behavior and interaction of
different elements. Figure 2 shows the areas where
carbonation occurred, and the different transport
processes of Cl and Na. Carbonation influences the
chloride binding capacity. As a result, the maximum Cl
content of this sample is about 15 mm below the sample

2 LIBS
Laser-induced breakdown spectroscopy (LIBS) is a
spectroscopic measurement technique from the field of
atomic emission spectroscopy that allows to examine the
chemical composition of a sample. By means of a short
powerful laser pulse, a few ng-µg of the sample material
are ablated, and a plasma is ignited, which is analyzed by
optical emission spectroscopy. A major advantage over
conventional methods is the minimal sample preparation,
multi-element analysis (also light elements such as H, Li,
or Na), measurement speed and high spatial resolution.
The latter allows the heterogeneity of concrete to be
considered by separately measuring the chemical
composition of aggregate and binder matrix. Limitations
of LIBS include the low detection sensitivity for some
elements, low reproducibility due to small amounts of
ablated mass or the need for calibration with matrixmatched standards. There is also a lack of standards and
regulations that unify the application of LIBS.
LIBS measurements are possible in laboratory
environments as well as on-site (see Fig. 1).
*
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surface. The high local resolution of the ingress profile
allows a better estimation of the diffusion coefficient,
which in turn can be used as input parameters for lifetime
predictions. The determination of the high-resolution
element distribution is particularly useful in areas where
high concentration differences are to be expected, for
example, in the case of chloride ingress via a crack.

4 Summary
In addition to the already established methods for
chemical analysis of concrete, LIBS can provide
important complementary information. Due to the high
spatial resolution, the heterogeneity of concrete can be
considered or local high concentrations, e.g. in a crack,
can be detected. Also, no vacuum is needed, and light
chemical elements can be measured.
In a research project, a first interlaboratory test for the
determination of the quantitative chlorine concentration in
hardened cement paste showed that LIBS is suitable for
the samples investigated. A DGZfP leaflet specifically for
the chloride analysis of concrete was developed together
with project partners from industry and research, which
will be published this year (2022). This should facilitate
the practical application and increase the acceptance of
the LIBS method.
A current research project aims to use LIBS in
combination with a wide variety of camera systems to
identify construction and demolition waste. It is then
sorted into different material fractions, processed, and
returned to the material cycle. A brief presentation of the
project and preliminary results will be part of the oral talk
at ICCRRR 2022.
Acknowledgements: Financial support by the Federal Ministry
for Economic Affairs and climate action in the framework of
WIPANO (grant number 03TNK013) and by the Federal
Ministry of Education and Research in the framework of ReMin
(grant number 033R259) in Germany is greatly appreciated.

Fig. 2. Quantitative (Cl) as well as qualitative (C, Na) LIBS
analysis related to the binding matrix of the cross-sectional
area of a drill core.
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by acoustic methods and scratch test - pilot experiments
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after mixing and was followed by a standard ageing
process lasting 28 days.
The reference sample was represented by a simple,
untreated paste whose surface was ground with a grinding
wheel with a grain size of 200 and 80 in order to remove
the carbonation products. The treated sample was
prepared by applying lithium water glass (Lithium water
glass; silicate module 3.1; solid content 20.4%; SChem
a.s.) onto a sample that had also been ground as in the case
of the reference sample. The application of lithium water
glass was performed by immersion in a bath for 5 minutes.
Excess water glass was removed by wiping with a brush.
The specimens were ready for testing after subsequent
ageing for 24 hours.
The first part employed a simple scratch test using a
needle and recording of acoustic emissions using two
acoustic emission sensors. Four scratches were made on
each of the five specimens. Amplitude was selected as the
monitored parameter of the acoustic emission hits. A
higher amplitude value indicates higher damage to the
monitored specimen or its structure.
The second test was very similar to the first one with
only the needle being replaced by a metalworking blade.
Recording of mechanical waves was conducted using
a Dakel ZEDO device. The parameters set for the
recording of mechanical waves were as follows: the total
gain was 60 dB (34 dB pre-amplification + 26 dB gain on
the recording card), the detection threshold was
automatically at 112% above the noise level.

1 Introduction
The ever-increasing requirements applied to cementitious
composites with optimized physical properties are the
main driving force of the current building and material
engineering. The surface of a cementitious composite
interacts with the environment around it, which may
include various physical or chemical degradation factors.
These subsequently adversely impact the properties of
cementitious materials and therefore shorten their service
life. The use of surface layers and coatings is a logical
solution to this situation.
The pilot experiment described below involves alkalisilicate sealers applied to the surface of cementitious
composites. The generally accepted mechanism of action
of alkali-silicate sealers or hardeners lies in their reaction
with calcium ions in the surface layer of a cementitious
composite and a subsequent formation of a calciumsilicate-hydrate (CSH) gel, which blocks the pores and
therefore increases the hardness and impermeability of the
cement surface [1,2].
The available surface layer test is the scratch test.
Scratch tests are used to examine the cohesive and
adhesive properties of thin films and coatings. The
principle of the test is based on the movement of a tip
under load across the examined surface with a
simultaneous and continuous monitoring of the applied
force and the respective position of the tip, or the frictional
force. The resulting formation on the surface is called a
scratch track [3].
The acoustic emission (AE) and is typically detected
by an audio sensor attached to the surface of a given
material. The formation and growth of microcracks,
interface bond breaking, and delamination of thin films
are typical examples of phenomena that produce acoustic
emissions. The employment of acoustic wave sensors
makes it possible to acquire interesting data regarding the
various processes that occur during scratch testing [4-6].

3 Results
In the first test, the paste treated with the lithium sealer
did have slightly higher amplitude values. The slightly
higher amplitude will probably not be associated with a
higher degree of damage, but rather with increased
hardness of the treated surface. (In the following research,
the authors will also focus on a microscopic analysis of
the scratch tracks).
In the second case, a slightly more significant
difference between the individual sets of specimens was
observed. The specimens that were surface-treated with
the lithium sealer again reach higher amplitude values.
Again, this will probably be associated with the harder
material in the form of the lithium sealer rather than with
greater damage. In this test, the evaluation also found
more outlying values of lower amplitudes, which are most
likely related to the greater depth of the scratch.4

2 Pilot experiment setup
A cement paste (CEM I 42.5R; Českomoravský cement,
a.s. – plant Mokrá) was chosen as the test material. The
water coefficient (the water to binder weight ratio) for the
preparation of the paste was 0.29. Test specimens were
produced according to ČSN EN 196-1 and were in the
shape of beams with dimensions of 40×40×160 mm.
Demoulding of the specimens was conducted 24 hours

*
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4 Conclusions
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Two tests of surface-treated cement pastes were
conducted within the pilot measurements of the starting
project. Both tests were conducted on two sets of five
specimens. One set was for reference (i.e. untreated) and
the other set of specimens was surface treated with a
lithium sealer. The following experiment was conducted
scratch test (a needle and a blade). The following
conclusion can be drawn from this experiment, the
amplitude of the recorded signals is higher in the case of
the surface-treated specimens, which is probably a result
of a stronger surface layer structure in the form of the
lithium sealer.
The following work within the project will focus on a
deeper and more detailed analysis of the scratch test
signals. In the case of the scratch test, attention will also
focus on the image and depth analysis of the scratch tracks
after testing.
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The effect of curing, specimen thickness, and saturation on
surface resistivity of concrete
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Abstract. Electrical resistivity measurements are used to assess the potential durability of concrete. The
surface resistivity method is a popular method because of the ease of testing, non-destructive nature, and
time efficiency. The moisture state of concrete has a significant influence on the resistivity results.
Laboratory specimens cured using practical curing methods should be saturated before testing to eliminate
this effect and avoid incorrect interpretation of the results. However, the available standard test methods for
surface resistivity do not deal with this issue. Consequently, an experimental study has been conducted on
the effect of drying on concrete resistivity values, as reported in this paper. The results show that a reduction
in the specimen thickness can improve the ability of the surface resistivity method to be used for assessing
curing effectiveness.

1 Introduction
Various tests have been developed globally for
prequalification, quality control, and conformity
assessment to ensure that relevant durability properties of
concrete are measured using suitable means. Different
types of electrical tests are available to verify the
resistance of concrete against chloride-induced corrosion
of reinforcing steel, which is pervasive in marine
conditions and regions where the use of deicing salts is
common. In the case of chloride-induced corrosion, cover
concrete plays the most crucial part in protecting the steel
from chloride attack. Hence, the test used to evaluate the
resistance of cover concrete against deleterious agents—
in this case, chloride ions, moisture, and oxygen—are also
required to be sensitive to the factors that may affect the
quality of cover concrete and therefore the service life of
the structure. This is essential in order to assist the
designer to make proper design choices regarding
materials, and processes. Some of these factors are binder
type (chemical and physical microstructure), w/b ratio
(degree of hydration and pore structure), compaction
(porosity and voids), curing (degree of hydration,
porosity, cracking, etc.), etc. [1].
Surface resistivity testing using the 4-probe Wenner
arrangement is one of the easiest and quickest methods for
this purpose. It has been used in different parts of the
world for quality control and as a basis for service life
prediction [2,3]. The surface resistivity method (SR),
while simple and efficient to perform, depends on factors
such as moisture conditions, pore solution conductivity,
the geometry of the specimen/member, probe spacing,
and the presence of rebar, among other things [3,4].
Among these factors, moisture content seems to be the
overriding factor in situations where concrete cannot be
kept under saturated conditions [5]. The AASHTO
method for determining resistivity also prescribes that the
specimens be kept under saturated conditions from the
point of demoulding to the point of testing [6]. Curing
methods used on site, whether membrane-based or water*

based, always have a drying period associated with them
before the standard 28-day testing is carried out for
quality control or conformity assessment. The efficacy of
the curing method adopted should ideally also be
evaluated for its influence on the durability properties of
concrete given the importance of curing on cover concrete
properties.
In such cases where the cover concrete is under partial
water saturation at best, the obvious issue with using the
SR method is that it can give a false indication of better
quality because the apparent resistivity increases as the
degree of saturation of concrete decreases. Despite the
implications of this factor on the use of SR as a durability
indicator, most of the research on the influence of
moisture state of concrete on SR deals only with the effect
of loss of moisture from a saturated surface [7]. This
study; therefore, focuses on the influence of an
unsaturated state resulting from the practical curing
methods such as plastic curing on SR for its use as a
durability indicator.
This paper is an attempt to study these effects and
explore ways to resolve this problem so that the SR
method can be reliably used as a short-term test for a more
realistic assessment of durability properties of concrete
structures cured using field curing methods. The aspects
investigated in this paper are as follows:
i. The effect of immersion time on concrete SR
ii. The effect of specimen thickness on concrete SR
iii. The effect of curing methods on surface and bulk
resistivity, and porosity of concrete

2 Experimental program
A total of 6 concrete mixtures with different binder types
and w/b ratios were investigated in this study. Two types
of curing methods were used, namely, continuous
immersion in lime water until testing, and 7 days under
plastic wrapping followed by air drying until the age of
testing. The surface resistivity was measured on 150-mm
cubes. The bulk resistivity and porosity were measured on
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30-mm thick, 70-mm diameter specimens extracted from
the top 5-35 mm depth range of the 150-mm cube
specimens. This was done to enable comparison of the
surface resistivity results against more established and
reliable durability indicators.
The thickness of the 150-mm specimens was reduced
gradually from 150 mm to 50 mm and the effect of the
reduced specimen thickness was evaluated for both the
wet cured and the plastic cured concretes. Fig. shows that
when the specimen thickness is reduced, the difference
between the apparent SR of the plastic cured concretes
and those of the wet cured concretes tends to accentuate,
increasingly becoming indicative of the differences in the
effects of the two curing methods.

different concrete mixes (binder type, w/b ratio)
without showing any preferred direction of change.
iv. Notwithstanding the variable effects of thickness
reduction on SR measurements, reduced specimen
thicknesses seem to provide a better indication of
the influence of curing on the concrete properties
when normalized with the SR results for the control
concretes (wet cured counterparts).
v. The bulk resistivity and porosity measured on smaller
specimens (30-mm thick, 70-mm diameter) clearly
show the distinction between the two curing
methods adopted in this study.
vi. It is suggested that this study be replicated at earlier
ages, which are more relevant for quality control
purposes to make the results more directly relevant
for application and avoid the effect of carbonation
that may have influenced some of the results in this
study.
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3 Conclusions
i. The surface resistivity is influenced by the drying
experienced by concretes subjected to practical
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reduction in SR seems to happen under 24 to
48 hours of immersion.
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reduction in specimen thickness seems to vary with
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Abstract. Alkali-activated materials (AAMs) offer a lot of potential for development and are widely
regarded as a viable alternative to OPC due to their low carbon emissions and promising performance.
However, existing understanding is insufficient to assure long-term reliability due to discrepancies in the
reaction processes of AAM and OPC, as well as a wide range of unique AAM compositions. In this study,
the long-term corrosion behaviour of reinforcing steel embedded in three different alkali-activated mortars
was monitored in chloride rich environments throughout the test period. The half-cell potential and corrosion
rate were determined by linear polarisation (LP) and the individual resistance of the mortar was determined
by electrochemical impedance spectroscopy (EIS). The objective of this study is to determine an indirect
method for evaluating the corrosion conditions of steel embedded in AAM. The mortar resistance (Rmortar),
determined by fitting the EIS data, can roughly determine the condition of the steel and is a suitable tool for
indirect measurements as an alternative to monitoring the corrosion potential (Ecorr), which is very sensitive
to the composition of the pore solution and the availability of oxygen.

28 days of curing up to 360 days, during which the
material was subjected to cycles of wetting, drying, and
spraying with chloride solution simulating the marine
environment in a salt spray chamber. The temporal
evolution of the following parameters was monitored
throughout the test period: the corrosion potential and
polarization resistance determined by LP and the
individual resistance of mortar and steel using EIS.

1 Introduction
The development of novel binders with a longer service
life than OPC is a cost-effective and environmentally
friendly option. AAM, one of the available alternative
binders, offers a lot of potential for development and are
widely regarded as a viable alternative to conventional
Portland cement due to their low carbon emissions and
promising performance [1]. However, existing
understanding is insufficient to assure long-term
reliability due to discrepancies in the reaction processes
of AAM and OPC, as well as a wide range of unique AAM
compositions. Indeed, the pH and chemical composition
of the surrounding pore solution, as well as oxygen
availability, have a significant impact on passive film
development and stability [2]. In the case of OPC and
AAM, all three parameters are considerably different, and
have a considerable impact on the electrochemical
parameters used for corrosion detection. The aim of this
study is to determine indirect method to evaluate the
corrosion conditions of steel embedded in AAM.

Table 1. Mix design of the mortars developed in this study.
Mass (%)
Blas furnace slag
Fly ash
NaOH
Na-silicate

FN9
0
68.7
7.7
23.5

Figure 1 shows the Nyquist plots, obtained by EIS to
discriminate between mortar and reinforcing steel
resistance. The electrical equivalent circuit was used to
match the impedance data, which is defined by two time
constants: the behaviour in the high frequency range
related to the mortar cover properties, while the lower
frequency range associated with the steel/electrolyte
interface [3]. Rmortar was investigated as a critical metric
to determine the mortar capacity to prevent aggressive
ions from penetrating electrolytes [4]. Corroded steel
frequently occurs in places with poor resistivity,
suggesting more chloride anions penetration and more
open pores [5]. Rmortar of SN3 increased up to 268 kΩcm2
at 250 days and moved to 55 kΩcm2 after 50 days, while
Rmortar of BN3 increased up to 253 kΩcm2 at 200 days and
moved to 66 kΩcm2 after 100 days. This trend is probably
connected to the cracking process of mortar layer due to
the corrosion product growing on the steel surface, as it is

Table 1 described the systems studied in this research. The
mortars were prepared with w/b = 0.45 and
binder/aggregate = 0.33. After mixing the mortar was cast
into Ø 50 mm - 100 mm plastic moulds that had smooth
steel rebar placed in the middle. A conventional cell with
three electrodes was used to perform the electrochemical
measurements, using a steel rod embedded in the
cylindrical mortar as the working electrode (WE), a
graphite rod as the counter electrode (CE) and a saturated
calomel electrode (SCE) as the reference electrode (RE).
Electrochemical measurements were performed using the
PAR VMP2 potentiostat. Measurements were made after
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BN3
41.1
46.6
7
5.2

3 Results

2 Materials and methods

*

SN3
87.6
0
7
5.2

confirmed by the capacitance values. While Rmortar of FN9
was stable at ~1 kΩcm2, indicating corrosion already at
150 days.
25000

by EIS fitting with correlation coefficient of 0.52. The
mortar resistivity decreased, while Ecorr did not always
agree with the Rmortar results. In addition, it is possible to
identify areas of passive and corrosive conditions that are
shifted to lower values compared to the observation in
OPC. Increasing the corrosion rate the mortar resistivity
reduced, while Ecorr was not always coherent with Rmortar
results. Furthermore, it is possible to identify region of
passive and corroding conditions, which are shifted to
lower values compared to observation in OPC. Rmortar is
less affected by humidity and oxygen availability than
Ecorr and it is possible to define the boundaries of passive
and active conditions. Compared to Elsener et al [6], the
results obtained with AAMs are shifted to lower Ecorr and
higher Rmortar values.
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Fig. 1. Nyquist plots of AAMs reinforced in salt spray chamber
after different exposure times.

Mortar resistivity (Rmortar) can roughly identify the
condition of the steel and be a valid tool for indirect
measurements as an alternative to Ecorr monitoring.
Notwithstanding the fact that Rmortar can be strongly
influenced by the chemical composition of the systems, in
particular by the OH- concentration [7], the results
presented for AAMs show a visible distinction between
areas of high corrosion activity (Rmortar < 600) and passive
or negligible corrosion activity (Rmortar > 600).
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A framework for non-destructive assessment and monitoring of
3D printed Steel Fibre Reinforced Concrete (SFRC) tunnel
segments
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Abstract. 3D Concrete Printing (3DCP) has been gaining in the very last years great potential due to the
necessity of enhancing the innovation uptake of concrete construction industry and make it aligned with the
evolving needs of the society, mostly in terms of sustainability. The start-up company Hinfra has developed
and is currently implementing in the market a new slip-forming methodology for the refurbishment of
existing tunnels, using 3D printable steel fibre reinforced concrete (SFRC). This method provides an
innovative framework for the strongly needed maintenance interventions of (often obsolete) highways and
railways, whose network ranks among the top positions worldwide. Along with the description of the Hinfra
slip-forming process, the purpose of this paper is to provide a framework for non-destructive assessment
and monitoring of the “as-built” full-scale 3D printed SFRC tunnel segments. The methodology consists of
a non-destructive ultrasound tomography and magnetic fibre-dispersion monitoring, further validated by
means of destructive tests performed on cores extracted from the same segments. On cores, besides
compression strength tests, the fracture behaviour of the SFRC will be measured by means of Double Edge
Wedge Splitting tests, together with the resistance to water penetration under pressure. Thus, on the one
hand the homogeneity of the concrete and the fibre dispersion has been monitored through the nondestructive tests with tomograph and magnetic sensor respectively, providing broad information about the
quality of the slip-forming process, whereas, on the other hand, the destructive tests on cores, will validate
in detail the same information, in an overall attempt to define a framework for on-site non-destructive
assessment and monitoring of the performance of retrofitting interventions in concrete tunnel linings.

process should be fast enough to guarantee the continuity
of the lining, without providing weak segment interfaces.
As a matter of fact, being a 3DCP application, the material
must satisfy some specific requirements known as
printability [2]. In fact, during the process, concrete must
have a low yield strength to match the requirements of the
pumping system, satisfying the pumpability requirement.
Then, it must be extrudable while the mould slips in order
to maintain the shape the mould has given to it. Finally, it
must have the adequate mechanical strength in order to
avoid the collapse of the lining, being buildable. This
paper introduces a non-destructive survey performed on a
real scale SFRC tunnel segment, in order to provide an
indication on the overall quality of the printing process.

1 Introduction
Italy is the first country in Europe for number of tunnels
along its roadway network. Since the largest part of these
tunnels was built in the 50s of the 20th century, periodical
and more and more frequent maintenance interventions
are needed, that in most cases fail to meet the efficiency
requirements of the pristine infrastructure. At least 2000
km of existing tunnels will need heavy regeneration in the
next years [1]. The start-up company Hinfra is developing
a new 3D Concrete Printing (3DCP) methodology based
on slipforming, able to regenerate existing tunnels
providing them a performance, and hence an expected
service-life, comparable and even higher than the one for
which they were designed for. This fully automated
process works with the adoption of a machine that moves
on rails and casts steel fibre reinforced concrete (SFRC)
pumping it through a hose into a suitably designed
formwork system. The material hence fills the tunnel
shaped mould that slips as soon as the concrete has
achieved the target mechanical properties. The length of
the modular tunnel segment is designed considering to the
volume capacity of the concrete mixer. After the
“printing” of the former segment the process is iterated,
casting new concrete segments in sequence. Thus, the

*

2 Site and test explanation
The site where the tests have been performed is in Senago
(Milan), and the printed tunnel lining is made of different
segments of about one meter length, casts with SFRC
mixes featuring different steel fibre contents (from 20 to
40 kg/m3). The measurements have been taken from the
ground to the key of each segment, spacing them of one
meter and arranging them in strips parallel to the tunnel
lining.
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Fig. 1. Representation of the testing scheme

A tomographic and a magnetic survey have been. The
former aims to study the homogeneity of the casting, and
has used an A 1040 MIRA 3D tomograph, whereas the
latter, using a simple magnet plugged to a computer,
analyses the fibre dispersion in the concrete matrix thanks
to the increment of inductance of the composite materials
due to steel fibres. The tomographic survey confirmed the
homogeneity of the cast segments (Fig. 2).

iii. The magnetic inspection highlighted a homogeneous
fibre dispersion along the tunnel lining;
iv. Fibres show a preferential alignment along the
circumferential casting flow direction close to the
key of the lining; this anyway matches with the
direction of the expected actions in the service
condition inside the segment.
After this non-destructive survey, a destructive tests
programme will follow. In particular, tests on cores
extracted from the same tunnel segments will be
performed. These tests will be: 1) compression tests, 2)
toughness tests via Double Edge Splitting test method [3]
and 3) water penetration tests.
Magnetic survey on the extracted cores will be also
performed to calibrated a quantitative correlation between
the value of inductance measured by the magnet and the
actual fibre content inside a representative concrete
volume.

Fig. 3. Homogeneity of fibre dispersion along the tunnel
circumference

Fig. 2. Example of a scan from tomographic inspection.

Along with the second type of survey it was possible to
observe that fibres are well distributed all over the lining,
independently on the position inside the segment and the
orientation with respect to the longitudinal direction (Fig.
3). The influence of the casting process, with concrete
pumped from the key of the arch and flowing to the
bottom, resulted in a slight preferential alignment of the
fibres along the circumferential direction, especially close
to the key point (Fig. 4). Near the bottom this effect is not
detected as the flow is far from being laminar due to the
presence of disturbance of the ground.

Fig. 4. Preferential fibre alignment along the circumferential
direction. Measurement taken at the key of the tunnel segment.
The first author acknowledges the support of the Italian National
Programme PON Ricerca e Innovazione in funding his PhD
programme.

3 Conclusion and future work
From the performed work the following statements hold:
i. From the tomographic survey, no discontinuities of
the material have been observed;
ii. Even at the interface between two segments, concrete
was homogeneous, the kinetics of the segmental
lining advance providing good bonding between
two subsequently cast/extruded segments;
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Application of RFID Corrosion Environment Sensing System to
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Abstract. To perform preventive maintenance for reinforcing steel corrosion in reinforced concrete, an
RFID corrosion environment detection system is developed that can monitor wirelessly iron sensors that
simulate reinforcing bars. This system can be embedded in concrete for a long period of time according to
the life cycle of the target structure, and semiconductor parts can be used for the passive RFID used in the
communication interface. Therefore, it is necessary to confirm long-term durability. In this study, an RFID
corrosion environment detection system was used to the repair work of bridge piers in addition to the
conventional method of diagnosing rebar corrosion. Accordingly, this study reports the results of our
research conducted over a period of 10 years. The performance of the RFID corrosion environment detection
system was compared with that of the expansion ring sensor system and rebar self-potential measurement
results. In addition, electron probe microanalyzer (EPMA)was used to analyze the chloride ion permeation
of cores sampled from 5- and 10-year-old structures. The reaction results of the RFID corrosion environment
sensor were compared with the permeation of chloride ions inside the structure.

1 Introduction
The RFID corrosion environment detection system
conducts nondestructive measurements to determine
whether the steel material inside the concrete is in a
corrosive environment. This system uses a passive RFID
as a communication interface to measure the electrical
resistance of iron sensors that simulate rebars. A passive
RFID connected to an iron sensor and cable is buried
inside the structure, and measurements are conducted by
applying radio waves to the embedded passive RFID from
the concrete surface with a dedicated reader/writer.
Therefore, a system is realized that can perform long-term
measurements without a battery. The electrical resistance
of the iron sensor in a normal state is several ohms, but
when corroded, it yields resistance values of 100 Ω or
more.[1]
In this study, the RFID corrosion detection system was
applied to repair work of bridge piers in Japan and was
used as a monitoring system to confirm the effectiveness
of the repair work. This study presents the results of a 10year chronological survey that confirmed system
operation and investigated issues regarding applications
of the aforementioned method as a monitoring technique.

*

2 RFID corrosion environment sensor
As shown in Fig. 1, the detection and communication
parts of the RFID corrosion environment sensor are
connected via a cable. The detection part simulates a
reinforcing bar with a film-like iron, and the corrosion
environment is evaluated by determining whether the iron
film breaks due to corrosion, using electrical resistance
values. When measured, the value of the electrical
resistance between both ends is 15 Ω or less. However, if
the sensor itself becomes adequately corroded to get
disconnected, it yields resistance values of 100 Ω or
more.
This system enables nondestructive measurements
with no need to expose the cables to the surface of the
structure. To conduct a measurement, an electromagnetic
wave is transmitted from the RFID reader/writer to the
surface of the structure in which the RFID unit is
embedded. The embedded sensors and RFID units do not
require batteries, thus making them ideal for long-term
maintenance without the hassle of battery replacement.
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i. It is expected that the RFID corrosion environment
sensor detects the permeation state of chloride ions
inside the structure accurately
ii. The target structure of this study is expected to
require early repair due to the diffusion of chloride
ions from the surface and migration of internal salt
to the surface side.

Fig. 1. RFID Corrosion Environment Sensor.

3 Installation of
environment sensor

RFID

corrosion

As shown in Fig. 2, the RFID corrosion environment
sensor was fixed with anchor bolts after chipping the
existing concrete, and was installed such that two-step
measurement is possible at the 40-mm (M-1, C-1, S-1)
and 80-mm(M-2, C-2, S-2) positions of the design cover.
The communication part was fixed with fast-hardening
mortar at a position of 50 mm from the cover.

4 Measurement results of
corrosion environment sensor

RFID

With respect to the RFID corrosive environment detection
system, measurements were possible without any
problems even after 10 years, thus confirming the
system’s long-term durability. As shown in Fig. 3, even
after 10 years, five out of six pieces were estimated to be
in a good state without corrosion. However, one sensor
installed in the central part at 80 mm from the cover was
found to be corroded. Additionally, a crack with a width
of approximately 0.2 mm was observed on the surface of
the installation part of the sensor, which was used to
determine corrosion. Furthermore, it was presumed that
the crack penetrated to the sensor position and chloride
ions entered from the surface along with moisture, or that
the chloride ions that were present before the repair
moved to the repaired area, as described below. This
resulted in the corrosion of the sensor.

Fig. 2. Installation status of RFID Corrosion Environment
Sensor.

Fig. 3. Measurement results of RFID Corrosion Environment
Sensor.

5 Progress of distribution of chloride
ions
Fig. 4 show the results of EPMA analysis of the state of
chloride ion permeation in the cores sampled in the 10th
year.
The 10th year result yielded the highest salinity
concentration of 15–18 kg/m3 at the 5 mm position from
the surface, which was similar to that in the 5th year. At
the 40 mm position of the cover, the salinity was
approximately 0.9–1 kg/m3, and at the 80-mm position,
the salinity was in the range of 1.6–10 kg/m3, thus
showing a significant difference based on the location.
This result shows that the salinity near the surface was
affected by the airborne salinity from the sea. It is thus
speculated that the salinity concentration, which is higher
than that at approximately 90 mm, is due to the internal
salinity, which permeated before repair.

Fig. 4. Results of EPMA Analysis of Chloride Ions in Collected
Cores (10th year).
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6 Conclusions
The following points are clarified based on the results of
this research.
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Investigating the effects of anti-corrosive coatings on the bond
between corrosion-damaged rebar and concrete repair
materials
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Abstract. During repair of corrosion-damaged reinforced concrete members, a protective coating is usually
applied to the cleaned corroded steel. There is, however, little information available on the bond performance
of repair coatings and the effect of their coating thickness is not well understood. This paper seeks to
contribute towards understanding the use of anti-corrosive coatings and the influence of their thickness on
the bond between cleaned steel reinforcement and repair materials, when used in combination with different
bar geometries at varying degrees of corrosion damage. Two high tensile steel bars, Y12 and Y16, were
considered. Rebar corrosion damage levels of 0%, 10% and 20% (of steel mass loss) were simulated by
mechanical grinding of sound rebar samples to represent the condition of cleaned corroded rebar. A
commercially available epoxy-modified, cementitious coating material was applied to the steel in one or
two coats, with each coat being 0.6 mm thick. Three repair materials with CEM I 52.5N were considered in
this study, which included one concrete with a w/b ratio of 0.45 and two mortars with w/b ratios of 0.47 and
0.65. Pull-out testing was conducted on 108 specimens, and the results analysed by means of the one-way
ANOVA test to assess the effect of mainly coatings and other parameters on the bond. The results indicate
applying coatings to 10% and 20% corroded steel does not significantly reduce the bond for the M65 and
C45 mixes. Furthermore, the difference between one and two coats had little influence on the bond of
corroded steel for all rebar geometries and repair mixes.

type offers bond strength reductions by as much as 20%
compared to uncorroded steel, when the rebar is corroded
and cleaned after approximately 12% steel mass loss [6].
This paper aims to contribute towards understanding the
use of anti-corrosive coatings and the influence of their
thickness on the bond between cleaned steel
reinforcement and repair materials, when used in
combination with different bar geometries at varying
degrees of corrosion damage.

1 Introduction
The bond between rebar and concrete allows for load
transfer, where mainly the steel surface area; relative rib
area on the steel surface between adjacent ribs [1], and the
strength of the concrete [2] affects the bond. The largest
component from the bond forces in uncorroded rebar, i.e.,
mechanical interlock [3], is significantly reduced by the
action of reinforcement corrosion. Corrosion causes a
reduction in cross sectional diameter of the steel, and a
loss of ribs that provide the mechanical interlock force. As
the corrosion degree increases, more corrosion products
create a lubricated surface that destroys the bond [4].
When repairing corrosion-damaged reinforced
concrete, a protective coating is usually applied to the
corroded, and subsequently cleaned, steel [5]. The
function of anti-corrosive coatings is to prevent any
further corrosion and reinstate the bond strength in
repaired members. Most coatings available in the
construction industry are manufactured for application to
rebar in new construction, with however, only a few
coating types effectively proven suitable for repair
application.
Epoxy-modified cementitious coatings are accepted in
the construction repair industry as a suitable repair
coating, although not much research exists on the bond
performance of these coatings. It is also often used on-site
on uncorroded rebar which can majorly impact the bond.
Current available research suggests this repair coating
*
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2 Experimental methodology
This investigation involved conducting pull-out tests on
108 specimens at 7 days age. The parameters considered
for this test includes rebar diameter, corrosion degree,
coating thickness and repair material. The control
specimens for this study are the uncorroded, untreated
specimens. Two rebar diameters (Y12 and Y16), two
corrosion degrees (10% and 20% steel mass loss), two
coating thicknesses (0.6 mm per coat), and three repair
materials with CEM I 52.5N was chosen. The repair
materials were two mortars with w/b ratios of 0.47 and
0.65 (M45 and M65), and one concrete with w/b ratio of
0.45 (C45).
Corrosion damage was simulated using an angle
grinder. To achieve a desired corrosion degree equivalent
to 10% mass loss, some of the ribs were removed and an
uneven surface created. For 20% mass loss, all the ribs
were removed. The bars were grinded and weighed
continuously until ± 1.5 % steel mass loss from the
138

respective corrosion target levels. One commercially
available epoxy-modified, cementitious coating material
was considered. The product datasheet specifies applying
two coats of 1 mm each. Due to strength differences
between the steel, coating and hardened repair material, a
target coating thickness of 0.6 mm was chosen for each
coat, in an attempt to reduce the potential of coating
failure. The coating was applied using a paint brush, at an
application rate of 1.5 – 2 kg/m2, and at a time interval of
2 hours. The average coating thickness of the bars was
measured using an electronic Vernier Calliper. The
workability of mixes was assessed by the slump test for
concrete, and the flow test for mortars. Compressive
strength tests were conducted on the repair materials at 7
days and 28 days age. Pull-out testing was conducted and
the results, recorded in kN, was analysed by the one-way
ANOVA test, as a means to assess the effect of coatings
and other parameters on the bond.

•
•

compared to uncorroded rebar, this reduction was
only between 10 – 20 kN. The steel cleaning process
should be prioritized early to remove rust, as the bond
strength of cleaned corroded steel is much higher than
for corroding steel with rust present.
The pull-out force of uncorroded rebar is
significantly reduced by applying two coats of epoxymodified cementitious coatings to uncorroded rebar.
No difference in pull-out force is observed between
applying one or two coats to corroded rebar. For M65
(10% and 20% mass loss) and C45 (20% mass loss),
there is no difference in pull-out force between
untreated and coated specimens. For M45, there was
a significant reduction in pull-out force when one
coat of 0.6 mm was applied.

This work is based on the research supported wholly by the
National Research Foundation of South Africa (Grant Number:
123537)

3 Conclusion
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The results from this study indicate the following:
• A significant influence of the w/b ratio on the pullout force is seen with mortars, however not for the
concrete. As the rebar diameter was increased, the
pull-out force increased which relates to a decrease in
the bond strength. Assessing pull-out results in kN,
should be considered instead of MPa, to better
evaluate the bond performance of corroded repaired
steel.
• A steel mass loss of 10% and 20% reduced the pullout force for all mixes tested, however when
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Re-using existing prefabricated prestressed concrete girders
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Abstract. The construction industry will have to undergo a transition from a linear to a circular construction
industry. In the Netherlands an agreement [1] is made where goals are set to reduce the CO2 emissions with
49% in view to 1990, to recycle all concrete waste in new concrete and all tenders should be circular by
2030. One of the first steps is to change the current linear approach in the construction industry. Therefore,
Royal HaskoningDHV started an innovative approach of reusing prefabricated concrete girders for new
overpasses. Structural assessments have shown that the existing girders are still able to perform for another
100 years in a new structure. To put the theory into practice, a pilot project was started in which a viaduct
with 40-year-old girders was dismantled. The girders were transported to a storage location where they were
inspected, adjusted and repaired for application in the new overpass. Structural assessments, ecological
footprint and costs calculations were documented. Instead of making new girders, re-using prefabricated
girders saves approximately 90% of CO2 emissions and abiotic depletion. The main obstacle to the transition
to a circular building economy is the awareness of stakeholders that the reuse of these high-quality elements
is possible. Royal HaskoningDHV believes that re-using prefabricated prestressed concrete girders is
technically possible, economically feasible and environmentally sustainable.

for this pilot project is therefore on a deck structure with
inverted T-beams.
Re-use of structural elements raises a number of
questions such as: "how do you disassemble the girders?",
"how can you guarantee structural safety for another 100
years?” and “can the girders be adapted for use in a new
bridge?”.

1 Introduction
The construction industry is in the process of transitioning
to a fully circular industry. Many innovations will be
needed to achieve that goal. One of the first steps is to
change the traditional more linear process to a circular
one. To this end, Royal HaskoningDHV started an
innovation on re-using existing prefabricated prestressed
concrete girders.
About 90% [2] of bridges and overpasses in the
Netherlands are demolished for functional reasons. The
average age at demolishment is for these girder structures
only 40 years, whereas these structures are designed for a
minimum of 100 years. Technically, these objects can last
for several more decades, but mainly because of changes
in road layout they are obsolete. The prefab girders are
manufactured under controlled conditions in a factory
with a high-quality standard. By re-using these
construction elements, instead of crushing them and reuse the aggregate under road pavements, circularity can
be taken to a higher level.
The research is partly conducted under the Strategic
Business Innovation Research (SBIR) research grant from
Rijkswaterstaat, the executive agency of the Dutch
Ministry of Infrastructure and Water Management.

2.1 Disassembling
The inverted T-beams are interconnected by in-situ casted
parts. Depending on the total construction depth, the
beams can be sawn or drilled apart. With a saw blade a
depth of approximately 30 cm is possible in one cut. One
cut is sufficient for the in-situ pressure layer. But at the
support points of these beams, a crossbeam is present over
the entire height. Therefore, two or three cuts are required
there. With larger spans from 20 m, the construction
height is more than 90 cm. This is too high for sawing
with a saw blade. In such cases, the crossbeams must be
released by drilling or sawing cores with a band saw.
Because the girders were made statically indeterminate, it
takes approximately two weeks to release the beams
before the beams are dismantled.
2.2 Structural Safety
Concrete research was carried out to demonstrate that the
girders can last for another 100 years. The results of the
drilled cores show that there is virtually no penetration
(chlorides, carbonation) and no ASR. This is due to the
good processing and the high density of the concrete. The
tests also showed that the compressive and tensile strength
of the concrete has increased considerably, more than
calculated with the Eurocode.
The girders have been assessed for the assessment level
for new construction with consequence class CC3 in

2 Feasibility
From the mid-20th century, there has been a shift from
plate overpasses to overpasses with prefab girders. It is
estimated that about 55% of the girder structures are of
the inverted T-beam with cast on site deck slab (see figure
3) type. The box-beam without structural topping and the
inverted T-beam with cast in-situ infill make out about
respectively 25% and 15% of the bridge stock. The focus

*
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accordance with the Eurocode. In the last decades shear
capacity formulae have changed. The main reasons that
the beams still comply is due to the increased strength of
the concrete over time and the method of assessment. For
prestressed single span members, the shear resistance of
the regions uncracked in bending (where the flexural
tensile stress is smaller than the design tensile strength)
the shear resistance should be limited by the tensile
strength of the concrete. This so-called shear tension
capacity is determined still the same as in the earliest
prestressed concrete design codes with Mohr’s circle.

accordance the Eurocode. When a crossbeam is needed,
cores will also be drilled to facilitate the reinforcement.
2.4 Economical feasibility
In addition to the technical challenge, there is also the
financial side: "is it economically feasible?" and “can it
compete with new construction?”.
Currently money has been invested in the pilot and
costs have been made to store the girders over a longer
period. When the market for re-using existing
prefabricated prestressed concrete girders better aligns
with the market for new construction and one wants to
decrease
the
environmental
impact.
Royal
HaskoningDHV believes that re-using prefabricated
prestressed concrete girders is technically possible,
economically feasible and environmentally sustainable.

2.3 Adaption of girders
In the storage yard, the beams can be adapted to their
future use.
The most circular result is found if a new structure
with the same length of the girders and (almost) the same
angle of skew is required at a short distance and (almost)
immediately after the dismantling of the old structure.
However, this is rarely the case. If a new structure with a
slightly shorter span of about 1 m less is needed, the most
circular option is to change the design and increase the
span of the new structure to fit the existing girders. In
order to shorten the transport distance and/or the storage
time, it was investigated whether the beams can be
shortened, and the crossing angle can be adjusted.
Shortening and adjusting the crossing angle is done
simultaneously by sawing off a part of the beam.
Shortening can be done to about 75% of the original beam
length. Sawing off the beam end can be done with a band
saw or a blade saw. In this project, due to the construction
height, a band saw was chosen.
The focus is now on a deck structure with inverted Tbeams and cast in-situ infill. To reuse the girders, it is
regular recommended to delete the deck slab. On site the
pressure layer is sawed to have separate girders and
transported to a storage location. At the storage location
the deck slab is demolished, so the girder looks like a
virgin girder. Various techniques have been investigated
for removing the concrete slab. Demolition with a
hydraulic breaker has proven to be the most efficient.
Hydro-demolition with high pressure water jetting and
sawing were also considered. When removing the
concrete slab, damage to the beam web and the interface
shear reinforcement can occur. However, these are
generally repairable or acceptable to guarantee the
strength and durability of the girder. After the transport to
the new bridge or overpass a new deck slab is constructed

3 Environmental impact
Re-use of prefab beams should have a favourable effect
on the environmental impact of the construction of a
viaduct. To this end, a study was carried out into the
realization of the superstructure of a viaduct with a length
of 70 m and a width of 15 m, in which the effect on the
environment is compared. The study showed that reuse of
prefab girders has a significant impact on the
environmental impact.
Table 1. Difference in sustainability and environmental impact
for superstructure of an overpass.
Greenhouse gas
emissions
[kg CO2-eq.]

Environmental
costs
[Euro]

-44%

-49%

Abiotic
Depletion
Potential
[kg Sb-eq.]
-61%

The work of the consortium partners Dura Vermeer, Haitsma
Prefab Beton, SGS and Vlasman Sloopwerken is highly
acknowledged.
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values were so low that, normatively, a large-scale
removal of old concrete and application of thick repair
layers made of steel reinforced concrete supplement
would be necessary. Additional a high number of wash
outs and caverns was observed in the water change zone.

1 Introduction
The transport infrastructure in many countries has been
increasingly ageing. Both space limitations and narrow
time frames for construction significantly restrict the
possibilities for replacement or new construction. In
addition, the need to use resources as efficiently as
possible makes maintenance and repair to sustainable
measures. Particularly in the case of superficial repairs,
solutions are required with low demands to the existing
substrate, the thinnest possible overlays, high crack-width
controlling properties and fast application times. These
requirements can be met by thin, strain-hardening
material layers as shown in different studies [1-3], but
often fail due to existing regulations and standards, which
is why practical demonstrators are urgently needed. In the
following, a hydraulic engineering demonstrator, a water
lock, with the objective of restoring the impermeability of
the structure, is presented and its rehabilitation by means
of strain-hardening cement-based composite (SHCC) and
textile reinforced concrete (TRC) is examined in detail.
The reference structure, the Schustergraben lock, is
located in north-eastern Germany in the Lower Oder
Valley National Park in Polder 10 near Schwedt/Oder.
The lock, built in 1926, connects the river Oder with the
Gatower Graben. Today it serves to equalise the water
levels between the Oder and the nature conservation area.
The lock is 26.93 m long, 5.25 m deep and 6.5 to 7 m
wide. It is oriented in an east-west direction. The north
and south walls are mirror images of each other in the
division of the wall sections and the use of built-in parts.
Expansion joints are located at a distance of about 7.30 m
from the centre of the walls. Design documents for the
lock are no longer available, but it can be assumed that it
is a heavyweight structure.
Due to its age and visible damage to the concrete
structure, it was classified by the owner as being in need
of renovation. Vertical separation cracks several
millimetres wide were found in the centre of the main
walls of the structure. In the gate chamber areas, the
cracking was even more pronounced and consisted of
horizontal and vertical crack paths, each several
millimetres wide. The crack sensors showed particular
activity with changes in crack width of up to 0.6 mm. The
concrete samples examined showed very large differences
between the samples taken from the air side (fcc=25 MPa;
fct=1.2 MPa) and those from the water change zone
(fcc=15 MPa; fct=0.67 MPa) with a high scatter. According
to the applicable regulations [4, 5], the characteristic
*

2 Retrofitting Materials and techniques
Due to the size of the existing structure different material
combinations could be used for the repair. Based on the
undefined main crack direction, PVA short-fibre
reinforced SHCC was applied in the gate chambers. The
remaining areas were divided into four sections of
approximately equal size, whereby the south wall was
reprofitted with a soft, thermoplast-polymer-impregnated
reinforcement (Section A: 3 layers; Section B: 1 layer).
The north wall was retrofitted with a 2-layer stiff,
thermoset-polymer-impregnated textile reinforcement in
Section C, while in Section D a mineral-impregnated
variant was used. Referring to former studies the type of
impregnation influences the composite behaviour to a
great extent [6, 7].
The matrix material for the TRC sections was a
Portland cement based fine grained shotcrete containing
hollow microspheres to reduce the modulus of elasticity
and to enhance the freeze-thaw-resistance of the repair
layer. The SHCC under investigation has already been
used in several projects [8-12] and studies, among others
as a spray material in the field of hydraulic engineering
[13].
All TRC applications were performed using dry
spraying method, which has advantages in terms of the
amount of material required and the cleaning effort, as
residual material can remain in the hose package
overnight. For the SHCC, a wet spraying process with
SHCC mixed on site in 60l batches with respective quality
control (lump formation, spreading diameter, etc.) was
planned. A machine failure forced to change the
procedure to application by hand.
The mode of action of all material combinations used
to restore the tightness of the lock structure is based on the
principle of reducing the widths of the existing cracks at
the structure surface. For this purpose, the wide cracks in
the substrate are to be “distributed” over as many narrow
cracks in the repair layer as possible. To facilitate such
behaviour, it is necessary to introduce a decoupling area
along each major crack in the substrate
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3 Implementation

4 Summary and outlook

To assess the quality and performance of the repair
measure, a large number of accompanying tests were
carried out.
In addition to the usual specimens for determining
compressive and flexural strength, this measurement
program also included investigations of bond strength and
crack distribution. As an example, the expected crack
formation at strains corresponding to the preliminary
investigations is considered here. It can be seen that
although the repair material yielded an average crack
width well below 100 µm, so the basic effectiveness of
such a system could be proven by the tests.
Additionally, a monitoring campaign was initiated to
assess the effectiveness of the repair. This included both
the measurement of strains in the reinforcement plane by
means of strain gauges applied directly above the crack
on the reinforcement and the recording of displacements
on the surface in the area of the previously identified main
cracks. The measurements are still ongoing.
The results showed that the strains of the
reinforcement are independent of the external conditions
such as temperature and water level and are only very
small (<0.2 mm/m). The displacement measurements at
the surface indicate a clear decrease in the crack width
changes over time. While changes of up to 0.5 mm were
detected at the main crack of Section C before the repair,
this value dropped to less than 0.1 mm after the
rehabilitation.

The presented large-scale application of textile reinforced
concrete and SHCC as a repair layer on hydraulic
engineering structures has demonstrated the feasibility of
this lean and material-efficient approach. Accompanying
investigations on material samples have proven that the
values determined in preliminary tests can also be
achieved under construction site conditions. The
appearance of the repair surfaces is still very good. After
2.5 years with 3 frost periods no degradation could be
detected. The substrate cracks have not penetrated to the
surface in their previous extension, but rather very
narrow, finely distributed, and actually hardly detectable
cracks occurred in the repair layer.
The repaired lock offers the possibility of a long-term
investigation/monitoring. The remarkable performance of
the repair measure serves as proof of its practical
suitability for further approval and licensing procedures.
For this reason, the monitoring will be continued in the
coming years and the findings will be published
accordingly. The construction parameters not mentioned
in this article, but determined during the execution, allow
the executing companies to create initial planning bases
for an economic calculation of such applications.
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Abstract. Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is an innovative material for the
repair and/or strengthening of reinforced concrete structures. In the field of traffic infrastructure, the
outstanding mechanical properties are used as a protective surface layer and to increase the load capacity of
the structure. UHPFRC is characterised by a dense granular structure and correspondingly high resistance
against chloride attack. To optimise implementation of the strengthening and repair method, the UHPFRC
is applied as sprayed concrete, so-called Ultra-High Performance Fibre Reinforced Shotcrete (UHPFRSC).
The research aims to increase the service life of damaged and/or overloaded structures. Crack widths in the
UHPFRSC layer must be limited to avoid migration of chlorides. The thin UHPFRSC layer provides crack
distribution and control of localised macro cracks in the existing reinforced concrete structure. The fibres in
the Ultra-High Performance Shotcrete (UHPSC) allows for limiting the crack width to 50 µm. When the
UHPFRSC is applied on cracked reinforced concrete, that multi-cracking in the UHPFRSC surface layer
will provide a chloride-dense layer equivalent to a coating. Under load, the two layers - UHPFRC and RC act as a composite. The paper presents the results of bending tests of UHPFRC - RC composite elements.
The investigation shows the outstanding crack control behaviour of UHPFRSC.

1 Repair and
UHPFRSC

Strengthening

The investigations have shown that a macro-crack in the
existing concrete is distributed under bending into many
cracks with small crack widths in the UHPFRSC layer.
The lifetime of the repaired and strengthened concrete
structure can be extended or recovered to its original state.
The high tensile strength of high-performance concrete
allows for a significant increase of the load-bearing
capacity of the UHPFRSC-concrete composite elements.
This effect can be increased by using rebars in the
UHPFRSC layer. Strengthening the compression zone of
concrete structures is also possible using a UHPFRSC
layer. Due to the high compressive strength of UHPFRSC,
efficient strengthening in the compression zone without a
significant increase in self-weight is possible.
First investigations of the crack bridging effect of the
UHPFRSC layer show remarkable results. The
investigations were carried out on UHPFRSC-concrete
composite elements loaded in tension. Small crack widths
were detected in the UHPFRSC layer. Using steel rebars
could limit crack widths in the overlay to 0.1mm. In
contrast, localised crack openings of single cracks have
been detected in non-reinforced UHPFRSC layers for
large strain. An additional positive effect is generated by
using a specifically generated debonding zone. Due to the
optimisation, the crack bridging effect is controllable. The
considerations show that the additional UHPFRSC layer
is suitable for repairing and strengthening reinforced
concrete structures [5].

using

At Munich University of Applied Sciences, an
experimental program has been carried out regarding the
material properties of UHPFRSC. A particular focus was
on proving the pumpability and sprayability of the very
dense material. Using specifically designed mixtures,
UHPFRSC is a well-suited material for the shotcreting
process. Application is possible with conventional highperformance construction machinery [1].
The specific high-performance material properties of
classic UHPFRC could also be achieved using the spaying
process for UHPFRSC. The spraying process leads to an
anisotropic effect caused by fibre orientation. The
UHPFRSC shows strain-hardening behaviour under
tensile loading. The strain-hardening effect results in a
multi-crack formation, which is highly favourable for
durability [2].
An added UHPFRSC layer could prevent a local
chloride penetration along a macro-crack in the reinforced
concrete element. The cracks are sealed, preventing
further penetration from chlorides. The small crack widths
and the multi-crack formation in the UHPFRSC ensure
the protection of the reinforced concrete below.
Short steel fibres can achieve a crack-distributing
effect similar to the conventional crack-distributing due to
steel rebar in classical concrete structures. The spacing of
this multi-cracking is only a few millimetres and the crack
widths is very small [3].

*
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3 Conclusion

2 Experimental Investigation

The specimens strengthened with UHPFRSC and rebars
were able to carry 110 kN, an increase in load-bearing
capacity of more than 100 % compared with the reference
specimens. Specimens without additional steel rebar
showed an increase in load capacity of about 50 %.
It has been observed for the strengthened specimens
that the deformations at mid span for ultimate load are
significantly smaller than those of the reference
specimens. It can be concluded that there is an increase in
stiffness due to the UHPFRSC layer.
Using steel reinforcement bars in the UHPFRSC
results in a significantly finer crack pattern. In addition,
more homogeneous crack distribution with more stable
crack widths can be observed in comparison to specimen
without additional steel bars. Specimen without additional
steel bars shows breakthrough cracks from the NSC into
the UHPFRSC. There is a strong affinity to breakthrough
cracks. The investigation shows that the UHPFRSC layer
provides the intended crack bridging effect and suitable
crack control.
Regarding the crack widths, it must be considered that
the specimens were tested in bending, and the considered
crack widths were determined with different lever arms.
Hence, larger deformations and thus larger strains result
in the UHPFRSC layer. The crack widths shown are
correlated with the strains.
It could be noted that an increased number of cracks
was produced in the UHPFRSC layer and additional
cracks were induced in the reinforced concrete. The
increase in the number of cracks in the reinforced concrete
is even more significant in comparison to the reference.
No systematic joint failures are detected. Thus, a
monolithic behaviour could be assumed for the joint
between UHPFRSC and NSC. However, the joint should
always be kept under special observation.

The experimental investigation focuses on the area in the
interface of the macro crack in the reinforced concrete in
the UHPFRSC layer. The area is called Area of Interest in
this paper.
A debonding zone between UHPFRSC and normal
concrete can be applied for optimised crack formation in
the overlay. This debonding zone causes a free expansion
length of the UHPFRSC layer under tensile load. An
excellent distribution of the large local crack widths to
several multi-cracks over a defined length in the overlayer
is achieved [6].
The crack distribution behaviour in the UHPFRSC
layer is investigated for both concepts. Special focus is on
the interface between the UHPFRSC layer and the
substrate with and without a debonding zone. The crackbridging behaviour of UHPFRSC is evaluated with and
without rebars in the UHPFRSC layer.
As shown in Fig. a test campaign of UHPFRSCconcrete composite elements was performed using 4-point
bending tests. Load application is at one-third of the span.
Eight different configurations of the specimen were
manufactured and tested. The beams (RC base beams) are
150 mm wide, 1180 mm long and 140 mm high reinforced
concrete beams with a reinforcement of 2 x ∅8 mm rebars
at the top and bottom. Furthermore, a shear reinforcement,
as well as a reinforcement of the composite joint, has been
placed using ∅8mm stirrups. The span between the
bearings is 1050mm with a 65mm cantilever on each side.

The authors would like to thank the German Federal Ministry of
Education and Research, Karrié Bauwerkserhaltung GmbH and
LafargeHolcim, Prof. Dr.-Ing. Andrea Kustermann, Prof. Dr.Ing. Christoph Dauberschmidt and M.Eng. Toni Pollner for their
cooperation.
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Abstract. In concrete repair specifications, the required moisture condition of the substrate, which can play
an important role for bond development, and, ultimately, on the long-term repair / overlay durability, is
generally ill-defined and addressed without due consideration to the given substrate characteristics. The
standard specification, if any, is to require saturated surface dry (SSD) condition of the substrate prior to
application of cementitious repair materials, which is theoretically achieved after saturating the substrate
and then letting the surface just start to dry out. This does provide an intuitive solution founded on rational
considerations, but it has never really been precisely defined, measured, nor validated. The influence of
substrate surface moisture on the bond between the existing concrete and the new repair material is an issue
of significant importance. This paper revisits the question, in light of results from a project designed to
develop guidelines for moisture conditioning of a concrete substrate prior to a cementitious repair, which
was part of a larger effort to develop guidelines for surface preparation of concrete prior to repair. Over the
course of the project, multiple series of test slabs were repaired after being subjected to different surface
moisture conditioning and then tested for bond strength tests at different ages. The findings are discussed,
together with those from previous studies, and recommendations are issued.

1 Introduction

3 Experiments

The influence of substrate surface moisture on the bond
between the old existing concrete and the new repair
material is an issue of significant importance. The
standard specification, if any, is to specify the saturated
surface dry (SSD) condition of the substrate prior to
application of cementitious repair materials. This
condition is theoretically achieved after saturating the
substrate and then letting the surface just start to dry out.
While it provides an intuitive solution to avoid problems,
it has never been adequately defined, measured, nor
tested. The need for reliable practical recommendations
regarding surface conditioning of concrete substrate prior
to repair and overlay has been widely recognized by
researchers and practitioners [1-4].

Before undertaking the field test program, three (3)
concrete test slabs-on-grade (1.5 m ´ 2.5 m) were cast at
the Denver Federal Center (Denver, CO) using the basic
35-MPa BOR concrete mixture.
After eight months of conditioning, each slab was
sandblasted and, prior to the repair material placement,
submitted to a specific moisture conditioning consisting
in the following: no wetting; water ponding for one hour
and air drying up to SSD; water ponding for six hours and
air drying up to SSD. Moist conditioning was carried by
ponding. After the end of the ponding period, water was
completely removed and the surface was exposed to air
drying. The moisture condition of the surface prior to
repair was evaluated with an electrical impedance meter.
The threshold value of 3.5 was reached about 65 minutes
after removal of water in the slab ponded for 1 hour, while
it took 78 minutes in the slab ponded for 6 hours.
Two repair concrete mixtures were used in these field
experiments, the 35-MPa and 50-MPa BOR concrete
mixtures prepared with a binary cement (20% fly ash).
Each test slab was overlaid on one half (1.5 by 1.25 m)
with the 35-MPa mixture, and on the other half with the
50-MPa mixture. After overlaying, the slabs were moist
cured for 7 days, and then exposed to outdoor conditions
under a canopy. Tensile bond test were carried out at two
months (short-term) and one year (long term).

2 Objectives of the research
The ultimate objective of the research is to develop
guidance on how to determine the optimum concrete
substrate moisture condition prior to applying a repair or
overlay material, in order to maximize bond strength in
the resulting composite system and achieve long lasting
and durable repairs. More specifically, the work reported
in this paper intended to evaluate the use of moisture
measurement devices and study the influence of different
moisture conditioning treatments in field experiments.
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concrete elements, bond strength was improved with
extended water ponding (6-hour period). In all cases, the
maximum bond strength was reached relatively early,
within the first two months after the repair.
The conclusions drawn from this study are based on
very specific combinations of substrates, repair materials,
and moisture conditioning times. Further studies with a
range of repair materials, substrate concretes, ageing, and
moisture conditions are necessary. Unfortunately, it is
clear that there is no such thing as a single universal
optimum moisture condition that would apply to any
combination of repair materials and existing concrete
substrate. It is necessary to define more clearly in
guidelines and codes what the SSD conditions really mean
in existing concrete and, where desirable, to provide
guidance on to achieve it.
Finally, in view of determining when the superficial
moisture condition of the substrate is suitable for concrete
placement after pre-wetting, electrical impedance meters
appear as a valuable solution.

4 Test results and discussion
Analysis of the field test results together with those
obtained previously in laboratory experiments reveals that
in the case of dense high strength concrete mixtures
overlaid with a cementitious repair material under
controlled conditions, the extent of water conditioning of
the substrate did not have much effect on the resulting
repair bond strength. This can lead to the conclusion that
when moderate to high strength (equal to or greater than
about 35 MPa) normal weight concrete substrates are
repaired with ordinary concrete mixtures, the adsorption
processes are likely to govern the water mass transport. In
such cases, the moisture condition of the substrate surface
does not affect significantly the bond strength developing
between the two adjoined materials.
At the same time, for the low-strength (20 MPa)
substrate concrete, pre-wetting led to improved bond
strength of the repair materials. The lower strength
materials are characterized by a more porous and less
dense binding phase (paste), so the absorption process
prevailed over adsorption. Ponding of the concrete
substrate for one hour increased the resulting bond
strength by more than 12%, and the six-hour long ponding
resulted in an increase of almost 30%.
An important finding from the field trials (test slabs
made with 35 MPa and 50 MPa ready-mixed concrete
mixtures) was that the best bond strength results – either
short-term or long-term – were obtained without any
moisture conditioning. While this probably indicates that
a well prepared good quality concrete substrate may
generally suffice to get optimal adhesion (without any
wetting), further appraisal of these results is warranted.
In addition, the field studies did not reveal any
significant change in bond strength between the shortterm test results and the test results determined at oneyear. Seemingly, the 28-day bond strength test results may
be fully indicative of future performance in most cases, at
least in the cases where the interfacial bond strength
exceeds the tensile strength of the substrate.
Obviously, one important consideration when dealing
with the influence of concrete moisture upon repair bond
is the ability to evaluate the actual concrete moisture in
the field. Overall, the two measuring devices investigated
in the present study were found to be effective and
convenient.
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5 Conclusion
For the combinations of materials and conditions of this
investigation, pre-wetting of the substrate was not found
to be necessary for optimum bond strength when normal
and higher strength (about 35 MPa and higher) concrete
elements are being repaired with portland cement-based
materials. Conversely, in the case of lower strength
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An LCA for a construction product manufacturer can
therefore provide a quantitative environmental profile
within this given framework. This can help improve or
differentiate between products and solutions in terms of
the potential environmental benefits. This LCA of
refurbishment products was performed by the Sika Global
Product Sustainability Department according to the ISO
14040 series[1] and EN 15804 standards[2].

1 Introduction
Concrete structures are subject to ageing processes due to
the action of atmospheric CO2, moisture and humidity,
chlorides, and other aggressive influences, etc. These
deleterious elements can attack and/or penetrate the
concrete, and if they reach the reinforcing steel rebars, this
can result in steel corrosion. This expansive steel
corrosion will then lead to concrete spalling, and if no
remedial measures are taken, structural failure of the
impacted structures may eventually occur.
Generally, concrete repair works are carried out using
cement-based materials, and protective concrete coatings
typically use materials made with organic polymers
derived from fossil raw materials. This paper seeks to
compare these traditional concrete repair and protection
materials with new alternative products that use of
biomass balanced and/or high-quality recycled materials.

3.1 Scope of the analysis
The Functional Unit taken for the LCA is the
refurbishment of a concrete structure completed during
the year 2021 in Johannesburg, South Africa. The exact
quantity of materials applied on the structure was
considered in the assessment. To perform the LCA, an
inventory analysis step was also necessary, i.e., for the
data collection, as well as calculation procedures to
quantify the relevant inputs and outputs of the products /
system.
Product data collection was carried out by the
manufacturer and corresponds to the measured or
qualified data, including formulations of the products,
transportation, packaging, and production in South
Africa. The systems were then modelled in the product
sustainability software GaBi 10.0, based on collected data
and on datasets from commercial databases (the most
recent Sphera and ecoinvent databases were used). In
addition, supplier specific data was collected for the
biomass balance dispersion included in the protective
coating scenarios. Transport to job site, installation, and
end-of-life treatment were excluded from the scope of this
analysis.
The impact assessment phase associates inventory
data with environmental impact categories (calculated
with the CML 2001 method). Two impact categories
were considered relevant for this example, as these depict
sustainability drivers in refurbishment: carbon footprint
and resource efficiency. These impact categories are the
Global Warming Potential (GWP 100 years) and the
Abiotic Depletion Potential of Fossilised raw Materials
(ADP fossil).

2 Objectives
Recently, a new generation of concrete repair mortars and
protective coatings with lower carbon footprints, have
been introduced to the market.
By using the example of a specific recent renovation
project where typical concrete repair mortars and
protective coating were used, we will compare the
environmental impact of this renovation using these
products, versus using the newly developed materials that
have not only a lower carbon footprint, but also an
increased technical performances.

3 Method
Life Cycle Assessment (LCA) provides a method to
quantify and evaluate potential environmental impacts
throughout a product’s life cycle. It starts with raw
material extraction and transportation, through to its
manufacturing and application at the customer’s site. The
life cycle assessment concludes at the use and end-of-life
phases, where the product is finally treated as either waste
or recycled. To evaluate a product’s impact at the factory
gate, a cradle-to-gate analysis is carried out, which
includes exclusively[1] the respective raw materials
impact, transportation, production, and packaging.

*
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4 Description of the two repair &
protection scenarios

Usage

Product type

Reinforcing
steel bars
corrosion
protection

1-Component cementitious
based corrosion protection
slurry – named herein as
Slurry-A
1-Component cementitious
repair mortar – named herein
as Repair-A
1-Component acrylic concrete
protective coating – named
herein as Coating-A

Concrete
repair
Concrete
protection

GWP [%]

Table 1. Existing materials for the renovation works.
Quantity
used
500 kg
~21
tonnes.
2 900 L

100
90
80
70
60
50
40
30
20
10
0

GWP for 1 kg of product

Repair-A Repair-B

Slurry-A

Slurry-B Coating-A Coating-B

Fig. 1. GWP in relation to the benchmark products .
ADP fossil for 1 kg of product

Table 2. Alternative solution with more sustainable materials
for the renovation works.
Product type

Reinforcing
steel bars
corrosion
protection

1-Component cementitious
based corrosion protection
slurry – named herein as
Slurry-B
1-Component cementitious
repair mortar – named herein as
Repair-B
1-Component acrylic concrete
protective coating – named
herein as Coating-B

Concrete
repair
Concrete
protection

Quantit
y used

ADP fossil [%]

Usage

500 kg
~21
tonnes.

100
90
80
70
60
50
40
30
20
10
0
Repair-A Repair-B

2 900 L

Slurry-A

Slurry-B Coating-A Coating-B

Fig.2. ADP in relation to the benchmark products.

5 LCA Results

6 Conclusion

The results of the LCA study are presented in percentages,
where the existing repair materials system is considered
as 100%. The absolute values of the products Repair-A,
Slurry-A and Coating-A vary, but were normalised for
comparability.
The results in figure 1 show that the more sustainable
cementitious products, Repair-B and Slurry-B, show a
22% and 23 % reduction respectively, in comparison to
their equivalent benchmarks, Repair A and Slurry-A for
the Global Warming Potential; the new coating B having
a reduction of 43% compared to its benchmark Coating A.
For ADP fossil (refer to figure 2), there is a 40%
reduction for Repair B and 47% in Slurry B compared to
their benchmark products. The ADP fossil of Coating B is
reduced by 17% compared to its benchmark Coating-A.
When replacing the benchmark products with the
newly developed more sustainable products on the repair
project assessed in this paper, the embedded GWP overall
could be reduced by 5,340 kg CO2 eq (Taking the average
52,7 g of CO2 per tonne-kilometres[4] emitted by a
loaded truck, this is equivalent to ~5,000 km run by a 20
tons truck – approximatively the distance from Cape
Town in South Africa to the port of Mombasa in Kenya),
and the overall embedded ADP fossil could be reduced by
49,400 MJ (equivalent to ~1,120 kg Heavy Fuel Oil).

By using a new generation of more sustainable concrete
repair and protection system, the impact on the
environment can be substantially reduced. Concrete repair
and protection products can have a positive environmental
impact, not only by extending the service life of structures
and preventing or postponing demolition, but also by
increased resource efficiency.
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In 2006, inspection of the concrete of a suspended tunnel
ceiling (built in 1973-1978) showed strong signs of
deterioration. The concrete was chloride contaminated,
with particularly high values at the portal zones. The
chlorides, derived from road de-icing salts used outside
the tunnel, were carried to the tunnel ceiling through the
mist of the vehicles.
This deterioration process (reinforcement corrosion from
pitting or carbonation) threatened to produce traffic
incidences through concrete spalling or that the tunnel
ceiling reaches its critical load capacity and collapses.
As critical infrastructure, it was necessary to keep the
tunnel save and operational and extend the service life
until a bigger repair job with tunnel closures could be
done in a later period.
As an immediate measure it was decided to reduce the
corrosion rate of the depassivated rebars, by reducing the
moisture content of the concrete. This was done by
applying a silane based hydrophobic treatment on the
deteriorated tunnel ceiling and monitor its effectiveness.
In this tunnel a hydrophobic treatment with ~ 80% silane
content and creamy consistency was applied by two
overnight spray applications on the concrete ceiling (until
245 m from South and 287 m from North portal) in 2006.
A newly developed electrochemical concrete
monitoring system was installed, consisting of sensors
and data loggers, that automatically provide information
on the corrosion process and humidity of the concrete. For
better evaluation, untreated reference concrete was
monitored as well. The objective of the monitoring system
is to monitor the performance of the silane based
hydrophobic treatment on the underside of the suspended
tunnel ceiling with respect to the corrosion progress and
the moisture balance within the cover concrete.
The monitoring system consists of a total of ten
measurement zones of 8 m tunnel length. In each portal
area (north and south) four measuring zones were situated
and two were arranged in the middle of the tunnel. In the
portal areas, two measuring zones with and without
hydrophobic treatment were arranged next to each other.
This made it possible to monitor the effect of the
hydrophobic treatment under the same environmental
conditions.
The climate in the tunnel is recorded by taking
temperature and humidity measurements in the tunnel as
well as in the supply air and exhaust air duct over the
entire length of the tunnel.
In the present paper the results of two measuring zones in
the south and north portal area are presented.
*

The electrochemical measured data are converted into
digital signals in the data logger and sent wireless through
a LoRa Wan protocol to the next gateway and then stored
in a cloud. From there the data is accessed, processed, and
visualized. Because of the lack of a public LoRa Wan
network in the tunnel, own gateways were installed that
forward signals to the public 4G network in the tunnel.
For the measuring of the corrosion progress, sensor
elements made of reinforcing steel (Ø 8 mm) with a cover
of 8 and 20 mm, were installed in the concrete ceiling.
Individual sensors (anode) begin to corrode after a short
time due to the chloride ingress, so that the macro-element
current between the sensor elements and the surrounding
reinforcement grid (cathode) can be measured. Two sets
of sensor elements were installed in each measuring zone.
The moisture balance of the suspended concrete
ceiling is recorded with the aid of concrete electrical
resistivity measurements. For this purpose, cores (Ø 100
mm) were collected from the concrete ceiling. The
removed cores were equipped with sensors and then
reinserted into the slab. In each measuring zone two of
these concrete cores instrumented with resistivity and
temperature sensors were installed in the ceiling for each
test field. The resistivity sensors were arranged in the
form of a ladder with distances of 12 mm, 21 mm, 30 mm
and 40 mm from the surface. To compensate the
temperature dependence of the concrete electrical
resistivity, temperature sensors were installed at the level
of the resistivity sensors. A two-point resistivity
measurement was performed between the sensors and the
surrounding reinforcement grid.
Figure 1 shows the results of hydrophobic treated and
untreated concrete zone at 240 m from the tunnel south
portal during a 12-year period (June 2017 to June 2019).
The upper graph shows the concrete electrical resistivity
(CER) at 30 mm depth and the lower the corrosion current
density (CCD) of a macro-element at 20 mm depth. The
CER values are temperature compensated using the
Arrhenius equation with a reference temperature of 20°C.
The CER values of the untreated zone in black show
strong yearly drops in the winter months (November to
April) followed by concave recover for the remaining
year. The steep yearly onset of the CCD correlate with the
drops of the CER.
The blue curves in Figure 1 show the data of a silane based
hydrophobic treated concrete in the portal zone. The CER
(at 30 mm depth) stays at a relatively constant level with
a slight increase during the 12-year period. No significant
or only short drops can be seen. The CCD of the treated
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zone (at 20 mm depth) stays constantly at zero (blue in
Figure 1).
Figure 2 shows the cumulated corrosion removal
(CCR), at different depth (8 mm and 20 mm) for the
treated and untreated zones at the tunnel south portal
(field 1) and at the tunnel north portal (field 2), during 12

years in mm. The strongest cumulated corrosion
removals, with 0.13 mm (at 8 mm depth) and 0.07 mm (at
20 mm depth), appear in the untreated, south portal zone
(field 1). The silane treated concrete in the same area
shows less than 0.01 mm CCR removal at 20- and 8-mm
depth.

Fig. 1. CER (top) and CCD (bottom) of an untreated (black) and a treated (blue) concrete 240 m from the tunnel south portal during a 12-year period.

The untreated concrete zone at the north portal zone
shows lower CCR than the untreated concrete at the south
portal zone. The reduction of the CCR between the
untreated and the treated zone is lower in the north
compared to the south portal zone.

the macro-element is mainly controlled by CER and not
by the electrochemical reactions of the anode or cathode.
In general, the shown data highlight the performance
advantages of silane based hydrophobic treatments in
terms of longevity, correct application, right measure,
suitability to environmental conditions and concrete
substrate, etc.
The reduced effect of the treatment at the north portal,
compared to the south portal could hint to suboptimal
conditions during the application. Anyhow, since the CER
measurements (for the treated and untreated concrete)
don’t reach critical values and the CCD of the treated zone
are low, the risk of corrosion is still moderate, and no
measures need to be taken regarding the hydrophobic
treatment.
The measurements have shown that the monitoring
system is suitable to demonstrate the effectiveness of the
silane treatment. It could be shown that the silane
treatment permanently prevents moisture penetration.
Thus, the progress of damage due to corrosion can be
greatly reduced.
It is possible to detect time-dependent processes such
as the present corrosion reaction, which mainly takes
place in the winter month. This would not be possible in
case of inspections that are only carried out at arbitrary
times over the year. Hence, the monitoring system allows
to obtain more information about the corrosion
mechanism and the associated transport processes.
While these monitoring results don’t replace
traditional inspection, they provide information with
respect to critical corrosion situations, can reduce
inspection intervals, improve decision making, provide an
early warning system, indicate when reapplication of the
hydrophobic treatment might be necessary etc. All this is
a contribution to a safer and more effective infrastructure
management and thereby increases service life of concrete
structures.

Fig. 2. Corrosion removal at 20 and 8 mm for non-treated and
treated zones at south portal (Field 1) and north portal (Field 2).

Assuming that the concrete properties are comparable, the
difference in CER can be attributed to different climatic
conditions. In the north portal zone, the environmental
conditions (condensation, moisture ingress) are less
aggressive than in the south portal zone.
The repetitive yearly drops in CER (between the
months November and April), their duration and slow
recovery indicate that condensation within the concrete
(instead of rain or snow) is the source of the yearly
increasing moisture (illustrated through the CER) inside
the concrete. Chlorides, transported onto the concrete
surface through mist in the portal area, penetrate the
concrete through the condensate within the concrete.
Temperature inside the tunnel has increased slightly
over the 12 years. This is a result of the complex
interaction of the climate outside the tunnel, the traffic
volume, and the operation of the ventilation. The
ventilation system has been optimized over these years to
reduce energy consumption and operational wear.
The CCD and the CER correlate very clearly. This
confirms that in the present case the corrosion reaction of
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Named after the US President since the year of his
assassination, the Corniche Kennedy in Marseilles is a
road that runs along the Mediterranean Sea from the
Catalan beach to the Prado beaches. The coastal road,
built between 1848 and 1863, was the subject of major
works carried out between 1954 and 1968 to create a
corniche overlooking the sea and supporting a pedestrian
promenade. This widening structure is made up of corbels
on which slabs rest. These corbels are distributed every 4
linear meters and are anchored on a continuous retaining
wall or on bridges supporting the roads locally. The
superstructure is made up of two sloping sidewalks
separated by a bench, known to be the longest in the
world, and a parapet.
For more than fifty years, the corniche’s reinforced
and prestressed concrete structures have been subjected to
a particularly aggressive marine environment and, as a
consequence, show significant damages requiring
extensive repair works. The preliminary diagnosis,
necessary for the study of the repair, reinforcement, or
partial reconstruction project, showed that the main
structural disorders resulted from the rebars corrosion,
mostly due to chloride penetration.
In this context, the Infrastructure Department of AixMarseille-Provence Métropole has undertook a vast
project of rehabilitation of this urban infrastructure and
chose, in 2016, to award the complete project
management to the group Setec engineers.
The repair project concerns the entire Corniche
structures from the “Marégraphe” (Marseilles’ Tide
Gauge Institute) to the Nhow Hotel over a length of 1.7
km, with the exception of the retaining walls and bridges
which have already been repaired in 2010.
As per the project owner’s wishes, the corniche being
located near the “Marégraphe”, a site classified as an
historical monument, the project was designed to preserve
the architectural aspect of the original structures, while
using modern civil engineering techniques to give them
greater durability.
Depending on the state of the damages and exposure,
the corbels are either repaired or strengthened by
encapsulating them with surrounding additional concrete.
Existing corbels have been equipped with a cathodic

*

protection system by impressed courant, whereas a
cathodic prevention system has been fitted on new
corbels.
Damaged slabs have been removed and replaced by
new prefabricated elements. The formulation of the
concrete used to prefabricate those new slabs, has been
selected following a performance approach, aimed at
respecting thresholds on durability indicators regarding
rebars corrosion: water absorption capacity by immersion
under vacuum, gas permeability, apparent chloride
diffusion coefficient and electrical resistivity. A
waterproofing membrane has also been applied on all
slabs (new and existing ones).
The benches and parapet have been removed along the
entire corniche length and replaced with new
prefabricated UHPFRC (Ultra-High-Performance FibreReinforced Concrete) elements. Fibres are synthetic
organic fibres to ensure a better durability against
corrosion.
The working site means of access have been chosen
depending on the local constraints of the areas treated. In
this context, during the 4 years of work, several access
means had to be implemented to repair the infrastructures,
located in cantilever above the rocks or the sea:
scaffoldings anchored in the rocks or the retaining wall,
negative rolling tools and a bucket truck.
During the works duration, a traffic lane and a bicycle
path had to be temporarily closed. Heavy traffic signals
were put in place and a shared footpath for pedestrians and
cyclists has been arranged.
The work phasing has been studied in such a way to
have the least possible impact on local residents. The
entire linear section is divided into four work stages,
varying in length from 300 to 600 meters. The first stage
started during Fall 2018, and the last stage in Fall 2021.
Each stage of work is completed between the fall and
spring of the following year, in order to free up the areas
for pedestrians and vehicles during the summer period.
After four years of work and an investment of 19
million euros, the corniche will return to its former
splendour in Spring 2022, to the delight of tourists and
Marseilles residents.
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Abstract. In this paper, the retrofitting and rehabilitation of the M2 Selby interchange, on the M2 in
Johannesburg, Gauteng, South Africa, is presented. After noting large shear cracks on the pier columns, the
highway had to be closed down, for approximately 10 months, for the safety of the road users. The client
for the project was the Johannesburg Roads Agency (JRA), the contractor was Stefanutti Stocks Civils, and
the consultant was WSP. The project commenced with the design of jacking towers which were used to jack
up and support the existing drop-in slabs that were resting on the compromised piers. The towers were
designed to take the self-weight of the slabs as well as some additional live load. The support system was
designed to be used as a kit that can be reused for different projects in the future. The demolition of the piers
posed some difficulties due to the small working area within the constraints of the jacked slabs, which
remained in the jacked position to make it easier to realign after the construction of the new piers. The design
was conducted using 3 models simultaneously (SUMO, STRAP and Midas) which were used to check each
other at each step of the design, the piers were designed for NA, NB, and NC loading in accordance with
TMH7. A key design focus was the creep calculation, due to the unique geometry of the mushroom heads
having the cantilevering edge all around the column. Andesite aggregates were chosen to reduce the creep
and the cantilever ends were precambered to account for the self-weight deflection. The formwork around
the edge of the mushroom head was left in as long as possible to reduce the creep. The jacked slabs were
lowered and aligned only at the end of the project timeline just in time for the Thorma joints and asphalt to
be added before opening the bridge to the public.

1 Introduction

2 Defects on the bridge

1.1 Background of the project
The bridges provide access to commuters in the JHB area,
connecting the east and west of the JHB areas. The bridge
is a multi-span simply supported structure made up of
drop-in slabs supported by mushroom piers. The drop-in
slabs are of reinforced concrete, and the piers are
reinforced with prestressing at the top face of the
mushroom heads. The repair was only required for the 4
rightmost piers next to the east abutment.
The bridge has E80 expansion joints, and the structure
is found on rock with spread footings. The typical pier
dimensions are 8.0m x 12.0m x 14.0m. A typical elevation
of the piers is shown below in Fig. .

The main defects of the piers were large shear cracks as
seen in Fig. . The cracks formed due to water entering
through the top of the mushroom head and causing an
alkali-silica reaction (ASR). The aggregates in the mix
contain a certain form of silica which will react with alkali
hydroxide in the concrete to form a gel that will swell up
as it absorbs water, this will cause enough expansive
pressure to damage/crack the concrete.

Fig. 2. Shear crack in the mushroom head
Fig. 1. Pier elevation
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steel plates were bolted to the soffit of the drop in slabs at
the jack locations and the gaps were filled with epoxy.

3 Rehabilitation design
A detailed inspection was conducted on-site, and it was
decided that temporary supports be put in place until the
highway could be closed off to traffic.
The rehabilitation design of the bridge consisted of the
following key items: (i) temporary works for the jacking
of the drop in slabs; (ii) demolition of the existing piers
and permanent works design.

3.2 Permanent works
The new solution utilised the existing bases where a
combination of existing starter bars, chemically anchored
bars and mechanical anchors were used to dowel into the
existing structure, as to not have a single plane of
weakness.
The column and mushroom head were of reinforced
concrete and the mushroom head had half joints where the
existing drop-in slabs would rest on. The new piers were
designed to carry the self-weight of the drop in slabs
vertical weight (360tons), 12kN/m SDL and TMH7 live
loading.
Another design aspect was the half joint. This half
joint would carry the weight of the drop in slabs through
the use of bearings. The design was carried out with the
use of the strut and tie method, by resolving forces about
a crack line and using the forces in the horizontal-vertical
and diagonal bars that were greater than those applied. A
graphical representation of the forces can be seen in Fig. .

3.1 Temporary works for the jacking of the drop
in slabs
The slabs were in good condition so there was no need to
demolish them, therefore it was more efficient to reuse
them. Due to the lack of space in the surrounding CBD
area, there was no place to remove and store them. It was
found to be more cost-effective to construct jacking
towers and lift the drop in slabs out of the way. A jacking
tower is shown in Fig. .

Fig. 5. Half joint forces

Fig. 3. Jacking tower

4 Conclusion

The jacking towers were designed using BS5400 and the
project specification. Based on the geotechnical cores and
analysis the bases for the structure were found on rock.
The jacking towers were designed to carry the self-weight
of the structure, the drop in slabs vertical weight
(360tons), 10% vertical weight as a horizontal force and
0.5kPa live load.
The jacking towers were designed to be modular, this
allowed for one design to fit most cases with minor
additions (different legs and heights), ease of transport
and to allow for future reuse. The final jacked structure
can be seen in Fig. showing the different modular
applications.

After noting large shear cracks on the pier columns, the
M2 highway had to be closed down, for approximately 10
months, for the safety of the road users. The project
commenced with the design of jacking towers which were
used to jack up and support the existing drop-in slabs that
were resting on the compromised piers. The towers were
designed to take the self-weight of the slabs as well as
some additional live load.. Demolition of the piers posed
some difficulties due to the small working area within the
constraints of the jacked slabs, which remained in the
jacked position to make it easier to realign after the
construction of the new piers. A key design focus was the
creep calculation, due to the unique geometry of the
mushroom heads having the cantilevering edge all around
the column. Andesite aggregates were chosen to reduce
the creep and the cantilever ends were precambered to
account for the self-weight deflection. The formwork
around the edge of the mushroom head was left in as long
as possible to reduce the creep. The jacked slabs were
lowered and aligned only at the end of the project timeline
just in time for the Thorma joints and asphalt to be added
before opening the bridge to the public. The project was
successfully completed within the program.

Fig. 4. Jacking tower elevation

To allow for a flat jacking surface so that there would be
an even distribution of the load across the jacks, 12mm
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containing macro polypropylene fibres, amorphous
metallic fibres and recycled carbon fibres are represented
as CPC+1.5%Fpp, CPC+1.5%Fam and CPC+1.5%Fcf
respectively. The selection of the fibres was based on their
non-corrosive attributes in acidic medium.
The mixing of the constituent materials was done with
a 5-litre capacity mortar mixer conforming to EN 196.
The mixing, placing and curing of the CPC materials were
carried out at a room temperature and relative humidity of
20±2oC and 65±5% respectively. All specimens cast were
cured autogenously for 14 days before undergoing
mechanical tests. The schematic representation of the
bending tests on notched 70x70x280mm3 pristine CPC
and fibre reinforced CPC composites is as given in Fig. 1.
This experiment was carried out to determine the effects
of fibre inclusions on the fracture toughness of CPC
materials. Other tests conducted to investigate the
mechanical response of CPC composites include modulus
of rupture (MOR) experiment, compressive strength
experiment and non-destructive dynamic elastic and shear
modulus experiment.

1 Introduction
Calcium phosphate cement (CPC) is a multifunctional
cement whose potential application depends on the
reactants used to synthesise it. Where mono/di/tri-calcium
phosphates and neutral metallic compounds or water are
the reacting components, the CPCs produced are mostly
used as biomaterials (e.g. bone replacement implant,
dental cement etc.) while when they are made from an
acid-base reaction between a metallic oxide and acid
phosphate salt or phosphoric acid, their applications are
tailored towards civil engineering (e.g. road repair,
stabilization and encapsulation of radioactive waste etc.).
Just like many inorganic cements, the pure CPCs
synthesised in all cases are very brittle and have low
toughness values under loading.
Existing research works have studied the effects of
fibre inclusions on the properties and durability of CPC
materials. Colorado et al. [1] compared the effects of
adding 15% by volume of carbon and glass fibres on the
bending strengths of the pure CPC. They found an overall
improvement in the bending strengths of the cementitious
composites formed, with the cement materials containing
carbon fibre additions showing higher bending strength
performance. It has also been shown that the inclusions of
glass fibres in CPC improves their durability in aggressive
freeze-thaw environment [2]. However, more research is
needed to understand the fracture toughness response of
fibre reinforced CPC composites in terms of their energy
absorption capacities when different fibre types are
incorporated.
In this research work, CPC is manufactured from the
reaction between wollastonite (CaSiO3) powder and
aqueous solution of phosphoric acid (H3PO4). 1.5% by
volume of three different types of fibres are added to the
pure CPC material and the toughness in addition to the
modulus of rupture, compressive strength and the
dynamic elastic modulus of the cement composites are
determined after 14 days at room temperature condition.

Fig. 1. Three-point bending test of notched beam (all dimensions
in mm)

3 Results and discussion
Fig 2. denotes the force-displacement graph of notched
CPC composites under three-point bending load. The data
from the experiment are used to determine other fracture
properties of the cement composites summarised in Table
1. By inclusions of 1.5% volume of macro polypropylene
fibres, amorphous metallic fibres and recycled carbon
fibres, the energy absorption capacity of pure CPC was
increased by a factor of 11.7, 63.3 and 75.6 respectively.
These results depict that the recycled carbon fibres were
the most efficient in improving the toughness of CPC if
compared with the other fibres. Also, similar trends were
recorded in other mechanical properties of the cement
composite tested.

2 Materials and methods
Materials used in this work are classified into reactive and
non-reactive constituents. The reactive components are
H3PO4 and CaSiO3. The inert materials are the fibre
inclusions, i.e. macro polypropylene fibres (Fpp),
amorphous metallic fibres (Fam) and recycled carbon
fibres (Fcf). Therefore, the cementitious composites
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12000

CPC
CPC+1.5%Fpp
CPC+1.5%Fam
CPC+1.5%Fcf

Load (N)

10000
8000
6000
4000
2000
0
0

0.5

Deflection (mm)

1

1.5

2

Fig. 2. Load-deflection curve of CPC composites at 14 days
Table 2. Fracture properties of fibre reinforced CPC composites

S/N
1
2
3
4

Mix Composition
CPC
CPC+1.5%Fpp
CPC+1.5%Fam
CPC+1.5%Fcf

Peak Load, PL
(N)

Peak Nominal
Strength, FL
(MPa)

Deflection @ Peak
Load (mm)

1868.45
2230.28
8041.94
11030.21

2.69
3.21
11.58
15.88

0.022
0.027
0.586
0.590

4 Conclusion
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The addition of macro polypropylene fibres, amorphous
metallic fibres and recycled carbon fibres contribute to
improve the multifunctional properties of CPC made from
the exothermic reaction between phosphoric acid and
wollastonite powder at room temperature through the
increase in the toughness value as well as other
mechanical properties.
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that there is a shortage of models to reliably inform
decisions regarding the remedial and repair specification
of said measures for corroding marine structures. Without
proactive maintenance, these structures will continue to
deteriorate prematurely resulting in higher maintenance
and repair costs.

1 Introduction
The versatility, strength and cost-effectiveness of
concrete have made it the primary choice of building
material in the construction industry. Although concrete
has for many decades been thought to be a durable
material, evidence shows that concrete in aggressive
environmental conditions is susceptible to premature
deterioration. The most aggressive of these environments
is the marine environment, in which corrosion of steel in
reinforced concrete (RC) structures is thought to be the
most significant form of deterioration. If steel corrosion is
not mitigated, it may lead to cracking, delamination and
spalling of the concrete cover, loss of bond between the
reinforcement and concrete, and eventually loss of
structural capacity [1].
Various methods have been implemented in practice
for addressing concrete durability problems, both for new
and existing RC structures. One of these methods is the
use of surface protection systems such as hydrophobic
impregnation [2]. In a study conducted by Sohawon and
Beushausen [3], silane impregnation was shown to be
effective at reducing moisture and chloride ingress in new
structures, and consequently delaying reinforcing steel
corrosion initiation. That study laid the groundwork for
this on-going project which aims to further the
investigation to the use of hydrophobic impregnation to
extend the service life of existing marine structures that
have already been contaminated with sufficient chlorides
to initiate corrosion.

3. Objectives
The main objective of this study is to assess the
effectiveness of hydrophobic impregnation for mitigating
chloride-induced steel corrosion propagation in marine
RC structures.
The main objective is further divided into the
following specific objectives;
i. to determine the effect of silane application on the
corrosion rate of RC structures.
ii. to determine the effect of silane application on the
resistivity of concrete.
iii. to determine the influence of corrosion rate at the time
of application on the effectiveness of the silane.
iv. to investigate the influence of cover depth and
cracking on the effectiveness of silane
impregnation for reducing corrosion rates in RC
structures.
v. to investigate the mechanisms by which silane
impregnation reduces the corrosion rate of
corroding RC structures, and,
vi. to develop an empirical model for estimating the
remaining service life of corroding silane treated
RC structures.

2. Motivation

4. Methodology

A large number of existing concrete structures exposed to
marine environments have exceeded the corrosion
initiation phase and are now in the propagation phase of
reinforcement corrosion. However, many of these
structures are still in an intermediate state where no
corrosion damage is visible yet. It is imperative, therefore,
that pre-emptive measures be taken to halt corrosion and
prevent advancement to severe corrosion damage.
The development and use of proactive maintenance
strategies for marine RC structures should be based on
quantitative engineering models for predicting the course
of corrosion damage. However, there is a significant lack
of corrosion damage models that account for intervention
measures designed to halt or alter the progression of
corrosion. This may be attributed to a lack of
understanding of how these systems function and means

The experimental variables chosen for this study are cover
depth, surface crack width, corrosion rate at the time of
application of the silane and water/binder (w/b) ratio and
are summarized in Table 1.
Two cover depths of 20 mm and 40 mm will be
employed in this work. These two were chosen to
represent insufficient and normal concrete cover typically
observed in existing marine structures.
One crack width of up to 0.5 mm will be employed in
this work. The studies by Wittmann et al. [4] and
Sohawon [5] showed that silane impregnation after
cracking was effective up to crack widths of 0.4 mm and
0.6 mm respectively. Therefore, the crack width of up to
0.5 mm for this investigation was chosen as the average
between the two.
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The tests to monitor and assess the effect of silane
impregnation on corrosion rate will be corrosion rate and
resistivity measurements on the main test specimens. The
penetration depth and moisture profile tests will be
conducted on separate (treated and untreated) companion
specimens. Chloride profiling and gravimetric analysis
will be performed on the main test specimens on
completion of the corrosion monitoring.

Table 1. A summary of the experimental variables chosen for
the study
No. of
parameters
2

Variable
Cover depth
Surface crack widths
Corrosion rate at the
time of application of
silane
w/b ratio

2
3
2

Parameter
20mm, 40mm
Uncracked,
<0.5mm
To be determined
based on
corrosion rates
o.45, 0.60

5 Expected outcomes
This work will provide insight into the mechanisms by
which silane impregnations provide steel corrosion
control for RC structures, and the appropriate timing of
application of the product.
It is anticipated that the potential effects of applying
the silane to corrosion affected reinforced concrete at time
might be; halting of corrosion progression, and extension
of the time to visible corrosion-induced damage. The
results of this study will be used in the development of an
empirical model for the propagation of corrosion in silane
treated marine reinforced concrete structures, and
practical recommendations for silane application for
service life extension of these structures.

Before application of the silane, chloride-induced
corrosion will be initiated and accelerated in the corrosion
specimens. The test specimens will be divided into 3 sets
corresponding to the different application times. The
“time of application" will be determined with reference to
the corrosion rate. Silane will be applied to the first set of
specimens immediately after a corrosion rate of 0.1
µA/cm2 is attained, as this is taken to be the point at which
the corrosion propagation phase starts [6, 7]. Subsequent
silane impregnation of the remaining sets of specimens
will depend on the corrosion rates attained during
experimentation. It is aimed to achieve at least three
distinct application times of the silane corresponding to
low, moderate and high corrosion levels, as shown in
Table 2.

The authors would like to thank SIKA South Africa for their
financial and material support.
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Table 2. Time of application based on corrosion rates as
classified by the RILEM TC 154-EMC [7]
Corrosion
current density
(µA/cm2)
< 0.1
0.1 - < 0.5
0.5 – 1.0
> 1.0

Corrosion level

Application time

Passive
Low to moderate
Moderate to high
High

N/A
Application 1
Application 2
Application 3
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Two w/b ratios of 0.45 and 0.6 were chosen for this study.
The w/b ratio is known to affect both the corrosion rate
[1] and the penetration depth [3] of the silane and
therefore it was deemed an essential experimental
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This study focusses on the propagation phase of
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To sustain the corrosion process once it has initiated,
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zone of marine environments where reinforcement
corrosion is most severe.
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4.2 Concrete patch repairs and bonded overlays
Journey through time - concrete repair mortar
Klaus Bonin1,*
1
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Time. Various issues can occur when dealing with
concrete and concrete repair, as the concept of time can
have very different meanings in terms of cause and effect.
Let’s first consider simply the fabrication of a building
from reinforced concrete. It can be simplified to its three
dimensions, namely, length, width and height. This threedimensional building is constructed with the latest
technology according to corresponding structural
calculations and the execution itself, and is then handed
over for its intended use.
However, the key factor for any building is time. In
this context there are many perspectives that need to be
considered. For example, at the time of constructing a
reinforced concrete building, its use is stipulated in the
statement of work, which then influences the design and
dimensioning of the concrete. Or else exposure of the
concrete to aggressive media that may damage the
concrete or its reinforcement.
Subsequently, years after commissioning, there is
little or no possibility of making use of the knowledge
acquired during this period of use. The concrete repair
takes effect years later and this new knowledge can be
introduced and applied when repairing existing buildings.
One of the most important findings is surely that the
steel must be protected from corrosion, as the expansion
force of the iron hydroxide (rust) from the iron is so great,
that it stealthily damages the building over many years
and decades. This, strictly speaking, means the concrete
repair can be considered right from the building
construction or, in other words, errors can be avoided that
would affect its durability. A classic example of this is
covering the steel reinforcement with concrete. Slim
constructions are desirable as they reduce the use of raw
materials such as cement, aggregate and therefore also
steel. However, everything also has its physical limits, as
the carbonation, the reaction over time of carbon dioxide
with the cement hydrates, changes the pH value of the
concrete and therefore facilitates the corrosion of the
reinforcement steel. Reduced gas permeability – and thus
slower CO2 penetration – is one key benefit of modern
concrete.
Another aspect in terms of time is the use mentioned
previously. Changes in use or load can result over time.
For example, a dam wall does not usually change its use,
the maximum load remains constant across its entire
lifetime. During the planning of a bridge construction, a
future load is assumed, however, these assumptions are
only somewhat reliable. For example, road routes can
change, or increased traffic loads may occur, which may
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cause additional burden and subsequent overloading.
Concrete repair or strengthening may also be used here.
The aim of the rehabilitation is generally to restore the
original, planned condition of the structure, but also to
retrofit it with the latest technology, as loads may change
and adjustments to the dimensioning may be necessary.
Concrete repair has multiple stages, starting with the
diagnosis (cause) and ending with the repair plan to be
carried out.
Modern concrete repair mortar products aim to meet
the requirements of rehabilitation or retrofitting. During
the rehabilitation the damaged concrete remains are
removed and the steel reinforcement below is exposed and
cleaned.
Construction materials modified with polymeric
binders are then used. Generally, four different products
are required for the rehabilitation:
• Primer for the steel reinforcement
• Repair mortar/fine concrete
• Surface protection, finish
• Drying out protection

1 Primers
The primer consists mainly of cement and polymeric
binder, further additives for additional corrosion
protection or easier application can be added if desired.
The polymeric binder improves the adhesion to the steel
and therefore improves the durability of the repair.

2 Repair mortar/fine concrete
The rehabilitation mortar usually has a significantly lower
particle size compared to the ready-mixed concrete which
was used for the original construction. This is, above all,
due to the way that the products are applied, as they are
developed and produced for manual and machine
application. The particle size for silo and bagged goods is
usually a maximum of 10mm, but is most often around
4mm. These products have to fulfil very complex
requirements in addition to the purely physical
requirements, such as compressive strength. First,
shrinkage, one of the most difficult tasks, as the new
repair concrete is applied to concrete many decades old.
The product requirements prescribe, among other things,
excellent adhesion, low shrinkage, reduced modulus of
elasticity and low carbonation. The fulfilment of these
requirements is ensured through the use of suitable
polymeric binders and also improves the durability.
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limited extent, if at all. One good option to hinder the
drying out is the use of suitable fine-particle polymer
dispersions that, by permeating the pores of the concrete
structure, retain the water for longer by creating a vapor
barrier and ensure the hydration of the cement.

3 Surface protection, finish
This fine mortar is generally used to level the surfaces of
the old concrete, which usually has a smooth formwork
structure, or may also be structured. Applying shotcrete
produces a very rough surface, which can then be
reworked manually with polymer-modified fillers for a
good mechanical robustness.

5 Summary
Polymeric binders are an integral ingredient of modern
concrete rehabilitation and retrofitting mortar, as they
maintain key properties, such as the reduction of the
modulus of elasticity (flexibilization), adhesion to various
substrates and resistance to aggressive media.
Thus, in many respects the motto is “Save time!”

4 Drying out protection
The repair concrete requires protection from drying out
as, without this, it is subject to intensive drying out and
can therefore only fulfil the required properties to a
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Pavements
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layer was exposed aggregate concrete for pavements
adjusted to a soft consistency. The textile reinforcement
mesh was made of carbon rovings with an overall cross
section of 85 mm²/m and a mesh size (distance between
rovings) of 18 mm in both directions.
The specimens for the tests under cyclic load were
based on the composition of JPCP commonly used in
Germany in order to represent the material behaviour in
situ as accurately as possible. Therefore, a total specimen
height of 270 mm was chosen. With the selected layer
thicknesses of the CRC layer of 50 mm and 70 mm, the
layer thicknesses of the JPCP layer resulted in 220 mm
and 200 mm respectively. The width of 500 mm and
length of 1800 mm were given by the boundary conditions
of the test setup. The length was also used for the test
specimens under static load. Here, however, a width of
240 mm was chosen due to the limitations of the test
setup. The height of the JPCP layer was set to 150 mm
resulting in a total height of 200 mm and 220 mm.
The transverse expansion joint of the JPCP was
simulated in all tests by a 20 mm wide notch. For the
cyclic tests, the usual dowelling of the expansion joint was
also carried out. For this purpose, two dowel bars made of
powder-coated steel and with a diameter of 25 mm were
installed at a distance of 250 mm on dowel holders so that
they were halfway up the finished beams.
The bond joint between the JPCP layer and the CRC
layer was roughened by creating an exposed aggregate
concrete surface by using a surface retarder. Roughening
by milling, as common in practice, was not possible here
due to the comparably small specimen surface.
Some specimens were equipped with a bond breaker
above the expansion joint, which was supposed to favour
the formation of fine cracks under tensile load and prevent
reflection cracking [1]. Lengths of 300 mm and 600 mm
were selected and an aluminium-laminated bitumen
coating and 0.3 mm thick PE foil were used as bond
breaker materials.

1 Introduction
Of the approx. 13,000 km of German highways about one
third are constructed as concrete pavements. These in turn
are almost exclusively Jointed Plain Concrete Pavements
(JPCP). If the pavement surface is extensively damaged,
the entire superstructure is usually replaced. This is a
considerable economic and ecological expense, not least
because of the material costs and the traffic disruptions
caused by the repair. Apart from large-scale and smaller
repairs, regular maintenance is required for the sealed
joints. These have to be replaced about every 12 years and
represent the main weak point of the pavement. Within
the scope of rehabilitation measures, it would be therefore
beneficial to completely cover the joints with an overlay.
Laboratory tests were carried out to determine whether
it is possible to repair large areas of damaged pavement
while at the same time bridging the joints with a 50 -70
mm thick carbon concrete overlay (CRC overlay). The
concrete overlay, reinforced with carbon mesh, is
intended to seal the joints while maintaining their function
by forming a fine crack pattern in the joint area.
For this, the damaged concrete is first milled off so
that only structurally sound concrete remains. After
cleaning the milled surface, the CRC overlay is concreted
using the lamination process (see Figure 1).

2 Investigations
2.1 Test Specimens
The central investigations were static and cyclic bending
tests. Their aim was to investigate the crack development,
as well as the joint bridging capacity of the CRC layer
bonded with the retained JPCP layer. The specimens were
composed of two layers. The bottom layer represented the
existing pavement (JPCP layer) and the top layer the CRC
layer. While the JPCP layer was a commonly used
pavement concrete in Germany, the concrete for the CRC

CRC overlay
JPCP (existing/retained)

Bond breaker
Transverse Joint

Base (RCC)
Subbase

Fig. 1. Schematic construction of a jointless CRC overlay on a deteriorated adapted from [2]
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3 Conclusions and outlook

2.2 Bending tests under cyclic loading
The aim of the tests under cyclic loading was to simulate
the effects of the service load in situ on the cracking and
bond behaviour of the CRC layer bonded to the JPCP
layer. Particular focus was placed on the crack bridging
capacity of the CRC overlay.
The relevant load scenario was the combination
"traffic load + rapid cooling", which resulted in a stress
ratio of σbottom/σtop= 2.2 MPa / 3.4 MPa = 0.65 and a
utilization rate of the CRC overlay of σtop/fct ≈ 0.61. For
the detailed determination of these values refer to [3].
The tests were carried out in a hydraulically controlled
testing rig in a 4-point bending test. The test specimens
were exposed to the load at a frequency of 5 Hz at +20 °C
for 5 x 106 load cycles. Continuously recorded was the
strain above the expansion joint on the overlay surface. At
regular intervals the relative dynamic Young's modulus
(RDYM) based on ultrasonic transit times was
determined.

The used carbon reinforcement mesh proved to be suitable
for use in exposed aggregate concrete with a maximum
grain size of 8 mm. In addition, its stiffness due to the
epoxy resin impregnation made it easy to install in the
correct position. However, the installation on site was not
a focus here and must be considered more closely.
In order to achieve the best possible bond to the JPCP
layer, the roughness should be carefully adjusted to the
concrete used for the overlay. It is estimated that it should
not exceed about five millimetres.
Both layer thicknesses investigated (50 mm and 70
mm) showed to be sensible choices. Previous tests on
thinner overlays showed an unfavourable ratio of layer
thickness and maximum grain size. This made processing
and placing the reinforcement properly exceedingly more
difficult.
At least two layers of reinforcement should be chosen
to create as many and as fine cracks as possible. When
choosing more than two reinforcement layers the CRC
layer thickness needs to be adjusted to maintain
favourable ratio of layer thickness and maximum grain
size.
The results show a bond breaker to be necessary to
bridge the transverse expansion joint to transfer the joint
movement into several fine cracks. Both tested materials
(PE foil, aluminium coated bitumen) proved to be
suitable. From a practical point of view, the bitumen
coating is easier to use, as it adheres to the existing
pavement. No significant difference in functionality was
found between 300 mm and 600 mm long bond breakers.
The bond breaker also appears to be beneficial in
preventing liquids from entering the expansion joint
through the cracked CRC overlay.
While macro cracks over the entire CRC overlay
thickness appeared after 10,000 to 250,000 cycles of
service load, the overall bond of the JPCP layer and CRC
overlay stayed largely intact for 5 x 106 load cycles. The
damaged induced by micro cracking was comparable to
that of JPCP under cyclic load.
In order to be able to use the presented repair method
in practice, further investigations are required with regard
to the influence of damages and cracks on durability. In
addition the bond behaviour of the CRC overlay and the
JPCP layer under pressure and centric tensile load should
be researched. Last but not least the functionality in situ
should be tested in the form of test tracks.

2.3 Static bending tests
The purpose of the bending tests under static load was to
investigate the general crack development in the CRC
layer while bonded to the JPCP. The focus was on the
influence of different bond breaker materials and their
length but also on the influence of CRC layer thickness
and number of reinforcement layers on the cracking and
bond behaviour.
The specimens were subjected to a 4-point bending
test with a deformation speed of 1 mm/min. The supports
were spaced 750 mm apart which resulted in 525 mm
unloaded length on both sides of the beams, which were
intended to simulate long bond lengths in situ. The
loading points were spaced 250 mm apart. The machine
travel, force and, at points, the strains on the carbon
concrete surface in the centre of the beam (via strain
gauges) were recorded. The test specimens were loaded
until failure. The tests were evaluated regarding the
general crack pattern and the influence of the CRC layer
thickness, number of reinforcement layers and bond
breaker. One to three test specimens were examined per
configuration.
Since the crack widths generally decrease with an
increasing number of cracks under constant load, the
largest possible number of cracks was considered
beneficial for the overall objective.
2.4 Accompanying investigations
Following
the
cyclic
loading
accompanying
investigations were carried out. Drill cores were taken
which were used for shear tests and tensile tests under
centric load to determine the acting bond forces. Further
the water absorption behaviour was tested with Karstentubes before the drill cores were taken. Also
supplementary and among others the penetration
behaviour of de-icing salt solutions was investigated.
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Carbonation and chloride penetration of repair mortars with
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In an attempt to increase sustainability of cementitious
composites, alternative aggregates, such as, water
treatment plant sludge (WTPS) and sugarcane bagasse ash
sand (SBAS), have been successfully incorporated in
concrete constructions [1–3]. However, there is still a lack
of consensus on the durability and corrosion initiation
modified by these by-products in concrete structures.
Therefore, the present study aimed to evaluate the
durability parameters by tests of accelerated carbonation
and chloride penetration of repair mortars with WTPS and
SBAS used as partial replacements of natural sand.
For the experimental study, Portland cement CP V
ARI (similar to cement CEM I) was used. Coarse and fine
natural sands was obtained in the region of São Paulo
state, Brazil. The fine portion was partially replaced by
3% of WTPS and 30% SBAS. Three cementitious mortars
were produced with different fine aggregates: REF,
3WTPS and 30SBAS. They were moulded into
cylindrical specimens (50 mm x 100 mm), cured for 28
days, and subjected to durability tests. For carbonation
tests [4], specimens were kept in accelerated carbonation
chamber with 15 ± 5% CO2 and RH = 70 ± 10%. For
chloride penetration tests [5], specimens were subjected
to two different conditions: half of the samples were
conditioned to wetting/drying cycles (WC), and another
half of the samples were kept totally immersed in 3.5%
NaCl solution without any wetting/drying cycle (NC).
The measurements were obtained by the colorimetric
method, using phenolphthalein indicator and AgNO3
solution (respectively for carbonation and chloride
penetration tests), at 7, 14, 28, 56 and 84 days of
exposition, including 3 and 21 days for chloride
penetration tests.
Figure 1 shows the evolution of carbonation depth for
the studied samples.
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Fig. 1. Carbonation evolution trend curves

The average for all mixtures was lower than 10.00 mm at
84 days. This value is considerably lower compared to
regular covers for reinforced concrete structures [6–8].
30SBAS always presented lower values of carbonation
depth compared to other samples. Moreover,
incorporation of WTPS provides a similar behaviour
compared to REF. In both cases, there is evidence of high
efficiency of the analysed by-products as buildings repair
materials, which provides a protective environment
against carbonation effects. In special, 30SBAS
significantly reduces the advance of carbonation front
compared to REF and 3WTPS samples.
The results of chloride penetration are presented in
Figure 2, considering two types of exposition.
Figure 2a (without cycles and total immersion) shows
the depth measures were 17.69 mm, 15.95 mm and 14.41
mm, respectively for REF, 3WTPS and 30SBAS samples
at 84 days. Thus, for all composites, chloride penetration
depths did not reach the full size of the specimens’ widths
(i.e., radius of 25 mm).
On the other hand, Figure 2b (with cycles and partial
immersion) shows the complete chloride penetration at 28
days (for REF and 3WTPS specimens), and 56 days (for
30SBAS mixes). It means that all samples reached the
maximum level of Cl- penetration (specimens’ radius of
25 mm) before the age of test (84 days). It was also earlier
than the test without aging cycles and total immersion in
NaCl solution (Figure 2a).
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6

Therefore, mortars with 3% WTPS in replacement of fine
natural sand have similar behaviour to a reference sample.
Moreover, substitution of the same natural aggregate by
30% SBAS leads to increased resistance against
carbonation and chloride penetration. Thus, the use of
WTPS and SBAS in cement-based materials can indicate
a sustainable and durable solution with increased
resistance against aggressive environments. Nevertheless,
SBAS incorporation seems to be more efficient for repair
mortars than WTPS. Moreover, further studies should be
carried out to investigate other durability parameters.
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Fig. 2. Evolution trend of chloride penetration of cementitious
composites: (a) without cycles and total immersion; and (b) with
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This outcome denotes the higher aggressiveness promoted
by wetting/drying cycles and partial immersion of the
structure in saline environment, as observed in tidal zones
in real situations. This is because wetting/drying cycles
intensify capillary absorption and suction mechanisms on
the surface of specimens, as well as, ionic diffusion inside
the samples [9].
Similarly, to carbonation results, REF and 3WTPS
samples showed the same trend over the time of chloride
exposition while incorporation of 30% SBAS can increase
resistance to chloride penetration. It confirms the
possibility of using 3% of WTPS and 30% of SBAS
without compromising mortar performance for structural
repair purposes.
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Abstract. Surface deterioration, cracking caused by for example sulphate attack, frost action or
reinforcement corrosion, are the primary durability problems occurring from harsh exposure conditions. All
are strongly linked to the porous microstructure of the binder matrix and chemical decomposition of certain
phases. Full replacement of deteriorated concrete structures is costly and can be troublesome for their users.
One alternative is to use very dense Ultra-High-Performance concrete (UHPC) as an external protective
coating. The goal of this study was to determine the interfacial bonding characteristics between a
deteriorated normal concrete (NC) and the applied thin layer of the UHPC. To curb the CO2 emission, UHPC
is produced by substituting 50 wt% of Portland cement with a fine limestone powder. Fresh and hardened
properties, shrinkage and frost durability have been evaluated. Mechanical properties were determined on a
full-scale hybrid element using ultrasonic pulse velocity (UPV) and bond test (pull-off test). The results
showed a significant increase of mechanical properties. Despite the applied thin layer of UHPC and
volumetric restrain from the substrate normal concrete (NC) only limited surface shrinkage cracks were
observed. The bond test and UPV showed excellent values.

steel fibers extended the frost durability by decreased
mass loss rates.
The research aims to study the interfacial bond
behavior between the deteriorated normal strength
concrete substrate (NC) and fresh overlay concrete
(UHPC).

1 Introduction
Concrete is widely used with growing infrastructure and
urbanization. It exhibits outstanding performance when
exposed to ambient conditions. But on exposure to harsh
environment, it exhibits adverse effect due to its porous
microstructure.
To avoid having to replace the entire element due to a
durability issues, a revolutionary UHPC can be employed
as a jacket to protect the substrate concrete, [1]. The
essential qualities of it are its high compressive strength
(>150 MPa), tensile strength (>8 MPa), increased
flowability, and highly dense microstructure. The major
drawback of UHPC is the use of high amount binder about
1100-1300 kg/m3 significantly increase the CO2 footprint.
However, due to its significantly low w/b ratio, the
majority of the binder is left unhydrated and can be
replaced with locally available inexpensive limestone
powder as filler, [2]. Additionally, using UHPC as an
overlay, it further significantly reduces the cost and
achieve broader use of it in many applications.
Interfacial transitional zone of composite concrete of
two layers is very crucial when exposed to varied weather
conditions. The degree of substrate roughness, moisture
content, and w/b ratio are the important factors impacting
the interfacial bond, [3]. However, during F-T a fine layer
of moisture might develop in the interface and causes
expansion during freezing and delamination. On contrary
high freeze–thaw resistance was achieved using natural
fine sands and mixed mineral ultra-fines. Furthermore, the

*

2 Materials and methods
Ordinary Portland cement (OPC) CEM I 42.5N – SR and
Portland-Fly Ash cement CEM II/A-V 52.5N from
Cementa were used to produce ultra-high-performance
concrete (UHPC) and self-compacting normal concrete
(NC) respectively. UHPC overlay layer was limited to 30
mm. The designed UHPC and normal concrete gained a
strength over 150 MPa and 50 MPa respectively after 28
days of curing.
Only the exposed UHPC was evaluated for shrinkage
and freeze-thaw (F-T) durability. The autogenous and
drying shrinkage measurements were carried out for 28
days on a cylindrical specimen with a diameter of 100 mm
and a height of 200 mm. Similarly, to determine the frost
durability, surface scaling test was performed on UHPC
concrete of dimension 150*150*50 mm3 exposed to 56
cycles of F-T (freeze-thaw) following SS-EN 13 72
44:2005 standard.
Internal fractures and the interfacial bond strength
between the UHPC layer and substrate concrete of hybrid
element of dimension 300*300*2500 mm3 were
determined using UPV and pull-off test respectively. SSEN 12504-4:2004 and ASTM C1583 standard was
followed respectively.
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3 Results

4 Conclusion

Figure 1 shows the drying and autogenous shrinkage of
UHPC and total shrinkage of reference OPC concrete
registered for a period of 28 days. The used inert quartz
and limestone powder relatively limited the autogenous
shrinkage of UHPC and showed similar to the ref. OPC
concrete. Further, the designed UHPC showed relatively
lower drying shrinkage compared to the ref. OPC
concrete. The incorporation of a large volume of inert
limestone filler restored the voids and released the
entrapped water from the matrix, resulting in improved
internal relative humidity, decreased capillary stresses,
and enhanced hydration products, [4]. UHPC exposed to
56 F-T showed extremely limited surface scaling of 0.01
kg/m2 compared to conventional concrete of 0.1 kg/m 2.
The very dense microstructure of UHPC resulting from
the reduced w/b ratio and incorporation of reactive
materials such as silica fume, as well as the employed
steel fibers, decreased pore size and their volume and
therefore improved F-T resistance, [5].

Partial replacement of cement with limestone powder
limited the autogenous and drying shrinkage. Dense
microstructure of UHPC significantly improved the frost
resistance. No delamination and no significant difference
in UPV measurement was observed between layers.
All data,
original.
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Fig. 1. Shrinkage developed on UHPC and ref. OPC concrete

5.

The registered transit time and the bond strength between
the layers of the hybrid element are shown in Figure 2.
The pulse velocity ranged between 4600-4700 m/s for
entire length of the element. The interface was assumed to
be well bonded as no significant difference in transit
velocity. Moreover very uneven and rough surface of
substrate, the fine-dense and flowable UHPC was able to
establish aggregate interlocking mechanism, [6]. Similar
results were obtained for bond strength and were in line
with the UPV measurements. The bond strength was over
2 MPa and had substrate failure mode in every tested
location of the hybrid element.

6.

Fig. 2. Ultrasonic Pulse Velocity (UPV) and Pull-off test results
on hybrid element (UHPC+NC) at different height.
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inadequate design, construction problems, and underlying
support conditions. Frequent causes of cracking related to
overlay design include insufficient thickness for traffic
loading, excessive joint spacing that leads to stresses from
shrinkage and/or curling and warping, and joints falling in
the wheel path [10–11]. Distresses or weak points in the
underlying pavement that are not adequately repaired
prior to overlay may also lead to cracking [10].
In slabs with a single crack without vertical
displacement or faulting, cracks may be routed and sealed
to prevent spalling and infiltration of water and
incompressible materials. However, if a crack is working
and exhibits vertical displacement, full-depth slab
replacement is warranted. Slabs that have developed
multiple cracks should also be removed and replaced. If
significant fatigue cracking develops from long-term
accumulation of traffic loads, the pavement will
eventually need more significant rehabilitation.

1 Introduction
In the United States in recent years, concrete overlays
have emerged as a cost-effective, sustainable pavement
rehabilitation method for improving roadways. Concrete
overlays consist of a new concrete pavement layer
constructed on top of an existing concrete, asphalt, or
composite pavement. Depending on the condition of the
existing pavement and the design life objective, overlays
may be designed to be bonded to the existing pavement or
designed as unbonded overlays [1].
Thanks to their versatility and adaptability, they can
be used in a wide variety of design situations and fulfil
both short- and long-term service life objectives [2, 3].

2 Need for rehabilitation and repair
As concrete overlays become more widely-used in the
US, highway agencies have sought to better understand
the long-term performance and possible failure modes of
these overlays. The overall documented performance of
concrete overlays has been very satisfactory to date [4–9].
That said, performance studies have documented projects
that have experienced significant distresses, early and
unexpected failures, and the typical wear and tear as
overlays reach the end of their intended design life. With
wider-scale adoption of concrete overlays in recent years,
there is a greater need to understand the most common
distress patterns and failure modes for concrete overlays.

3.3 Roughness
Pavement roughness, also described as smoothness or ride
quality, is an important property because it is often the
aspect of pavement performance that is perceived most
directly by the traveling public. All pavements tend to
become less smoothness as they age, but concrete
overlays can also become susceptible to roughness caused
by curling and warping, loss of load transfer, and faulting
[3, 7, 9, 12].
Diamond grinding is a very common method for
restoring smoothness on concrete pavements that has been
used successfully on many concrete overlay projects [3,
5, 9]. When faulting occurs, dowel bar retrofit (DBR) can
successfully restore load transfer to concrete overlays,
although smaller dowel bars need to be used compared to
DBR for conventional concrete pavements [12].

3 Distresses and rehabilitation methods
3.1 Durability of concrete materials
Durability-related distresses caused by deleterious
reactions and mechanisms within the concrete matrix are
some of the most common failure modes in all types of
concrete pavements. Concrete overlays are no exception
to this trend. Examples of these types of distresses include
D-cracking, alkali-silica reaction (ASR), and freeze-thaw
damage. The distresses that may emerge at a given project
are a function of the local climate and materials, and
frequently result in joint spalling [10].
The best method for addressing joint spalling depends on
the severity of distress and overlay thickness. When
distress is limited to the upper half of the overlay, partialdepth repairs can successfully restore the pavement
surrounding the joint. In bonded overlays, or when
distress extends below half the thickness of any overlay,
full-depth patching and slab replacement of the total
thickness of the overlay are the best methods to repair
joint spalling.

3.4 Panel movement and buckling
One unique distress type found in concrete overlays is
panel movement, also referred to as panel migration,
sliding, shifting, or joint misalignment. Panel movement
describes the phenomenon when portions of the concrete
overlay begin to move independently from the
surrounding system, causing transverse joints to come out
of alignment.
Panel movement is observed most frequently in
relatively thin concrete overlays (125 mm or less) when
transverse joints are left unfilled or unsealed. When
incompressible materials fall into joints when they open
up during cooler temperatures, joints may not be able to
fully close when temperatures heat back up, causing
panels at these locations to shift in the direction of least
restraint. Variation in the underlying asphalt and
dominant joint behaviour in the overlay may also
contribute to panel shifting [10].

3.2 Cracking
Cracking in concrete pavements may be caused by a
number of issues, including traffic loading, improper or
*
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Panel movement is not always immediately
accompanied by distress. However, if stresses continue to
build due to increasing temperatures or the presence of
moisture, movement is eventually arrested by restraint
and may result in compression failure at the joint or, more
dramatically, buckling or blow ups [10]. Buckling within
the overlay generally needs to be repaired immediately
after it occurs since it can pose a hazard to traffic.

Concrete overlays can be overlaid with concrete or
asphalt according to the same best practices for
performing an overlay of a conventional concrete
pavement. The main benefits of performing an additional
overlay include a lower up-front cost and usage of new
raw materials, the ability to take advantage of the equity
already built into the existing pavement structure, and an
accelerated construction process.
Removal and replacement of the entire concrete
overlay system and reconstruction with a new pavement
is also an option. This option makes sense for agencies
when it is not feasible to further raise the grade, or if there
is significant structural deterioration of the overlay, the
underlying pavement layer, and/or the foundation.

3.5 Debonding
In bonded concrete overlays, significant distresses can
result from debonding between layers. The bond in these
overlays is a critical part of the thickness design, so loss
of bond can lead to immediate problems.
Localized instances of debonding will often lead to
slabs with multiple cracks, requiring full-depth
patching/slab replacement. Widespread debonding that
leads to fatigue cracking will require major rehabilitation
or reconstruction.

5 Conclusions
Concrete overlays become a popular pavement
rehabilitation strategy in the United States in recent years.
As projects begin to age, agencies need to develop a better
understanding of common distress mechanisms in
concrete overlays and their corresponding treatments.
Using best practices for repairing concrete overlays, it is
possible to improve performance over the life of the
overlay and help make them more economical and
sustainable in the long term. A better understanding of
concrete overlay performance and distress modes will
also empower agencies to make better decisions for major
rehabilitation at the end of the overlay service life.

3.6 Asphalt stripping
Stripping refers to when the bond is lost between asphalt
binder and aggregate particles, leading to erosion and
weakening of asphalt layers. Stripping of HMA layers can
occur within the existing asphalt pavement underneath a
concrete overlay, but is more frequently a problem in
unbonded overlays of concrete with asphalt interlayers.
Stripping often leads to loss of support underneath the
concrete overlay, which can lead to slab cracking that
requires full-depth slab replacement. In these instances,
pavement removal must continue to sufficient depth to
remove all deteriorated material underneath the overlay.
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3.7 Longitudinal cracking at widening units
Concrete overlays are sometimes constructed with
integral widening, where outer portions of the new driving
lane and/or paved shoulder extend outside the surface of
the existing pavement. On these widened concrete
overlays, longitudinal cracking has been observed to
develop in the outer wheel path or paved shoulder. This
cracking often appears to result from shoulder heave due
to non-drainable subbase underneath the widening or
misplaced tie bars at the joint between the mainline
overlay and the widening unit.
When these cracks first appear, they are usually not
severe and do not immediately impact pavement
performance. Non-working cracks may be routed and
sealed. However, as the overlay ages and continues to
carry traffic, these cracks can spall and cause deterioration
at joint intersections, requiring full-depth patching.

4 End of concrete overlay service life
Proper selection and application of rehabilitation and
repair methods can be helpful in extending the life of
concrete overlays and ensuring good serviceability over
time. Eventually, however, concrete overlays will reach a
point of terminal decline in performance.
A number of options for major rehabilitation are
available depending on the design details of the overlay,
agency needs, and available resources. Most methods fall
into two main categories: overlay with a new concrete or
asphalt surface, or total reconstruction.
168

Volume change behavior of cement-based repair materials
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Abstract. The labels shrinkage-compensating, shrinkage-compensated and nonshrink found in the
technical documentation of many proprietary repair materials are all intended in principle to describe
systems that exhibit no or little net contraction as a result of shrinkage. In practice, however, these terms are
of limited significance in the selection of repair materials without appropriate test data on time-dependent
volume changes. This paper provides clarifications on the dimensional behavior of shrinkage-compensating
materials and uses experimental findings to emphasize the shortcomings in the information provided in the
data sheets of many repair materials labelled as such. In view of a more effective and reliable use of cementitious
shrinkage-compensating repair materials, recommendations are made to improve and uniformize the content of
the technical data sheets.

The term nonshrink is often, if not always, used in place
of the more suitable expression shrinkage-compensating.
There will be some shrinkage as long as cementitious
materials are part of the system; thus, strictly speaking, a
cement-based material cannot be non-shrinking. The
important thing to know is that when a prepackaged
material is labeled as nonshrink, it means that during the
life of the material, under given environmental conditions,
the dimensional balance (i.e. expansion minus shrinkage)
is supposed to remain positive, with no net contraction
resulting from drying. It does not mean that there will be
no volume changes.
Because the induced expansion and shrinkage are
most generally not synchronous, the effectiveness of a
shrinkage-compensating system is dependent on the
dimensional balance achievable in given exposure
conditions and on the level of restraint during the
expansive process to produce a compressive prestress that
will decrease with subsequent shrinkage.

1 Introduction
Many proprietary cementitious repair materials are
described as shrinkage-compensating (ShC), shrinkagecompensated or nonshrink. This article provides
clarifications on the actual significance of these labels and
uses experimental findings to emphasize the need for
reporting more accurately the information pertaining to
shrinkage compensation in the materials data sheets.

2 Shrinkage-compensating systems
Shrinkage-compensating is defined by ACI CT [2] as “a
characteristic of grout, mortar, or concrete made using
an expansive cement in which volume increases after
setting and, if properly elastically restrained, induces
compressive stresses which are intended to approximately
offset the tendency of drying shrinkage to induce tensile
stresses.” In these materials, a chemical agent added to
the cement reacts during curing to produce an expansive
compound, resulting in a net volume increase of the
material. The dosage of expansive agent has to be selected
such that the initial expansion will offset subsequent
shrinkage.
The shrinkage compensation process for repair
materials is similar to that for shrinkage-compensating
concretes. The main expansive component systems used
nowadays to produce ShC materials are either CSA-based,
lime-based (CaO) or magnesium oxide-based (MgO2). In
addition to the aforementioned agents, other additives
such as gas-liberating agents and diols (dihydric alcohols)
are also used. Some dual-action materials even contain
two forms of expansive agents. Hence, the various
proprietary shrinkage-compensating repair materials
available can differ significantly in composition,
especially when it comes to the nature of the expansive
compound.
*

3 Dimensional balance in ShC systems
In the recent years, efforts have been devoted at CRIBLaval U. to assess and improve the robustness of repair
shrinkage-compensating materials prepared with
expansive components, notably with respect to the
dimensional balance being achieved. A range of variables
have been studied, including the type of expansive agent,
the rate of addition, the composition and type of binder,
the w/cm, and the curing conditions.
In different test programs, the dimensional balance of
ShC repair concretes was evaluated in both unrestrained
and restrained conditions in accordance with modified
ASTM C157 [8] and ASTM C878 [9] test procedures. The
experimental results demonstrate the strong influence of
moist curing and its duration upon the effectiveness of
ShC systems involving water consumption in the
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chemical reaction producing expansive compounds. The
curing duration affects both the expansion generated and
the dimensional balance and, consequently, its influence
is more important in systems with a slower rate of
reaction.

comprehensive guidance should be provided on the
the curing operations and their influence on the
resulting effectiveness of the system;
iv. The reported volume change data should include both
the length change and restrained expansion data
determined in accordance with ASTM C157 and
ASTM C878, as modified per ACI PRC-364.3 /
ICRI 320.3R.

4 ShC and nonshrink repair materials
technical data
When consulting the technical information available on
repair materials labelled as shrinkage-compensating,
shrinkage-compensated or nonshrink, data regarding the
dimensional behavior are in many cases insufficiently
documented and inadequately characterized. As a result,
they are hardly interpretable.
In addition to the general lack of information
regarding the dimensional behavior of shrinkagecompensating repair materials, the discrepancy found in
the information contained in data sheets from one
manufacturer to the other makes the comparison between
different products very difficult. Conformity with either
ACI PRC-364.3 [14] or ICRI 320.3R [15] in the
preparation of repair material data sheets would
contribute to the elimination of these shortcomings.
Proper selection and use of such repair materials
requires the knowledge of adequately referenced test data
on the actual time-dependent volume changes the material
undergoes during and after curing. In the technical data
sheets, both the length change and restrained expansion
data should be determined and reported. The use of the
ASTM C878 restrained expansion provides information
intended to better reflect the dimensional behavior of the
material in the structure. The modifications proposed in
ACI PRC-364.3 [14] or ICRI 320.3R [15] allows to
exploit the procedure in the drying phase as well.
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Abstract. The mitigation of the consequences of exceptional events is a compelling challenge, as their
sudden occurrence might bring into play dramatic societal impact. To enhance the impact safety of the built
environment, high-performance limestone calcined clay cement (LC3) based binders have been developed
as the basis for sustainable strain-hardening fibre-reinforced composites, intended as thin protective layers
for concrete members, like beams, girders and slabs. In combination with LC3 matrices, synthetic fibres
endow the LC3 matrix with enhanced dissipation capability, thus providing a successful confinement degree
for the concrete substrate. In this contribution, we present the most recent advancements in the development
of SHLC3 composite materials with optimised composition, suitable for shotcreting and automated
construction.

1 Introduction

2 Materials and Methods

Reinforced concrete (RC) is currently the most popular
building material worldwide, owing to good mechanical
performance associated to relatively low cost. Over time,
environmental agents can hamper the performance of RC
members, inducing corrosion in the steel rebar and
eventually leading to a reduction of bearing capacity and
ductility. Due to their intrinsic brittle nature, concrete
structures are vulnerable to exceptional events, like
collisions, earthquakes, explosions or terroristic attacks.
Restoring the complete functionality of jeopardised
concrete structures is of paramount importance, especially
to mitigate the consequences of extreme and sudden
events. Against this background, the use of fibrereinforced strain-hardening cement-based composites
(SHCC) as externally-bonded reinforcements represents
an attractive option, in the vision of a ductility-based
design approach. Indeed, impact loadings convey a huge
amount of energy on RC members, and strengthening
layers are required to exhibit outstanding dissipative and
ductility standards [1]. Alongside fulfilling the
aforementioned performance needs, strengthening
materials should comply with the compelling standards of
sustainability, by reducing the environmental impact of
the raw materials and, on the other hand, increasing the
resilience of the strengthened RC elements [2]. Moreover,
pozzolanic materials like fly ashes, retrieved from coal
industry, are about to disappear soon. In this paper, we
present some advances in the conceptualisation of
sustainable limestone calcined clay cement (LC3) based
strain-hardening composites (labelled as SHLC3)
including synthetic fibres designed for potential adoption
for repairing RC structures against impact loadings
through traditional and innovative application techniques,
like, e.g. wet lay-up, shotcrete and additive
manufacturing.

*

We investigate the performance of blended binders
including LC2 (limestone + calcined clay) as a partial
replacement of ordinary Portland cement (OPC). The
calcined clay herein adopted is retrieved from a raw clay
variety featuring around 55% of kaolinite. The OPC/LC2
ratio is set to 1, and limestone content is 30% of the
overall composition of the binder [3]. Calcium sulphate is
also added to tune the hydration reaction and control the
open time of the mixture (the composite made out of LC3
based binder is thereafter referred as M1-LC3B). As a
basis for comparison, a binder with fly ash/OPC ratio of 1
is also considered as a reference (hereafter labelled as M2FA). The embedding mortar is obtained by including fine
quartz sand, and High Molecular Weight Polyethylene
(HMPE) fibres are added at a 2%vol. dosage to produce
the fibre-reinforced composite. The fresh properties of the
composites are adjusted through the addition of water
reducer and viscosity modifying agent. These admixtures
impart adequate workability to the mixture for automated
applications. The SHCC composites are characterised
through uniaxial compression tests on cubic samples,
tensile tests on dumbbell-shaped specimens and
eventually impact tests on 60cm×60cm×2cm plates,
according to the procedure established by Hering et al.
[4].

3 Results
3.1 Quasi-static tests
Figure 1 reports on the assessment of the two varieties of
SHCC, subjected to quasi-static tests. Remarkably, the
replacement of fly ash with LC2 has a beneficial effect on
the compressive strength of the composite, increased up
to 40%, as a consequence of the enhanced reactivity of the
binder. A pronounced strain-hardening behaviour is
reported in tension, being a clear indication of the
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dissipation capacity of both the SHCC composites,
especially as far as M1-LC3B is concerned, which
exhibits even higher strain at failure. This attitude is
extremely promising in the perspective of impact
strengthening.

(a) fine concrete

(b) TRC

(c) M2-FA

(d) M1-LC3B

(a)

Fig. 2. Damage patterns of plates under drop-tower impact tests
for commercially available fine concrete for repair without and
with carbon textile [4] vs SHCC mixtures at hand at similar
impact velocities (around 20 m/s).

4 Conclusions and outlook
The development of novel mineral-bonded composites
with exceptional mechanical properties is pivotal to
enhance the structural safety of strategic RC buildings
from exceptional events, mitigating the corresponding
societal and economic hazards. We show that alternative
binders can be developed to this aim, to lower the impact
on the environment by reducing the amount of cement
clinker and, at the same time, fully complying with the
required mechanical standards against impact loading.
The formulation of novel binders is currently under
further optimisation and investigation to suit automated
application techniques well, through a rigorous
rheological assessment, and to warrant good performance
over the entire service life, by enhancing durability and
long-term stability.

(b)
Fig. 1. Quasi-static assessment of SHLC3 composite (in green
colour) in uniaxial compressive and tensile tests.

3.2 Impact testing
Under impact, the combination of high-performance
matrix and the highly dissipative attitude provided by the
presence of HDPE fibres produces a remarkable
improvement in the ballistic resistance of composite
elements. Indeed, under drop-tower experiments, both
SHCC composites require a significantly higher impactor
speed (i.e. kinetic energy) to be penetrated, with respect
to commercially available fine-grained cementitious
materials, even strengthened with 2-ply biaxial textile (see
Figure 2 and previous studies [4]). Among the
investigated SHCC mixtures, M1-LC3B exhibits a
dissipation capacity slightly higher than the M2-FA
counterpart (around 3%).
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Assuming strain compatibility between the repair and
substrate (substrate = repair), and using force equilibrium,
Equations (1) and (2) are solved simultaneously and the
stresses in the substrate concrete and repair material
determined for a discrete time step (tn).
A few key assumptions were made to develop the
model. The first is that the axial compressive stresses are
applied instantaneously and act uniformly, with no load
eccentricities. The second is that the model follows EulerBernoulli beam theory, which is that the sections of the
repair and substrate remain plane under stress and the
deformation angles are negligible. Finally, complete bond
at the interface of the substrate concrete and repair
material is assumed, allowing the transfer of stresses
between the two materials and the strains in both materials
to be equal.
Three cement-based repair materials were tested for
their elastic modulus, shrinkage, and creep characteristics
and used as inputs in the analytical model. Two of the
materials were a high strength (HS) and ultra-high
strength (UHS) grout, while the third material was the HS
grout bulked with 9.5mm Greywacke stone. Compressive
strength and elastic modulus tests were conducted at 1, 7
and 28 days of age, while atmospheric drying shrinkage
tests were conducted on each mix 24 hours after being
cast. Each mix was tested for its compressive creep
characteristics at 1 and 7 days of age, respectively.
All three repair materials had a compressive strength
of 39 MPa or higher and an elastic modulus between 21
and 27 GPa, after 1 day of age (see [2] for results at 7 and
28 days of age). The shrinkage strains of each material
after 90 days ranged between 250 and 350 micro-strains.
Each mix had a similar specific creep of 115 µ-/MPa (
5 µ-/MPa) when loaded at 1 day of age. When loaded at
7 days of age, the HS grout had the highest specific creep
of 91 µ-/MPa, while the HS grout bulked with stone had
the lowest specific creep of 63 µ-/MPa. These results
were used as inputs to the model.
The model considered a 500 × 500 mm unreinforced
concrete square column, with one side repaired up to a
depth of 100 mm. A sketch of the repair scenario is shown
in Figure 1.

1 Introduction
The repair and rehabilitation of RC structures has become
a common requirement in modern construction. A
common method used by engineers for repairing RC
structures is the patch repair technique [1]. Concrete patch
repairs are broadly categorised into structural and
cosmetic repairs. Structural patch repairs are expected to
carry loads or stresses and contribute to load sharing in
the repaired concrete element. The properties of the repair
material can have a significant effect in this regard, the
most significant of which are the elastic modulus,
shrinkage, and creep.
A summary of the recent study conducted by Naraghi,
et al. [2] is presented. A brief overview of the model
theory and the three high strength cement-based repair
materials considered is given. The experimental test
results of these materials, which are used as inputs to the
model, are then presented. Finally, the repair scenario is
described, the model outputs presented, and the paper
concluded.
The analytical model considers the stresses and strains
of a repaired element that is axially loaded, in the linear
elastic range. Since the element has been in service for a
long period of time, the shrinkage and creep strains of the
concrete substrate are assumed to be negligible, while the
elastic modulus (Es) is constant. The total strain of the
repair material, though, would be an additive composition
of elastic, creep, and shrinkage strain. Both strain
expressions are thus given as:

s(t) = σs(t)/Es .

(1)

r(t) = σr(t)/Er + creep(t) + shrinkage(t)

(2)

The shrinkage strain of the repair material (shrinkage) is
taken to be restrained and determined using an expression
developed by Beushausen [3] that takes into account the
free shrinkage strain of the repair material over time.
The creep strain (creep) in the repair material is more
complex, though, as this is dependent on the stress. The
developed creep strain expression considers the residual
stress, an incremental decrease in load, and a portion that
is irrecoverable.
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The stress reduction in each of the repairs were attributed
to the shrinkage and creep of the repair material.
Furthermore, the similarities in stress reduction between
the three repair materials were attributed to the shrinkage
and creep results of each material being alike.

500

500

Stress in repair - 25MPa load, age at loading 1-day

100

30

Stress (MPa)

25

Fig. 1. Model example of repair considered.

20
HS grout
HS concrete
UHS grout

15
10
5

The substrate concrete was assumed to have a
compressive strength of 40 MPa and an elastic modulus
of 25 GPa. A load stress of 25 MPa was applied to the
repaired column at 1 and 7 days after the repair, with loads
removed before repair. No creep strain recovery was
assumed during the repair process.
Figure 2 shows the stress distribution between the
substrate concrete and the HS concrete repair over the first
14 days of loading, which was applied 1 day after repair.
The stress in the repair is shown to be similar to the
concrete substrate on the day of loading, but rapidly
declines thereafter, while the stress in the substrate stress
increases. After 10 days of loading, the rate of stress
reduction in the repair begins to stagnate. After 14 days,
only 11% of the applied stress is in the repaired element,
which illustrates the repair materials low contribution to
externally applied loads over time.

0
0

Stress (MPa)

25
20
HS concrete
Substrate Concrete

10
5
0
0

2

4
6
8
10
Time after load applied (days)

12

12

14

After 28 days of loading, the model results showed that
only 2-6% of the applied stress was retained in the repair.
A stress of less than 0.5 MPa was determined at 69 days,
implying that the repair is no longer contributing.
In the case where the repaired column was loaded 7
days after repair, only 10%-27% of the applied stress was
retained in the three repair materials after 28 days of
loading. While these stresses are higher than those loaded
at 1 day of age, the stress in all three repair materials fell
below 0.5 MPa after 95 days of loading. The following
conclusions were drawn from the study:
• The stresses in the repair material, caused by loads
reinstated after repair, are transferred to the substrate
concrete over time due to shrinkage and creep in the
repair material.
• The age of the repair material at loading is
inconsequential of the repair’s ability to structurally
contribute in the long-term, as there was effectively
no remaining stress in the repair material beyond 90
days, irrespective of when the loads were applied.
• The high strength cement-based materials tested in
this research were, effectively, unable to contribute to
load sharing in the repaired element in the long-term.
Such materials should thus not be considered as
‘structural’ repair mortars or grouts unless specific
measures are taken to ensure their contribution in the
long-term.

30

15

4
6
8
10
Time after load applied (days)

Fig. 3. Stress in repair material, age of loading 1-day.

Stress ditribution in repaired element 25 MPa, age at loading 1-day

35

2

14

Fig. 2. Stress distribution in repaired element using HS concrete
loaded at age of material 1 day.
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4.3 Structural repairs and strengthening
Actual achievements and future challenges of HPFRC for
structural rehabilitation of bridges
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Abstract. The state of road infrastructures in many advanced countries is rapidly changing under the
impulse of massive funding from governments, eager to have more efficient and safer transportation
systems. The use of well-known materials such as fibre-reinforced concrete (FRC) is finding a growing
space for structural rehabilitation of bridges; the adopted material is often defined as High performance fibre
reinforced concrete (HPFRC) due to its enhanced performance. The paper presents the principal findings of
an EU-funded project that involved the repair of two road bridges in Italy using HPFRC. The project has
successfully carried out the jacketing of bridge piers and cap-beams, heavily damaged by corrosion, with a
new HPFRC layer of reduced thickness (40-60 mm) and limited use of steel reinforcements. Experimental
tests carried out in the laboratory of the University of Brescia on 1:2 scaled specimens have shown the
possibility to increase the load bearing capacity of the cap beams (with respect to vertical loading) up to
73%, with moderate effects on the change in stiffness and ductility of the existing structure. Based on field
and laboratory experience, the article eventually presents some new challenges for the use of HPFRC in the
reduction of environmental impact of construction industry.

Brescia during the year 2020/2021, which is part of the
Sustainable and Resilient Mobility (MoSoRe) funded
project. The intervention pursues the objectives and
intentions stated by the Regional Strategy for Sustainable
Development, approved by the Regional Council of
Lombardy on June 29, 2021 in the field of infrastructure.

1 Introduction
The paper presents a real repair intervention on two
bridges in the north of Italy (Province of Brescia) subject
to a severe state of corrosion [1] of the frame piers (Fig. )
in which retrofitting with High Performance Fibre
Reinforced Concretes (HPFRC) has been carried out. The
paper illustrates the case study and the experimental tests
carried out in the laboratory of the University of Brescia
to characterize the behaviour of the cap beam before and
after reinforcement with HPFRC jacketing.

2.2 Specimen geometry
The present work focuses its attention on the most
damaged structural element of the frame piers of the
bridge: the cap beam. Six scaled specimens (1:2) were
realized with the aim of understanding the structural
capacity of such beams before and after the repair, with
particular emphasis on their behaviour under vertical
(traffic) loads. Within this experimental campaign, these
specimens were grouped in three classes: the first group
of two beams (Reference) represented the beam before
repair, the second group of two beams (Reinforced#01)
represented the beam in its final state after jacketing (as
realized on the field) and the third group (Reinforced#02)
represented a simplified layout of the repair in which
HPFRC is applied without additional reinforcements.

3 Methodology
3.1 Test set-up
The test specimen (1, Fig. ) was a simply supported beam
with steel restraints: a hinge at left (2) and a support at
right (3). The beam was tested in flexure with a three point
bending test set-up. Mid-span vertical displacement (i.e.
deflection) was increased by an electro-mechanical
actuator (4) up to the failure of the element.

Fig. 1. Existing bridge adopted as case study for the
experimental campaign.

2 Case study
The experimental campaign have been conducted on
specimens whose geometry has been obtained from two
(twin) existing bridges. These were under extraordinary
maintenance work, commissioned by the Province of
*
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was reached for a very low displacement and
deformation, but fracture toughness provided by
fibres allowed to reach an ultimate displacement
comparable to that assumed by the unreinforced
beams.
iii. No problems related to delamination of the
reinforcement around the core were found during
the tests. The jacketing was perfectly adherent to
the element to be reinforced even without the
presence of connectors (Reinforced#02).
800
700
600

Load [kN]

500

Fig. 2. Experimental test set-up.

400

300

3.2 Materials
In Table , the results of the mechanical characterisation
[1] of HPFRC will be presented.

200
100

Table 1. Main HPFRC mechanical properties.
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fLm
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fR2m
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[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
HPFRC 97.8 37828 8.61 13.63 12.63 11.06 9.41
ID
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4 Results

Fig. 3. Net deflection vs. load curves for the six beams tested.

The structural responses of the specimens can be
compared by means of the following graph (see Fig. )
showing net deflection at the mid-span of the beam versus
total load. At first glance, different responses in terms of
stiffness, ultimate load and overall behaviour can be
appreciated for Reference, Reinforced#01 and
Reinforced#02 beams.

6 New challenges
In the coming years, the new challenge for the
construction industry will be to reduce its environmental
impact. In this context, rehabilitation of reinforced
concrete infrastructure with HPFRC could be a key tool
because of the low amount of material to be used and the
fewer number of construction phases needed on site. To
assess the benefits in terms of CO2 emissions, LCA
analyses have already been conducted on such
interventions, which have shown a reduction of CO2
emissions by more than 40 percent.

5 Concluding remarks
Based on the tests performed and the results obtained, the
following findings can be emphasized:
i. The first type of reinforcement (Reinforced#01
beams) increased the maximum and ultimate load
of the original beam by 73% and 89%, respectively;
but showed 48% lower ultimate displacements.
This type of reinforcement has shown numerous
micro-cracks at the end of the test.
ii. The second type of reinforcement (Reinforced#02)
has reached a maximum load increased by 26%
compared to the original state. The peak strength
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Shear strengthening of concrete T-beams with lateral layers of
UHPC
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strength compared with concrete and fiber reinforced
concrete leads to a much lower possibility of delamination
between the repair layer and concrete substrate.
Therefore, rehabilitation using UHPC in the concrete
beams are expected to have promising performance and
needs to be investigated.

1 Background
Concrete T-beams are commonly used in building slab
systems and bridge decks. They may require
strengthening in shear when they are deteriorated or when
loading requirements increased. Usual strengthening
methods such as reinforced concrete overlays and steel
plates may involve a considerable cross-section increase,
a significant additional weight or be limited to local
intervention, while FRP composite layers may present
interface delamination or unsatisfied durability (sensitive
to temperature variation and low fire resistance) [1].
Ultra high-performance fiber reinforced concrete (UHPC)
is the new promising material that presents better
performance in repairing and strengthening concrete
structures due to its outstanding properties including large
strain capacity, extremely low porosity and transport
properties that provide an exceptional durability [2]. The
high compressive and tensile strength of UHPC can
improve the structural capacity with limited increase on
the sectional size of the structure [3]. Moreover, the less
difference of modulus of elasticity in UHPC compared
with steel and FRP plates and higher adherence and bond

2 Experimental program
This research studied the shear behavior of concrete Tbeams using cast-in-place Ultra High-Performance
Concrete (UHPC) layers as a lateral strengthening method
without increasing the beam depth. Three UHPC
strengthened beams (Fig. 1) together with one reference
reinforced concrete beam were tested in monotonic threepoint bending (Fig. 2). Parameters investigated include
the thickness of UHPC layers and the presence of steel
anchors at the UHPC-concrete interface. The digital
image correlation (DIC) technique was used on one side
of the critical shear span of the T-beam to investigate the
principal tensile strain distribution during the testing.
Failure mode and shear strength improvement provided
by the UHPC lateral strengthening were also analyzed.

500

55

400

280

280
25

25

50
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Fig. 1. Cross-sectional view of three strengthened beams
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Fig. 2. Test setup of concrete T-beams

3 Conclusions
This research studied the shear behavior of concrete Tbeams using UHPC lateral layers, one reference concrete
and three UHPC strengthened beams with different layer
thickness and anchor condition were tested. Load,
deflection, strain, and cracking patterns were recorded
and analyzed to study the failure mode and the
strengthening effect of the strengthened beams.
Conclusions are summarized as follows:
i. UHPC lateral strengthening can substantially
improve the stiffness and shear capacity of concrete
T-beams. 25- and 50-mm lateral layers increased by
63.9% and 81.5% of the T-beam on the shear
cracking load, and 102% and 113% of the T-beam
on the ultimate shear capacity. The stiffness
increase before the shear crack is 19.3% in TS-W25
and 31.6% in TS-W50, while the stiffness increase
after the shear crack is 8% in TS-W25 and 17.4%
in TS-W50.
ii. Typical bending-shear behavior were detected on
each strengthened beam with UHPC layers, the
final shear failure was observed in the T-beam with
25 mm UHPC layers and 50 mm UHPC layers
without anchors, while a combination of shear and
bending failure was noted in the T-beam with 50
mm UHPC layers with anchors.

iii. The application of steel anchors at the UHPCconcrete interface have delayed the appearance of
shear cracks and further increase the shear capacity
of the T-beam. Although the yielding of both
longitudinal rebars and stirrups may influence the
results, this limited improvement may indicate the
substantial contributions of UHPC-concrete
interface for supporting a superior performance of
the strengthened beams without anchors.
In general, experimental results confirmed that cast-inplace UHPC lateral layers are an effective way to
strengthen existing concrete T-beams with inadequate
shear capacity.
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Numerical Modeling of Deep Beams Strengthened in Shear with
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Abstract. Numerical models were developed to simulate the behavior of reinforced concrete (RC) deep
beams strengthened in shear with carbon fabric-reinforced matrix (C-FRM) composites. The matrix of the
C-FRM composite reinforcement was cementitious or geopolymeric. External strengthening with C-FRM
composites resulted in a two-fold increase in the shear capacity in the absence of internal steel stirrups. The
models with internal steel stirrups exhibited a maximum shear strength gain of 20%. The shear capacity of
the models with a geopolymeric matrix was, on average, 5% lower than those with a cementitious mortar.
A comparison with experimental results verified accuracy and validity of the numerical models.

bars and linear-elastic for the carbon fiber strands. The
concrete had a cube compressive strength of 33.5 MPa.
The tension and compression steel consisted of four and
two 25 mm diameter bars, respectively. Two curtains of 6
mm diameter steel stirrups were used at a spacing of 80
mm in both directions. The yield strengths of the flexural
and shear steel reinforcement were 539 and 505 MPa,
respectively. Their respective ultimate tensile strengths
were 649 and 543 MPa. The carbon fabric used was
unidirectional having carbon fiber strands with a cross
sectional area of 0.157 mm2/mm, spacing of 17 mm,
tensile strength of 4300 MPa, and Young's modulus of
240 GPa. The cementitious mortar had a cube
compressive strength of 42 MPa and Young's modulus of
29 GPa. The respective values for the geopolymeric
matrix were 43 MPa and 7 GPa.

1 Introduction
Shear strengthening with C-FRM involves the use of
carbon fiber strands embedded into a cementitious or
geopolymeric matrix [1-4]. Although laboratory tests can
provide evidence for the performance of strengthened RC
beams, they are expensive and time consuming. Validated
numerical models offer an alternative cost-effective
solution for such problems. This paper aims to develop
numerical models capable of predicting the behavior of
RC deep beams strengthened in shear with C-FRM
composites. Predictions of the models were compared to
experimental results for validation.

2 Model details
Six numerical deep beam models were developed using
the software ATENA [5]. A summary of the models is
provided in Table 1. Two benchmark models did not
include C-FRM shear reinforcement. Four models
included one layer of side-bonded C-FRM with the fiber
strands aligned in the vertical direction. The matrix of the
C-FRM was cementitious or geopolymeric. The deep
beam models had a cross section of 150 × 500 mm and
span of 2900 mm. The load was applied at a distance 800
mm away from the support, rendering a shear span-todepth ratio (a/h) of 1.6. One-quarter of the beam was
modeled to minimize the processing time. The concrete
and mortar were modeled using solid macro-elements
with a mesh size of 20 mm. The steel bars and carbon fiber
strands were modeled as one-dimensional elements.
Figure 1 shows typical numerical models. The bond–slip
laws developed in a previous study [4] were adopted at
the carbon fabric–matrix interface (figure 2). The built-in
constitutive laws of the CC3DNonLinCementitious2
model were used for the concrete and mortar. The stressstrain response of the reinforcement was assumed as
bilinear with a post-yield strain hardening for the steel

*

Table 1. Summary of the deep beam models.
Model
Control-NS
Control-ST
NS-C1-90
NS-G1-90
ST-C1-90
ST-G1-90

C-FRM
Yes
Yes
Yes
Yes

Matrix
Cementitious
Geopolymeric
Cementitious
Geopolymeric

(a)
(b)
Fig. 1. Layout of a typical model: (a) with internal stirrups; (b)
with C-FRM composites.
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Stirrups
Yes
Yes
Yes

shear capacities of the deep beam models ST-C1-90 and
ST-G1-90, with internal steel stirrups, were 20 and 13%
higher than that of their counterpart model Control-ST,
respectively. The shear capacities of the models NS-G190 and ST-G1-90, with a geopolymeric matrix, were 4 and
6% lower than those of their counterparts NS-C1-90 and
ST-C1-90, with a cementitious mortar, respectively.

1.50
Cementitious Matrix

Shear stress (MPa)
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1.00
0.75
0.50

450
0.25

Control-NS
Control-ST
NS-C1-90
NS-G1-90
ST-C1-90
ST-G1-90

400
350
0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

Shear load (kN)

0.00
2.5

Slip (mm)

Fig. 2. Bond-slip laws at the fabric-matrix interface [4].

3 Results and model validation
The deep beam model Control-NS exhibited a shear
compression mode of failure, whereas other models
exhibited a diagonal compression failure mode. Sample
crack patterns at failure are shown in figure 3. The crack
patterns predicted numerically were in good agreement
with those obtained from the tests. Table 2 compares the
shear capacities predicted numerically (Vn) and those
recorded experimentally (Vexp). The value of Vn/Vexp was
in the range of 0.78 to 1.02 with an average of 0.87 and a
standard deviation of 0.10. These results verified the
ability of the numerical models to predict the shear
behavior of the tested deep beams with good accuracy.

150
100

0

5
10
Mid-span deflection (mm)

15

Fig. 4. Shear load-deflection response of the numerical models.

4 Conclusions
Numerical models capable of predicting the structural
behavior of RC deep beams strengthened in shear with CFRM composites were developed. A comparison with
experimental results verified the accuracy and validity of
the models. In the absence of internal stirrups, shear
strengthening with C-FRM composites increased the
shear capacity by two folds. The deep beam models with
internal steel stirrups exhibited a shear strength gain in the
range of 13 to 20%. The shear capacity of the numerical
models with a geopolymeric matrix was, on average, 5%
lower than that of their counterparts with a cementitious
mortar. Such a minor reduction in the shear capacity could
be considered acceptable given the environmental
benefits associated with the widespread use of
geopolymers including a reduced production of cement
with associated energy savings and mitigation of carbon
dioxide emissions.

Fig. 3. Sample crack patterns: (a) Control-ST; (b) ST-C1-90.
Table 1. Numerical and experimental shear capacities.
Vexp (kN)
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Study on the Application of Inorganic Resin-based Micro-FRP
Bars in Strengthening Marine Concrete Structures
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ultimate bearing capacity of the reinforced beams are
decreased, but is still higher than the unreinforced beams
(up to 86%). The failure mode of the reinforced beams
changed from concrete crushing failure at the top to
peeling failure at the central interface (Fig. 3). The results
show that the beam reinforced with inorganic resin - based
micro-FRP bars has good durability.

1 Introduction
The maintenance and reinforcement engineering of
Marine concrete structure is significantly limited by the
operable construction time and space. The traditional
reinforcement methods are confronted with many
challenges in the construction of marine concrete
reinforcement [1-7]. Therefore, an inorganic resin-based
micro-FRP bar reinforcement method is proposed. The
durability of the method is verified by laboratory model
test, and the feasibility and effectiveness of the method
are verified by engineering application.

construction preparation

chiselling

2 Strengthening methods

concrete surface
treatment and repair

rust expansion crack
classification

embedded bolt

configure the
reinforcement glue

leveling

2.1 Strengthening principle
Different from the method of pasting FRP sheets or FRP
plates, the bonding technology based on small FRP bars
is to braid the small diameter FRP bars into the form of
curtain for reinforcement. The FRP bars are arranged
along the tensile direction of the structure and only bear
the tensile stress. The inorganic resin mortar material acts
as a protective layer for the reinforcement and as a
bonding material to the reinforced concrete and FRP bars.

drilling

install micro FRP bar
curtain
pour inorganic resin
mortar

preparation of inorganic
resin mortar

Fig.1. Technological process

2.2 Strengthening process
The construction process of micro-FRP bar reinforcement
based on inorganic resin is shown in Fig. 1. The
reinforcement construction is mainly divided into 5 steps.
Firstly, the preparatory work of construction is completed.
After treating and repairing the concrete surface, the
concrete surface is drilled holes and inserted bolts. Then,
the micro-FRP curtain is installed. Finally, the inorganic
resin mortar is poured.
Fig.2. Load-displacement curves of RC beams

3 Experiment
The beams with corrosion rates of 10% (group B) and 20%
(group C) are fabricated by electrochemical corrosion.
After the reinforcement of inorganic resin-based FRP bars,
the dry-wet cycling accelerated corrosion test is carried
out. The flexural capacity of the reinforced beam is tested
though the beam three-point bending test. The results
show that the bearing capacity and flexural stiffness of RC
beams can be significantly improved by using inorganic
resin-based micro-FRP bars (Fig. 2).
Compared with the control beam (group A), the
ultimate bearing capacity of the reinforced beam without
dry-wet cycle is greatly increased (up to 107%), and the
failure mode changes from the failure of the unreinforced
beam to the failure of the concrete at the top of the
reinforced beam. After 90 days of dry-wet cycle, the
*
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(a) Beam N-B-WD0

(b) Beam IR-B-WD0

(c) Beam IR-B-WD90
Fig.3. Final failure mode of the beam

4 Engineering application
Based on the reinforcement project of a high pile wharf in
South China, the field application research of inorganic
resin based micro-FRP bar reinforcement technology is
carried out, and the 6m*0.6m beam members of the wharf
are reinforced by this method. After the surface of
concrete is treated, with an interval of every 1m along the
length direction of the beam，3 holes with diameter of
10mm and depth of 50mm are distributed in the width
direction of the bottom of the beam by using a hammer
drill. After cleaning and dedusting the installation holes,
insert PVC screw and inject reinforcement glue for
reinforcement. After hardening the reinforcement glue,
the inorganic resin mortar is used to level the concrete
with a large peeling thickness and area before hanging the
reinforcement net, and the surface of the inorganic mortar
is treated into honeycomb. The FRP bar net is clamped
with PVC thin sheet, and then the height is adjusted on the
implanted PVC screw by PVC nut, and the FRP bar net is
fixed and suspended about 10mm away from the bottom
of the concrete beam. After the concrete surface has been
sprayed with water and pre-wet treatment, the inorganic
resin mortar which has been pre-mixed is daubed. After
the initial setting of the inorganic resin mortar, the
spraying water is used for curing.
The reinforcement results of field construction (Fig. 5)
show that the construction method of micro-FRP bar
reinforcement based on inorganic resin is achieved good
maintenance effect. The pores of the micro-FRP bars in
the FRP curtain can help bubbles escape from the bonding
interface, ensuring the bonding quality, and its special
geometry greatly facilitates packaging, transportation and
field construction operations. Furthermore, the inorganic
resin is used as the bonding material to avoid the damp
and heat aging of the organic epoxy material and the
difficulty in dealing with the adhesive interface of the
existing corroded concrete structure.

(a) Before strengthening

(b) After strengthening
Fig.5. Comparison of wharf strengthening

5 Conclusion
Based on inorganic resin, the construction technology
principle and process flow of micro-FRP bar
reinforcement are studied. The following conclusions are
obtained:
i. The shear transfer efficiency between FRP interface
and concrete matrix is enhanced, and the use
efficiency of FRP material is improved. The system
has the advantages of simple and reasonable
structure,
convenient
transportation
and
installation.
ii. This method combines the advantages of traditional
section enlargement method with the advantages of
FRP reinforcement, which can shorten the
construction time and guarantee the construction
quality to the greatest extent, guarantee the unity of
the reinforced layer and the structure itself, and
effectively improve the bearing capacity and
durability of the reinforced members.
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Fig.4. Engineering application
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Experimental testing on the structural capacity of coupling
beams with non-anchored longitudinal bars
Torrealva Daniel1, and Arzapalo Joel1,*
1
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1 Introduction
Coupling beam (CB) is a structural element which
connects shear walls and allow to transfer shear forces,
while possessing sufficient ductility to dissipate the
energy produced due to the lateral displacement. A
mistake in the construction of a 16-story building resulted
in that only the bottom layer of the longitudinal rebars in
all coupling beams (CBs) were anchored into the lateral
walls, the upper longitudinal bars were cut before
anchored to the walls.
The reconstruction of all CBs in the building was
technical and economically non-feasible, therefore, to
propose a more efficient and less costly retrofit procedure,
a numerical and experimental study was undertaken to
analyze the real structural capacity of the CBs.

Fig. 1. Geometry and reinforcement arrangement of specimens

3 Experimental results
3.1 Hysteretic response in the cyclic test

2 Experimental program
2.1. Test specimens
The interaction between the CB and each lateral wall was
represented in two specimen configurations, VM60 and
VM120, depending on the wall width. Two specimens
(VM60-1 and VM60-2) were tested under cyclic quasistatic load to determine the flexural capacity of the CB
with only the bottom rebar layer anchored into the wall
[1][2]. One specimen (VM120-2) was tested under
monotonic loading to determine the shear capacity of the
cracked cross section due to the reversal loads presented
in a seismic event [3]. Geometry and reinforcement
arrangement of the specimens VM60 (left) y VM120
(right) are showed in Fig. 1.
2.2 Carbon fiber reinforced polymer
Carbon fiber reinforced polymer (CFRP) sheets was used
as retrofit material to control the crack width in the
interface wall-CB by taking the tension stresses. Uniaxial
and biaxial sheets superposed were applied superficially
in only one face of the specimen VM60-2 along the total
length of the CB and along the heigh of the wall. The
sheets were anchored chemically by epoxy resin and
aramid fibers.

*

Fig. 2. Hysteretic response of specimens

The hysteretic response in the cyclic test and the
performance parameters at the fluence, maximum
resistance and ultimate failure of the specimens VM60-1
non-retrofitted (upper) y VM60-2 retrofitted with CFRP
(lower) are showed in Fig. 2.
In the positive branch it was observed a similar ductile
behavior in the two specimens, which is confirmed by the
performance parameters and the smooth change in the
stiffness degradation obtained in both specimens. The
presence of the CFRP do not change the behavior of
VM60-2 compared to the non-retrofitted VM60-1.
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In the negative branch the CFRP sheets increase the peak
load and its displacement associated of VM60-2
compared to the non-retrofitted VM60-1. VM60-2
behaves more ductile compared to the completely brittle
behavior observed in VM60-1.
3.2 Energy dissipation in the cyclic test
The energy dissipation in the two branches is showed in
Fig. 3 (left). It is observed that the contribution of the
negative branch is negligible compared to the positive
contribution. The presence of the CFRP increase the
amount of energy dissipation compared to the nonretrofitted specimen but it is not significative in the total
energy dissipation as it is showed in Fig. 3 (right).

Fig. 4. Capacity curves in the negative direction

5 Conclusions
The CB with only the bottom layer of rebar anchored into
the lateral walls behaves ductile in the positive branch and
brittle in the negative branch as it is observed in the
hysteretic response, stiffness degradation and energy
dissipation.
The CFRP sheets contribution in the negative branch
is not significant in terms of resistance and ductility, nor
in the crack width control.
The shear resistance of the CB could not be
determined experimentally. Numerical analysis estimates
it in a value superior to 600 kN.
The tests showed that the CB in the as built condition
maintains important flexural and shear capacities that
when considered in the linear analysis of the entire
building is enough to achieve the accomplishment of the
building code.

Fig. 3. Energy dissipation

3.3 Shear resistance of the cracked section in the
monotonic test
The monotonic test was stopped before it was achieved
the failure load of the specimen VM120-2 because the
capacity of the actuator was exceeded. The maximum
load registered in the monotonic test was 355 kN. At this
point it is not observed an increase in the preexistent crack
length or width or any change in the slope of the loaddisplacement curve.
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Abstract. There is an urgent need for practical and durable rehabilitation solutions for deteriorated concrete
elements. Various reasons for the deterioration of reinforced concrete beams include vehicular loading,
cracking, delamination of cover concrete, and corrosion of internal reinforcement. The overlay using ultrahigh-performance concrete (UHPC) is an effective strengthening technique for deteriorated beams for
service life extension. UHPC offers advantages like superior mechanical properties, higher durability and
lower permeability. In some situations, concrete beams are strengthened to accommodate the additional
loading. Combining UHPC overlay with FRP strengthening can effectively improve durability and increase
the strength of RC beams. In this study, four large-scale reinforced concrete (RC) beams of 300 x 300 x
3500 mm are tested to evaluate the flexural performance of control and strengthened beam specimens. The
test matrix consists of a control RC beam (RC), a beam strengthened using UHPC overlay (UO), a beam
strengthened with a hybrid combination of CFRP fabric and UHPC overlay (HB_UO+F), and a beam with
a hybrid combination of CFRP laminates and UHPC overlay (HB_UO+L). All the strengthened specimens
had higher strength and stiffness. However, the hybrid combination improves the flexural capacity and
ductility compared to the UO specimen. Due to the addition of overlay and the additional tension
reinforcement in the form of CFRP laminates, the increased lever arm led to good strength improvement of
the hybrid strengthened RC beams.

1 Introduction

2 Research Significance

The strengthening of reinforced concrete (RC) elements
are required for various reasons: (i) corrosion, (ii)
vehicular loading, (iii) spalling of concrete cover, (iv)
defects in design and construction, (v) seismic retrofitting,
(vi) damage due to the accidental loading and (vii)
additional load carrying capacity requirements. The fibrereinforced polymer (FRP) strengthening effectively
improves the strength and ductility of RC elements [1].
However, the bridge decks are commonly deteriorated by
the combination of vehicular loading, cracking,
penetration of water and chlorides, delamination of
concrete surface and corrosion of internal reinforcement.
The ultra-high-performance concrete (UHPC) overlay is a
very effective solution for rehabilitating deteriorated
bridge decks. The UHPC exhibits superior mechanical
properties like high compressive strength, high durability
and lower permeability [2].
The flexural strengthening of RC members using the
hybrid combination of FRP and UHPC overlay effectively
improves the durability and performance in terms of
strength and ductility. In the hybrid combination, the
UHPC overlay acts as a superior wearing coat, provides a
higher compressive strength at the compression zone and
increases the lever arm to the FRP materials leading to a
higher contribution from the additional tension
reinforcement in the form of Carbon FRP (CFRP).
Overall, the synergy between the FRP and UHPC overlay
enhances the performance of hybrid strengthening
configuration using CFRP and UHPC overlay.

*

Most of the existing studies on the flexural strengthening
of the RC beams focus on either external bonding (EB)
with FRP fabric and laminates [3,4] or with UHPC
overlay [5–7]. However, no research studies are available
on understanding the effect of a hybrid combination of
FRP and UHPC overlay. The present experimental
investigation focused on understanding the flexural
behaviour of hybrid strengthening configurations on
strengthened RC beams. This study's outcomes benefit
from creating the test database for understanding the
flexural behaviour of different hybrid strengthening
configurations.

3 Experimental Program
Four RC beams of 300 x 300 x 3500 mm are cast and
strengthened using different configurations and tested.
Three beams are strengthened using a UHPC overlay of
50 mm thickness on the top surface. One of each specimen
is strengthened at the soffit of the beam using EB of CFRP
fabric and CFRP laminates. The test specimens consist of
a control RC beam (Control RC), a beam strengthened
with UHPC overlay (UO), a beam strengthened using
UHPC overlay and EB of CFRP Pultruded laminates
(HYB_UO_L), and a beam strengthened using UHPC
overlay and EB of CFRP fabric (HYB_UO_F). The crosssectional details of the test matrix are presented in Fig. 1.
The concrete mix is designed for the 25MPa as per IS
10262, and the average compressive strength of the threecylinder samples is 28.4MPa. All the specimens are tested
14 days after UHPC overall casting to understand the
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early age behaviour. The 14-day and 28-day compressive
strength of the UHPC overlay were 108.6 MPa and 142
MPa, respectively. Table 1 shows the material properties
of the FRP fabric, laminate, and steel rebar. All the beams
were tested under four-point bending loading using a
1000kN hydraulic actuator of MTS systems. A data
acquisition system (DAQ) monitors the strains and
displacements from strain gauges and LVDTs connected
to the beam.

4 Results and discussion
The load-deformation curves of the tested beams are
shown in Fig.2. The deformation plotted in the graph is
the vertical deformation at the mid-span of the beam. All
the strengthened beams had higher flexural capacity than
the control RC beam. The HYB_UO_F beam performed
well compared to the only UHPC overlay (UO) and
HYB_UO_L (hybrid UHPC overlay and FRP fabric) in
improving flexural capacity. The strength increment in the
overlay strengthened (UO) specimen is due to the
increased lever arm with the internal reinforcement. The
strength improvement in both the specimens strengthened
with hybrid combinations is higher than in beams
strengthened with only UHPC overlay (UO). The synergy
between the CFRP and UHPC overlay enhances the
performance of the hybrid strengthening combinations
compared to only the UHPC overlay. However, ductility
reduction in the strengthened specimens was observed
compared to RC beam. The increase in flexural capacity
of the UO, HYB_UO_L and HYB_UO_F is found to be
61%, 99.3% and 127% compared to the control RC beam.

Table 1. Properties of the FRP materials and steel rebar

Rebar
CFRP Fabric

Tensile strength
(MPa)
500
985

Modulus of
elasticity (GPa)
200
99.8

CFRP laminate

2800

165

Materials

(a) control RC beam

(b) a beam strengthened with UO

Fig. 2. Load vs deformation curves of tested beams
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CFCM for strengthening potentials
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Abstract. FRP (Fibre Reinforced Polymer) composite materials are possessing many advantageous
properties (e.g., high tensile strength), however the matrix has relatively low resistance to high temperature.
To mitigate the decrease of mechanical properties, a new carbon fibre reinforcement has been developed
(patented: PCT/HU2017/050010) where the matrix is cement based. The patent owner calls it CFCM that is
Carbon Fibre reinforced Cementitious Matrix. This new material shares some similarities with the FRCM
(Fibre Reinforced Cementitious Matrix) technique. This extended abstract provides introductory
information about the possibility to use this new material in strengthening application, by focusing on the
most important material properties based on a national research project. In particular, the initial steps of the
development of this new composite material. Properties of the CFCM reinforcement are very much
dependent on the fibre ratio that is limited by the grain size of the cement. If high enough fibre volume ratio
is reached, the high strength and modulus of elasticity of carbon fibres provide exceptional material
properties both as strengthening application and internal reinforcement for structural concrete, while having
better fire and corrosion resistance than traditional steel or FRP reinforcement.

1 Introduction

2 CFCM – Carbon Fibre reinforced
Cementitious Matrix – composite

The degradation of reinforced concrete elements demands
for development of new materials and techniques. The
application of FRP (Fibre Reinforced Polymer) materials
for strengthening application is becoming more and more
of a – well earned – common choice of the engineers.
FRP materials are showing numerous advantageous
properties e.g., high tensile strength, low density
compared to steel and insensitivity against electrolytic
corrosion. However, the matrix has relatively low
resistance to high temperature as it is made of polymer
that suffers considerable decrease in its properties when
temperature
approaches
its
glass
transition
temperature (Tg). To mitigate this decrease of mechanical
properties, a new carbon fibre reinforcement has been
developed: CFCM – Carbon Fibre reinforced
Cementitious Matrix.
Though, extensive experimental investigation
– involving material and structural testing – still
undergoing, authors wish to disseminate this new
composite material with promising mechanical properties
and application possibilities.

*

The most important difference between CFCM and FRP
is the matrix. In case of FRPs the matrix is polymer
(mostly thermoset, e.g., epoxy, vinyl ester) [1] while it is
cement based for CFCM. Polymer matrix is sensitive to
elevate temperature [2], whereas the concrete with cement
binder has better resistivity against temperature increase
[3]. This was one of the ultimate reasons why this new
composite material was developed [4].
The process and the machine of producing the CFCM
composite is patented – and further industrial property
protection – are under submission the authors can share
only limited aspects.
There is a well-established semi-automated process to
prepare the CFCM composite material. Going through the
predefined stages, from the dry, commercially available
fibre rovings cement paste saturation of carbon fibres is
achieved (Fig. 1). Depending on the number of fibre
rovings applied during the fabrication process the width
of the saturated, fresh CFCM varies, it is approximately
300 mm in Fig. 1. An example of a final CFCM composite
material in fresh state, ready for different application is
shown in Fig. 2.
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For strengthening application, the CFCM composite
material could be the best applied in fresh state while it is
flexible. Alternatively, prefabricated plates can be
prepared – like FRP strengthening plates – however, this
would limit the possible application mostly to flat
surfaces.
The Fig. 4 shows an illustration of a hardened spiral
made of CFCM material using a mould.
Fig. 1. Production of CFCM reinforcement – saturation of
carbon fibres with cement paste.
Fig. 4. Hardened but flexible spiral of CFCM composite.

4 Conclusions
This extended abstract introduced an innovative
reinforcement (CFCM – Carbon Fibre reinforced
Cementitious Matrix) focusing on the possibility to be
applied for strengthening of concrete structures.
Furthermore, brief introduction to the preparation process
and material properties was given.
The CFCM reinforcement is suitable for other types of
application as well (e.g., internal reinforcement), however
they were not covered herein.

Fig. 2. CFCM ready for different (e.g., strengthening
application).

The mechanical properties (e.g., tensile strength) of the
CFCM material depends largely on the fibres used (other
types of fibres are possible to be used, e.g., basalt) but also
on the volumetric ration of the fibres within the crosssection of the composite [5]. Cement particles are
considerably larger in size than the diameter of the fibres,
thus there is an upper limitation of the achievable fibre
ratio. A SEM image of a portion of the CFCM crosssection is presented in Fig. 3.

Authors acknowledge the support of the Hungarian Research
Grant KFI_016-1-2017-0271 “Development and application of
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4.4 Service life extension: methods and materials
Numerical study of galvanic anode systems used for patch
repair of reinforced concrete structures
Christian Helm 1*, Michael Raupach 1
1
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Abstract. Cathodic protection (CP) is a common electrochemical repair technique for reinforced concrete
(RC) structures. Due to the comparably high resistivity of the concrete, serving as electrolyte, impressed
current cathodic protection (ICCP) is predominant today. Nevertheless, the market provides a wide range of
galvanic anode systems for RC structures. Their most common use is the application within the framework
of partial concrete replacement due to chloride-induced corrosion. This patch repair is often accompanied
by the so-called anode ring effect, causing accelerated corrosion of the rebar in the substrate concrete in the
vicinity of repair patches. This is caused by the cathodic capabilities of the repassivated rebar. Galvanic
anodes are reported to prevent this effect. In the course of this work, laboratory investigations regarding the
polarization properties of different galvanic anode systems have been conducted. Furthermore, a numerical
model is proposed, which is capable of predicting the effectiveness of the investigated anode systems for
different on-site situations. The method is presented for a specific set of input parameters and the
applicability is discussed against the background of different protection criteria, such as the compliance with
the 100mV decay criterion, the suppression of macrocell activity or an electrochemical cloaking of the repair
patch.

1 Experimental
1.1 Determination of Input Parameters
1.1.1 Resistivity
Water content to resistivity relations as well as desorption
isotherms were determined by means of two electrode and
gravimetric methods for the concrete and the repair mortar
used in the numerical study below. From these, the longterm bulk resistivities for specific climatic exposures were
derived.

Fig. 1. Model geometry (For 20 pcs of galvanic anodes) [1]

The dimensions of the model geometry are 1.5 by 1.5 m²
with a thickness of 0.2 m and a concrete cover of 35 mm
at top and bottom side. Two layers of reinforcing steel
mesh with a diameter of 6 mm and lateral spacing of 0.15
m were chosen as rebar.

1.1.2 Polarization Properties
To allow for a realistic calculation of current and potential
distribution, the polarization behavior of active and
passive reinforcement as well as galvanic anode has to be
assessed in form of current density curves. The
implementation in the numerical calculations has been
achieved by fitting the results with the Butler-Volmer
equation.

1.2.2 Parametric Study
In the numerical study, the number of galvanic anodes as
well as different concrete and mortar resistivities were
varied. The number of anodes was altered in steps of one
additional anode per quadrant, equivalent to 4 additional
anodes in the whole repair spot. The anodes were
distributed centered and equidistantly on their circular
path, causing the rebar on the symmetry edges of the
model to have the maximum distance to an anode for each
step. Three sets of concrete resistivity were chosen for the
study. For the dry case a medium relative humidity of 75
% was chosen as a lower limit for a roofed outside storage
in Germany. To determine the impact of more humid
climates, 85 % and 95 % RH were investigated

1.2 Numerical Study
1.2.1 Geometry
For this study a slab like geometry with a centric repair
patch has been chosen. The diameter of the patch was set
to 1 m. In order to use symmetry, only a quarter of the slab
was modelled, see Fig.1.
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additionally. The calculations were carried out using the
software Comsol Multiphysics.

about 0.3 m. It is also a numerical proof of the anode ring
effect. Any number of galvanic anodes is capable of
reducing the magnitude and the extent of the effect.
Amounts of more than 12 anodes reduce polarization
below the initial value, caused by the macro element in
the unrepaired part. This means, that the existence of the
repair path is now masked for the active rebar. This can
be regarded as a first level of protection for galvanic
anodes. Higher amounts are capable of reducing the
polarization below the free corrosion potential of the
rebar. In this case the net corrosion currents are cathodic
and the macro element is suppressed for the bottom rebar
too. This could be defined as a second level of protection.
The effect is locally limited and the distance where it is
covered is rising with the number of galvanic anodes. A
compliance with the 100mV-decay criterion is only
observed in a very small distance from the repair patch.

2 Results and Discussion
To assess of the effectiveness of the corrosion protection
of the rebar, for each set of input parameters the results
were processed to two graphs. The first one is presenting
the potential distribution on the rebar surface along the
symmetry axis for one climatic exposure and different
numbers of galvanic anodes, see Fig. 2.
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3 Conclusions
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Within this study, the capabilities of a commercially
available galvanic anode in the framework of partial
concrete replacement have been assessed by means of
numerical studies. From the results, the following
conclusions can be drawn:
• Galvanic anodes are capable to inhibit the so-called
anode ring effect observed for patch repair.
• The electrochemical masking of the new cathode area
within the repair mortar, a local suppression of macro
elements or even the local compliance with the
100mV decay criterion can be achieved for realistic
climate conditions and reasonable anode spacings
• The throwing power is limited; the effect is evident
in a rather small area around the boundary of repair
mortar and substrate concrete only
• Even anode spacings of approximately 250 mm near
the concrete-mortar interface allow for an effective
electrochemical decoupling of the new cathode in the
repair patch in case of severe corrosion, such as the
complete depassivation of the upper rebar layer
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Fig. 2. Potential calculated for RH 75 % [1]

Fig. 3 presents the related current density distribution.
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Fig. 3. Current density calculated for RH 75 % [1]
The authors would like to thank the German Federation of
Industrial Research Association (AiF) for the funding of this
research.

In the part further away from the patch, the potential
distribution is independent from the number of anodes.
The corrosion activity is dominated by the macro element
between top and bottom rebar. Fig. 2 shows that the active
rebar is polarized to more anodic values in the area
between 0.5 and 1 m. This means, that the throwing power
of the new cathode formed by the repassivated rebar is
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was measured for all concrete specimens. Subsequently, a
24-hour depolarisation measurement was performed by
interrupting the connection between the installed galvanic
anode and the steel stirrups.
Based on the measurements, the depolarization of the
steel reinforcement in function of the distance to the
galvanic anode is determined, thus allowing to calculated
the throwing power of the system, defined as the distance
from the anode where 100 mV depolarization is achieved
within 24 hours [2, 3, 4].

1 Introduction
Galvanic cathodic protection (GCP) of steel in concrete
by means embedded discrete anodes, consisting of a zinc
core in an activation encapsulation is a commonly used
repair method to reduce or prevent steel reinforcement
corrosion [1, 2].
Distribution of galvanic protection current and the
throwing power of a GCP system with embedded discrete
anodes are important design parameters of which very
little experimental data is available in literature.
This research investigates the influence of chloride
contamination in the concrete (related to corrosion
activity of the steel reinforcement) and cement type
(strongly influencing the resistivity of the concrete) on the
galvanic current distribution and throwing power of a
GCP system with embedded discrete anodes for linear
concrete elements such as beams or columns.

3 Results and discussion
Before the connection of the galvanic anode, the corrosion
potential of all steel stirrups was measured. On average, a
more negative corrosion potential was measured for a
higher chloride content in the concrete, related to a higher
risk for reinforcement corrosion. A chloride concentration
of 1 % and 2 % by cement mass lead to a mean corrosion
potential which is respectively 60 mV and 150 mV more
negative, compared to concrete without mixed-in
chlorides.
When the galvanic anode is connected to the steel
stirrups, the measured potential shifts towards more
negative values. The negative shift in potential is higher
for a shorter distance from the anode.
For mixes 1 and 2 there is a relatively large negative
shift in potential, both close to the anode (200 – 325 mV
shift), but also at a larger distance from the anode
(minimum shift of 50 mV). For mix 3, the shift in potential
is much lower, especially farther away from the anode
(shift < 10 mV from 300 mm distance from the anode).
The negative potential shift in mix 4 (CEM III/A with 1
% Cl by cement mass) is relatively high very close to the
anode (270 mV), but drops to low values very fast (only
10 mV shift at a distance of 250 mm from the anode).
Fig. shows the measured galvanic current in function
of the distance from the anode at 5 different measurement
times for mix 1 (CEM I with 0 % Cl by cement mass). The
current output is highest closest to the anode and drops
exponentially with distance from the anode to values
lower than 1.5 mA / m² steel from a distance of 200 mm
away from the anode.

2 Materials and methods
Reinforced concrete specimens (1200 mm x 150 mm x
150 mm) were made, containing 22 electrically separated
steel stirrups at intermediate distances of 50 mm. In one
half of each specimen, TiMMO decay probes were placed
in the centre of each stirrup as reference electrode for
depolarisation measurements. Four different concrete
mixtures were made, see Table .
Table 1. Concrete mixtures.
Mix

Cement type

1
2

CEM I 52.5 N
CEM I 52.5 N

Chloride concentration
(m% by cement mass)
0 m%
1 m%

3
4

CEM I 52.5 N
CEM III/A 42.5 N

2 m%
1 m%

A discrete galvanic anode was installed in the centre of
each concrete specimens after exposing the specimens for
a 10 week period to natural climate conditions in Belgium.
On a monthly basis, the galvanic current output to
each couple of stirrups at equal distance from the anode
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Current (mA / m² steel)

14

(throwing power more than 8 times lower for the latter).
Possibly this could be related to an increased corrosion
activity of the reinforcement in the specimen with 2 m%
Cl by cement mass, due to a surpassing of the critical
chloride concentration for initiation of corrosion.
A change of cement type from CEM I to CEM III/A
leads to a large decrease (factor of about 4.7) in throwing
power, which can mainly be attributed to the higher
resistivity of the concrete.

CEM I - 0 m% Cl

12
Start (13/07/21)
3 weeks (02/08/22)
17 weeks (08/11/22)
30 weeks (08/02/22)
39 weeks (12/04/22)

10
8
6
4

Table 3. Throwing power of the embedded galvanic anode,
based on the 100 mV depolarisation criterium [4].

2
0

0

100

200
300
400
Distance from anode (mm)

500

Fig. 1. Galvanic current in function of distance from anode at
different measurement times for mix 1.

In total, 10 depolarisation measurements (24-hour) were
performed on a monthly basis. Fig gives an overview of
the mean depolarisation in function of the distance from
the anode for all concrete mixes. The concrete mixtures
without mixed-in chlorides and with a relatively limited
chloride content of 1 m% by mass of cement show a
relatively high level of depolarisation. For a higher
chloride concentration of 2 m% by mass of cement, a
much lower level of depolarisation of the steel is obtained,
only reaching 100 mV close to the anode (at 50 mm
distance).

24h depolarisation (mV)

400

CEM
CEM
CEM
CEM

350
300
250

I - 0 m% Cl
I - 1 m% Cl
I - 2 m% Cl
III/A - 1 m% Cl

1
2

CEM I - 0 m% Cl
CEM I - 1 m% Cl

> 550 mm
520 mm

3
4

CEM I - 2 m% Cl
CEM III/A - 1 m% Cl

60 mm
110 mm

The current research was performed in the framework of the
project ‘Design and control criteria for galvanic cathodic
protection of steel reinforced concrete structures’ (project
number HBC.2019.2754), funded by VLAIO (Flanders
Innovation and Entrepreneurship). The financial support from
the foundation for this study is gratefully acknowledged.

100
50
0

200
300
400
Distance from anode (mm)

Throwing power

Throwing power of a GCP system with discrete galvanic
anodes was found to be relatively low in concrete with a
relatively high resistivity (for example due to use of
cement with a large fraction of blast-furnace slag) and/or
concrete with a severe contamination of chlorides.
Therefore, the system is most efficient and feasible when
installed at a moment close to the initiation of corrosion,
i.e. the moment where the chloride concentration in the
concrete at the level of the reinforcement reaches the
critical level for depassivation, and for concrete with a
relatively low electrical resistivity.
Further research is necessary to determine the exact
chloride concentration and/or electrical resistivity of a
certain concrete composition at which the throwing power
of a GCP system with discrete anodes falls below an
acceptable limit (practically and economically).
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4 Conclusions
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Fig 2. Mean 24-hour depolarisation based on 10 monthly
depolarisation measurements (all mixes).
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For mix 4 with the CEM III/A cement, the depolarisation
close to the anode is higher than for the other mixes, but
decreases rapidly going farther away from the anode. At
a distance larger than 100 mm from the anode, the level
of depolarisation is already lower than 100 mV. Based on
the obtained average 24-hour depolarisation measurement
results (Fig ), a throwing power of the embedded galvanic
anodes was calculated, given in Table 3.
The results show a very large decrease in throwing
power when the chloride concentration in the concrete is
increased from 1 m% to 2 m% by mass of cement
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Abstract. Galvanic anodes are increasingly popular in the repair, rehabilitation, and maintenance of
reinforced concrete structures suffering from chloride-induced corrosion for the added durability benefits.
There is a consensus among engineers that demand will increase due to ageing infrastructure stock, climate
change, and the option to reuse structures which is a logical solution to help reduce carbon emissions. New
manufacturers will likely emerge to meet the needs of a growing market. However, there is no standard for
galvanic anodes for use in concrete. In theory, products may come to market that fails to work as anodes,
and hence corrosion may not be arrested, and repeated intervention could be required. This paper presents a
methodology that has been developed for demonstrating anodes function as intended in a short-term test.
Anodes were cast into concrete, and drive voltage, resistivity, and resultant current were measured when
connected to an external cathode. The test setup was applied to several commercially available galvanic
anodes. All anodes achieved a current output of 0.35 mA in this experimental setup. This could provide a
rapid test to screen anodes new to the market. The analyses show inherent anode behaviour varied with
different manufacturers, and there were also performance differences among replicate anodes. Such
behavioural characteristics may affect the long-term performance of the anodes. These results provide new
data on galvanic anodes and demonstrate the potential need for standardisation in the industry.

for property variabilities, compressive strength and
electrical resistivity tests were conducted.
Mix M1 and N1 were cured at 20 ºC for 21 days, while
mix N2 was only cured for 14 days. M1 and N1 specimens
were transferred to humidity-controlled chambers set at
constant 70 % RH day 14 to 35 and 85 % RH day 35 to
49, inclusive. N2 specimens were transferred to come
conditions approximately of 40-60 % RH day 14 to 21,
inclusive. The drive voltage was measured between the
anode and cathode as they were disconnected using a high
impedance multimeter. A steel plate 45 cm long × 25 cm
wide × 1mm thick served as the cathode and was entirely
submerged in fresh tap water. The specimens were
submerged to a depth of 100 mm and connected to the
cathode using electrical wire. The current output was then
obtained by assessing the voltage drop across a 500 Ω
resistor. The time between measurements was quick.

1 Introduction
Galvanic anodes are installed within concrete repairs or
non-repaired concrete to protect against corrosion of the
reinforcement [1]. This technique is based on the
principles of potential difference [2].
The discrete galvanic anode consists of zinc encased in
proprietary mortar on the production line, or in-situ (i.e.,
anode grouting) and an integral wire that forms the
electrical connection with the reinforcement.
This paper presents a methodology for demonstrating
discrete anodes function as intended in a short-term test.
The anodes were cast into concrete cylinders of 200 mm
× 100 mm using two BS EN 1504 Class R4 repair
products. The resistivity, driving voltage and current was
measured when connected to an external cathode after
intervals of varying humidity. This set up was applied to
several commercially available anodes.

3 Results

2 Materials and Methodology

Concrete M1 and N1 had a 28-day compressive strength
of 59 and 73 N/mm2, respectively. The resistivity varied
as different mixes were expected to contain different
constituents and proportions. Specimens in order of the
highest resistivity were N2, N1 and then M1. Increases in
resistivity with aging occurred in all mixes.
The driving voltage of type 1 anodes was relatively
consistent with age and across mix M1 and N1. Larger 1B
anodes had a more consistent driving voltage. The unitto-unit driving voltages varied as shown in

Anodes from different manufactures were collected and
named with a number and letter, denoting the
manufacturer and mass of zinc, respectively. Two anode
masses 60 g (A) and 100 g (B) were used in this
experiment.
The anodes were suspended at the centre of 200 mm × 100
mm concrete cylinders. Two BS EN 1504 Class R4
concrete repair products were used, differentiated by the
letters M1, N1 and N2 (reduced added water). To check
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Type 2 anodes were more spread and variable, compared
to type 1 anodes. The results for type 3 anode were also
variable, although with fewer data points.
Thus, type 1 anodes had more consistent current
output across different resistivities compared to type 2 and
3, as typified by the anode resistance shown in Figure 4.

Fig. 5. Evolution of driving voltage, type 1 anodes

Type 2 anodes had the largest driving voltage in each
category possibly due to shape / encasing mortar. The
driving voltage moved towards lower values in some
anodes and varied more with age as shown in

Fig. 7: Anode Resistance (V/I) Type A anodes

The anode resistance spiked in mix N2 specimens after
being subjected to 100 % RH for 14 days and then
resumed to lower values at 21 days under higher
resistivity conditions. Leaving the specimens at 100 %
RH appears to have affected the performance.

4 Conclusions
•

•

Fig. 6. Evolution of driving voltage, type 2 anodes

Type 3 anodes followed the same trend as type 2 anodes
in mix N2 but had a lower driving voltage. The driving
voltage spiked in N2 specimens at approximately 40-60
% RH down from 100 % RH.
The current output against driving voltage across all
anodes is illustrated in Fig.

•

•

•

The anode driving voltage and current output
successfully demonstrated the inherent behaviour of
different galvanic anodes. The variability in
replicates anodes corroborates with Dugarte [3].
The anode behaviour was characterised by the
sensitivity of current output to resistivity This shows
certain anodes and larger anodes are more efficient.
The proprietary components of an anode such as
encasement material, shape and chemical
composition are assumed to be a leading factor in the
performance [4].
Standardisation of anodes is needed to control the
quality
and
performance
from
different
manufacturers to allow the engineer to make
informed decisions on utilisation and efficiency.
To conclude the performance of different anodes
further research is required.
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Ion distribution in concrete overlay, mapped by laser induced
breakdown spectroscopy (LIBS), modified by an embedded zinc
anode
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Abstract. Galvanic corrosion protection by embedded zinc anodes is an accepted technique for the
corrosion protection of reinforcing steel in concrete. Galvanic currents flow between the zinc anode and the
steel reinforcement due to the potential difference that is in the range of a few hundred mV. The ion
distribution was studied on two steel reinforced concrete specimens admixed with 3 wt.% chloride/wt.
cement and galvanically protected by a surface applied EZ-anode. On both specimens, a zinc anode was
embedded and glued to the concrete surface by a geo-polymer-based chloride-free binder. At one specimen,
the EZ-anode was operated for 2,5 years, the EZ-anode at the other specimen was not electrically connected
to the reinforcement, this specimen serves as a reference. Both specimens have been stored under identical
conditions. The ion distribution between the anode (EZ-anode) and cathode (steel reinforcement) was
studied by laser-induced breakdown spectroscopy (LIBS) and results of the LIBS studies on the specimen
with activated EZ-anode after 7, 12 months, and 2,5 years and of the reference specimen after 2,5 years are
reported. Results show that diffusion of ions contributes to the changes in the ion distribution but migration,
especially of chlorides towards the EZ-anode is significant despite the weak electric field – several hundred
millivolts - generated by the galvanic current. Results show that chloride ions accumulate near the zincanode as in water-insoluble zinc-hydroxy chlorides - Simonkolleit.

insoluble zinc-hydroxo-chlorides (Simonkolleit). This
should lead to a high concentration gradient inducing
chloride diffusion towards the zinc-anode.
Therefore, the performance of an EZ- anode embedded
into a chloride-free embedding TAS binder was studied
and evaluated under controlled laboratory conditions on
two concrete specimens equipped with a zinc anode
embedded. On one specimen, the EZ-anode was operated
over a period of 2,5 years by connecting it to the steel
reinforcement, the EZ-anode of the other specimen was
not activated. Both specimens have been stored under
identical conditions. The influence of the galvanic field on
the ion distribution in comparison to the reference sample
in which only diffusion is the driving force for ion
transport, especially on the chloride transport in the
concrete overlay and the embedding binder could be
evaluated and visualized by LIBS – laser-induced
breakdown spectroscopy. Results are reported in this
paper; evaluations by REM and EDX are under way and
will be reported soon in CCR (Cement and Concrete
Research).

1 Introduction
Galvanic corrosion protection was first employed to
protect a bridge deck in Illinois in 1977 within the
cooperative highway research program, with mixed
results [1]. A problem with the initially applied sacrificial
anodes was, that their protection current decreases with
time, and they eventually become passive. Due to this,
most systems have a relatively short useful life [2].
In the 1990’s, sacrificial anode systems based on sprayed
zinc anodes, zinc foil glued to the concrete surface (zinc
hydrogel system), and zinc mesh pile jackets around
bridge columns filled with sea water were starting to be
evaluated and used for the protection of bridge structures
[2 – 5].
A galvanic zinc anode system composed of a zinc
mesh embedded into a proprietary mortar that solidifies
into a solid electrolyte, installed on various civil structures
could protect the steel reinforcement reliably and
efficiently from corrosion for at least 11 years [6]. The
solid electrolyte of the embedded zinc anode system (EZanode) is based on a tecto-alumosilicate-binder (TAS)
containing additives that prevent passivation of the zinc
anode, assure high and durable galvanic activity of the
zinc anode, and high and durable adhesion towards the
concrete overlay. Previous studies of concrete overlay
samples drawn from field installations indicated chloride
migration and chloride fixation near the zinc anode [7].
The transport of chlorides in concrete is controlled by
migration and by diffusion. As outlined before [8, 9],
chlorides are immobilized near the zinc-anode as water*

2 Results
LIBS measurements were performed on samples cut after
5, 7, 12 months and 2,5 years of galvanic operation of EZanode mounted on the mortar probe. The results of LIBS
measurements performed after 2,5 years are shown in
figure 1.
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Therefore,
galvanic
chloride
extraction
and
immobilization in the embedding matrix is slow. It may
lead, over the service time of an embedded galvanic zinc
anode (15 – 35 years depending on zinc load and average
current), to significant reduction of chloride levels in the
phase boundary steel-concrete up to several mm
surrounding reinforcement.
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After 2,5 years of galvanic operation, the chloride
accumulation at the EZ-anode and the gradient between
the cathodic steel reinforcement and the EZ-anode
increases significantly (fig. 1). The concentration around
the zinc-anode reaches values of 13,8 wt. %. In the
reference sample, chloride accumulates also around 5 out
of 13 zinc-metal parts (fig. 2) assumed to be anodically
polarized due to self-corrosion of the EZ-anode. Chloride
accumulated around the steel rebars is present as
iron(III)chloride due to severe corrosion of the steel rebars
– leading to the cracking of the concrete matrix – the white
broad line in fig. 2.
The ion distribution of potassium and sodium reveal
significant migration of ions in the weak galvanic electric
field.
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3 Conclusions
Results indicate that at least 50% of the chloride transport
towards the anodically polarized zinc-mesh occurs by
diffusion due to the concentration gradient created by the
formation of Simonkolleit.
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Extending the Service Life of Existing Concrete Structures
to Last Beyond 100 Years
David Whitmore1
1

Vector Corrosion Technologies Ltd, Winnipeg, Canada

Abstract. New bridges and other concrete structures are being built using the design concepts
presented in SHRP2 R19A (Bridges for Service Life Beyond 100 Years: Innovative Systems,
Subsystems, and Components) and FIB Bulletin 34 (Model Code for Service Life Design) to
achieve 100+ year service life. Existing concrete structures may not have been built with a specific
design service life in mind but the principles of SHRP2 R19A can be used to maintain and extend
the service life of existing concrete structures. Application of these principles and methods can
extend service life by mitigating corrosion of embedded reinforcing steel by over 80%. Extending
the service life of existing reinforced concrete structures provides many benefits to structure owners
and society. Direct benefits include cost savings for owners and a general reduction in disruption
to the public caused by repair and replacement. Extending service life also provides many indirect
benefits including; reduction in the use of materials, reduction in the generation of demolition waste,
reduction of environmental emissions, and the protection of sensitive habitat and existing
ecosystems. This paper presents case studies which illustrate how the SHRP2 R19A protocol was
used to design durable repairs to extend service life of existing concrete structures and the direct
and indirect benefits which were achieved. Service life extension of existing reinforced concrete
structures is a sustainable practice and should be encouraged.

New bridges and other concrete structures are being
built using the design concepts presented in the
SHRP2 R19A (Bridges for service life beyond 100
years: innovative systems, subsystems, and
components) and FIB bulletin 34 (Model Code for
Service Life Design) to achieve 100+ year service
life. The principles of SHRP2 R19A can be used to
maintain and extend the service life of existing
bridges. Application of these principles and methods
can extend service life by mitigating corrosion of
embedded reinforcing steel and structural cables.
The SHRP2 R19A guide outlines the design of new
structures for 100+ year service life with two
principles in mind; immunity and avoidance. The
guide also discusses the design of repairs to extend
the service life of existing structures beyond 100
years. With the ongoing pressure on owners to
stretch their limited infrastructure dollars over an
ever-increasing infrastructure deficit, and the
pressure to minimize delays and disruptions to the
traveling public, extending the service life of
existing bridges is an effective option. Extending
service life also provides many indirect benefits
including; reduction in the use of materials,
reduction in the generation of demolition waste,

*

reduction of environmental emissions, and the
protection of sensitive habitat and existing
ecosystems. The case studies presented will show
how the use of electrochemical treatments can
extend the service life of structural components and
extend the service life of the entire structure. These
systems are capable of providing effective, longterm corrosion protection to substructure elements,
common areas of deterioration on long span bridges
limiting their overall service life. Case studies on
galvanic protection using embedded distributed
anodes for the repair and protection of reinforced
bridge elements exposed to both marine and nonmarine environments are presented. Long term
monitoring of distributed and discrete anode systems
indicates a high level of corrosion protection
performance for over 20 years. Structures treated
with Electrochemical Extraction have documented
service life extensions of over 30 years. The service
life extension of critical bridge components,
particularly substructures can provide significant
benefits to owners, the traveling public and the
environment. These benefits include reduced
maintenance and lifecycle costs as well as
environmental benefits.
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Fig. 1. Options for Corroding Structures as per SHRP2 R-19A
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Long-term performance parameters influencing the service life
of galvanic anodes in reinforced concrete systems
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Abstract. Galvanic anode cathodic protection is a promising electrochemical repair technique to control
corrosion of embedded steel in reinforced concrete systems. However, laboratory tests have proven that
poor-quality anodes that may stop functioning after about 3 to 5 years are being used in many projects –
leading to repeated repairs. This work focuses on assessing the long-term performance and understanding
the degradation/failure mechanisms of galvanic anodes in cementitious systems. Three commercially
available galvanic anodes with different encapsulating mortars and different surface area and mass of anode
metal were subjected to a recently developed Galvanic Anode Performance (GAP) test. The minimum
service life, SLmin, of the galvanic anodes was estimated based on Faraday's law and the total charge
supplied. Physico-chemical characteristics such as pH and the pore size distribution of the encapsulating
mortar of the virgin galvanic anodes were determined. The long-term performances of the galvanic anodes
were correlated to the physico-chemical characteristics of the virgin galvanic anodes. In addition, an attempt
was made to understand the Physico-chemical modifications at/near the interface between the anode metal
and encapsulating mortar. For this, special profiles of the physico-chemical characteristics of the
encapsulating mortar of the aged galvanic anodes were determined. The degradation/failure mechanisms of
the galvanic anodes in cementitious systems have been conceptualized.

term test method and (ii) to correlate the physico-chemical
parameters of the encapsulating mortar of the galvanic
anodes to their long-term performances.

1 Introduction
Corrosion of reinforcing steel is one of the major
durability concerns reducing the service life of reinforced
concrete (RC) systems. The conventional approach of
path repairing can lead to halo effect/incipient anode
formation along the periphery of the repaired regions –
resulting in the need for repeated repairs. Cathodic
protection (CP) using galvanic anodes is a promising
electrochemical repair technique to control/prevent the
corrosion of steel in RC systems. However, premature
failure of galvanic anodes (before 1/3 to 1/4 of the
theoretical consumption limit) has been reported [1].

2 Estimation of minimum service life of
galvanic anodes
Three commercially available galvanic anodes
confirming to ASTM B418 were used in this study, and
were named Anodes A, B, and C, respectively. These
anodes have different anode metal mass, surface area, and
encapsulating mortar properties, and are presented in
Table 1. The minimum service life, SLmin, of a galvanic
anode represents a guaranteed duration that an anode will
function when it is subjected to a severe corrosive
environment. The SLmin was estimated using Faraday’s
law of electrolysis considering the (i) electrochemical
capacity (total charge supplied by the galvanic anode) and
(ii) corrosion rate of the galvanic anode.
Firstly, to calculate the electrochemical capacity, a
short-term test method named the Galvanic Anode
Performance (GAP) test simulating the process of CP was
developed and patented [2]. Fig. 1 shows the schematic
and photo of the GAP test setup. A potential difference of
1 V was set across the anode and cathode, and the output
current from the anode was measured at regular intervals
(say, twice a week) till the failure of anodes (output
current less than 0.1 µA). The total charge supplied by the
galvanic anodes was calculated by integrating the area
under the current versus time graph.

Table 1. Characteristics of galvanic anodes.
Characteristic
Zinc mass (g)
Zinc surface area (cm2)
pH of encapsulating
mortar
Pore
volume
of
encapsulating mortar
(mm3/g)
Critical pore size (µm)

Anode
A
55

Anode
B
110

Anode
C
75

40

30

30

≈ 12.9

≈ 10

≈ 12.7

200

115

369

4.8

3.5

0.5

There is a lack of knowledge about the parameters
influencing the long-term performance of galvanic anodes
in RC systems. Therefore, this research is aimed (i) to
estimate the minimum service life (SL min) of
commercially available galvanic anodes through a short-
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environment. The encapsulating mortar of Anode C has
adequate pH; however, it showed poor performance due
to its pore size distribution – which is explained next.
It can be inferred from Table 1 that the encapsulating
mortar of Anode A has a well-defined porous system with
larger diameter interconnected pores, sufficient to
accommodate and allow the transport of the corrosion
products – favoring their better performance. The
encapsulating mortar of Anode B has low pore volume
with smaller diameter interconnected pores resulting in
the passivation of zinc. The encapsulating mortar of
Anode C has a larger pore volume to accommodate the
oxidation products. However, the smaller diameter
interconnected pore system might have led to the
blockage of the pores by the corrosion products – leading
to their failure.
To understand the failure mechanisms that had
happened, the aged galvanic were autopsied and the
physico-chemical characteristic of the encapsulating
mortar at the zinc-mortar interface was studied. A layer of
adherent in-soluble white zinc oxidation products
blocking the path for ionic conduction was found over the
zinc metal surface for Anode A, due to a lower pH of 11.9.
Anode B might have failed due to the passivation of zinc
at a lower pH of 10. The failure of Anode C might be due
to the blockage of the pores by the zinc corrosion products
due to a reduction in the critical pore diameter of the
encapsulating mortar.

Fig. 1. Schematic and photo of the GAP test setup.

Secondly, the corrosion rate of the galvanic anodes was
determined from potentiostatic scans. The potentiostatic
scans were conducted with a static potential of 20, 10, and
15 mV for Anodes A, B, and C respectively – which were
the shifts in the open circuit potential (OCP) of the anodes
when they were connected to a corroded steel rebar (of
OCP 360 mV vs. Saturated Copper Sulphate Electrode).
The corrosion rate of the galvanic anodes was determined
as 0.8, 1, and 1.2 µA/cm2, respectively – which were used
to estimate the SLmin. Table 2 presents the estimated SLmin
of the galvanic anodes. The difference in the
performances of the anodes can be attributed to the quality
of the encapsulating mortar which governs the continued
corrosion of the zinc, which is discussed in the next
section.

4 Summary
Three commercially available galvanic anodes with
different anode metal mass, surface area, and
encapsulating mortar properties were studied. The
minimum service life, SLmin, of the galvanic anodes was
estimated using the galvanic anode performance (GAP)
test. Microanalytical studies were conducted on the
encapsulating mortar from the virgin and aged galvanic
anodes. The performances of the galvanic anodes are
correlated to the physico-chemical properties of the
encapsulating mortar such as the i) pH and ii) the pore size
distribution (pore volume and critical pore diameter). In
addition, the failure mechanisms of the galvanic anodes
were conceptualized.

Table 2. Minimum service life of galvanic anodes.
Parameter

Anode
A

Anode
B

Anode
C

Minimum Service Life,
SLmin (years)

̴ 10

̴2

̴4

3 Long-term performance parameters
and failure mechanisms of galvanic
anodes
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Table 1 presents the nominal pH (determined by pH ion
electrode) and the pore size distribution (pore volume and
critical pore diameter, determined by Mercury Intrusion
Porosimetry method) of the encapsulating mortars of
Anodes A, B, and C, respectively. The corrosion rate of
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sustain a corrosive environment for the zinc – resulting in
a better performance. On the contrary, for Anode B, the
pH at the zinc-mortar interface does not favour a corrosive
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Performance assessment of galvanic anodes in cathodic
protection systems in reinforced concrete structures
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Abstract. Cathodic protection (CP) using galvanic anodes is a proven electrochemical technique that can
enhance the service life and reduce the life cycle cost of reinforced concrete (RC) structures. Over the past
decade, there has been a significant increase in the usage of galvanic anodes for various repair projects.
However, this increased demand led to the circulation of poor-quality galvanic anodes in the market.
Presently, the performance of galvanic anodes in RC systems is assessed using certain criteria specified in
the EN ISO 12696. However, there are contradicting arguments on using these criteria for concrete systems,
as they are derived from experiments conducted in the 1940s on metals in low resistive electrolyte systems,
such as seawater or soil. Hence, there is a need to understand the suitability of EN ISO 12696 in assessing
the performance of galvanic anode CP systems. Therefore, this study considered galvanic anode CP systems
installed in two RC structures and investigated the polarisation shift induced by the anodes to steel rebars.
The instantaneous performance of the CP system was assessed by conducting frequent depolarization tests
for 2.5 years. It was observed that 100 mV polarisation shift was not always achieved, especially when the
corrosion rate of steel is less than 2 mA/m2 – indicating that the criterion is not suitable if the rebars attained
passivity.

1 Introduction

2 Instantaneous performance
assessment of CP system in concrete

Preventing corrosion and preserving aging reinforced
concrete structures is one of the technological challenges
in the infrastructure sector. This requires implementing
adequate cost-effective repair strategies that reduces its
life cycle cost. Conventional patch repair has been the
most widely adopted repair strategy to protect corroding
structures. However, these repairs have a very short life
of about 5 years due to the halo effect and results in
repeated repairs and causes a huge economic burden [1].
Cathodic Protection (CP) using galvanic anodes is a
proven technique, that can arrest corrosion and avoid
repeated repairs. Recently, there is a great demand for
galvanic anodes in the repair industry, resulting in the use
of poor-quality anodes and poor installation practices [2].
Presently, the performance of galvanic anodes in
reinforced concrete systems are assessed using the EN
ISO 12696 (2016) [3]. However, these criteria are
originally developed for low resistive soil or aqueous
systems. Hence, there is a need to understand the
efficiency of the existing acceptance criteria to assess the
performance of the CP system. This paper focuses on
evaluating the validity of such criteria in highly resistive
systems. First a brief background on the assessment
method is provided. Then, monitored performance data
from two case studies are discussed. Finally, the
conclusion drawn from the analysis of the results is
presented.

*

EN ISO 12696 provides guidelines to test and assess the
performance of a CP system. Among the many criteria
checks, the 100 mV potential shift criterion is the most
widely adopted performance test. The potential shift is the
difference between instantaneous-off potential (Ei-off) and
24-hour-depolarized potential (E24h) of the steel[2]. This
means that a CP system is declared effective if the anodes
can polarise the steel rebar by 100 mV in 24 hr.
For this test, a connection from the anode and steel is
extended to a monitoring box with a switch and resistor
assembly. The corrosion potential of steel was measured
using a multimeter and an embedded reference electrode
before closing the circuit between anode and steel. Then
the system is switched on and the potential across the
resistor (VR) monitored to calculate the output current
from the anode. Output current (iout) can be calculated
using the Eq. 1.
VR

iout =
(1)
R✕A
where R = Resistance, and A= total surface area of the all
the rebars.
In addition, periodic depolarisation tests were
conducted to obtain the Eon (the half-cell potential (HCP)
of the rebars when it is connected to the anodes), Ei-off
(HCP of rebars immediately when the anodes are
disconnected, and E24 (HCP of rebars after 24 hours of
depolarisation).
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4 Case study 2: Five-year-old residential
building in Kolkata

3 Case study 1: 100-year-old heritage
building in New Delhi

A reinforced concrete building started
showing corrosion within five years in
service. The inadequate cover depth,
dampness, and chloride-induced corrosion
were found to be the reasons for the corrosion
of steel reinforcement. Hence, cathodic
protection systems with Type III galvanic
anodes (see Figure 3) and a few monitoring Fig. 3.
Type III
boxes were installed.

The heritage building considered is a 100-year-old
Rashtrapati Bhavan, the official residence of the president
of India (see Figure 1(a).The sunshade of the structure is
about 1.2 km long and was built using reinforced lime
concrete with mild steel as reinforcement. The corrosion
of steel rebar leads to spalling of the sunshade’s cover
concrete. These sunshades underwent many patch repairs
in the past, however, all of them failed prematurely within
3 to 6 months. Hence, a CP system was proposed to avoid
repeated repairs. A pilot study on representative locations
was conducted using galvanic anode CP systems.

(a) Heritage structure in New Delhi

(b) Type I
anode

anode

(c) Type II
anode

Fig. 1. Case study 1 - Rashtrapathi Bhavan, New Delhi[4]

Potential shift obtained for different CP systems

Two types of galvanic anodes were used for checking the
feasibility of CP systems in reinforced lime concrete such
as Type I (conventional zinc-based) anode and Type II
(hybrid) anode (see Fig. (b), (c). To assess the
performance of the anode, a monitoring box was installed
at a representative location. The number of anodes to be
installed was determined by dividing the total mass of
zinc required for protection by the mass of zinc metal in
the anode. To ensure electrical continuity, all the steel
rebars were connected externally.

Fig. 4.8 Case study 2 – Residential building, Kolkata

Eon potential of -500 mV to -165 mV was obtained. Also,
during depolarization testing, the potential shift was
obtained at less than 100 mV in all locations (see Fig. 4.8).
As per the standard, the galvanic anode is defined to be
‘not adequately protecting’ the steel rebars. However, the
steel corrosion rate estimated using output current density
and the potential shift was found to be less than 2 mA/m2.
It indicates that rebars attained passivity; but the standard
states/defines otherwise.

5 Conclusions
The polarization shift in an RC system depends on the
relative humidity inside the concrete, steel corrosion rate
and other environmental conditions. Hence, the decrease
in potential shift can be due to further passivation of steel
rebars or failure of the CP system. Therefore, the use of
100 mV criteria alone is not suitable to assess the
instantaneous performance of anodes, rather needs to be
correlated with the corrosion rate of the steel rebar.
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The environmental impact of service life-extending repair for
corrosion damaged reinforced concrete balconies: a case study
in a coastal context
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More particular, the goal is to estimate the environmental
impact of five different repair technologies for a case
study with corrosion-damaged reinforced concrete
balconies for three service life extensions of 5, 20 and 40
years. More insights are received about the environmental
impact characteristics of concrete repair and which
method is preferred above the other ones. Additionally,
other sensitivities are investigated to address the strong
and weakly influential parameters: (i) the volume and
configuration of the to be repaired construction, (ii) the
influence of the intended service life extension, (iii) the
repair mortar composition and (iv) the composition and
application of coating/waterproofing. It was stressed that
the investigated sensitivities could have a substantial
effect on the environmental impact and highlight the
domains where further research is needed (e.g. assumed
life span and composition of repairs). Due to this manner,
it is not possible to identify one environmental optimal
repair method.

1 Introduction
Due to a peak in the construction of reinforced concrete
(RC) structures in the 1960s and 70s, the number of
concrete structures in need of repair actions is increasing
at a fast pace. Not only because they have already
surpassed their initial estimated technical life span but
also because they had started showing deterioration signs
in many cases after several decades. This is also illustrated
by an increasing number of failures, demonstrated by
frequent occurring news articles [1,2]. Such damage can
be addressed through concrete repair by which substantial
service life extensions of damaged concrete structures can
establish but at what environmental cost?
More than 2/3 of the damage to RC structures is in a
way related to corrosion of the reinforcement [3]. It can
be induced by carbonation of the surrounding
cementitious matrix and/or chloride ingress. To deal with
damaged concrete structures, either the entire
construction is demolished and reconstructed, or the
damaged part is repaired. Additionally preventive actions
(e.g. coatings) can be undertaken to prolong the residual
service life. With regards to the repair, many different
options to prevent or stop the corrosion process are
available. However, to narrow the scope, five frequently
used repair techniques are selected and analysed in this
study: (i) patch repair (PR), (ii) conventional repair (CR),
two electrochemical treatments to stop the corrosion
process: (iii) galvanic cathodic protection (GCP) and (iv)
impressed current cathodic protection (ICCP) and (v) total
replacement of the element (NEW).
Current climate objectives and the need for a transition
towards a more sustainable and circular economy (CE)
scream for more attention about the environmental impact
of products, processes and services. However, before
conclusions on environmental performance can be drawn,
a quantitative assessment is needed, for example by
means of life cycle assessment (LCA). Hence, instead of
only considering the technical requirements and initial
costs during the design of concrete repair, the
environmental impact over the entire life cycle and the
intended service life extension can be considered as well.
In this paper, the knowledge gap of the environmental
assessment (LCA) of RC repair strategies will be tackled.

*

2 Case study
In an earlier case study, a residential building with 15
balconies (20mx1m) was evaluated (30 m³ concrete in
total) [4]. For comparison, a smaller residential building
with 20 separated balconies (2mx1m) is now analysed (4
m³ concrete in total). In this manner, the effect of another
balcony configuration can be analysed because, in
particular, more balconies are needed for the same
balcony area resulting in a higher share of edges. Based
on the information of an existing building, a simulated
residential building situated near the Belgian coastline
(saline environment) is selected for the evaluation. The
building has 10 floors with 2 individual balconies on each
floor, which result for the balconies in 4 m³ total concrete
volume, 88 m² of exposed concrete surface and
approximately 556 kg of steel reinforcement.
A schematical overview of the life cycle of each repair
is shown in Fig. For PR, the transition to a lighter colour
means the execution of the same repair again as
intervention 1, including exactly the same activities. For
CR, GCP and ICCP, the transition means the execution of
a ‘big’ intervention. Lastly, the volume of concrete (in %)
that is removed at each intervention is shown below the
bar of each repair.
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is by far the preferred option to pick. Nevertheless, for an
extension of 20 years, the interpretation is less straight
forward. In this case, PR is still the favourable option, but
GCP is really close to this with only 1,7 Pt difference.
Thirdly, CR is indicated as the best one for a service life
extension of 40 years. Total replacement (NEW) is found
to have the highest impact in all cases. Moreover, it could
also be concluded that ICCP is not environmentally
effective in the case of small buildings with many loose
elements, especially for FU3.

Fig. 1. Schematical overview life cycle repair methods

The contribution of the four life cycle phases to the
environmental impact at a service life extension of 40
years (besides PR: 20 y.) is shown in Fig. It can be seen
that overall the finishing involves the highest impact.
Only at the ICCP scenario, the steel protecting actions
impact is higher than this of the finishing. The figure is
very useful to indicate in which areas of the life cycle
improvements could or could barely be made. Therefore,
for PR and CR the most progress is possible at the
finishing followed by the concrete repair. Moreover, this
is first the finishing followed by the steel protecting
actions for GCP. This is the same for ICCP but in the
opposite order. At the scenario NEW the finishing has
again the highest improvement potential, closely followed
by concrete repair with 27 %.

Fig. 3. Cumulative total impact main scenario for FU1,2 & 3

This is, among other things, the reason why four
alternative scenarios were investigated: the influence of
the intended service life extension, the volume and
configuration of the to be repaired construction, the repair
mortar composition and the composition and application
of coating/waterproofing. Further research is needed
about the composition of repair materials such as repair
mortar and coatings. In this paper, a small effect was seen
due to small variations in the content. However, specific
chemicals could have a considerable impact. In addition,
more research can be done about the service life extension
of repairs by which the highest effect on the
environmental cost was determined.
To conclude, it is not possible to generalize the
conclusions of this study due to the case-dependency.
Nonetheless, this comparison was made with a previous
case study analysing a much bigger building and to some
extent similar conclusion could be drawn.
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Galvanic corrosion of prestressed strands in re-grouted posttensioned concrete systems
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Abstract. Grouted post-tensioned (PT) concrete systems are widely used to construct long-span segmental
bridges with a target service life of 100+ years. However, the usage of poor-quality grout materials and
improper construction practices have resulted in the formation of unwanted voids in the duct, which in turn
led to premature corrosion (say, within about 20 years) of strands and failure of PT systems. Also, the regrouting/repairing of void regions have led to localized corrosion of strands at the interface between the
dissimilar base and repair grout. This study aims to quantify the possible corrosion mechanisms at the void
region in a PT system re-grouted with a dissimilar grout. The formation of bleed water and soft grout and
the carbonation resistance of the Site-Batched-Grout (SBG) was evaluated. Prestressing steel wire test
specimens simulating the re-grouted tendons with interfaces comprising the base and repair grouts were
made. The base grouts were carbonated at a 3% CO2 environment, and the depassivation of the prestressing
steel wire was quantified using Electrochemical Impedance Spectroscopy (EIS). The macro-cell current
(galvanic current) was determined between the portion of steel in the base grout and the repair grout at
various humidity conditions. The findings imply that there can be possible corrosion due to the galvanic
coupling of the metals embedded in the base grout and the repair grout due to the variations in pH, porosity,
and chemical composition, which initiates the macro-cell formation.

1 Introduction

2 Bleed resistance and carbonation
resistance of PT grout

Grouted post-tensioned (PT) concrete systems are used
worldwide for the construction of long-span segmental
bridges. The majority of such PT bridges are designed
with an intention to achieve a service life of 100+ years.
However, usage of inadequate grouting materials and
practices have resulted in premature corrosion (say,
within 20 years) of strands – leading to the failure of one
or more tendons or the entire PT structure [1].
The use of inadequate grout materials can lead to
bleeding, segregation, and soft grout – resulting in the
formation of unwanted voids near the anchorage region.
These voids expose the prestressing steel to oxygen,
moisture, chloride, and carbon dioxide. As a result,
corrosion initiates and sustains at the interface of void and
grouted regions. Conventionally, the voids were regrouted with thixotropic repair grouts. However, the
tendon failure of a PT bridge in Virginia within four years
of repair questions the suitability of re-grouting the void
regions with a dissimilar repair grout. It was reported that
the corrosion had happened due to electrochemical
incompatibility between the old grout and the repair grout
[2].
Therefore, this study aims (i) to characterize the bleed
and carbonation resistances of PT grout and (ii) to
quantify the galvanic corrosion in a re-grouted PT system.

*

Before the early 2000s, site-batched-grout (SBG) was
used as the grouting material for the majority of PT
bridges worldwide. In addition, SBG is still being used
predominantly as the grouting material for PT bridges in
many developing countries. SBG prepared with a w/c
ratio of 0.45, and added with a plasticized expansive
admixture (0.004 %bwoc) was used in this study. The
ambient and water temperature during grouting was
maintained at 25 and 15 °C, respectively, to prevent the
formation of thermal shrinkage cracks. The bleed
resistance of the SBG was evaluated as per the test
methods given in Table 1. The results indicate that SBGs
are prone to significant bleeding and can result in the
formation of voids in the PT duct. These voids can create
a strand-grout-air (SGA) interface inside the duct, which
then will be exposed to atmospheric CO2. So, it is
important to assess the carbonation resistance of SBG
which is discussed next.
The carbonation resistance of SBG was determined by
exposing prisms (25 × 25 × 285 mm) made with SBG to
a natural sheltered atmospheric environment. A
carbonation front of 10 mm was observed after about one
year of exposure; and after that, a flattening in the
carbonation front was observed. It can be inferred that a
carbonation front of ̴ 10 mm can be expected in a voided
PT tendon system. Based on these results, specimens were
designed and prepared to quantify the galvanic corrosion
at the re-grouted PT void region which is explained next.
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Fig. 2 shows the galvanic current values of the test and
control specimens. The preliminary results indicate that
the galvanic current of the test specimens is
approximately five times higher than that of the control
specimens at 90% RH exposure during the initial stages
and then it starts increasing. It can be inferred that
galvanic cells were formed between the carbonated base
grout and the repair grout due to the variations in the
physical and chemical properties of the grouts (pH,
density, porosity, and chemical composition). Therefore,
the metals embedded in the base and repair grouts exhibit
differences in corrosion potentials, which may support the
formation of a macrocell. The direction of the galvanic
current indicates that the prestressing wire embedded in
the carbonated base grout was the anode.

Table 1. Bleed resistance of SBG.
Test Method and Standard
Wick-induced bleed test
(EN 445 - 2007)
1.5 m vertical tube test
(fib Bulletin 20 - 2002)

Bleed
Volume
(%)

Recommended
Bleed Volume
(%)

5.5

≤ 0.3

8

≤ 0.3

3 Quantification of galvanic corrosion
Fig. 1 shows the schematic of the test specimen simulating
a re-grouted SGA interface which was used to quantify
the galvanic corrosion. The specimen consists of
prestressing wires (king-wire from 15.2 mm diameter
prestressing strand) embedded in base grout (bottom part)
and repair grout (top part) and was electrically connected
outside. The specimen preparation involves casting the
bottom part with SBG and exposing it to a 3 % CO2
environment at 25 °C and 65 % RH till complete
carbonation. Upon carbonation, the pH of the grout was
reduced to 9. The depassivation of the embedded
prestressing wire was quantified using Electrochemical
Impedance Spectroscopy (EIS) (AC perturbation signal of
±10 mV and a frequency range of 105 to 0.01 Hz). The
depassivation was quantified based on the reduction in the
slope of the EIS response in the Nyquist plot. Then, the
top part of the specimen was cast with a repair grout (SBG
with a pH of 12.9). A gap of 1 mm was maintained
between the prestressing steels embedded in the base and
the repair grout. The prestressing wires embedded in the
base and repair grouts were electrically connected outside,
and the galvanic current was measured regularly using a
pico-ammeter. The specimens were maintained at 25 °C
and at (i) 90% and (ii) 65% RH. Control specimens (pH
of the base and repair grouts were 12.9) were also cast and
exposed to the same environment.

Fig. 2. Galvanic current between the base and repair grouts

4 Summary
The bleed and carbonation resistance of SBG was
evaluated. It was found that SBGs are prone to significant
bleeding and a carbonation front of ̴ 10 mm can be
expected in a PT voided tendon system. Specimens
simulating the re-grouted tendons with interfaces
comprising the carbonated base and repair grouts were
made and the galvanic current between them was
measured regularly. The findings imply that there can be
possible corrosion due to the galvanic coupling of the
metals embedded in the base grout and the repair grout
due to the variations in pH, porosity, and chemical
composition, which initiates the macro-cell formation.
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lime concrete heritage structure using electrochemical studies
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Abstract. Sacrificial Anode Cathodic Protection (SACP) system or galvanic anode is a proven method to
control corrosion in reinforced concrete structures. Upon installation, they shift the potential of reinforcing
steel by catholically polarizing it and prevents further corrosion. Hybrid anodes are a recent advancement
to this system. Initially it provides an impressed current which aids the repassivation of steel, after this phase
it functions as a galvanic anode. Less field studies are performed to assess the long-term performance of
anodes and to identify the changes that occur at steel concrete interface with cathodic protection. This paper
focuses on a pilot study conducted on a 100-year-old reinforced lime concrete structure which has undergone
frequent repair in the past due to low pH corrosion. In the study, two types of anodes (galvanic and hybrid
anodes) were installed and their performance was monitored for 3 years. The electrochemical data obtained
over the period was analysed to assess the performance of anodes and to compare their performance for a
heavily corroded system. Microstructural studies were also performed at the steel concrete interface to
validate the results obtained from the electrochemical studies.

presence of pore water to produce calcium carbonate or
calcite, in the process known as carbonation (CaCO3) (see
Eq 1)

1 Introduction
One of the major durability issues with reinforced
concrete is the corrosion of embedded steel
reinforcement. Deleterious elements like chlorides and
carbon dioxide ingress into the concrete, when they reach
and interact with the surface of reinforcement, corrosion
happens. When steel corrodes, the rust produced is
approximately six times more voluminous than the
corresponding mass of steel. This leads to stress build-up
inside the concrete, finally leading to cracking,
delamination, and spalling in the reinforced concrete
member. Normal patch repair is done oftentimes by
cleaning up the reinforcement and covering the
delaminated area with fresh concrete. This approach to
repair will further lead to corrosion of the surrounding
region of reinforcement due to halo effect, thereby leading
to repeated repairs in the structure.
Sacrificial Anode Cathodic Protection (SACP) is an
effective
electrochemical
repair
method
to
control/prevent corrosion in reinforcement. SACP or
galvanic anode comprises of a zinc core embedded in a
high pH encapsulating mortar. The zinc in the anode
polarises the corroding steel to cathodic region and thus
protecting it from further corrosion. Two-stage hybrid
anodes are a new addition to this system. It contains a selfpowered Impressed Current Cathodic Protection (ICCP)
anode and a conventional galvanic anode. The ICCP
anode provides a high current to passivate the steel and
the galvanic anode maintains the passivity of steel. [1]

Ca (OH)2 + CO2 + H2 O → CaCO3 + 2H2 O

The pore size distribution changes as portlandite
recrystallizes to CaCO3 crystals, resulting in the formation
of smaller pores (0.1 m). The fundamental determinant of
how atmospheric CO2 diffuses through mortars'
microstructure is their pore size distribution, which is
constantly changing as carbonation progresses.
According to Lawrence et al. (2006) [2], carbonation
causes a decrease in the volume of holes larger than 0.1 m
in diameter. This is significant since the carbonation
process does not include pores smaller than 0.1 m.
Nonhydraulic lime concrete can be carbonated for a long
time due to the self-limiting nature of the carbonation
process.
Nonhydraulic lime concrete keeps plasticity for a long
time because of the gradual carbonation process.
Buildings made of it may therefore accept movement and
keep their integrity under stress. The concrete's pH
decreases once the nonhydraulic lime concrete has
completely carbonated, signalling a high likelihood of
corrosion, commonly known as low pH corrosion.

3 Pilot study on 100-year-old heritage
structure
A plot study was performed in a 100-year-old heritage
structure. The weather shades (see Fig 1) of the structure
were constructed using mild steel bars embedded in
nonhydraulic lime concreteIn the study, two types of
anodes (hybrid and conventional galvanic anodes) were
installed in a stretch of 10m x 2m of the weather shade,
and the cathodic protection system was designed

2 Corrosion in reinforced lime concrete
After first becoming hard through drying, non-hydraulic
lime concrete becomes completely hydrated through
atmospheric carbonation.
Portlandite
[Ca(OH)2]
combines with atmospheric carbon dioxide (CO2) in the
*
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(1)

assuming a service life of 20 years. 44 conventional
anodes and 28 hybrid anodes were installed in the region
and it was monitored for a period of three years using the
monitoring boxes installed and silver/silver chloride
reference electrode embedded.

5 Laboratory
extracted

study

on

specimens

At the end of pilot study, specimens were extracted from
the region and electrochemical studies including the ones
to determine Open Circuit Potential (OCP),
Electrochemical Impedance Spectroscopy (EIS), and
Linear Polarisation Resistance (LPR) were performed on
them. Microstructural studies were also performed at the
steel-concrete interface to examine the changes in phases
occurring at the same. Evidence of iron and oxygen
phases are observed in Electro-Dispersive Spectroscopy
(EDS) studies done on 6mm thick disc specimens of steel
and concrete (Fig 4 and Fig 5). It is yet to conclude the
exact nature of these phases identified.

Fig 1 Photograph showing weather shade

4 Mixed potential mapping in the field
During the monitoring process, mixed potential (E on) and
depolarised potential (Eoff) were measured both from the
monitoring box as well as directly from the weather shade
using a copper/copper sulfate reference electrode, once
every four months and potential maps were generated
using the data. (Fig 2 and Fig 3).

Fig 4 Specimens prepared for EDS studies

Fig 5 EDS Phase overlay showing evidence of iron-oxygen
phases

6 Conclusions

Fig 2 Eon and Eoff of hybrid anodes

From Eon and Eoff potential maps obtained it is evident that
the mixed potential, as well as the depolarised potential of
hybrid anodes, are comparatively high when compared to
conventional galvanic anodes. This implies that in the
same system, under the same conditions, hybrid anodes
outperform conventional anodes.

References
1.

2.

Fig 3 Eon and Eoff of conventional anodes.

208

D. Shah and H. Liao, “Hybrid Anodes for Accelerated
Cathodic Protection of Corroding Concrete Structures,”
Indian Concr. J., Nov 2020
R. M. H. Lawrence, T. J. Mays, P. Walker, and D. D’Ayala,
“Determination of carbonation profiles in non-hydraulic
lime mortars using thermogravimetric analysis,”
Thermochim. Acta, vol. 444, no. 2, pp. 179–189, 2006

5 DEVELOPMENTS IN CONCRETE
ASSESSMENT AND PROCESSING

TECHNOLOGY,
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Abstract. Recently, the cement industry has faced new challenges in addition to the environmental
constraints of the last decade. The decline in availability and current inconsistent prices of common
supplementary cementitious materials (SCMs), such as byproducts from the iron industry or coal-fired
power plants, have opened the search for more reliable materials. Research on cements containing calcined
clays now serve as a possible solution to the forementioned problems. Clays containing the mineral kaolinite
in sufficient quantities, when calcined and mixed with limestone powder, yield hydration products that can
improve the strength and durability of concrete. In addition, the production of limestone calcined clay is
reported to be less CO2 intensive, but this eco-efficient solution is viable only if the materials are locally
available. For this reason, this study investigates the possibility of using natural clays from the Southeast
European region (SEE) as cement replacements. A systematic experimental study was conducted on 18
different clays from 13 different deposits to determine the physical and mineralogical composition of the
raw clays, their reactivity and mortar strength. The results were then related to the environmental
contributions they might have in comparison with ordinary Portland cement in concrete.

(PSD) was determined using a wet laser diffraction
method. Mineralogical composition was studied by
thermogravimetric analysis (TGA) and X-ray diffraction
(XRD). The resulting DTG curves were used to calculate
the kaolinite content as the main indicator of the
pozzolanic properties of clays. X-ray diffraction (XRD)
was used for quantification of amorphous content and for
mineral phase identification and Rietveld refinement. The
R3 test was performed to evaluate the possible pozzolanic
properties of the collected material using isothermal
calorimetry.

1 Introduction
In Western EU countries, the majority of most common
SCMs, such ah slag or fly ash, are being rapidly depleted
as we transition to greener energy resources and increase
recycling of steel [1]. While majority of CO2 emissions
come from clinker production, the use of alternative
SCMs such as calcined clays serve as most favorable
solutions in reaching carbon neutrality by 2050 [2]. In
nature, clays occur in various forms and with different
mineralogical compositions. Although most favorable
mineral kaolinite requires the lowest calcination
temperature (500-800 °C), other minerals can also exhibit
pozzolanic properties at suitable temperature [3]. Studies
have shown that even a medium range kaolinite content
of about 50%, comparable compressive strength results to
OPC mixes can be achieved after only 7 days with a
clinker substitution of 45% (30% calcined clay and 15%
limestone) [4].
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2 Materials and methodology
This study evaluates 18 different natural clay samples
taken from 13 different deposits from the SEE region. The
chemical composition of the selected materials was
determined by X-ray fluorescence (XRF), the density of
the particles after drying was measured by the Le
Chatelier flask method and the particle size distribution
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Fig. 1. Reactivity test (R3) results for clay samples
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Compressive strength test was performed after 2, 7 and 28
days curing for 20 mortar mixes with a water to binder
and the content of total binder of 0.5 and 450 kg/m3,
respectively. Before mixing the mortars, all clays were
calcined in an oven at 800°C for 1 hour. Portland cement
CEM 1 45.2 R was used for the reference sample (OPC)
and the mixes with 30% of SCMs. The life cycle
assessment was performed to compare the environmental
impact of two different cement productions, CEM I and a
limestone calcined clay combination. The binders were
modelled using a cradle-to-gate approach, considering
material procurement, preparation, and transportation.
Fig. 3 LCA of CEM I and LCC cement

3 Results and discussion

The presented research is a part of a scientific project “Advanced
low CO2 cementitious materials”, ACT (grant no. IZHRZO
180590/1), financed within the Croatian–Swiss Research
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National Science Foundation with funds obtained from the
Swiss-Croatian Cooperation Program. The first two authors also
acknowledge the support of the project “Alternative binders for
concrete: understanding microstructure to predict durability”,
ABC (grant no. HRZZ-UIP-2017-05-4767), financed by
Croatian Science Foundation.

There are significant differences in the composition of the
clays, especially with respect to the content of alumina,
silica, and iron oxides, as well as the kaolinite content. All
clays show pozzolanic reactivity compared to the inert
quartz powder mixture and exceed the compressive
strength of the mortar test. Clays with higher amount of
kaolinite exhibit higher reactivity in the R3 test which
correlates with the fastest contribution to early strength
(2- and 7- day strength).
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Fig. 2. Compressive strength of mortars containing calcined clay
samples

4.

A clay sample (MAR) reached the compressive strength
of OPC after 28 days, although the kaolinite content of
17% and the R3 test do not support this result. It could be
that the higher illite content of this clay also contributes
to the pozzolanic reaction after calcination at 850°C [5].

5.

The LCA study showed a significant reduction in environmental
impact when 50% of the cement is replaced with a combination
of limestone calcined clay cement, reducing GWP by 40% and
all other indicators by more than 30%. The exception is the
abiotic depletion potential, which is reduced the least by clay
mining.
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Agricultural and food industries concrete facilities face
chemically aggressive conditions that can damage their
microstructure and reduce their lifespan. In particular,
ammonium coming from microbial activities is found in
numerous environments such as marine environments [1],
livestock waste [2], wastewater [3], agro-food waste as
well as in the liquid phase of anaerobic digestion plants
that treat this waste [4]. Thus, whether it is to build marine
structures or waste treatment storage pits, concrete
directly faces ammonium-rich environments. Although
the deterioration induced by ammonium has been
investigated in the literature, most of the experiments was
carried out with highly concentrated ammonium nitrate
solutions (6 mol/L or more) [5–7] in order to provide
accelerated tests of pure water leaching and did not
correspond to the parameters encountered in natural
environments. Moreover, the poorly crystalline
mineralogy of hydrated cement pastes, the compositional
variability of the phases and their reactivity make the
geochemical behaviour of such materials difficult to
investigate and predict over both large periods of time and
for different chemical compositions and concentrations.
This work aims (i) to assess the stability of the cement
phases involved in ammonium-rich conditions as well as
to identify the alteration products, and (ii) to understand
the mechanisms and intensity of alteration. To do this,
experiments were carried out both on monolithic OPC
pastes (water/cement mass ratio of 0.30) degraded by an
0.0444 mol/L solution of ammonium nitrate (equivalent
to 800 mg/L of NH4+) but also on powdered OPC paste
degraded in semi-batch condition in the same solution, in
order to get rid of the diffusion and thus better highlight
the chemical reactions of degradation.
The monolithic samples were immersed in 2.5 L of
solution, kept at 20 °C in closed plastic containers. pH was
measured regularly (daily at the start of the experiment
and several times a week thereafter) and the solution was
renewed as soon as the pH exceeded 8.6. A few mL of
solution was sampled at each renewal for further analyses.
Analyses of the degraded pastes were carried out at the
end of the experiment.
OPC powder was added in 100 steps of 1 g in the
0.0444 mol/L ammonium nitrate solution. The pH was
measured every minute and each new addition of powder
was made once the pH was stable (chemical equilibrium
reached). Samples of the liquid were taken at certain steps
of the experiment and were analysed. In order to provide
a better knowledge of the solid fraction over time,

*

additional solid phase characterization tests were carried
out.
The composition of the liquid samples was analysed
by inductively coupled plasma / optical emission
spectroscopy and high-performance ion chromatography.
The microstructural, chemical and mineralogical changes
of the samples were analysed by scanning electron
microscopy, electron probe micro-analysis (EPMA) and
X-Ray diffraction (XRD).
In both experiments, the pH of the solution rose from
about 5.6 to about 9 very quickly, which shows that the
ammonium nitrate solution, for this concentration, has a
very low buffering capacity.
The monolithic paste degradation showed a very
gradual decalcification with no sharp drop in the calcium
content. In the intermediary zone, portlandite was
dissolved whereas an enrichment in sulphur content,
associated with the intensification of the ettringite peaks
were spotted. In the external zone, all the oxides contents
decrease, there was no more sulphur, but calcite
precipitated.
These degradation phenomena could be related to the
results obtained thanks to the experiment on cement
powder. It can be observed with the liquid solution
analyses during the experiment with powder that calcium
was released throughout the experiment, which is
consistent with the progressive and deep decalcification
observed on the EPMA profiles of the material
(monolithic experiment). The XRD diffractograms
indicate that despite the decalcification of the paste, the
C-S-H were not or partially dissolved during the
experiment (large hump visible between 25 and 40 °2ϴ).
This would be consistent with the rise in pH above 12
observed after the first additions, with C-S-H being more
stable over these pH ranges [8–10].
In the powder experiment, aluminium and iron were
leached only on the very first additions and in very small
quantities, before being consumed. This is consistent with
the monolith experiment where these elements were not
detected in the liquid phase.
Finally, in the powder experiment, the sulphates were
leached in solution up to the 11th gram added, then a drop
in the concentration was observed indicating the
precipitation of a sulphate-rich phase. It is very likely that
aluminium, sulphates (and calcium) precipitated to form
ettringite, since an intensification of the peaks associated
with ettringite was observed on the diffractograms of the
degraded powder, in comparison with the sound paste.
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Fig. 1. Evolution of the pH of the solution according to the mass
of OPC paste powder added

It is possible to draw a parallel between the two
experiments: during the first 1 to 5 grams of addition of
the experiment with powder, we observe the leaching of
the elements in solution (calcium, silicon, sulphates, iron,
aluminium, magnesium) which could correspond to the
outer zone of the monolith where all the oxides contents
decrease. Between 5 and 11 grams of addition, there is a
transition zone where silicon and magnesium were not
leached anymore whereas sulphates and calcium were still
released. Finally, ettringite precipitated and calcium was
still leached: it is the intermediary zone with the
enrichment in sulphur. After the 100th gram of addition,
the composition of the OPC powder was close to the one
of a sound paste: it is the deeper sound zone.
The attack by the ammonium nitrate solution led to a
progressive decalcification of the paste, resulted from
dissolution and precipitation phenomena. To go further,
an additional thermodynamic modelling work could allow
to better understand these phenomena and in particular the
associated phases, in order to better understand the
complex phenomena of cement paste degradation by
ammonium nitrate.
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Concrete strategic structures, such as dams, water pipes,
and effluent management facilities, are often subject to
conditions that can be chemically degrading (leaching,
organic compounds, acid attacks, etc.) [1–4]. A good
understanding of the degradation mechanisms of concrete
is therefore necessary to improve the durability of these
facilities. In recent years, numerous degradation
phenomena have been characterized according to the
chemical and/or biochemical systems to which
cementitious pastes can be subjected [5,6].
Decalcification, among other, plays a central role in the
mechanisms that have been identified. Due to their
composition, Calcium Silicate Hydrates (C-S-H), which
can constitute up to 70% by mass of a hydrated cement
paste and which are largely responsible for their
mechanical resistance [7], are very sensitive to
decalcification [8].
Thermodynamic modeling is a frequently used tool to
represent the durability of cementitious structures and
understand the impact of aggressive environments on the
stability of involved phases [9,10]. These models can also
interoperate with other models (mechanical resistances
calculations, Thermal-hydrologic-mechanical coupled
models, etc...) and the reliability of their results depends
on the thermodynamic database used. Thus, the
development of such models requires a robust database,
and therefore knowledge of the stoichiometric
composition of the degraded or produced phases [11].
Regarding C-S-H, the current thermodynamic data come
mainly from studies conducted on synthesized nondegraded phases [11–14]. Understanding how these
hydrates respond to degrading conditions is therefore
essential to identify gaps in current databases. This would
allow, among other things, to verify that during the
degradation, the effective difference between the
estimated properties of the degraded phases (like
densities, chemical compositions, etc...) and their real
properties does not increase significantly.
The aim of this work is therefore to characterize (i) the
composition and microstructure of synthesized and
degraded C-S-H samples, and (ii) the influence of
aggressive conditions on their stability. The data collected
will allow to highlight the degradation mechanisms of
these hydrated phases, as well as to compare their
compositions and properties with those documented in the
databases i.e. unaltered.
For this purpose, C-S-H samples with four Ca/Si ratios
(0.8, 1.0, 1.2 and 1.6) were synthesized at room

*

temperature and under inert atmosphere (in a glove box)
for one month. Syntheses were performed using the
precipitation protocol, that is widely used in the literature,
with a liquid to solid (L/S) ratio of 50. The solids and
equilibrium solutions were then analysed after filtration
and drying at low humidity (11% RH) under nitrogen.
Synthesized samples with Ca/Si ratio of 1.6 were
degraded in pure water and ammonium nitrate solution
(0.0444 mol/L), using different L/S ratios, and then
compared to other pristine samples.
The characterization protocol consisted in a set of
analytical techniques allowing (i) solution analyses on
synthesized and degraded phases (pH, ICP-OES) in order
to characterize the stability of the studied phases. This was
completed by (ii) solid characterization (XRD, TGA,
EPMA) in order to determine the stoichiometry of the
studied phases as well as the detection of potential
impurities (portlandite, residual amorphous silica,
calcite). Their microstructure was then evaluated via
infrared spectroscopy and solid state 29Si NMR analyses.
The data from the characterization of the syntheses
show that the synthesized samples are comparable to
those from literature. This closeness is observed both in
the composition of their equilibrium solution and in the
polymerization of their silicate chain.
The water degradations show that the composition of
the solution tends to evolve on the same solubility curve
as that commonly observed on C-S-H syntheses, as shown
in Figure 1-1 comparing our data and those from the
review by Walker et al. 2016 [15]. This evolution
translates also into a variation of the C/S ratio similar to
those observed in the literature (Figure 1-2). The presence
of ammonium nitrate in the degradation solutions
modifies the equilibrium of the system: The analyses of
the solutions show significantly higher silica
concentrations than for the system containing only water
(Figure 1-1). These modifications of the solubility curve
of C-S-H by ammonium nitrate also results in a more
important decalcification of the solid, and thus lower
Ca/Si ratios (Figure 1-2).
The characterizations carried out on the degraded
solids (XRD, infrared spectroscopy and solid-state NMR)
show that the water degradations decrease the size of the
C-S-H particles (amorphization). The degraded samples
thus show higher Q1/Q2 ratios than those presented in the
literature, and thus shorter mean silica chain lengths
(MCL). This trend is even more important when
ammonium nitrate is added to the degradation solution.
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However, it is likely that this decrease in chain length, and
therefore particle size, leads to a decrease in the number
of stacked sheets and consequently, a decrease in the
amount of water that can enter the interlayer of these
hydrates [16,17], as well as a decrease in their strength.
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Figure 1. Composition of the solution in unaltered and degraded
samples (1), and evolution of C/S ratio of solid fraction in
function of calcium concentrations (2).
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To conclude, preliminarily synthesized and characterized
C-S-H samples were degraded by leaching in pure water
and ammonium nitrate solution (0.0444 mol/L) using
different solid to liquid ratios. The acquired data showed
that the degradation with water did not change the
solubility of C-S-H since the compositions of the obtained
solutions and solids are on the same curves as those of the
syntheses. However, the addition of ammonium nitrate to
the system alters the equilibrium and shows significantly
higher silica concentrations and lower solid C/S ratio after
degradation. This is accompanied by a higher
amorphization of the residual solids with shorter mean
chain lengths than for the synthesized samples.
Further characterization would be necessary to assess
the impact of this amorphization on C-S-H properties.
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2.2 Carbonation depth and degree
After the compressive strength test, the cubes were cut in
half and the newly exposed surface was sprayed with
phenolphthalein to show up the carbonation frontier. The
control group without sisal fiber presented almost zero
carbonation depth, this can be attributed to the formation
of dense HMCs on the outer layer obstacles the diffusion
of CO2 inward. Expectedly, the incorporation of sisal fiber
in RMC significantly enhanced the carbonation depth,
especially for the specimen with 2 vol.% or more sisal
fibers the carbonation depth reached the maximum value
of 20 mm after 28-day carbonation curing.
The carbonation degree at depth of 15-20 mm of
specimens were characterized by FTIR, the results
revealed that the intensity of CO32- peak gradually decays
as the content of sisal fiber decreases from 4 vol.% to 1
vol.%, followed by a drop when the fiber content
decreases to 0 vol.%. To quantitatively measure the
carbonation degree at different depths, XPS
characterization was conducted. The results demonstrated
that with the incorporation of sisal fiber, the C/Mg ratio
can be hugely improved, especially for RMC_Sisal (2%)
and RMC_Sisal (4%) the average C/Mg ratio is about
three times that of the control group. The increase in
mechanical strength and carbonation degree leads to a
sharp reduction of CO2 emission from 37 kg/(m3MPa) of
the control group to 12 kg/(m3MPa) of RMC with 2 vol.%
sisal fiber.

1 Introduction
CO2 emission-induced global warming makes reactive
magnesium cement (RMC) increasingly attractive due to
its ability to sequester CO2 [1]. Carbonization of RMC
forms a variety of hydrated magnesium carbonates
(HMCs) from outside to inside, which accompanies by the
volume expansion by a factor of 1.8-3.1, leading to the
densification of microstructure that severely blocks off
the diffusion of CO2 inwards [2, 3]. As a result, interior
RMC almost remains uncarbonized and mechanical
strength develops slowly and insufficiently.
Many natural fibers (e.g., sisal fiber) have longitudinal
hollow lumens inside to transport nutrients. The lumen
opening (1-10 m [4]) is larger than the capillary pores in
the RMC matrix (~10-100 nm [5]) and the mean free path
of CO2 molecule (45 nm [6]), which implies the hollow
lumens can be the pathway for CO2 diffusion into the
interior part of RMC. Furthermore, carbonation of pure
RMC may induce cracking due to the formation of
expansive HMCs [7], while adding fine aggregate can
improve the volume stability [8]. Accordingly, to further
enhance the mechanical strength and stability of RMC,
sisal fiber and silica sand were introduced into RMC.
Mechanical strength, carbonation depth and carbonation
degree of RMC with silica sand and different contents of
sisal fiber will be demonstrated in this work.

2 Results and discussion
2.1 Mechanical performances
The incorporation of sisal fiber can significantly improve
compressive strength. After 28-day carbonation curing,
the strength ranked as follows: RMC_Sisal (2%) >
RMC_Sisal (4%) > RMC_Sisal (1%) > RMC_Sisal (0%).
Accordingly, 2 vol.% sisal fiber is the optimal dosage to
achieve the greatest compressive strength of 92.6 MPa,
which is about 2.2 times that of the control group.
Furthermore, the specimen with sisal fiber demonstrated
higher development rate of strength in comparison with
the control group. Due to the strength of RMC relying on
the formation of HMCs, the higher development rate in
RMC with sisal fiber confirms that the addition of sisal
fiber can remarkably facilitate the diffusion of CO2 in
RMC.
The specimen with 4 vol.% sisal fiber exhibited strainhardening behavior and higher flexural strength than PVA
fiber-reinforced RMC. Substitution of sisal fiber with
PVA fiber increased the ductility but reduced the flexural
strength.

*

3 Conclusion
This work investigated the mechanical strength and
carbonation degree of RMC incorporating with silica sand
and different contents of sisal fiber. The mechanical
strength results suggested that the addition of minor sisal
fiber (e.g., 2 vol.%) can significantly enhance the
compressive strength to 92.6 MPa, which is about 2.2
times that of the control group; the RMC incorporating 4
vol.% sisal fiber demonstrateed strain-hardening behavior
and comparable flexural strength to PC, the substitution
of sisal fiber with PVA fiber can improve the ductility but
reduce the flexural strength. Carbonation depth in the
control group was almost zero while it can continually
increase to the maximum value (e.g., 20 mm) in the
presence of 2 vol.% or more sisal fibers. XPS results
directly proved that the carbonation degree in RMC with
2 vol.% or more sisal fibers was more than 3 times that of
the control group. The increase in mechanical strength
and carbonation degree leaded to a sharp reduction of CO2
emission from 37 kg/(m3MPa) of control group to 12
kg/(m3MPa) of RMC with 2 vol.% sisal fiber.
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Accordingly, the addition of sisal fiber and silica sand can
be a promising approach to make RMC more sustainable
and applicable.

4.

5.
6.
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Abstract. Carbonation is inevitable process during the service life of concrete structures, where CO2 causes
decalcification of the calcium-bearing phases. These changes affect the durability of concrete and accelerate
the corrosion of reinforcement. Alkali-activated materials (AAMs) are alternative, cement-free binders
based on aluminosilicate rich precursor and alkaline activator. The interest in AAMs increased during the
last century, due to the production process with low CO2 footprint comparing to Portland cement (PC)
concrete, the possibility to use wide range of industrial by-products as precursors and comparable
performance to PC concrete. Despite the extensive research in this field, the carbonation resistance of AAMs
needs to be better understood, due to the differences and complexity of binder chemistry compared to PC
concrete. The propagation of carbonation process will depend on chemical composition of the precursors
and the type and dosage of activators. This paper presents the results of microstructural changes of three
alkali-activated concrete mixes after exposure to accelerated carbonation. Ground granulated blast furnace
slag was used as a precursor and sodium hydroxide and sodium silicate as activators. Three mixes have
constant water to binder ratio and slag content, while alkali content and silica modulus were varied. The
carbonation resistance was evaluated by testing carbonation depth after 7 and 28 days of exposure in
carbonation chamber. Microstructural changes during carbonation were investigated by thermogravimetric
analysis and mercury intrusion porosimetry.

1 Introduction

2 Materials and methods

Alkali- activated materials (AAMs) are binders based on
aluminosilicate rich precursors and alkaline activators.
AAMs can be synthesized from a range of industrial byproducts as precursors, such as various types of slags or
fly ash, resulting in cement-free binders with a low CO2
footprint compared to Portland cement (PC) concrete [1]
The main hydration product of slag-based AAMs is
calcium alumino silicate hydrate (C-A-S-H) gel, while the
secondary products are hydrotalcite and AluminateFerrite-mono (sulphate) hydrate phases [2]. Their
resistance to carbonation depends mainly on the
properties of hydration products, pore structure, and pore
solution chemistry, which are determined by the
chemistry of the precursor and the dosage and type of
activator [3]. It is reported that higher alkali content
(%Na2O) and higher silica modulus (Ms) of the mix (i.e.,
SiO2/Na2O) improve the carbonation resistance [3,4,5].
A higher alkali content may result in higher activation
degree of the slag and formation of more hydrotalcite
which increases the resistance to carbonation. Higher Ms
results in a denser matrix and lower permeability [2,3].
This paper presents the results of the analysis of the
microstructural changes of three alkali-activated slag
concrete mixes with different alkali content and silica
modulus after exposure to accelerated carbonation.

*

2.1 Raw materials, mix design and sample
casting
The GGBFS precursor was activated with sodium
hydroxide and sodium silicate in all three AAM mixes.
Water to binder ratio and GGBFS content were kept
constant (0.42 and 375 kg/m3). Alkali dosage in the mix
S1 and S3 was 3.5 wt% GGBFS and 4.1 in the mix S2.
Ms had the values of 0.22, 0.42 and 1.0 in the mixes S1,
S2 and S3, respectively.
The cast 150 mm cube samples were demoulded after
24 hours and cured for 28 days sealed in polymeric films.
2.2 Methods
Accelerated carbonation testing was performed as
described in EN 12390-12. Carbonation depth was
determined by the phenolphthalein spray method after
samples were exposed to accelerated carbonation
conditions for 7 and 28 days, i.e., 3% CO2 at 20°C and RH
57%.
Thermogravimetric analysis (TGA) was performed
using the TGA 55 instrument (TA Instruments), by
heating approximately 50 mg of samples form 30⁰C to
1000⁰C, with a constant heating rate of 10⁰C/min, in
nitrogen atmosphere.
Mercury intrusion porosimetry (MIP) analysis was
performed using the AutoPore IV 9500 2.03.00
instrument (Micromeritics Instrument), with capacity of
206 MPa.
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the lowest relative increase (21.4%), while mixes S1 and
S3 showed a similar increase (S1 – 60.7% and S3 –
61.2%, respectively). This can be explained by the higher
Na2O content in S2 compared to S1 and S3, leading to the
formation of more hydrotalcite phase during hydration
and filling the pores due to its expansion [6].

3 Results and discussion
The results of the carbonation depth measurements are
shown in Fig. . The increase in alkali content has the main
influence on the carbonation resistance for Ms = 1, while
this influence decreases for the higher Ms, and is
neglectable for Ms = 2. After 28 days of exposure, S2 had
the lowest carbonation depth, while the carbonation
depths of S1 and S3 were almost the same.

4 Conclusions
This paper presents the results of the analysis of the
carbonation resistance and microstructural changes of
three alkali-activated slag concrete mixes, exposed to
accelerated carbonation with 3% CO2 at 20°C and RH
57%. The main conclusions that can be withdrawn are:
• Although higher Ms leads to formation of a denser
matrix, alkali dosage has a significant influence on
the increase of carbonation resistance.
• Higher alkali content tends to form more hydrotalcite,
which acts like a CO2 absorbent and increases the
carbonation resistance.
• Accelerated carbonation leads to an increase in total
porosity and coarsening of the pores in AAM. The
mix with the highest alkali content had the lowest
relative increase in porosity, possibly due to the
formation of more hydrotalcite. The mix with the
highest Ms had the smallest increase in micro
capillary pore volume, but the highest increase in the
pore volume in the 0.6 and 30 µm range, which may
be the reason for its increased susceptivity to
carbonation.

Fig. 1. Carbonation depths after 7 and 28 days of exposure to the
accelerated carbonation.

The DTG curves of unexposed mixes S1 and S2 showed
slightly higher hydrotalcite peaks than S3. The lowest
carbonation resistance of S3 after 28 days, despite the
highest Ms, could be explained by insufficient amount of
alkali in the mix and less formation of CO2 – absorbing
hydrotalcite [4,5]. The hydrotalcite phases are less
emphasised after 7 and 28 days of exposure due to
conversion of hydrotalcite to CaCO3.

This research has been conducted as a part of the project
DuRSAAM - The PhD Training Network on Durable, Reliable
and Sustainable Structures with Alkali-Activated Materials
funded by the European Union’s Horizon 2020 research and
innovation programme under the Marie Skłodowska-Curie grant
agreement No 813596. Second author is acknowledging the
support of the project “Alternative Binders for Concrete:
understanding microstructure to predict durability, ABC”,
funded by the Croatian Science Foundation under number UIP05-2017-4767.
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Fig. 3. Total porosity of S1, S2 and S3 mixes after 28 days of
exposure to accelerated carbonation

The results of the MIP analysis are presented in Figure
2 and 3. The total porosity of three mixes increased after
28 days of accelerated carbonation. However, mix S2 had
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Abstract. Digitisation in the construction industry continues to advance and, together with the increasing
dissemination and further development of hardware and software, is steadily opening up further
opportunities for innovative ways of working. Building Information Modelling (BIM) is currently becoming
the standard for new construction but has not yet been optimised for use in existing buildings. Therefore,
the Institute of Building Materials Research (ibac) is researching new methods and possibilities for BIMbased building preservation. In this paper, the automated creation and analysis of point clouds as well as the
implementation of further information from in situ diagnosis and monitoring systems in BIM-Models are
presented. On a practical example, the different steps of a subsequent digitisation of an existing building are
demonstrated considering new possibilities as autonomous robots and the intelligent utilisation of sensors
and diagnostics tools. The goal is a decision support tool, which is independent from proprietary software,
adaptive to different types of buildings and open for various interfaces. Current results show that quantifying
point clouds and making BIM-models usable beyond the planning and execution phase for new buildings
are essential steps for the digitisation of building maintenance. The proposed digital workflow holds great
potential for effective building diagnoses and efficient service life management.

1 BIM-based building maintenance

2 Functionalisation of point clouds

With thorough planning, BIM-models sometimes
describe the target state extremely precisely. However,
the actual state after construction has not yet found its way
back into the corresponding model. Accordingly, the
model is primarily suitable for planning new construction,
but less so for planning any maintenance measures that
may be necessary later. To change this and thus avoid the
technical loss of value of the BIM-model after the
construction phase, the Institute of Building Materials
Research (ibac) at RWTH Aachen University (Germany)
is researching measures for BIM-based building
maintenance. This should include the following areas
after the realisation phase:
• Condition survey
• Maintenance planning
• Repair execution
• Sensor-based monitoring
• Durability prognosis
• Recommendations for action
In building maintenance, the complexity and individuality
of repairs pose a particular challenge compared to new
construction. There is no standard solution, just as there is
no standard damage. Accordingly, the digitised methods
must be particularly adaptable and applicable to the most
diverse objects of investigation.

One of the new possibilities, achieved through highquality point clouds, could be the automated
measurements of damages. As buildings in need of repair
often show many damages of different sizes and locations,
the measurement should be automated for an efficient
workflow. Before a damage can be measured, it first must
be located and identified. This can be a very difficult task
as not every surface deviation has to be a damage. The
more non-flat elements the point cloud contains, the more
complex this process gets.
Firstly, the surface variation is calculated for the entire
point cloud. The transition zone with abrupt rise of surface
variation indicates the borderline of the damage.
Secondly, the damage has to be measured. For the overall
area, a plane is fitted through the borderline and cropped
according to it. For the volume, the depths are calculated
as distances between the measurement points and the
plane in direction of its normal vector. Thus, different
values as mean, maximum and standard deviation can be
easily calculated for each damage. The damage coloured
according to its depths is shown in Fig. . In addition, the
minimal bounding box is calculated, all calculated values
are stored in a csv-file and the cropped damage is stored
as polygon-mesh.
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4 In-situ-Application
Acting as Single Source of Truth (SSoT), the BIM-model
not only knows what diagnosis data is available, but also
when and where it was measured and what kind of
building component it is related to. Thus, timely and
locally discretised analysis can be done automatically. For
example, the concrete cover can be calculated for all
columns together, for each column separately or for each
side of each column – at will as mean, median or 5-%quantile. Furthermore, the model can, for example, check
for chloride ingress data, calibrate the ingress model
accordingly and calculate the chloride content in 10 mm
distance to the rebar surface of the front layer. Using this
information, the model can assess different remedies and
methods for repair and prevention of concrete structures
according to the applicable regulations.
BIM-implemented diagnosis data can not only serve
as SSoT, but also as enrichment of on-site visits. Using
common handheld devices and state-of-the-art technology
for augmented reality (AR), enriched BIM-models can be
applied in situ as seen in Fig. . Whereas the visualisation
is only as good as its localisation in situ – model and
reality must be scaled and aligned – the possibilities for
augmentation are only bound to imagination and obtained
data. The shown examples can just be understood as the
beginning. It is conceivable that elements are colourcoded depending on the amount of concrete cover to be
removed or restored or show appropriate rehabilitation
methods such as coatings or the adding of concrete,
visualising the remaining clear height. VisualLife, for
example, further allows commenting elements and
keeping track of the change management. The site
foreman can see what has to be done where and update the
status afterwards, enabling feedback to headquarters via
cloud service. This feedback may contain texts, audio
recordings, photographs, timestamps or virtually any
information, depending on hard- and software.

Fig. 1. Visualising depths of damages in point cloud

3 BIM-implemented building diagnosis
At ibac, different scripts for Dynamo and Python are
developed to be executed in Revit (Autodesk) to
implement building diagnosis data in BIM-Models.
Besides simple elements such as drill cores, containing
information about diameter, depth, volume, carbonation
depth, compressive and tensile strength, more complex
elements can be implemented (semi-)automatically as
well. The corrosion activity can also be displayed and
visualised in the BIM model as the result of a twodimensional potential field analysis, see Fig. . Based on
the BIM-implemented diagnosis data, the components can
now be efficiently evaluated with regard to their need for
repair. The diagnostic results can be variably displayed
and hidden. Individual properties or combinations of
properties can be considered, allowing contextualisation
of the different information. For example, Fig. shows
cavities (grey rhombuses) in context with the corrosion
activity and each cavity correlates with a local peak of the
potential.

Fig. 3. Application of enriched BIM-models in situ via
augmented reality (© Domenic Graffi)
Fig. 2. Contextualisation of corrosion activity (potential field,
coloured tiles) and cavities (grey rhombuses)
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Abstract. Phosphorescent particles are excited to a higher energy state during exposure to light which is
released over time by decaying to a lower energy state. This form of Photoluminescence has been achieved
in various materials by incorporating phosphorescent particles that store and slowly releases the light energy,
that passes through it. Due to its opacity, implementation of photoluminescence in concrete has been
constrained to architectural and decorative applications such as exposed aggregated concrete finishes. By
incorporating phosphorescent particles into polymer concrete and through the development of
photoluminescent polymer concrete, various other applications are possible in concrete infrastructure
projects. This study presents the development of a photoluminescent polymer concrete used to improve
pedestrian safety on a concrete pedestrian bridge. The luminance and decay time were used to determine the
optimal dosage of phosphorescent particles. Mesopic vision, and standard photoluminescent safety signage
parameters, were used to evaluate the luminance performance as it reduces with time. The luminance
performance, and decay time, of the photoluminescent polymer concrete elements, significantly exceeded
the standardized requirements for photoluminescent safety signage. Through this case study further
applications for incorporating photoluminescent polymer concrete elements into concrete structures are
realised, to improve pedestrian and user safety, especially where electrical lighting is not feasible or when a
more sustainable and less invasive lighting solution is required.

than polymer concrete which to date has largely been used
in precast and moulding applications.
This study presents the development of a
photoluminescent polymer concrete (PPC) that was used
to improve pedestrian safety on a concrete pedestrian
bridge.

1 Introduction
Photoluminescence is an element’s ability to absorb light
at a particular wavelength and to subsequently emit light
of a longer wavelength. Phosphorescence, a type of
Photoluminescence, is the property of some elements to
emit light from an electronically excited state but with a
much longer excited state lifetime, visibly manifested as
luminance.
Incorporating photoluminescent particles into
concrete reduces concrete workability, decreases glow
time, [1] and wastes material obscured from the light
below the concrete surface. Though photoluminescent
concrete strengths of up to 50 MPa [2] have been achieved
by using special cements, aggregates, and admixtures,
these have been limited to architectural and decorative
applications. [2]
The luminance of topical applications of
photoluminescent particles has been found to exceed that
of mixed in applications [1, 2] and increases with
photoluminescent particle thickness up to 3 mm, with
thicknesses beyond this not presenting any increase in
luminance. [1]
Polymer concrete is a combination of liquid polymer
binders or resins with aggregates and without any
conventional cement or cement hydrates, and can have
improved strength and durability properties compared to
cement-based concrete because of polymer replacement.
Cement-based concrete is however more heat resistant
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2 Objective and Method
The objective of this study was to develop and assess the
performance of PPC through optimally incorporating
phosphorescent particles into polymer concrete.

Fig. 1. PPC Samples for Luminance Testing

Three PPC samples of 1 mm thickness and two dosage
increments of phosphorescent particles of 20% were
produced – see Figure 1. The samples were conditioned,
and the luminance tested in accordance with DIN 675101: 2009.
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night-time outdoor and traffic lighting scenarios are in the
order of 1 mcd/m2. [4] From the results presented, this
luminance level would be achieved after approximately
660 min. (11 h)
PPC was incorporated into the polymer concrete
pedestrian handrails and luminescent particles into the
concrete walkways eZimbokodweni Pipe and Pedestrian
Bridge. This improved the pedestrian safety, particularly
during scheduled power outages, and where other lighting
solutions were not feasible. [5] Pedestrians were able to
identify critical areas along the 160 m long bridge and
approach walkways without the need of conventional
lighting.
Through this study further incorporation of PPC into
other elements of concrete structures and additional
applications are possible when combined with the
versatility of polymer concrete.

3 Results and Discussion
In accordance with to DIN 67510-1, the luminance decay
time can be estimated from a logarithmic extrapolation of
the results presented in Figure 2 as the time when the
luminance decays to 0.3 mcd/m2.

4 Conclusion
In this study the development and performance of PPC at
three dosage increments of phosphorescent particles were
assessed. The luminance was found to increase with an
increase in dosage but less significantly at higher dosage
levels. An optimal dosage was achieved, above which, no
significant increase in luminance and/or decay time was
observed.
The decay time of all the PPC samples far exceeded
the minimum luminance decay time for photoluminescent
materials in safety signs, which could be set as the
minimum performance criteria.
Furthermore, PPC has shown to provide visible
luminance for up to 11 h.
This study demonstrates the use and success of PPC as
a solution where electrical lighting is not feasible or when
a more sustainable and less invasive lighting solution is
required.

Fig. 2. Luminance Decay of PPC Samples, Log-Log Scale

The difference in luminance between samples 2 and 3
(lowest dosage) shown in Figure 2 displays the increase
in decay time with increase in dosage of phosphorescent
particles but less significantly at higher dosage levels. The
difference in luminance between samples 2 and 4 (highest
dosage) demonstrates that an optimal dosage is achieved,
above which, no significant increase in luminance and/or
decay time would be observed. Further addition of
phosphorescent particles would in fact obstruct the
absorption and emission of light.
The decay time estimated from the results in Figure 2
is presented in Table 1. A decay time of 5784 min. (96.4
h) was estimated for a sample 4 (exposed to 1000 lux light
for 5 min.) to decay to 0.3 mcd/m2.

The development of the photoluminescent polymer concrete
presented in this study was envisioned by Naidu Consulting
(Pty) Ltd and developed in collaboration with Resocrete (Pty)
Ltd. The testing was conducted by Dr. Moses Kiliswa of
Advanced Concrete & Materials Research at the University of
KwaZulu-Natal. The contents of this paper reflect the views of
the authors, who are responsible for the facts and the accuracy
of the data presented herein, and do not necessarily reflect the
official views or policies of Naidu Consulting (Pty) Ltd,
Resocrete (Pty) Ltd or the University of KwaZulu-Natal.

Table 1. Decay Time
Decay
time
(min)

3

Luminance (mcd/m2)
2
10
30
60
120
min min min min min
2083 343
104
52.3 23.7

2

2283

494

152

70.3

29.9

5762

4

2311

522

172

76.3

32.9

5784

Sample
(increasing
dosage)

5578
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Electrical resistivity of the material was measured at
various periods of curing to analyze the impact of
hydration on it. Moreover, after 28-days of curing,
specimens were placed in the oven at 40 °C to evaluate
the impact of drying on electrical resistivity. It was
measured using Potentiostat/Galvanostat provided by
Gamry Instrument. In order to analyze the mechanical
properties of cementitious material, 40 mm cubes for
compression tests and prisms (40 mm x 40 mm x 160 mm)
for flexural tests were tested. The compressive and
flexural tests were conducted at 28-days of curing in
controlled atmosphere. Moreover, to study the impact of
CNT on the porosity of cementitious material, porosity
was measured according to BS EN 1936 [4]. Self-sensing
study was also carried out on the materials by relating the
electrical properties with cyclic compressive loading. For
this purpose, the electrical response was recorded with
Wheatstone Bridge (WSB) circuit. Alternating voltage of
20V with the frequency of 10 Hz is applied as an input
[5]. Five cycles of loading/unloading were monitored with
WSB circuit. Cyclic loading is applied on the specimen
between 0.6 to 10 MPa at a loading rate of 0.3 MPa/s
using MTS press. In parallel, the strain is recorded by
strain gauges mounted on the surface of the specimen.
Stainless steel plates were used as electrodes to measure
the change in voltage and a conductive paint is applied at
the interface of specimens and electrode to minimize the
interface electrical resistance. Self-sensing response is
recorded in terms of voltage difference (ΔV) by
subtracting the measured voltage (V) from the initial
voltage (Vo) at balanced condition.

1 Introduction
To develop smart cementitious composites which can be
used for the structural monitoring by measuring its
variation in the electrical resistance, it becomes inevitable
to include conductive materials to improve the
conductivity of cementitious composites. Various types of
conductive materials which are being used to design the
smart cementitious composite including steel fibres,
carbon fibres, carbon nanotubes, slag, and carbon powder.
Among them, carbon nanotubes are the most frequently
used conductive materials for the development of smart
cementitious composites. In order to have the best sensing
properties of composite, optimum dosage and uniform
dispersion of conductive materials within the
cementitious matrix is very important.
There are various dispersion techniques which are
being used by different researchers for the uniform
dispersion of CNT within the solution first, and then in the
cementitious matrix. Broadly, they are categorized into
physical, chemical, and mechanical methods of dispersion
which depend on non-covalent and covalent
functionalization, and mechanical mixing respectively
[1].
Current study investigated the effect of P-CNT and ACNT dispersed by probe sonicator for dispersion on
various properties of cementitious composites. Moreover,
effect of various concentrations on the sensitivity of selfsensing response is also studied.

2 Materials and methods
The purpose of this study is to develop smart cementitious
material by incorporating multi-walled carbon nanotubes
(MWCNTs). Two different types of carbon nanotubes
(CNTs) were dispersed using probe ultrasonicator; (i)
Pristine CNT (P-CNT), and (ii) Functionalized CNT
through annealing (A-CNT). Annealed CNTs are
prepared by heating the CNT at 500 °C for 30 minutes [2].
Indeed, oxidation of CNT through annealing improves the
hydrophilicity of CNTs [3]. Percolation threshold and
optimum content of CNTs were determined by measuring
electrical resistivity, porosity, compressive and flexural
strengths at various
contents of CNTs (0, 0.5 %, 0.75
%, and 1 % with respect to mass of cement). For this
purpose, mortar specimens with cement to sand ratio of
1:3.2 having water to cement ratio of 0.5 were prepared
using CNT contents indicated above. Specimens of 40 x
40 x 60 mm3 and 40 x 40 x 160 mm3 were prepared for
various type of tests.

3 Results and discussions
The effect of curing and saturation degree of specimens
on the electrical resistivity pattern were also discussed. It
is observed that the electrical resistivity responses of
specimens incorporating 0.75 % and 1 % of Pristine CNT
(P-CNT) and Annealed CNT (A-CNT) are constant
irrespective of the age of specimens. However, for 0.5 %
of CNT, electrical resistivity increases with the time, but
this increase is less steep as compared to plain mortar. The
effect of drying on the electrical resistivity was also
analyzed. Cementitious materials with 0.75 % and 1 % of
CNT show stable electrical resistivity response regardless
of the duration of drying indicating a percolation
threshold at 0.75 % and beyond. However, for the plain
mortar, there is a large increase in the evolution of the
electrical resistivity as the drying period is increased,
indicating that conduction in plain mortar is mainly
governed by saturation degree. Compressive and flexural
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strength of all the composites containing CNT either
annealed or pristine are less as compared to plain mortar.
The reduction in mechanical properties is more when
annealed CNTs are used as compared to pristine CNT.
This result is in agreement with the porosity of materials:
it is observed that the porosity of specimens containing
annealed CNT is slightly more as compared to the one of
specimens incorporating pristine CTN. One can deduce
that during heating of CNTs, porosity of CNT increases,
and hence overall porosity of the specimen is increased.
So, based on the mechanical, physical, and electrical
properties of cementitious composites, it is concluded that
0.75 % content of P-CNT is the optimum content to
develop smart cementitious composite.
Based on self-sensing test results, it is observed that
smart cementitious materials at various concentrations of
CNT show self-sensing response in line with strain.
However, with the increase in the content of CNT,
repeatability and sensitivity of self-sensing response is
improved. ΔV for specimen containing 1% of A-CNT and
P-CNT is 155 mV and 225 mV respectively, while for
specimens with 0.5 % of A-CNT and P-CNT it is less than
20mV.

4 Conclusion
The results of electrical resistivity and mechanical
properties showed that the content of CNTs should be at
least 0.75 % to develop smart cementitious materials with
a significant sensitivity and without detrimental effect on
the mechanical properties. Moreover, smart material
incorporating pristine CNT provides better sensitivity of
self-sensing response as compared to the annealed CNT.
Self-sensing test results also showed that with the increase
in the content of CNT, sensitivity and repeatability of the
sensing response were improved. Moreover, it is also
observed that Probe sonicator is an efficient device for the
dispersion of CNT either pristine or annealed.
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Abstract. During the plastic state of concrete, any hindrance or resistance of the free volume change induce
tensile stresses and strains in the concrete. Crack formation is expected to occur if the tensile stress and
strain is greater than the capacity of the concrete. Investigation into the tensile properties and relaxation
behaviour of plastic concrete was carried out using a direct tensile testing machine. The capillary pressure
was measured during the tensile tests in low and high evaporation conditions. The results suggest that most
of the measured strength gain (tensile capacity) of the concrete is due to the capillary pressure in the pores
of the fresh concrete which keeps the particles together by means of free water in the concrete during the
early stiffening phase of the concrete. Later the hydration products bridge the pores which provides strength
to the concrete. The capillary pressure results indicate how the rate of hydration influence the
interconnectivity of the pores, and the contribution to the measured strength gain of the fresh concrete. The
capillary pressure measurements during tensile tests revealed that the mechanism behind relaxation is the
negative capillary pressure build-up induced by the mechanical tensile strain. The results also showed a
correlation between the build-up of the capillary pressure in the concrete and the tensile deformation of the
fresh concrete where the capillary pressure increased as the tensile load increased.

1 Introduction

2 Experimental framework

Initially, fresh concrete has little tensile strength or
stiffness. The concrete only develops strength as the
hydration reaction of the cement in the concrete starts and
binds the concrete particles [1-3]. Prior to this strength
development, fresh concrete is more susceptible to
volume change. Where the fresh concrete is restrained
from free volume change, tensile stresses and/or strains
could develop in the concrete [3-5].
Plastic shrinkage is due to the removal of water from the
capillary pore structure of the concrete. As the pore water
continues to be drawn from the concrete, a negative
capillary pressure builds up in the pore structure of the
concrete [6-8]. This represents an internal loading aspect
within the concrete as the concrete dries out and internal
stresses occur. Applying curing procedures, which
decrease the water loss from the concrete, reduces the
build-up of capillary pressure. This is indicative of the
unloading aspect of the concrete element as the capillary
pressure decrease. The behaviour of loading and
unloading can be linked to the relaxation behaviour of
concrete.
Capillary pressure is the main mechanism responsible
for plastic shrinkage cracking, while the tensile strength
of the concrete determines if cracking is going to occur.
However, no literature could be found where the capillary
pressure is measured while testing the mechanical tensile
strength of concrete. Therefore, this study set out to
investigate the tensile behaviour of plastic concrete and
the role of capillary pressure build up during this plastic
period. The relaxation behaviour of plastic concrete as
well as its resistance to multiple loadings were also
investigated.

The tensile properties of the concrete was tested by
pulling apart a dog-bone shaped mould floated on a air
bearing as shown in Fig. 1. The figure also shows the load
cell and LVDT’s used to measure the force and
displacement over the gage length of the concrete. Two
internal pressure sensors were also inserted into the gauge
and out-of-gauge zones within the concrete to measure the
build-up of capillary pressure in the concrete during
testing.

Fig. 1. Measuring setup and apparatus.

The tensile properties of plastic concrete were determined
using four samples tested hourly at 60, 120, 180 and 240
minutes using the tensile testing setup. Tests were also
conducted to investigate the relaxation behaviour of
concrete by loading the concrete to 50% of the average
maximum tensile strength for each corresponding hourly
test followed by an abrupt stop of loading by ceasing the
displacement of the actuator. Relaxation of the induced
tensile force was then captured for a period of 10 minutes.
As indication of resistance to multiple loading, the
relaxation tests were repeated and allowed to relax for a
time period of 5 minutes before loading the concrete again
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to 50% of the average maximum tensile strength in the
tensile regime. This process was repeated at least three
times or until cracking occurred. All samples were
exposed to 40ºC ambient temperature before testing. A
standard conventional concrete mix with a design strength
of 50 MPa, a slump value of 70 mm and a 0.55 w/c ratio
was used for all tests.

Concrete at this age is semi plastic, beginning to solidify
and the low amount of completed cycles displays the
brittle nature of the concrete.
The relaxation results indicate that the mechanism behind
the relaxation behaviour of fresh concrete is due to the
negative capillary pressure build-up induced by the
mechanically applied tensile strain. The results show that
as the actuator was loaded to the desired force, the
capillary pressure in the gauge area increased at a similar
rate to the peak value, similar to the concrete’s
mechanically induced stress. Once the actuator was
ceased, both the capillary pressure in the gauge zone and
stress in the concrete, decreased in magnitude from the
tension zone into the compression zone. The drop in stress
recorded during the periods of no loading, was mainly due
to the relaxation in capillary pores.

3 Results and discussions
Fig.2. shows the tensile results (stress-strain graph) of one
sample at each hourly interval tested as well as the
capillary pressure readings for both gauge and out-ofgauge pressure zones. The results suggest that most of the
measured strength gain during the stiffening phase of the
concrete is due to the capillary pressure in pores of the
fresh concrete which keeps the particles together. This
therefore indicates that the presence of free water in
plastic concrete in responsible for much of the tensile
strength experienced for the 60 and 120 minute concrete.
Although the 180 minute concrete displayed a higher
tensile strength than the younger concrete, much of the
strength measured is believed to be due to the hydration
products bridging the gaps between the molecules.
However, the presence of free water in the gauge area
indicates that part of the measured strength is also due to
the capillary pressure holding the particles in place.
60 min - Mix Ref
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Stress [kPa]

Out of gauge
pressure

1
0.8
0.6

Stress [kPa]

Gauge pressure

1.2
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60 min stress
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1.4

This study investigated the tensile and relaxation
behaviour of plastic concrete. The significant conclusions
that can be drawn are:
• The capillary pressure tests show that most of the
measured strength gain during the stiffening phase of
the concrete is due to the capillary pressure in pores
of the fresh concrete which keeps the particles
together.
• The relaxation results show that the younger concrete
is able to resist a larger amount of stress build-up
compared to the older concrete. This therefore
indicates that the relaxation behaviour of fresh
concrete is dependent on the rate of hydration.
• Multiple loading results indicate that the younger
concrete is able to complete more loading cycles
compared to the older concrete samples. The ability
to complete multiple loading cycles gives an
indication of the resilient nature and ductility of
concrete during the stiffening phase.
• The relaxation results also indicate that the
mechanism behind the relaxation behaviour of fresh
concrete is due to the negative capillary pressure
build-up induced by the mechanically applied tensile
strain.
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Fig. 2. Capillary pressure measurements at 60, 120, 180 and 240
minutes.

The relaxation test results showed that the younger
concrete (60 and 120 minute samples) is able to resist a
larger amount of stress build-up compared to the older
concrete (180 and 240 minute samples). This indicates
that the relaxation behaviour of fresh concrete is
dependent on the rate of hydration. In terms of the
resistance of plastic concrete to multiple loading, the
results indicate that the younger concrete is able to
complete more loading cycles compared to the older
concrete. The ability to complete multiple loading cycles
gives an indication of the resilient nature and ductility of
concrete. At early ages (60 to 120 minutes) the concrete
is still plastic and is able to withstand multiple loading
cycles before failure. Concrete at 180 to 240 minutes fall
within the setting and hardening phases of the concrete.
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Abstract. The performed research work focused on concretes containing different proportion of cement
and blast furnace slag (Merit) (90/10, 50/50, 10/90). Test samples were exposed to temperature ranging
400OC and 800OC. The result of the study shows residual compressive strength, weight loose, residual colour
change and morphology in a concrete structure exposed to high temperature. Results can give an idea about
the effect of high temperatures on the properties.

1 Introduction
Ecological concrete is becoming an accessible building
material commonly used in the construction industry.
Usage of fresh iron manufacturing waste byproducts such
as “slag” could contribute to decreasing pollution,
reducing greenhouse gas emissions, and highlights
attributes associated with their use, which generally relate
to improved durability and sustainability.
Ground granulated blast furnace slag (Merit) has been
used widely either intergraded or preblended with OPC.
Its presence reduces the amount of Ca(OH)2 through
latent hydraulic reactions. It minimalizes the amount of
dihydroxylation of the Ca(OH)2 during exposure to high
temperatures.
There are different angles to explain the occurrences
causing loss of compressing strength when exposed to
high temperature. Usually, the problem is approached by
considering thermal incompatibility between binder paste
and aggregate, the pressure of evaporated water during
heating, and chemical structure changes in binder paste
and aggregates, [1]. This investigation will help
understand blended cement mix behavior in high
temperature.

2.1 Material
Fine aggerates, coarse aggregates of maximum aggregate
size of 8.0 mm, average density of 1.47 g/cm3 and specific
gravity of 3.1 g/cm3, quartz, ordinary Portland cement
CEM IV 42,5 and GGBFS (Merit) were used.
CaO

Table 1. Chemical composition of GGBFS Merit.
SiO2 Al2O3
MgO
TiO2
Mn2O3
Cl

30-34

12-15

1,5-2,5

0,3-0,6

<0,1

2.2 Concrete mixtures
Four types of mixes with a varying content of Merit
GGBFS were produced, Table 2. MIX I was considered
as a control mix.
Table 2. Concrete mixtures. Binder proportions.

In this study, effects of high temperature on physical and
mechanical properties of normal and GGBFS replaced
concrete mixes were studied. Experimental study was
carried out in four phases, as sample production, heating
and cooling processes, and tests on physical and
mechanical properties. Two groups of concrete samples
were produced. These are control samples (OPC CEM IV)
and concretes with GGBFS (CEM IV + GGBFS). For
each of these groups, effect of temperature at 400 OC and
800OC was investigated. The samples at 21OC were
considered as references. For each temperature, three
cubic samples of 100x100x100 mm, 32 in total, were
produced.

CEM IV
MERIT

MIX I
100%
-

MIX II
90%
10%

MIX III
50%
50%

MIX IV
10%
90%

Table 3. Concrete mixtures.
W/C
0,5

BINDER
400 KG

C AGR
522 KG

F AGR
1131KG

QUARTZ
87 KG

2.3 Sample preparation
Concrete samples were demoulded after two days after
casting. They were cured covered by plastic covers for 28
days at an ambient temperature of 21OC.
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10-13

Fig. 1. MERIT XRD 2Theta (O) scan profile.

2 Experimental Program

*

30-35

This leads to volume changes and damage, [3][4]. No
explosive spalling was observed in any of the tested
samples.

2.4 Heating procedure
To carry test, the laboratory electric muffle furnace LAC
LH 15/3 was used. It reached temperature of 400OC in 1
hour, and 800OC in three hours. Samples were exposed to
the defined temperatures for 1h and later were left for
colling down to the room temperature in the turned off
furnace.

3 Results and discussions
3.1 Change in residual compressive strength
Table 4 shows the residual concrete strengths for the
concrete samples heated over the exposure times of 1 hour
at various temperatures and subsequently cooled down.
The compressive strength increased approximately 51 %
after exposure to 400OC but decreased by approximately
55 % after exposure to 800OC.

Fig. 3. Cracks and crazing after exposure to 800 OC

3.4 SEM
The morphology of MIX III samples was observed with
SEM microscope. The full dehydration occurred in
samples exposed to 400oC. Internal structure decomposed
and aggregates broke after exposure to 800 OC.

Table 4. Residual compressive strength [MPa]
Ambient
400OC
800OC

MIX I
47,63
68,73
28,07

MIX II
47,20
62,63
19,30

MIX III
37,47
62,67
24,90

MIX IV
24,83
40,03
13,77

a)

3.2 Weight loose
Table 5 shows that at any heating stage, a higher heating
temperature led to a higher weight loss (approx. 7,7%),
presumably due to dehydration (loss of free and
chemically combined water of hydration) in concrete.

b)

c)

Fig. 4. SEM morphology: a) ambient b) 400OC c) 800OC

Table 5. Sample mass loose [kg]

4 Conclusion

MIX I

MIX II

MIX III

MIX IV

Ambient

2,285

2,306

2,318

2,25

400OC

2,136

2,129

2,136

2,082

800OC

2,121

2,117

2,134

2,059

Significant changes of mechanical properties and colour
changes were observed in samples exposed high
temperatures. Future tests will focus on the effects of
GGBFS content, type and size of aggregates and presence
of quartz.

3.3 Crack and colour change
Based on the visual observation of samples, no significant
colour change was observed when exposed to 400OC. The
cubes became lighter and light orange at temperature of
800 OC. This change was due to oxidation of iron present
in GGBFS, [2]
Shrinkage caused by the evaporation of water and
steam occurring in concrete led to formation of cracks,
crazing, and breaking off.
Aggregates could affect the internal structure. Quartz
and limestone in aggregates expand with a raising
temperature.
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Using simple soil water content sensors to measure water
availability in fresh concrete
Martha S. Smit1,*, William P. Boshoff1, and Luke, G. Warren1
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Abstract. Preventing plastic shrinkage cracks improves the durability of concrete. This is because plastic
shrinkage cracks serve as pathways by which corroding agents can penetrate concrete. Freshly cast concrete
is a saturated mixture of reactive and non-reactive materials. As water moves out of the concrete mass and
as water is used in the hydration process, the free water in the mixture reduces. Eventually, the mixture can
be considered to be unsaturated. In this research project, the viability of using soil water content sensors to
measure the change in water availability in concrete from fresh state to early-age was explored. The soil
water content sensors measured dielectric permittivity. The dielectric permittivity, cumulative evaporation
and setting time of mortars with varying water/cement ratios were tested. It was found that the dielectric
constant was influenced by changes in fresh mortar and that the sensors have the potential to qualitatively
monitor cement content, bleeding, hydration and evaporation. Further work is required in this field.

original water content of each mortar mixture constant at
370 kg/m3.

1 Introduction
Plastic shrinkage cracking adversely affects the durability
of concrete. This is because these cracks serve as
pathways by which corroding agents can penetrate
concrete [1,2]. Plastic shrinkage occurs when the surface
of fresh concrete becomes dry and capillary pressure is
induced. Capillary pressure is caused by the menisci at the
air-water interface in the mixture of water, cementitious
and granular materials of concrete [3]. If there is plastic
shrinkage in concrete that is restrained, tensile stress will
be induced and when the tensile stress exceeds the tensile
strength, cracking will occur.
Capillary pressure increases as the free water content
in a concrete mixture decreases. Capillary pressure can be
measured directly by pressure transducers of various
configurations, but these sensors tend to be tricky to build
and prepare for testing [4,5]. The presence of water in soil
is of interest to soil scientists and geotechnical engineers
[6]. Various techniques, based on thermogravimetry,
neutron scattering, or electromagnetism, have been
developed to measure the presence and amount of water
in soil. Electromagnetic sensors are popular in particular
due to their relatively low cost, which allows networks of
sensors to be used to monitor water content [7]. These
sensors are used to measure dielectric permittivity.
In this paper, commercially available soil water
content sensors were used to measure the dielectric
permittivity of fresh and early-age mortars. This was done
over a range of water/cement ratios while keeping the

*

2 Experimental work
Soil water content sensors were used to measure the
dielectric permittivity of fresh and early-age mortars. Five
mortars with varying water/cement ratios and constant
original water content of 370 kg/m3 were tested. The
constituents were mixed, cast, and then placed in
environmental conditions of 25ºC temperature and 50%
relative humidity. The setting time and the 24-hour
compressive strength were determined. The dielectric
permittivity up to approximately final set and the
cumulative evaporation up to 24 hours were measured
continuously.
To determine the cumulative evaporation of water,
bespoke scales were used. The scales consisted of custombuilt platforms and HBM SP4M single-point load cells.
The range of the load cells was 10 kg.

3 Results
Fig. 1 shows the dielectric constants over time, and the
initial and final set of each mixture is also indicated on
each graph. In Zone I the dielectric constant increases, in
Zone II the constant decreases, and in Zone III the slope
of constant decrease is steeper than in Zone II. The setting
times, also plotted in Fig 1 (a), show that the slope change
of Zone III occurs shortly after initial set. It is promising
to note that all the water/cement ratios tested showed this
behaviour of the note that the initial set being slightly
before the slope change of Zone III.
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believed that it influences the dielectric response, rather
than water/cement ratio. The peak dielectric constant
values from Fig. 1 are also included in Fig. 2.

65

Dielectric constant

60
55

4 Conclusions

50

The following conclusions can be drawn:
• Dielectric constant readings can be used to follow
changes in fresh mortar. It can qualitatively monitor
the cement content, bleeding, hydration and
evaporation in mortar samples.
• The dielectric constant is strongly influenced by the
cement content of a mortar, if the water content
remains the same.
• Due to the simultaneous occurrence of evaporation,
hydration, cement phase change from clinker to
calcium silica hydrates, it is difficult for dielectric
measurements
to
quantify
the
mechanisms/phenomena without input from another
type of test. Further work is required in this field.
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Fig. 1. The dielectric constant readings for the difference
mixtures.
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Effectiveness of concrete curing compounds in extreme windy
and dry conditions
Zelda Spijkerman1, William P Boshoff1,*, and Martha S Smit1
1
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Abstract. Curing is one of the most crucial phases of concrete conditioning as it determines not only the
long-term strength, but also influences the durability. Curing compounds are useful for reducing the
evaporation rate of water from the concrete surface. They are typically sprayed on concrete as soon as
possible after consolidation, especially for concrete members that have large areas exposed to the
environment. These compounds have been proven to work well, however, how effective are different curing
compounds in a variety of high wind and high temperature with low relative humidity conditions? The focus
of this work is the effectiveness of different types of curing compounds at windy and dry conditions. The
tests were done in a state-of-the-art Mobile Climate Chamber (MCC) where the weight of all samples was
measured constantly to determine the water loss. It was concluded that the resin-emulsion based curing
compound performed best at all environmentally tested conditions. The acrylic-based curing compound
performed worse than the control, where nothing was applied to the top surface.

The application of curing compounds was done by filling
50 ml spray bottles with each respective curing compound
and spraying the surface of the concrete as soon as
possible after finishing and within 30 minutes of casting
and is shown in Fig. .

1 Introduction
Curing is one of the most important, yet frequently
neglected steps in placing and finishing concrete [1].
Curing is defined as the process of preserving a suitable
moisture content in concrete in order to enhance the
mechanical, microstructural, and durability properties of
the concrete [2]. Adequate curing is thus necessary to
avoid plastic shrinkage cracking in fresh concrete which
typically has a negative impact on the final hardened
structure's durability [3]. The development of plastic
cracking also affects the structure's aesthetics [3,4].
In this paper, the effectiveness of three different types
of curing compounds in various environmental
conditions, with respect to wind speed, relative humidity
and temperature, was examined directly by means of the
curing compound’s evaporation reducing abilities. The
experimental data was plotted against theoretically
calculated values. The internal temperature fluctuations
were also observed with respect to the concrete’s initial
and final setting times.

Fig. 1. Spraying of curing compound.

The different environmental conditions used are shown in
Table 2. The relation between the control sample
evaporation rate and the actual evaporation rate of the
sample with the curing compound is shown in Fig. 2.

2 Experimental work
The experimental work presented in this paper consists of
determining the initial- and final setting times,
evaporation rates from samples with and without curing
compounds at different environments. The three curing
compounds used in the experimental phase are given and
detailed in Table 1.
Table 1. Curing compound details.

*

Curing
compound

CC 1

CC 2

CC 3

Base
Emulsion

Water
Wax

Water
Acrylic

Solvent
Resin
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than the control at all evaporation rates and CC 1 performs
mostly better than the control, except for an outlier at the
lowest evaporation rate in the middle of the test.
The temperature results (shown in full paper) show a
similar trend for the curing compounds and the control for
all four tests. T2 shows that the control sample reached
the highest temperature out of all the samples whereas in
T3 and T4, the control sample recorded the lowest
temperature out of the samples. As T2 and T4 had the
same environmental temperature of 25 °C, it is understood
that the increased wind speed of T4 had a significant
effect on the internal concrete temperature.

Table 2. Experimental combinations.
Relative
humidity
(%)

Temperature
(⁰C)

Wind
speed
(km/h)

Evaporation
Rate
(kg/m2/hr)

20
20
20
20

25
30
25
30

5
20
30
40

0.291
0.742
1.101
1.290

2.5

2

Curing compound evaporation rate (kg/m/hr)

1
2
3
4

CC1
CC2
CC3
x=y line

2.0

3 Conclusion
In this study, the performance of different types of curing
compounds were compared at varying environmental
evaporation rates. The following conclusions can be
made:
• As the theoretical evaporation rate increased for CC
1, 2, 3 and the control, the actual evaporation rate also
increased, which is expected.
• CC 2, the acrylic-emulsion curing compound
performed the worst out of all the samples tested, by
having a higher concrete evaporation rate than nearly
all the other samples, including the control. The
mechanism causing this consistently poor test results
is not yet investigated.
• CC 3, the resin-emulsion curing compound
performed by far the best out of all three curing
compounds having consistently the lowest tested
evaporation rate.
• CC 1, the wax-emulsion curing compound performed
well by having an evaporation rate less than the
control, but not as well as CC 3, the resin-emulsion
curing compound.
Thus, based on the moisture loss from the concrete
samples due to evaporation the effectiveness of the curing
compounds, from best to worst, were found to be the
resin-emulsion curing compound, the wax-emulsion
curing compound and then the acrylic-emulsion curing
compound.

1.5

1.0

0.5

0.0
0.0

0.5

1.0

1.5

2.0

2.5

Control evaporation rate (kg/m2/hr)

0.4

2

Curing compound evaporation rate (kg/m/hr)

(a)
CC1
CC2
CC3
x=y line

0.3

0.2

0.1

0.0
0.0

0.1

0.2

0.3

0.4

Control evaporation rate (kg/m2/hr)

(b)
Fig. 2. Comparison between the experimental evaporation rates
of the curing compounds versus the control.

A x=y line was added to Fig. 2 (a) and (b) where the
curing compound’s evaporation rate is equal to the
control’s evaporation rate. Fig. 2 (b) offers a zoomed-in
view of the lower evaporation rates. If the data point falls
above the x=y line, the curing compound sample
performed worse than the control, where nothing was
applied to the top surface of the concrete.
From Fig. 2, CC 2 performs consistently worse than
the control at all evaporation rates. CC 3 performs better
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Preventing plastic shrinkage cracking by monitoring the
capillary pressure build-up in self-compacting concrete
Renier Deysel1, William Boshoff1,*, and Martha Smit1
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Abstract. Plastic shrinkage cracking is a problem for the service life, aesthetics and durability of concrete
members. It occurs when tensile stresses are induced in fresh concrete, through plastic shrinkage that is
restrained. Plastic shrinkage is caused by negative capillary pressure build-up, but the capillary pressure of
fresh concrete can be controlled to prevent plastic shrinkage. In this paper, the control of capillary pressure
to prevent plastic shrinkage cracking using high-capacity capillary pressure sensors is explored. The
capillary pressure behaviour of a self-compacting concrete mix design in various evaporation rates was
determined. Capillary pressure boundaries for concrete wetting to relieve tensile stresses were identified.
The effectiveness of wetting fresh concrete at a predefined capillary pressure boundary was investigated.

1 Introduction

Porous
ceramic tip

Plastic shrinkage is an early age property of concrete. It
occurs when the cumulative evaporation exceeds the
cumulative amount of bleeding of the concrete. When
plastic shrinkage occurs and the concrete is restrained,
tensile stresses are induced and if the concrete did not
develop sufficient strength to withstand the induced
stresses, plastic shrinkage cracks will form [1, 2]. The
induced tensile stresses are caused by the build-up of
negative capillary pressure within the fresh concrete [3].
If the negative capillary pressure builds up at a high rate
and reaches a critical capillary pressure, plastic shrinkage
cracking may occur [4].
Depending on the evaporation rate, plastic shrinkage
cracks will either form before or at initial set and will
stabilise at final set and widen at a lower rate [5, 6]. When
plastic shrinkage cracks have formed, the cracks can be
aggravated further by drying shrinkage which can extend
these cracks throughout the depth of the concrete member
[1]. Therefore, making these cracks a major problem for
the services life, aesthetics and durability of a concrete
member [7-9].
Capillary pores are small liquid filled pockets within
the fresh concrete. These liquid pockets form between
solid particles in the concrete, resulting in a pressure
build-up, known as capillary pressure [10, 11].
The purpose of the study is to monitor the negative
capillary pressure using tensiometers and prevent plastic
shrinkage cracking in self-compacting concrete. The
effectiveness of rewetting the concrete is also
investigated.

Pressure
gauge
Stainless
steel cap

9 mm
14 mm
17 mm

Fig. 4. An example of the components of a tensiometer.

Fig. 5 shows the negative capillary pressure build-up and
the crack width of the two Control tests. Each line
represents the capillary pressure measurements obtained
by a tensiometer in that Control test. The findings clearly
show that the higher the evaporation rate the higher the
negative capillary pressure build-up in the concrete.

2 Experimental work
The experimental procedures conducted consist of
evaluating the plastic shrinkage cracking and capillary
pressure behaviour of a self-compacting concrete mix.
This was achieved by conducting a set of Control and
Rewetting tests. In both the Control and Rewetting tests,
the evaporation rate, capillary pressure (See Fig. 4) and
plastic shrinkage cracks were measured for 9 hours.
*

Fig. 5. Negative capillary pressure build-up and crack width
over time for the two Control tests.
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Fig. 6 and Fig. 7 show the individual capillary pressure
and average crack width over time for the concrete in each
Rewetting test. The no cracking capillary pressure
boundary determined with the model is also shown in the
figures. The pressure drops in the capillary pressure
measurements are caused by rewetting the concrete
surface when the boundary was reached.

•
•

the intensity of the plastic shrinkage cracking
increased.
Plastic shrinkage cracking can be minimised by
wetting the surface of the concrete when a specific no
cracking capillary pressure boundary is reached.
The No Cracking Capillary Pressure Boundary
Model proved to be a useful tool in determining a
threshold for when the concrete should be rewetted.
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Fig. 6. Negative capillary pressure build-up and crack width
over time for Rewetting-1: 0.36 kg/m2/h.

Fig. 7. Negative capillary pressure build-up and crack width
over time for Rewetting-2: >0.70 kg/m2/h.

3 Conclusion
Tensiometers were used to monitor the capillary pressure
and identify when the self-compacting concrete should be
rewetted to prevent plastic shrinkage cracking. The
following conclusions were drawn from the findings:
• As the evaporation rate increased, the rate of the
negative capillary pressure build-up increased and

*
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The investigations on properties of self-healing concrete with
crystalline admixture and recycled concrete waste
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Abstract. The concept of self-healing concrete is becoming more necessary as sustainability inconstruction
is more desirable. Amongst the current solutions in this technology are autogenous, chemical,and bacterial
self-healing. It is paramount that secondary raw materials be used in the production of self- healing concrete
as a form of a sustainable solution. Therefore, in this paper, the admixture “Betocrete-CP-360-WP”, which
is a crystallizing waterproofing admixture with hydrophobic effect and is 100% recyclable, has been used and
its effect on the physical, chemical, and mechanical properties of concrete, as well as self- healing capabilities
of concrete, have been determined. According to the obtained results, the crystalline additive “BetocreteCP-360-WP” has no effect on density and slightly increases the amount of entrained airin the concrete mix.
However, it does decrease the workability of the concrete mixture which could prove problematic in
transportation to the construction site or in concreting in general. Also, with the crystalline admixture in the
concrete mix, a 60% reduction in concrete compressive strength after one day of hardening has been
estimated, but after 7 and 28 days, the strength attained is within the ranges of the control samples. In addition,
concrete containing Betocrete-CP360-WP was 30% less water permeable as compared to control samples. The
self-healing efficiency of the concrete was determined by a water flow test through a formed crack
(approximately 0.35 mm wide). This was done by gluing a plastic pipe to the top of the cracked concrete
specimens and maintaining a constant pressure of the water in the pipe. The experiment was continued for
28 days, and the crack self-healing efficiency of the concrete was calculated from the differences in the
amount of water passed through the crack before healing and after 7, 14, 21 and 28 days of the healing
process. After 28 days of the water flow test, the cracks in the concrete with the crystalline admixture and
recycled concrete dust were completely healed, while the control specimens were not.

encapsulated bacteria is significantly higher than that of
concrete without, with cracks as wide as 400µm being
filled.
To adhere to a better sustainability factor, the
inclusion of crystalline admixtures has shown to have a
positive effect on self-healing concrete. [3, 4] The process
requires moisture because the CO2 present in it reacts with
calcium ions (Ca2+) in the concrete to form calcium
carbonate (CaCO3) which starts to fill the cracks and heal
the concrete. [2, 3] The healing capability this promotes
is for cracks up to 300 µm in width. However, when such
admixtures are used in combination with expansive
agents, which expand in the presence of water to fill voids,
larger crack widths (up to 400µm) can be healed. In this
paper, the crystalline additive Betocrete-CP-360-WP and
crushed concrete waste at 3% by cement mass content has
been used along with different cement types to determine
the characteristics of the product obtained and its
applicability as a self-healing concrete.

1 Introduction
Concrete cracking is an ever-prevalent problem which
engineers must always seek to prevent or remedy. In
building maintenance, it is necessary to think of
sustainable ways of repairing concrete structures. One
solution to concrete cracking is the use of self-healing
concrete in construction. The main healing mechanisms
are autogenous and autonomous [1], the former being a
“naturally” occurring process with reactivity of minerals
within the concrete and the latter involving the use of a
healing agent, like bacteria, encapsulated in some manmade shells like glass tubes. With sustainability being a
very important topic, use of by-products of industrial
processes that have shown to promote self-healing in
concrete is one way of achieving this. However,
researchers [1, 2] have shown that supplementary
cementitious materials such as silica fume or fly-ash have
very low crack-width healing capability (about 300µm
over an extensive period), and as such, use in large-scale
industrial applications is questionable. Not only is it so
with the autogenous healing mechanism, but so too with
autonomous because of the shear cost of the processes
involved in isolating the bacteria required for creation of
such a concrete. The cost of maintenance is an important
factor to consider in performing the life cycle assessment
of a concrete structure, even though it has been shown that
the self-healing ability of composites containing
*

2 Materials & methods
The crystalline additive Betocrete-CP-360-WP is a
product manufactured by the German company
SCHOMBURG for use as a waterproofing agent in
concrete structures. To assess the influence of the
crystalline additive on the physical and mechanical
properties of a fresh concrete mix and hardened concrete,
compositions were designed using two different types of
235
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cement: Lithuanian cement AB "Naujoji Akmenė" CEM
I 42.5 N and Latvian cement SIA "CEMEX" CEM I
42.5N. Additionally, the crystalline additive BetocreteCP360-WP of the German company SCHOMBURG was
added to half of the samples (labelled LT-P and LV-P),
and 3% of cement mass was replaced by crushed concrete
dust. In order to determine the self-healing effect of cracks
on concrete with the crystalline additive BetocreteCP360-WP, a specific test procedure was used to
artificially create a crack and continuously expose the
concrete samples to a constant water pressure through a
1-metre pole over 24 hours for up to 28 days. Once the
artificial crack was created, the samples were fixed on
either end to tighten the detached parts and leave a slit 0.4
mm wide.

Fig. 2. Initial crack (a) filled by crystal (b) from the water test

4 Conclusion
The inclusion of the crystalline admixture Betocrete-CP360-WP decreases the flowability of a fresh concrete mix,
meaning designers must be aware of its use. The additive
also reduces the early age compressive strength of
concrete but after 7 days, does not have as significant a
difference with the control samples. The reaction between
the active compound of the crystalline additive and
tricalcium silicate in cement in the presence of the
moisture caused the formation of calcium-silicatehydrated (C–S–H) gel bounded with crystalline deposits
and a precipitated pore blocker in the micro-pores and
capillaries, resulting in the increasing resistance to the
penetration of water under pressure. In addition,
Betocrete-CP-360-WP has a positive effect on the selfhealing ability of concrete, allowing for the healing of
cracks up to 67.5% over 28 days. The use of crushed
concrete dust at 3 % by cement mass did not prevent the
achievement of self-healing concrete. However,
experimentation showed that the self-healing capability of
concrete increases in the presence of Betocrete-CP-360WP and makes it a viable option for use in the creation of
concrete structures.

3 Results and discussion
The use of the crystalline additive Betocrete-CP-360-WP
had no effect on the temperature, air content or density of
the concrete mix; however, it did influence the flowability
of the fresh concrete, with the initial slump for both types
of cement being classified as S4 class and then reduced to
S2 class for the Lithuanian cement and S3 class for the
Latvian cement. In concrete samples that were produced
using the crystalline additive Betocrete-CP-360-WP, the
water penetration depth was lower by as much as 30%,
which leads to the conclusion that the additive decreases
the water permeability of concrete, which was also seen
by other researchers [3, 4]. The early-age compressive
strength was significantly lower for samples containing
the crystalline additive, LT-P and LV-P (P as shown in
Fig. 1. Cobos et al. [3] found that including a crystalline
additive at as much as 0.45% or 0.9% cement mass
resulted in about a 12-hour delay in cement hydration
through measuring the electrical resistance of said
samples during hydration, as well as assessing the setting
time using the VICAT apparatus, which then ultimately
influences the early strength of concrete. Cobos et al. also
then found that after 7 days of hardening, the properties
of the material are no longer affected by the crystalline
additive.
In reference to the self-healing ability promoted by the
crystalline additive, as can be seen from Fig. 2., the gap
of 0.5396mm (a) was reduced in size by about 67.5% (b)
under the water test while being filled by a crystal. This
goes to show the crystalline additive Betocrete-CP-360WP promotes healing in concrete due to the crystallization
process.
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Abstract. The building materials industry makes a major contribution to greenhouse gases emitted each
year, particularly by the cement clinker production. Therefore, the aim should be to maintain an increased
part of building material from demolition sites in the material cycle. The use of the fine material (< 2mm)
from demolition waste in concrete has so far proved to be problematic due to the increased water demand
and loss of compressive strength. One approach is the use of recycled concrete powder (RCP) as
supplementary cementitious material (SCM). Demolition material used in this study has been obtained from
discarded railroad sleepers and pre-crushed as sand (< 4 mm). The recycled sand was subjected to a
mechanical and thermal activation process before use, then was ground to a particle size <63 μm and then
fired at 4 different temperatures (750 °C- 900° C). The aim was to convert parts of the hydrated C-S-H
structure back into reactive silicate phases through firing process. They can contribute again to the hydration
process when used as supplementary cementitious material. The ground and thermally treated material was
examined for their physical and chemical properties. Subsequently, 10 and 20 Vol.-% were replaced by the
SCM in a binder mixture, respectively. In a first step, the different water demand of the binders was
documented. Ultrasonic methods were used to investigate the stiffening and setting behaviour of the binders.
Finally, the mechanical properties of the binders were investigated in mortar tests. Acceptable compressive
strengths were achieved compared to the reference mortar (mortar mixture without cement substitution). At
first glance, it seems possible to use it as an SCM.

process (separation of cementitious parts and fine
aggregates). The aim of this study is to investigate
whether the proportion of hydraulically active silicate
phases generated by the firing process is sufficient to
influence the water demand and the setting behaviour of
the binder.

1 The use of recycled concrete powder
(RCP) for cement replacement
In construction industry, the focus is currently on
environmentally relevant aspects to conserve natural
resources by improving the material cycle. One approach
to keep materials in the material cycle is the use of fine
recycled concrete components. These were so far scarcely
used in reprocessing. In Germany, crushed sands with
grain fractions < 2 mm have mainly been used in road
construction - with correspondingly low binder contents
[1]. Studies show, that mineral fine powders can certainly
be used to improve the workability and increase the
compressive strength via the packing density, e.g. [2].
However, research is currently being carried out of the
thermal reactivation of hydrated cement constituents from
recycled sands. The resulting hydraulically active phases
can contribute to cement hydration again and thus be used
as a cement additive. The primary goal of thermal
reactivation is the generation of the C2S phase, which
forms at relatively low temperatures. However, C2S is a
polymorphic phase, so the heating and cooling process
must be optimised [3]. Two modifications that have
hydraulic properties are α'-C2S and ß-C2S. In addition, a
correlation between the α'-content and the subsequently
determined compressive strength is described.
In this paper, the question is if fine recycled concrete
powder (RCP) can be used as a supplementary
cementitious material without a previous separation
*

2 Process steps for creating the binder
mixtures
The mineralogical characterization of the precursor
material and of the thermally treated materials was
analyzed by X-ray diffraction (XRD) on a PANalytical
Aeris diffractometer (Malvern Panalytical). Based on the
amorphous content, the potential to re-generate new
calcium silicates from the C-S-H phases can be estimated.
The sand was ground in a ball mill for 8-10 minutes at 400
rpm to a particle size smaller than 63 μm.
The ground RCP were thermally treated at four
different firing temperatures T: 750°C, 800°C, 850°C as
well as 900°C, respectively. Using Blaine equipment, the
specific surface area of the RCPs was determined
according to DIN EN 196-6 [4].

3 Testing setup of the binder admixtures
The standard stiffness of the reference, as well as that of
the mixtures, was determined according to DIN EN 1963 [5].
The setting behaviour in the first 24 hours after
preparation of the mortar mixtures was investigated with
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the aid of the Vikasonic ultrasonic measuring device from
Schleibinger GmbH to get more information than just only
one single result.
In order to carry out tests on hardened mortar samples,
one formwork of each mixture was filled with three
prisms according to DIN EN 196-1 [6]. For the mixtures
with RC proportions, the water content was the same and
only the cement was replaced by 10 or 20 Vol.-% with
thermally treated RCP.

decomposition of the C-S-H phases and the forming of
C2S polymorphs during the thermal treatment.
The particle density increased with treatment
temperature, while the specific surface area decreased.
This could be caused by the onset of agglomeration of
particles at temperatures above 750 °C.
The ground and thermally activated RCP were used as
SCM in cement and mortar. Despite the presumed dilution
effect due to the lower densities of the SCM, the water
demand of the binder mixtures increased with increasing
degree of substitution.
After water demand of each binder mixture was
determined, the setting behaviour of the binders was
traced by means of ultrasonic testing. With a cement
replacement by SCM of 10 Vol.-%, an earlier initial
setting point was reached. However, the final setting
points of all mixtures showed only minor deviations
compared to the reference. This is since the cement
substitution by the SCM results in fewer phases that
contribute to high early strengths. However, the total
duration of the setting process was longer for all mixtures.
A degree of substitution of 20 Vol.-% leads to a reduction
of the setting duration time compared to a degree of
substitution of 10 Vol.-%. At a treatment temperature of
750 °C, lowest influences of the degree of substitution on
the setting duration were observed.
At a substitution level of 10 Vol.- %, over 90 % of the
strength of the reference mortar was achieved. Even with
further cement substitution of 20 Vol.-%, over 85 % of the
reference compressive strength was achieved. This agrees
well with the XRD investigations.
The investigated material thus offers an approach to
find a possible application as SCM, even without complex
separation processes of cement and aggregate.
Nevertheless, the SCM can still be optimised by
increasing the proportion of reactive components.

4 Results
During the thermal treatment process, the strengthbuilding phases of the old cement are decomposed and
transformed into new calcium silicate phases. In addition,
SEM revealed that new crystalline phases formed from
amorphous particles. The order state in the crystalline
lattice thus increases from temperatures above 800 °C
With increasing treatment temperature, the density of
SCM increases. Compared to the cement the densities of
all RCPs are lower. The specific surface area results show
an effect of temperature on the RCP texture.
By determining the standard stiffness, it was possible
to determine the w/c as well as the w/b value of the
respective samples. For all mixes with replacement of the
cement by SCM, it was found that the w/c value increased
compared to the reference without cement replacement.
The w/b value, on the other hand, first dropped when
replacing with untreated RCP, and when thermally treated
RCP, the water consumption increased again. When RCP
is used as SCM, an earlier initial setting point is observed
in comparison to the reference specimen. The final setting
point on the other hand, is subject to less variation than
the initial setting point. But also here, the compounds with
10 Vol.-% SCM replacement show an earlier
solidification end than those with 20 Vol.-%.
The values of the compressive strength of the mortar
prisms indicate that the reference shows the highest value.
The mixtures with 10 Vol.-% replacement are relatively
close to each other compared to the reference. The range
of cement substitution with 20 Vol. % SCM is much
wider.
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Abstract. Saving natural resources has become increasingly important. In construction, research has been
done on alternative methods to replace conventional building materials. One of those novel methods is MICP
(microbial induced calcium carbonate precipitation). In this process, calcium carbonate crystals are
precipitated with the help of ureolytic bacteria. A cementation solution consisting of urea and calcium salt
is used. This precipitation can be used for solidification. In the field of MICP research, there exist multiple
publications with several kinds of tests, but no verifiable compressive strength test. However, most
researchers are concerned with soil improvement or self-healing methods, to fill cracks in concrete.
Similarly, column tests are mainly conducted to investigate the strength. This study presents, a new method
of strength assay that uses hardened sand samples of 3 cm edge length. This allows for an accurate
compressive strength verification and thus the effect of the biocementation treatment. In addition, this
method applies a single treatment method with a novel type of formulation of the MICP components. The
results show that a single MICP treatment is sufficient for the consolidation of various sands. Compressive
strength of up to 1.8 N/mm² was achieved in the process tests in the uniaxial strength test.

1 Single treatment MICP
In the area of Civil Engineering, microbial induced
calcium carbonate precipitation (MICP) can lead to novel
sustainable applications. Ureolytic bacteria catalyse the
hydrolysis of urea, to produce ammonium and carbonate
ions (eq. 1). In the presence of calcium ions, carbonate
ions precipitate as calcium carbonate (eq. 2) [1].
CO(NH2)2 + 2 H2O →  4++ CO32CO32- + Ca2+ → CaCO3

(1)
(2)

Fig. 1. Concept of total volume for single treatment MICP.

2 Results and discussion

The CaCO3 precipitated is able to bind sand grains
together, e.g. to improve the strength and stiffness of soil.
This study aims to develop a new concept of a single
treatment MICP. This concept is transferred to the
precipitation method using beakers and cubic sand
samples. Sporosarcina pasteurii (DSM33) was used for
all MICP experiments. The optical density (OD600) of the
culture was found to be at 13.3. The defined total volume
consists of a balance of bacterial culture and cementation
solution, where the volume of culture used is diluted by
the cementation solution (Fig 1). Using this approach, the
original OD600 of the culture was diluted by the
cementation solution to a total volume of OD1, OD2, and
OD3, each. The molar concentration in the total volume
is 1.68 mol/L CaCl2 and 2.22 mol/L urea. In order to
evaluate the efficiency of the MICP treatment and analyse
the CaCO3 morphology, cementation solution and culture
were combined in beakers to generate precipitates.
According to this concept, MICP treated cubic sand
samples of quartz and calcareous sand were prepared for
uniaxial compressive strength tests.

*

It is observed that the higher the OD dilution, the slower
the precipitation process. Precipitation samples of OD3
almost have precipitated the maximum amount of CaCO3
possible in theory after 24 h, whereas samples with OD1
not until after 14 days reached over 90% of the
precipitation rate. According to the XRD analysis of the
precipitate, the respective percentage distribution of the
CaCO3 polymorphs calcite, vaterite and the amorphous
content within a measured CaCO3 sample were identified.
It is noticed that the calcite content of the precipitate
increases over time while the vaterite and amorphous
content decreases at the same time. SEM images confirm
the transformation of the CaCO3 polymorphs present. The
high concentration of CaCl2 and urea can affect the
precipitation process and plays an important role in the
formation of CaCO3 by MICP [1–3].
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Uniaxial compressive strength was tested on sand samples
treated with MICP, including negative control samples
with NaCl instead of CaCl2. The results of the calcareous
sand samples are approximately in a similar range
between 1.348 N/mm² and 1.558 N/mm² independent of
the OD dilution. The highest average value of
compressive strength of 1.815 N/mm² is found in the OD1
series of quartz sand samples. In contrast, OD2 and OD3
are notably lower at 0.8 N/mm². Low OD600 led to a higher
biocementation effect of the sand samples, although this
effect was reversed when using bacterial culture with high
urease activity. With decreasing urease activity, the
crystals became larger and formed clusters that formed
more effective bridges between particles [4]. SEM image
(Fig. ) of the treated sand sample shows how the
precipitated calcite crystals cover the quartz sand grains
and form a compound. Also, the remaining calcite
structure can be seen in which a grain of sand must have
been placed before.

bacteria and cementation solution. Due to the mortar-like
preparation and the single application, this method could
be an alternative to common column methods and lead the
way to more application possibilities.

Fig. 3. Compressive strength of the quartz sand samples as a
dependence of the CaCO3 crystal morphology of the
precipitation samples.
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Fig. 2. SEM image of MICP treated quartz sand sample.
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CaCO3 content and compressive strength. In the present
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samples of quartz sand based on the calcite content of
CaCO3 shown in Fig. . It can be observed that the
compressive strength reduces due to decreasing calcite
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Abstract. Nowadays, the building industry entering an era where durability and sustainability of materials
are considered more important than high early strength and high speed of construction. From this point of
view, surface treatment technology has become an integral part of concrete structures preventing their
damage in aggressive environments, which leads to a significant extension of service life. One of the usual
inorganic treatment methods is realized with silicate solutions known as waterglasses. It has been proven
that their action mechanism lies in the initiation of new C-S-H gel formation that blocks capillary pores in
concrete surfaces resulting in increased hardness and impermeability. In most cases, sodium and potassium
silicates are referred to as cheap and widely used densifiers. In addition to those already mentioned, the
popularity of lithium silicates has been growing in market share. The beneficial effect of lithium-based
compounds lies in preventing alkali silica reaction as well as a potentially lower tendency to efflorescence.
However, the efficiency of lithium based densifiers is affected by many factors. The aim of this study is to
summarize and evaluate the main chemical and physical characteristics, which should be taken into account
in their application that will allow unlocking a more effective way for concrete treatment.

investigated in terms of the dependence of their silicate
moduli on the gelation process.

1 Introduction
At present, designers of concrete structures have been
mostly interested in the strength characteristics of the
material, but they must also begin to take aspects of
durability into account. The reason is that durability is
considered synonymous with a long service life of
concrete structures [1]. Several methods to provide better
and more durable concrete have been proposed. One of
them is a surface treatment, which provides a possible
method of protection against degradation. There are
various approaches that can be used. For example,
hydrophobic impregnation (water repellent surface with
no pore filling effect), impregnation (partial or total pore
filling effect) and coating (continuous protective film on
the concrete surface) are well known methods [2]. This
paper is concerned about currently popular lithium silicate
densifiers belonging to pore-blocking surface treatment.
Widely accepted working mechanism of alkali silicate
densifiers lies in their reaction with calcium ions in the
surface layer of the concrete to form calcium-silicatehydrate (C-S-H) gel, which blocks the pores and thus
increase hardness and impermeability of the concrete
surface [3]:

2 Methodology
The gelation process measurement is one of the decisive
criteria for the efficiency of densifier. In general, the
gelation time characterizes the speed of the mentioned
reaction (1) between silicates and calcium hydroxide.
Lithium silicate solutions with different silicate modulus
were used as a treatment agents. The content of dry matter
for all solutions was maintained always at 20 wt. %, and
the molar ratio of SiO2 and Li2O was changing.
In this study, an approach based on rheological
measurements of gelation was applied. In accordance with
JC/T 1018-2006 standard, 0.5 g of Ca(OH)2 was mixed
with 50 mL of deionized water. Then 20 mL of lithium
silicates were added to the solution. The gel point was
determined by small-amplitude oscillatory shear
rheological time sweep measurements as a crossover of
storage modulus (Gʹ) and loss modulus (Gʹʹ), i.e. the point
of change in the viscoelastic character of the sample from
liquid- to solid-like (Gʹ ˃ Gʹʹ).
The gelation results were subsequently put in the
context with the water permeability of treated, and
untreated systems. The cementitious samples to be treated
were immersed into lithium silicate solutions for 5
minutes and cured for 24 hours in laboratory conditions.
Thereafter, the measurement took place on the basis of
EN 1062-3 standard and evaluated in percentage form
where the amount of soaked water into the untreated
samples was always set as 100 % value of water
permeability.

Me2O·nSiO2 + Ca(OH)2 → CaO·nSiO2·H2O (gel) +
2MeOH
(1)
The extent and speed of this key reaction in the action
mechanism of densifiers are dependent on many factors.
One of the most important is the chemical composition of
used silicate solution expressed as the ratio between molar
content of silica and alkalis (silicate module Ms).
Therefore, the efficiency of lithium densifiers was
*
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Specifically, the samples treated with lithium silicate
(Ms = 2.6) achieved of about 30 % lower water
permeability after soaking in water for 24 hours in
comparison with untreated samples.

3 Investigation
The gelation process is crucial in terms of proper densifier
functioning. An over-short gelation time causes a too-fast
reaction. As a result, the capillary pores are blocked too
early and the depth of penetration is reduced. Conversely,
a long gelation time delays the treatment process [3].
The colloidal silica nanoparticles in lithium silicate
solutions can be linked together using various setting
mechanisms [4]. All of them are influenced by pH change,
the particle size and its concentration, the presence of
electrolytes and organic liquids, and the temperature [5].
In the case of hydroxides such as Ca(OH)2, released OH–
ions accelerate the gelling. Thanks to the alkaline
hydrolysis of the Si–OH groups on the surface of silica
species, the siloxane bond formation (Si–O–Si) occurs. It
results in the three-dimensional particles’ gelling
network. Nevertheless, the presence of Ca2+ ions could act
also a significant role. The increase in their concentration
into the suspension promotes coagulating mechanism, in
which the particles are closely packed but not linked to
the others [4].
In the case of lithium silicate solutions, the silicate
modulus becomes an important factor in gelation process.
In Fig. 1, the gelation point increases exponentially with
growing moduli. Thanks to a less negative value of zeta
potential of lithium silicate with a low silicate modulus,
the change in molar concentration of electrolyte
(Ca(OH)2) as well as pH results in rapidly reaching of
isoelectric point, in which the gelling starts [6].

Fig. 2. Influence of silicate moduli of used lithium densifiers on
water permeability over time.

4 Conclusion
The results presented in this paper offer the following
conclusions:
i. The efficiency of lithium densifiers depends, among
other things, on the chemical composition, in
particular on the silicate modulus.
ii. Lithium silicate solutions can be advantageously used
for treatment of cementitious surfaces to reduce
their water permeability. However, further research
in this area is needed for a purpose to improve the
quality of such densifiers.
This outcome was achieved with financial support within the
project: GA22-04828S “Advanced lithium silicate sealers: on
the way to sustainable building materials”.
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As a consequence for this reason, this behaviour has an
effect on pore filling of cementitious hydrated surface
with gel products. Fig. 2 shows that the ability of
relatively fast gelation has a direct impact on the water
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5.1 Fibre reinforced cementitious materials
A textile reinforcement method for 3D printed concrete
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Additive manufacturing, also known as 3D concrete
printing (3DCP), has recently gained significant attention
due to its numerous benefits. However, 3DCP still has
significant challenges to overcome before it can be fully
adopted as a feasible alternative to conventional
construction methods. The reinforcement of 3D printed
concrete elements has proven to be such a challenge and
needs to be addressed. Moreover, there are multiple
aspects to this challenge that needs to be taken into
account, such as the lack of clear space above the filament
layer being printed, difficulty in installing the
reinforcement in different directions as well as integrating
the reinforcement into the printing process. Various
strategies have been studied in order to address these
challenges, with different materials being used as
reinforcement before, during or after printing. However,
before reinforcement can be applied, the behaviour of the
consequent composite materials must first be studied.
This study, therefore, investigates the macromechanical behaviour of AR glass fibre textile material as
reinforcement in terms of its flexural performance, to
determine whether it is a feasible solution. During this
study, elements, consisting of four layers, are printed flat
on the surface bed of the printer and are reinforced by a
textile mesh in between subsequently printed layers. The
specimens are reinforced with different geometrical
orientations, with the textile being applied perpendicular
to the printed filaments as well as longitudinally with the
printed filaments. These two sets of specimens further
vary in terms of where the textile is applied. The flexural

*

performance of all the specimens is quantified by
conducting four-point bending tests 28 days after printing.
The results of the tests show that there is a significant
increase in the flexural performance of the perpendicular
orientated specimens that are reinforced with the textiles,
but less so for the longitudinal orientated specimens.
Furthermore, reinforced specimens experienced strain
hardening
properties
and increased
ductility.
Additionally, specimens that are reinforced at the bottom
perform the best in terms of flexural strength and ductility.
During the testing, it is also discovered that voids form
underneath the textile mesh when it is applied in between
the layers and that these voids influence the performance
of the specimens. The voids further also influence the
failure mode as well as the cracking sequence. When the
voids form above the mesh, vertical cracking occur
through the textile mesh layer and spreads to the top of the
specimen where the specimen then proceeds to fail in
shear. In contrast, when the voids form below the textile
layer, horizontal cracking occurs along the mesh layer
after initial vertical cracking, leading to delamination.
It is concluded that specimens that are reinforced with
textile mesh using this method, experience significant
increase in flexural performance especially when it is
perpendicular to the printed filaments and across shear
planes. Different application methods of the textile
reinforcement are recommended to be studied, before,
during and after the printing process. Additionally, it is
recommended that textile that is less stiff, be studied to
determine whether it will decrease the voids that form
during printing.
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Textile Reinforced Concrete for free-form concrete elements:
Influence of the binding type of textile reinforcements on the
drapability for manufacturing double-curved concrete elements
Shantanu Bhat1, *, Matthias Kalthoff2, Patrick Shroeder2, Thomas Gries1, and Thomas Matschei2
1
2
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Abstract. Textile reinforced concrete (TRC) is a sustainable composite material consisting of a
cementitious based matrix in combination with an open meshed technical textile reinforcement made of
carbon or glass fibres. In the future, TRC could be increasingly used in the form of double-curved concrete
elements with the aim of producing filigree yet load-bearing concrete shell structures. To assess whether a
textile is suitable as a reinforcement structure in double-curved textile concrete elements, numerous
properties need to be investigated and evaluated. The most important of these include good handling
properties, bending stiffness tailored to the application, sufficiently pronounced mesh openings, and defectfree drapability. In the course of this work, biaxially reinforced knitted fabrics with five different stitch types
(pillar open, pillar closed, tricot counterlaid, tricot closed and plain) were investigated to evaluate the above
properties. The draping tests were conducted on a robot-controlled draping test apparatus and evaluated with
the aid of an optical measuring system. In addition, the geometric relationship between surface curvature of
the double curved elements and the shear angle of different textiles was used to classify the influence of the
stitch type on the drapability. Finally, for a given double curved geometry, based on the results the selection
of an appropriate textile reinforcement which fulfils the component requirements is carried out and a double
curved TRC demonstrator element is prefabricated. Thus, using the drapability analysis proposed in this
paper, a component specific selection of textile reinforcement for freeform concrete panels is now possible.
This enables the selection of the textile reinforcement with appropriate textile parameters, thereby ensuring
not only textile positioning but also good concrete penetration and good handling of the textile during
precasting.

1 Experimental Investigation

Table 1. Overview of the different textiles used

The biaxially reinforced knitted fabrics used for the
experiments were produced with the high-performance
warp knitting machine “BIAXTRONIC CO” from KARL
MAYER Technische Textilien GmbH, Chemnitz,
Germany. A total of five different biaxially reinforced
knitted fabrics were produced for the tests, which differ
only in terms of their binding type (Pillar open, Pillar
closed, tricot closed, tricot counterlaid, Plain). An
overview of the used textiles can be found in Table 1. The
parameters fibre, fibre fineness, warp and weft repeat and
stitch length were kept constant in order to be able to
investigate the pure influence of the binding type on the
textile properties. The rovings used are made of AR glass
type Cem-FIL 5325 from Owens-Corning Fiberglas
Deutschland GmbH, Frankfurt, Germany and have 2400
tex fineness.

*

Tricot
closed

Tricot
counterlaid

Plain

Backside
Sketch
Dimensions

a
b
c
d

2,00 mm
6,00 mm
4,25 mm
3,75 mm

2,00 mm
6,00 mm
4,25 mm
3,75 mm

4,00 mm
4,00 mm
4,25 mm
3,75 mm

2,50 mm
5,50 mm
4,25 mm
3,75 mm

4,50 mm
3,50 mm
4,25 mm
3,75 mm

1.1 Experimental setup and execution
The aim of drape test methods is to measure and evaluate
the drape behaviour of textiles with regard to the
deformation mechanisms and drape effects described
above, taking into account the requirements relevant for
industry and the cross-component relevance of the textiles
to be tested [1].
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Pillar
closed

Frontside

Pillar
open

head
Coded
scales

Dot 30 cm
prisms

Draping
table

Drape Geometry
(Hemisphere)
Table 2. Rating of the textile reinforcements
PO PC TG TC
P

Handling
Shape
deviation
Mesh
opening
Drape
quality
Fulfillme
nt (%)

Fig. 1. Illustration of the draping of textiles with the test rig used
for the experiments

For the drape tests, the textile specimens were cut square.
The specimen dimensions were 400 mm in length and
width. These dimensions were selected on the basis of the
used drape geometry and its dimensions. Five specimens
for each binding type were tested. In order to be able to
evaluate a draping result with sufficient significance, a
computer-aided optical measuring system is usually
employed, which allows an accurate evaluation of the
shear angle distribution characteristic of a textile.

75

88

75

38

50

Unsuitable

Rather unsuitable

Rather suitable

Suitable

These categories are selected from the perspective of a
precast factory and the quality standards to be fulfilled for
the TRC panels. The listed degrees of fulfilment refer to
components which have the same or similar geometry
aspects as those to which the drape test refers. Based on
the degree of fulfilment of the different textiles as
reinforcement in double-curved components, for the
closed pillar (PC) binding, a degree of fulfilment of 88%
can be assumed based on all criteria and is thus selected
as the suitable textile reinforcement.

2 Discussion of results
The ARGUS software allows the evaluation of the
acquired data by recognizing and including the relevant
quantities for the drape analysis. A distinction was made
between a predefined positive or negative shear angle.
Fig. 2 illustrates the main results of the shear angle
investigation. For the open pillar bond, maximum shear
angles of 38° were measured. The maximum shear angle
for the closed pillar and reverse tricot bindings was 29°
and 27° respectively, and for the closed plain and tricot
bindings 34°. All specimens, with the exception of the
specimens with the reverse tricot and closed pillar bond,
exhibited a strongly anisotropic shear behaviour, i.e., a
non-uniform formation of negative shear angles compared
to positive shear angles. This effect can be explained by
the binding type alone since the used drape geometry
(hemisphere) has no influence on the anisotropic shear
behaviour due to the double-symmetric shape.

4 Implementation and production of a
double curved-TRC component
For the demonstrator component to be fabricated in this
work, a thin-walled, double-curved façade panel made of
TRC is chosen. The largest theoretical shear angles with
up to 33° are to be expected at the transitions between
positive and negative Gaussian curvature. Considering the
drape analysis results from the experiments, the closed
pillar textile reinforcement with a maximum shear angle
of 29° should be suitable for the curvature of the
demonstrator component.
Selected free-form facade panel

Curvature analysis/
Shear angle modelling

TRC precasting
process

Fig. 2. Shear angle formation in the tested textiles

3 Discussion and conclusions for the
choice of a textile reinforcement

Precasted TRC panel

Fig. 3. Design and Fabrication of the free-form TRC panel

In the table below the requirements for textile
reinforcement are listed, based on which the suitability of
textiles as reinforcement structure is evaluated (see Table.
3).
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Study on fundamental properties of the spraying Ultra High
Strength Fiber Reinforced Concrete cured at normal
temperature
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1 Introduction
In Japan, the need for seismic reinforcement of concrete
structures is in case of the deterioration of the social
infrastructure built in the 1960's and for huge earthquakes
that are said to occur in the near future. In addition, from
the viewpoint of improving workability to marine
structures, the spraying method is expected as a simple
construction method for reinforcement. In the spraying
method for seismic reinforcement, high spraying
performance, high strength in hardening and high
durability are required simultaneously. In order to meet
these requirements, thixotropic properties were imparted
to Ultra high strength Fiber reinforced mortar, and mixed
with fine powders such as silica fume, copper fibers, and
chemical fibers such as nylon fibers and polypropylene
fibers.

Fig. 1. Compressive strength test result at 28 days of curing in
water

2 Study on curing properties of sprayed
UFC
The materials used are shown in Table 2-1. The copper
fiber was mixed to improve the bending strength, and the
nylon fiber and the polypropylene fiber were mixed to
prevent cracking in the initial stage after spraying.
Figure. 2 -1 and Figure. 2 -2 show the results of the
compressive strength test and the bending strength test for
each formulation. The compressive strength test and the
bending strength test are the results obtained after curing
in water for 28 days.

Fig. 2. Bending strength test result at 28 days of curing in water

3 Study on Spraying and Durability of
Sprayed UFC

Table 1. Materials used
Material
Ordinary portland cement
Silica fume
Blast furnace slag 20000
Anhydrous gypsum
Fly ash
Wollastonitea
Silica sand
Tap water
Superplasticizer
Defoamer
Retarder
Copper（50μm×2.5mm）

*

Symbol Density (g/cm³）
3.16
OPC
2.25
SF
2.91
BS20
2.90
H-AG
2.67
H-FA
2.91
WO
2.61
S
1.00
W
0.60
SP
1.00
DF
1.17
RE
Cu

8.90

Nylon（28μm×10mm）

N

1.14

Polypropylene（64.8μm×12mm）

PP

0.91

From the results of compressive strength and flexural
strength tests, spraying and initial crack tests were carried
out with three formulations of copper fiber only, 0.1%
nylon fiber and 0.05% polypropylene fiber.
A sufficient spraying thickness was ensured in any
formulation. The results of the initial cracking test are
shown in Table 3-2. The polypropylene fiber formulation
is the best formulation in this study because it has the
largest width but the shortest length.
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Table 2. Initial crack test results

Cu

Width
(mm)
0.11

Length
(mm)
58.58

Area
(mm2)
6.67

Cu+N0.1%
Cu+PP0.05%

0.10
0.11

53.67
46.92

6.00
5.57

Combination

iii. A sufficient spraying thickness can be ensured for the
formulation examined in this study.
iv. The formulation examined in this study could not
suppress initial cracking. Among the tested
formulations, the one with polyproplene fiber
added showed good results for initial cracking.
However, further study is needed in the future.

References
1.

4 Conclusion
The findings of this study are as follows.
i. When the copper fiber and the chemical fiber are
added, the fresh property equivalent to that of only
the copper fiber can be ensured.
ii. When chemical fibers were added, the compressive
strength and flexural strength decreased compared
with those of copper fibers alone, but the addition
of 0.05% polypropylene fibers showed the same
degree of strength development.
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Performance of high-strength Strain-Hardening Cement-based
Composites (HS-SHCC) under cyclic loading
Dominik Junger1,* and Viktor Mechtcherine1
1
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Abstract. Buildings and objects of infrastructure are exposed to a variety of quasi-static and dynamic/cyclic
loads. For a safe, material-minimized structural design, a broad knowledge of the mechanical behaviour of
construction materials under various loading conditions is required. Previous studies showed that StrainHardening Cement-based Composites (SHCC) are a promising class of materials that exhibit an outstanding
resistance under both quasi-static and cyclic loading regimes. However, a deep comprehension of the
mechanisms leading to the specific behaviours of SHCC, especially that under cyclic loads, is still missing.
The contribution at hand presents the experimental results from uniaxial cyclic loading tests performed on
notched dogbone-shaped specimens made of high-strength SHCC with a polyethylene fibre content of 2%
by volume. The samples were exposed to harmonic loads with different frequencies and predefined force
levels for a certain number of load cycles. In addition, morphological analysis of the fracture surfaces and
crack patterns were performed by means of microscopy in order to determine the degradation condition of
each phase, i.e., fibre and matrix. The results are finally discussed referring to the physical phenomena
causing the observed behaviour.

1 Introduction

Table 1. Composition of SHCC under investigation (in kg/m³)

Strain-Hardening Cement-based Composites (SHCC) are
a special group of highly ductile fibre-reinforced
cementitious materials exhibiting a very high tensile
strain capacity caused by a multiple cracking behaviour
[1]. Hence, SHCC is a promising material for structures
exposed to dynamic or cyclic loads, such as impact and
traffic loading. The previous studies performed on SHCC
consisting of a normal strength matrix and polyvinyl
alcohol (PVA) fibres revealed multiple degradation
mechanisms of the fibres, e.g., abrasion or buckling, when
subjected to this type of loading [2,3]. As polyethylene
(PE) fibres exhibit a superior mechanical behaviour in
comparison to PVA fibres under quasi-static loading [4],
they seem to be a promising alternative with respect to the
cyclic performance too. The investigation at hand should
provide first findings on the behaviour of PE-SHCC under
tension-swelling and alternating cyclic loading
conditions. For pure cyclic tension the influence of the
loading frequency is also investigated.

CEM I 52.5R-SR3/NA
Micro silica ELKEM 971
Quartz sand 0.06-0.2 mm
Water
BASF Glenium ACE 460
PE fibres (2.0 Vol.-%)

The fibre under investigation was the commercially
available SK78 from DSM Dyneema® with a length of 12
mm and a diameter of 20 µm. The fibre content was 2.0
% by volume.
The samples were tested at an age of 56 days after
storing at constant climate conditions (20 °C, 65 % RH).
2.2 Testing program
The experiments were performed on dumbbell-shaped
SHCC specimens with a notch depth of 10 mm. The
deformation measurement was carried out by two LVDT.
The load-controlled cyclic uniaxial tension and
tension-compression tests were executed at a loading
frequency of 1 Hz and 20 Hz, the latter only in the pure
tension regime. The upper reversal point was set to 80 %
of the first crack force Fte = 2.7 kN, whereas the lower
reversal point was 10 % of Fte, i.e., 0.3 kN, or 25 % of the
maximum compressive force Fc, i.e., -16.3 kN. The test
was divided in three stages: I - pre-damage induced by a
deformation of 0.35 mm; II - cyclic loading by 150,000
cycles; III – quasi-static pull out.

2 Experimental basics
2.1 Material
The material used in the study is a high-strength PESHCC had been developed at the Institute of Construction
Materials, TU Dresden in a previous work [4]. The
composition is given Table 1.

*
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1460
292
145
315
35
20

static loading stage. In case of reversed cyclic loading, the
repeated crushing of the fibres between the crack faces
caused a more severe deterioration of fibres in form of
buckling and rupture. An increase in loading frequency
caused a stronger bond between fibres and the
surrounding cementitious matrix leading to lower strain
level and a smaller decrease in stiffness. In addition,
higher ultimate tensile strengths were measured.
Nevertheless, the degradation phenomena were very
similar for both loading frequencies. The experiments and
analyses showed that the cyclic behaviour and
degradation of PE-SHCC strongly depends on the loading
history. Based on the test data the composite showed
apparently a higher resistance in the distinct loading
regimes in comparison to PVA-SHCC studied in previous
research.

3 Test results

Stress σ [MPa]

Fig. 1. shows the stress–cumulative crack opening
relationship for representative samples from each test
series. Note that cumulative crack opening is defined here
as the sum of all single crack widths in the area of the
notch, i.e. 5 mm to each side of the notch.
15
10
5
0
-5
-10
-15
-20
-25
-30
-35

S_P2H_l
Z2_P2H_l
Z2_P2H_s
W1_P2H_l
-0.5

0.0
0.5
1.0
1.5
2.0
2.5
Cumulative crack opening w [mm]

3.0

Fig. 1. Stress–crack opening relationship for pure tension and
alternating cyclic loading tests

The samples from the tension-swelling test series, i.e.
Z2_P2H_l (1 Hz) and Z2_P2H_s (20 Hz) could stand the
applied 150,000 loading cycles and still show a strainhardening behaviour in the final quasi-static loading with
ultimate tensile strengths of 8 MPa and above 9 MPa,
respectively. This can be traced back to a stronger bond
between fibre and matrix at higher strain rates causing
narrower crack widths and thus strains [5,6]. This leads
subsequently to a less severe degradation of the fibre [7]
and thus a less pronounced decrease in materials’ stiffness
of merely -25 % for Z2_P2H_l and -4 % for Z2_P2H_s.
The fibres showed only slight signs of deterioration; the
majority were pulled out from the matrix in phase III.
In case of the alternating loading regime W1_P2H_l,
the compressive component causes high plastic strains
due to the repeated crushing of the fibres between the
crack faces leading to a significant reduction in the
stiffness and finally a premature failure in phase II. The
ongoing crushing initiates the total defibrillation and
rupture of the fibres in highly stressed areas as can be seen
in Fig. 2.

Fig. 2. ESEM scan of the crack surface of a sample from the
W2_P2H_l series
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4 Conclusions
The contribution at hand presented the cyclic performance
of Strain-Hardening Cement-based Composites (SHCC)
under tension-swelling and reversed cyclic loading.
When subjected to a tension-swelling regime, the
samples showed less critical signs of deterioration, the
majority of fibres were eventually pulled out in the quasi-
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Flexural strength of fibre reinforced concrete in relation to the
angle of magnetically orientated fibres
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Abstract. This paper focuses on high-performance fibre-reinforced concrete and its flexural strength
concerning fibre orientation. The orientation is provided by a fully controlled special device. This device
can align the fibres in fresh concrete using a magnetic field. The specimens are inserted into the device at
different angles to ensure different fibre orientations concerning the longer side of the sample, which
corresponds to the direction of the main tensile stresses. Specifically, angles of 0 °, 30 °, 60 ° and 90 ° are
tested and compared with each other and with reference specimens that are not exposed to a magnetic field.
All samples are measured by a non-destructive method. This method was developed in our previous research
and is based on measuring the quality factor Q of a measuring coil using an impedance meter. The samples
are inserted into a measuring coil connected to an impedance meter. Flexural strength is obtained from the
results of a three-point bending test. All samples are tested until complete failure.

coil device using a magnetic field. It generates the
magnetic field with the magnetic induction of 100 mT.
The alignment of fibres at different angles is assured with
a special holder, which keeps the specimen in the correct
rotation. The tested angles were 0°, specimens have fibres
aligned parallel to the long side of specimens, 30° have
fibres oriented at the angle of 30° between fibres and the
long side of the specimen and so on for other two angles
60° and 90°, where 90° means the perpendicular
orientation of fibres to the specimen’s long. The reference
specimens N are produced as well.

1 Introduction
In this paper, the method of orientation with a magnetic
field is used. The special device designed and tested in our
previous research is used to obtain the required fibre
orientation. This technology of magnetically orientated
fibres has great potential in industrial use, where it can
decrease human sources and increase automatization of
whole concrete prefabricates, which is perfectly fulfilling
the concept of construction 4.0 [1].
Because the CT scans or X-ray are an expansive
method of detection of the position and orientation of
fibres, we have developed the non-destructive inductive
method for a comparative measure of the fibre's
orientation. This non-destructive method is timeindependent and can be even used for non-harden
specimens. In previous research, this method has been
proven as a fast, reliable, and low-cost way how to detect
the orientation of [2], [3].

2.2 Testing
Specimens were demoulded after 24 hours from
prefabrication and afterwards measured with the nondestructive method. The non-destructive method uses a
measuring coil with an inserted specimen, the measured
value is quality factor Q for evaluating the fibre
orientation [2]. The specimens with fibres that were more
aligned to the axis of the measuring coil (in our case 0°)
have a lower value of Q factor than specimens with fibres
aligned perpendicularly to the axis of the measuring coil
(90°).
Subsequently, after the non-destructive measurement,
the specimens were kept for 27 days in a dry room
environment at 20° C and after this time, they were tested
using a three-point bending experiment. The test was done
using a hydraulic loading machine with a deformation
control of 0,1 mm/min. The total span was 100 mm, and
the loading point was in the middle. All specimens were
tested until to a minimum of 3 mm of displacement. The
fragments were then subjected to compressive strength
tests.

2 Material and methods
2.1 Manufacturing of specimens
The special mixture of HPC combined with 1,5 % of the
volume of steel fibres is used. The dimensions of the
specimens are 40 mm x 40 mm x 160 mm. We have to use
special plastic moulds because of the magnetic field. All
filled moulds prepared for magnetic orientation were
closed from the top and immediately subjected to the
magnetic orientation process. Exposure time to the
magnetic field is 5 seconds. It is important to assure
exposition to the magnetic field as soon as possible as the
fresh mixture has suitable rheology so the magnetic field
can overcome the matrix's resistance against the fibre
rotation [4]. The fibres have been oriented with a special
*
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3 Results

4 Conclusion

Fig.1. shows the measured quality factor Q and flexural
strength. The number signs the angle between the fibres
and the long side of the specimens. Specimens marked as
N are reference specimens, which are not exposed to the
magnetic field. Specimens with fibres aligned parallel to
a long side of a specimen (0°) have higher flexural
strength because the fibres are orientated in direction of
main tensile stress, and have a lower value of Q. As in the
previous research [2], the results show the non-destructive
measuring method very well corresponds to the
mechanical properties, concretely to the flexural strength.
The average values of Q are 26, 30, 50, 94 and 32 for
0°,30°,60°,90° and N (non-oriented specimen),
respectively (). The values of flexural strength are 13
MPa, 10 MPa, 7,5 MPa, 7 MPa and 11 MPa for
0°,30°,60°,90° and N, respectively. As mentioned above
the specimens with oriented fibres in the direction of the
long side show the highest strengths and the lowest Q. The
reference specimens exhibit similar mechanical properties
to specimens with fibres oriented at an angle of 30°.
However, it is important to underline that the fibre
orientation of the reference specimens is quite dependent
on the mould dimensions. If the mould is smaller and
narrow the fibres tend to orient themselves when the
mixture is placed in the moulds. However, if the mould is
larger, the randomness of the fibres can be expected to be
greater, and their average orientation will be probably less
than 30°.

In this paper, the dependency of flexural strength on fibre
orientation is presented. The orientation of fibre is assured
with the special device generating the magnetic field. The
flexural strength increases its value by 2 %, 40 % and 80
% for the angle of fibres 60°, 30° and 0°, respectively, in
comparison with fibre angle 90°°, where 0° is in direction
of the main tensile stress. The results from the nondestructive measurements, which were taken before the
destructive tests, showed a very good correlation with the
results from the destructive tests. The average values of Q
are 26, 30, 50, 94 and 32 for 0°,30°,60°,90° and N (nonorientated specimens), respectively. The values of
flexural strength are 13 MPa, 10 MPa, 7,5 MPa, 7 MPa
and 11 MPa for 0°,30°,60°,90° and N, respectively. The
assumptions have been confirmed, specimens with fibres
more oriented in the direction of the main tensile stresses
can carry more loads and the non-destructive Q
measurement method works and correlates very well with
the flexural strength results.
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Static Behaviour of Steel Fibre Reinforced Concrete Pavements
on A Single Fibre Level
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Abstract. To improve the tensile behaviour of concrete, fibre reinforced concrete (FRC) has gained
popularity in the past few decades. In this study, the static behaviour of steel fibre reinforced concrete is
assessed at a single fibre level. An indication of the behaviour under fatigue loading is also provided.
Quantitative and qualitative Single Fibre Pull-out Tests are carried out for 3D and 5D steel fibres embedded
at 0°, 15° and 30° angles. The experimentation indicated that an increase in the fibre hooks and fibre
embedment angle lead to an increase in mechanical anchorage of the fibres in concrete.

exposed out of the specimen has the hooks cut off to allow
for better testing. Following the mix design in Table 1,
one specimen size of 40×100×100mm was used, with the
fibres embedded at 30mm. Styrofoam pieces were used to
hold the fibres in place during casting. The specimens
were dried in a temperature-controlled room for the first
24 hours, then demoulded and cured in water tanks for 26
days. On the 27th day, the specimens were removed from
the water tanks and allowed to air dry for 24 hours.
On the 28th day, the specimens were tested. Using the
MTS Criterion machine static tests were carried out at a
pull-out rate of 2.5mm/min, the static tests were done and
the peak loads, Amax, resisted by the fibres and the fibre
failure modes were recorded. Using a 50kN servo
controlled hydraulic Instron actuator, the fatigue tests
commenced next. The peak load, Amax, was then used in
the cyclic loading in the fatigue tests, in conjunction with
a constant minimum load Amin of 3kN. The fatigue tests
were carried out until 2 million cycles or fibre failure
occurred.

1 Introduction
Very strong in compression and weak in tension, concrete
is a globally used construction material offering a vast
array of benefits to the structural world. To improve its
tensile strength, various reinforcement methods have been
used over the years, of these, fibre reinforced concrete
(FRC) has gained popularity [1]. Fibres not only improve
the tensile strength of the concrete matrix, but also control
crack propagation through crack bridging action [2].
In this study, the long-term behaviour of FRC
pavements is investigated through conduction of static
and fatigue meso-scale level tests using different steel
fibres. To achieve this goal, the influence of different fibre
geometries and embedment angle on the pull-out
behaviour of fibres in FRC was investigated. The Dramix
3D steel and 5D steel fibres with one hook end and two
hook ends respectively were used to investigate this.
Static and fatigue Single Fibre Pull-out Tests (SFPT) were
carried out and Computed Tomography (CT) x-ray scans
were taken to assess the internal action of the fibres.
Embedded at half their length, the fibres were oriented at
0°, 15° and 30° during SFPTs and were ran until fibre
failure for both static and fatigue tests or at 2 million
cycles as well for the fatigue tests.

3 Results and discussion
The average results of the static SFPTs are as tabulated in
Table 2. Figure 1 illustrates an example of the results
obtained for the static SFPTs, in this case those of the 3D
steel and 5D steel at 15°.

2 Experimental programmes
For this investigation, a high strength concrete mix of
60MPa compressive strength was used to best model
concrete pavement under high traffic loading. The mix
design is provided in Table 1.

Specimen
Group

Amax
(N)

Table 1. Concrete mix properties [2]

3D-0°

454,4

3D-15°

494,8

3D-30°

595,2

5D-0°

812,8

5D-15°

934,7

5D-30°

1096,4

Material
Cement
Sand
Stone
Water
Superplasticiser

Table 2. Static SFPT average results

Quantity kg/m3
450
880
820
194
6.3

As the first step in the specimen preparation, the fibres
were selected, cleaned, and bent into 15° and 30° while the
rest we kept straight for the 0° testing. The ends to be
*
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Failure modes
Fibre pull-out and Fibre
rupture
Fibre pull-out
Fibre pull-out and Fibre
rupture
Fibre pull-out
Fibre pull-out and Fibre
rupture
Fibre pull-out and Fibre
rupture
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Fig. 1. Static SFPT load-pull-out graphs for (a) 3D steel fibres and (b) 5D steel fibres at 15°
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Fig. 2. Fatigue SFPT load-pull-out graphs for (a) 3D steel fibres and (b) 5D steel fibres at 15°

•

From the results obtained, fibre pull-out was the leading
failure mechanism. The fibre ruptures were more
pronounced at higher fibre embedment angles, and this
was attributed to the additional anchorage created by the
angle. The 5D steel fibres were more susceptible to fibre
rupture than the 3D steel fibres because of the greater
mechanical anchorage of the 2 hooks at the ends that led
to rupture occurring along the intermediate length of the
fibre. The pull-out behaviour in Figure 1 is similar to the
model proposed by Fataar et.al [2], occurring in five
phases; fibre-matrix debonding, complete debonding,
fibre hook deformation, fibre straightening and fibre pullout. Figure 2 indicates the fatigue behaviour of the
specimens with fibres embedded at 15°. The fatigue
results indicated even though the 5D fibres have better
anchorage than the 3D fibres, they resist less load cycles
because of the yielding and rapturing along their length.

•
•
•
•

5D steel fibres resist greater pull-out loads than 3D
steel fibres due to better mechanical anchorage
brought by 2 hook ends.
Fibre pull-out is the most pronounced failure
mechanism for the static SFPTs.
An increase in fibre embedment angle creates an
increase in fibre anchorage.
Fibre rupture is more likely to occur in fibres at 15°
and 30° angle embedment angles than in straight
fibres due to increase anchorage.
3D steel fibres resist more fatigue load cycles than 5D
steel before fibre failure. This is due to 5D steel
having better anchorage of hooks, leaving the rest of
the length susceptible to yielding and rupture.
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6 ALKALI-AGGREGATE REACTION MITIGATION (RILEM
TC 300-ARM)
Actions to mitigate alkali-aggregate reaction in affected
structures
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Abstract. One of the aims of the new RILEM TC 300-ARM is to help bridge the gap between the important
advances in procedures for the diagnosis, prognosis and mitigation of alkali-aggregate reaction (AAR), and
their application in real structures. This paper presents the ongoing work of this TC to develop a state-ofthe-art report on current strategies to mitigate alkali-aggregate reaction (AAR) in affected concrete
infrastructures, including a critical review of those strategies and a set of criteria to consider before choosing
the best solution.

applied for that purpose, and the scenarios considered
most appropriate for their application.

1 Introduction
Alkali-Aggregate Reaction (AAR) is a chemical reaction
between the alkali hydroxides from the concrete pore
solution and some unstable mineral phases from the
aggregates used to make concrete. AAR generates a
reaction product, a hygroscopic alkali-silica gel that
swells upon moisture uptake, leading to major cracking
and reducing the mechanical properties of the affected
material.
AAR has affected a significant number of concrete
structures worlwide, causing important losses due to the
need for repair or, in some cases, replacement of the
affected structures.
The efforts made by the scientific and technical
community have allowed important advances in the
prevention of this reaction for new structures, as well as
in the procedures for its diagnosis and prognosis.
Despite the studies carried out on methods to mitigate
this reaction and its deleterious effects in the affected
structures, mainly based on laboratory tests, there is still
great uncertainty regarding the effectiveness and
durability of those methods when applied in situ to real
structures. This uncertainty is critical for the owners of the
affected structures as it can lead to unsafe solutions or, on
the contrary, unnecessary expenses.
In order to contribute to the solution to this problem,
RILEM has created a Technical Committee 300-ARM:
“Alkali-aggregate reaction mitigation”. One of the
purposes of this committee is to develop a state-of-the-art
report (STAR) on applied strategies to mitigate AAR in
concrete infrastructures, discussion its benefits and its
main drawbacks. This STAR is being developed within
the work package 1 (WP1).
This paper presents a general framework of the
procedures used to mitigate AAR and its structural
effects. In addition, an overview is given of the work
being undertaken within the TC 300-ARM to identify the
main advantages and limitations of different methods
*

2 Appraisal of the situation
The selection of the most appropriate action or actions to
mitigate the effects of the AAR on an affected structure
should be preceded by a careful appraisal of the specific
situation.
This appraisal should take into account the data
available from the construction (type of cement and
aggregates, composition of concrete, type of curing,
exposure conditions, etc.), the information provided by
the inspections of the structure (structure geometry,
extension and level of degradation, etc.) and the results
provided by the lab tests regarding the diagnosis and
prognosis (i.e., the type of reaction and its residual
expansion potential).
In short, before the choice of the actions to be taken, it
is important to clarify how severe is the current situation,
how fast will it get worse, and how much worse will it
become.

3 Actions to mitigate AAR in affected
structures
3.1 Mechanical means
The methods of repair of a mechanical nature are, mainly,
based on additional reinforcement, concrete confinement,
or stress release.
Additional reinforcement can be provided by
installing active or passive reinforcement: the former by
prestressing, using tendons or steel bars; passive
reinforcement can be made by steel, but also by fibre
reinforced polymer (FRP) or carbon fibre reinforced
polymer (CFRP).
The principle of this technique is to introduce a threedimensional prestressing whose objective is to try to
confine the expansion. Zhychkovska et al. [1] found that
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transverse confinement had a beneficial effect on the bond
stress and bond-slip response of AAR affected concrete
irrespective of the presence of longitudinal reinforcement.
The effect of triaxial reinforcement has also been studied
to evaluate the effects on expansion, damage, and
mechanical properties. Zahedi et al. [2] investigated the
effect of reinforcement on AAR affected concrete blocks
and evaluated its effects using the stiffness damage test
(SDT), damage rating index (DRI), residual expansion for
prognosis of damage, having the results revealed that the
presence of reinforcement affects induced expansion
yielding anisotropic distribution of less induced
expansion, and reduced damage features for the confined
directions.
The effect of confinement is clear when comparing the
random crack distribution for unconfined concrete (Fig. 1)
and the oriented cracks parallel to the longitudinal
prestressed concrete (Fig. 2).

important, because the retention of moisture inside the
concrete is very harmful for the intended mitigation.
Coating of concrete surfaces consists of applying a
product that forms a continuous layer on the concrete
surface [3]. Coatings are generally divided into two types:
those acting as a physical barrier, such as cementitious,
polymer cementitious coatings or even paint; those acting
as a physical/chemical barrier, since they also react
chemically with cement and altering concrete properties.
3.3 Chemicals or electrochemical means
The use of chemicals or electrochemical means to mitigate
AAR has also been applied. In particular, the use of lithium
salts is reported for slow down the expansion rate of the
reaction [5]. The use of the cathodic protection was also
tried, but some studies found that high cathodic current
densities in the early stages increase alkali enhancement
and AAR potential around the steel rebars [6].
3.4 Replacement of the structure
The replacement of parts of a structure, or even the whole
structure, is a drastic and expensive solution, which has
been adopted in some cases, usually for an association of
reasons, such as logistical and economic difficulties in
applying other techniques, occurrence of other anomalies,
updating the capacities of the affected structure. An
extensive application of this solution is presented in [7].

4 Work in progress
Fig. 1. Cracks for unconfined concrete structure.

The efficiency of the different solutions will be evaluated,
based on the experience achieved from many case studies,
including dams, bridges, building foundations, nuclear
power plants, pavements or railway sleepers.
Finally, the TC 300-ARM is preparing a critical
review of the different solutions and a set of criteria to
consider before choosing the best solution.
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based on the sawing whole or part of a structure. The
experience shows that the cut may close rather rapidly if
a high compression exists in the dam due to AAR, and a
re-cutting may be necessary [3].
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3.2 Prevent water or humidity from penetrating
the structures
Since AAR requires the presence of water, preventing
water or moisture contact with concrete is one type of
technique commonly used to mitigate the AAR
development. This can be done using hydrophobic
impregnation, coating concrete surfaces, or applying
waterproofing membranes.
The surface impregnation does not hinder the free
movement of water vapour through the pores and,
therefore, it allows concrete to breath [4], which is very
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1 Introduction

2 Materials and Methods

Alkali-Silica Reaction (ASR) is one of the most harmful
distress mechanisms affecting the durability and
serviceability of concrete infrastructure worldwide. ASR
damage degree and features depend upon the type (i.e., fine
and coarse aggregate) and reactivity of the aggregates used,
the amount of alkalis of the concrete, the temperature
and relative humidity of the environment [1,2]. Over the
years, several approaches and recommendations, including a
comprehensive variety of laboratory test procedures, have
been developed around the world to assess the potential
alkali-reactivity of concrete aggregates and the efficiency
of preventive measures (i.e. control of the cement &
concrete alkali content, use of supplementary cementing
materials - SCMs, etc.) [2,3]. Although SCM have been
used with a high level of success to reduce expansion due to
ASR to a very low level, it is of interest to find
alternatives or additional ways to mitigate the expansion
due to the following reasons: (i) the scarcity of SCM in
some locations worldwide, (ii) the recently reported
uncertainties associated with the long-term expansion of
concrete with SCM, and (iii) the need for materials to
combat ASR in affected structures. Moreover, once ASR
starts in the field, onerous (and often inefficient) human
intervention becomes necessary. In this regard, nontraditional materials can be sued with SCM as a second line
of defense if long-term expansion develops in the concrete
structure. Among the non-traditional materials are: (i)
self-healing materials that form in cracks and mitigate
the expansion by reducing the ingress of water to the
concrete, (ii) fibers that limit crack width and provide some
restraining to the expansion, and (iii) chemical
admixtures that alter the reaction and reduce its severity. In
this context, the work-package two (WP2) of the RILEM
technical committee “Alkali-aggregate reaction mitigation
(TC-300-ARM)” aims to assess the efficiency of alternative
products/systems (e.g., conventional and enhanced selfhealing systems, fibres, nanoparticles, water repellent
admixtures, etc.) to mitigate ASR-induced expansion and
deterioration in the laboratory. In this paper, a laboratory
investigation on the potential use of such materials is
presented.

Five different concrete mixtures incorporating one highly reactive
greywacke coarse aggregate (Springhill) were fabricated with
three different admixtures (i.e., lithium nitrate – LTM, two
commercially available hydrophilic permeability reducing
admixtures, also called -called crystalline waterproofing
materials – CW1 and CW2. In addition, a crystalline surface
applied waterproofing – CA, and a high-performance penetrating
sealer) were used. . It is worth mentioning that lithium compounds
are commonly shown in the literature as a good alternative in
modifying the reaction kinetics, yet they are quite expansive and
impractical to be applied in different scenarios. However, lithium
nitrate was selected in this study to be used in two different
methods, internally (i.e., added during the batching) and
externally (i.e., applied on the surface) to the concrete, as a second
control mixture known to display acceptable results on mitigating
ASR. The coarse aggregate ranged from 5 to 20 mm in size. Nonreactive fine (NF) aggregate was used in combination with the
reactive aggregates for concrete manufacturing. All ten concrete
mixtures were mix- proportioned as per ASTM C1293 to present
the same water to binder ratio (w/b of 0.45) and amount of binder
materials (420 + 10 kg/m3).
It is worth noting that the application of coated materials
requires a surface treatment of concrete for better adherence and
performance. After achieving the pre- determined expansion
levels, i.e., 0.00% and 0.20%, the surface treatment was applied
which consisted of three main steps: a) surface preparation, b)
drying the specimens, c) coating application (further explanation
can be find in [5]). The first two steps were implemented on all
specimens, even for the control specimens in which no coating
material was applied. The third step was applied following the
specification of each material.

*

2.1 Assessment of ASR development
The mechanical damage associated with ASR is usually directly
related to the degree of induced expansion. The compressive
strength and modulus of elasticity were selected in this study to
evaluate the effect of expansion on mechanical properties of
concrete.
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3 Preliminary results and discussion
ASR expansion kinetics and amplitude results are
presented in Fig. 1. Disregarding the control group, which
displayed the greatest expansions, 0.45% at 360 days, the
groups containing CWs presented faster reactivity than
LTM mixtures, reaching 0.27% (CW1) and 0.37%
(CW2). On the other hand, Fig. 1 b shows that after 360
days of the surface treatment, LTM displayed similar
expansion as that of the control mixtures (i.e., 0.43% and
0.44%; 0.43% and 0.42% for the control and LTM when
applied at 0.00% and 0.20% expansion, respectively).
However, the application of both silane (Sil) and
crystalline surface waterproofing (CA) reduced the final
expansion by 24% and 30% for Sil and CA, respectively.
b)
a)

Fig. 2. Compressive Strength and Modulus of Elasticity Losses
as a function of the expansion amplitudes for bulk application
concrete specimens

The compressive strength and modulus of elasticity of the
surface treated specimens (Fig. 3) followed quite closely
the expansion development of the concrete specimens.
This observation is different from the results presented in
Fig. 2 where CW1 and CW2 added in bulk showed less
compressive strength reduction compared to the control
sample at the same level of expansion. In other words, the
coating materials could not modify the ASR distress
development, yet they altered ASR-kinetics slowing
down the overall progress of the damage.

Fig. 1. Effects of the investigated materials on ASR expansion:
a) bulk application (as an admixture); b) surface treatment.

As discussed in the literature, at low expansion levels
(e.g., 0.05-0.07%), cracks can be mainly found inside the
aggregate particles, and it is unlikely to find cracks in the
cement paste extending from the aggregates. Moreover,
until the point that the internal crack of the aggregates
reaches the cement paste, it is unlikely that CWs
admixtures start healing those cracks. In other words, a
minimum influence on ASR-induced kinetics is observed.
However, at moderate expansion levels (e.g., 0.100.12%), the cracks keep growing within the aggregates (in
length and width) and extend to the cement paste.
Therefore, crystalline admixtures (CW1, CW2 and their
combination, CW3) can minimizing the moisture and start
healing the formed cracks in the cement paste, which may
be responsible for the changes in the kinetics observed in
Fig. 1.
In general, compressive strength (CS) decreased in the
function of the expansion amplitude; the higher the
expansion level, the higher CS losses (Fig. 2a). At each
period of evaluation, control specimens reached 0.22%,
0.32% and 0.45% of expansion resulting in 22%, 28% and
35.1% of CS loss. The mixtures containing CWs showed
less CS losses than control specimens for comparable
expansion levels. At 360 days of exposure, the
compressive strength loss of CW1 and CW2 was 12% and
20%. The CS of Lithium-made samples, at low expansion
levels, were found as 9%.
The Modulus of Elasticity (ME) losses (i.e., decrease
in ME) increased with time or expansion for all mixtures.
Even though the different mixtures showed a wide range
of ME losses, a similar loss was obtained at the same
expansion level, regardless of the binder composition of
the concrete mixtures.

Fig. 3. Compressive Strength and Modulus of Elasticity Losses
as a function of the expansion amplitudes for surface treated
concrete specimens

In general, the application of coating (CA) and sealers
(Sil) on the surface of the concrete specimens showed
promising evidence that they significantly modify ASRkinetics. The only exception was spraying lithium on the
surface, which displays similar results as the control
samples. Moreover, it is worth mentioning that the use of
crystalline waterproofing coatings, which contain
artificial triggering healing agents, did not modify the
distress mechanism of ASR or recovered mechanical
properties of the affected concrete specimens.
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1 Introduction

2 Materials and Methods

Alkali-Silica Reaction (ASR) is one of the most harmful
distress mechanisms affecting the durability and
serviceability of concrete infrastructure worldwide. ASR
damage degree and features depend upon the type (i.e.,
fine and coarse aggregate) and reactivity of the aggregates
used, the amount of alkalis of the concrete, the
temperature and relative humidity of the environment
[1,2]. Over the years, several approaches and
recommendations, including a comprehensive variety of
laboratory test procedures, have been developed around
the world to assess the potential alkali-reactivity of
concrete aggregates and the efficiency of preventive
measures (i.e. control of the cement & concrete alkali
content, use of supplementary cementing materials SCMs, etc.) [2,3]. Although numerous studies have found
that ASR-induced expansion and distress may be
prevented by the appropriate use of SCMs [1,4], recent
studies are now finding that the deterioration is actually
"only" delayed and not entirely suppressed. Moreover,
once ASR starts in the field, onerous (and often
inefficient) human intervention becomes necessary.
In this context, the work-package three (WP3) of the
RILEM technical committee “Alkali-aggregate reaction
mitigation (TC-300-ARM)” aims first to evaluate
established RILEM accelerated test procedures to assess
the efficiency of alternative products/systems (e.g.,
conventional and enhanced self-healing systems, fibres,
nanoparticles, water repellent admixtures, etc.) to mitigate
ASR-induced expansion and deterioration in the
laboratory. Then, a discussion on the need of adapting
these established protocols to test the efficiency of
alternative products/systems will be conducted. To
achieve this goal, an international interlaboratory will be
performed, using common (i.e., highly reactive
greywacke from Canada) and specific reactive aggregates
(i.e., from the distinct countries participating in this
experimental campaign) along with a wide variety of
alternative products/systems as per the expertise of the
distinct participants; the interlaboratory findings will
provide insight on the efficiency of numerous alternative
materials/systems to control ASR-induced development,
enabling researchers, engineers and infrastructure owners
to better cope with the ASR in practice.

Five different concrete mixtures incorporating one highly
reactive aggregate (Springhill graywacke crushed coarse)
were fabricated and three different admixtures (i.e.,
lithium nitrate – LTM and two commercially available
hydrophilic permeability reducing so-called crystalline
waterproofing materials – CW1 and CW2, while CW3 is
the combination of both) were selected for the first part of
the research. Moreover, it was not used any type of
superplasticizer in this research. It is worth mentioning
that lithium compounds are commonly shown in the
literature as a good alternative in modifying the reaction
kinetics, yet they are quite expansive and impractical to
be applied in different scenarios. Regardless that, lithium
nitrate was selected is this study to be used as a second
control mixture known to displayed acceptable results on
ASR-development. The coarse aggregate ranged from 5
to 20 mm in size. Non-reactive fine (NF) aggregates was
used in combination with the reactive aggregates for
concrete manufacturing. All ten concrete mixtures were
mix-proportioned as per ASTM C1293 to present the
same water to binder ratio (w/b of 0.45) and amount of
binder materials (420 + 10 kg/m3).

*

2.1 Assessment of ASR development
ASR damage development is usually directly related to
the degree of induced expansion caused by this
physicochemical mechanism. Although conventional
mechanical testing (i.e., compressive and modulus of
elasticity) are often used to evaluate the mechanical
properties of ASR-affected concrete, a multi-level
approach through the use of advanced microscopic and
mechanical techniques was found to be extremely
important to understand and explain ASR-induced
damage development. Thus, the following compressive
strength, stiffness damage test, and damage rating index
were selected in this study.

3 Preliminary results and discussion
ASR expansion kinetics and amplitude results are
presented for all sixteen mixtures fabricated in the
laboratory; Fig. 1 illustrates the average expansion values
of each of them over time. Disregarding the control group,
which displayed the greatest expansions, 0.45% at 360
days, the groups containing CWs presented faster
reactivity than LTM mixtures, reaching 0.27% (CW1),
0.37% (CW2), and 0.32% (CW3).
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displayed slightly higher DRI number than CW3 (656 and
629, respectively), even achieving lower expansion
amplitude after 360 of ASR development. The lowest DRI
numbers found after 360 days of testing were 331 for
LTM mixture.
As discussed in the literature, at low expansion levels
(e.g., 0.05-0.07%), cracks can be mainly found inside the
aggregate particles, and it is unlikely to find cracks in the
cement paste extending from the aggregates. Moreover,
until the point that the internal crack of the aggregates
reaches the cement paste, it is unlike that CWs admixtures
start healing those cracks. In other words, a minimum
influence on ASR-induced kinetics is observed. However,
at moderate expansion levels (e.g., 0.10-0.12%), the
cracks keep growing within the aggregates (in length and
width) and extend to the cement paste. Therefore,
crystalline admixtures (CW1, CW2 and their
combination, CW3) can minimizing the moisture and start
healing the formed cracks in the cement paste, which may
be responsible for the changes in the kinetics observed in
Fig. 1. Indeed, Fig. 3 illustrate the microscopic features of
the DRI analysis, and it is clear that CWs-made concrete
mixtures lessened the number of cracks in the cement
paste (i.e., CCP and CCPG). For instance, after 90 days of
ASR-induced development, SPH-Control achieved
0.22% of expansion and total DRI number of 708, at close
expansion amplitudes, SHP-CW2 and SPH-CW3 (i.e.,
0.24% and 0.21% at 180 days, respectively) demonstrated
18% and 30% lower total DRI number. Furthermore, it is
worth noticing that the DRI number of cracks found
within the aggregate particles (i.e., CCA, OCA, OCAG,
and CAD) and in the cement paste (i.e., CCP and CCPG)
separately, the influence of DWs is even clearer.
Comparing SPH-Control (90 days), CW2 (180 days), and
CW3 (180 days) with expansion around 0.22%, the sum
of CCA, OCA, OCAG, and CAD are somewhat similar
among the distinct concrete mixtures' specimens (459,
493, and 435, respectively). However, the sum of CCP
and CCPG, on the other hand, was 249, 88, and 61 for
Control, CW2, and CW3. Overall, CWs lowered the
number of cracks in the cement paste at equivalent
expansion amplitudes in about 68%. These promising
results show evidence that these materials (i.e., CWs) can
change ASR-distress development. In one hand, the
overall similar amount of cracks in the aggregates likely
explain the behaviour on ME losses, while the expressive
decrease in the number of cracks in the cement paste due
to the use of CWs lowered significantly the compressive
strength losses of the concrete specimens.

Fig. 1. Expansion of the ASR-affected concrete specimens.

In general, compressive strength (CS) decreased in the
function of the expansion amplitude; the higher the
expansion level, the higher CS losses (Fig. 2a). At each
period of evaluation, Control specimens reached 0.22%,
0.32% and 0.45% of expansion resulting in 22%, 28% and
35.1% of CS loss. The mixtures containing CWs lowered
CS losses for comparable expansion levels than Control
specimens. At 360 days of exposure, the compressive
strength loss of CW1, CW2, and CW3 was 12%, 20%, and
18%. The CS of Lithium-made samples, also with low
expansion levels, were found as 9%.
The ME losses presented an increase as a function of
time (i.e., decrease in modulus of elasticity) for all
mixtures. Even though the different mixtures gathered a
wide range of ME losses, the values indicated in both plots
a concave trend towards ASR development. Globally, at
equivalent expansion levels, regardless of the binder
composition of the concrete mixtures

Fig. 2. Compressive Strength and Modulus of Elasticity Losses
in function of the expansion amplitudes for concrete specimens
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Abstract. The alkali-aggregate reaction (AAR), and more specifically the alkali-silica reaction (ASR), is
generally a slow rate reaction. Especially when there are large volumes of concrete, the symptoms of the
reaction can take between 20 and 30 years to manifest. This means that more and more cases of concrete
structures damaged by this expansive reaction are currently being found, due to the time that has elapsed since
their construction. Therefore, there is an increasing number of structures with a significant degree of alteration,
since when they were built this phenomenon was not considered. On the other hand, since the ASR is a massive
phenomenon in concrete, the potential treatments to mitigate the reaction do not act adequately in general. The
objective of the TC-ARM is to make a critical analysis of the existing methods for the mitigation of the ASR;
as well as to identify potential products for the self-healing of concrete when the alteration process is
progressing. Finally, it is also planned to evaluate new test methods that allow evaluating the efficiency of selfrepairing products. In the present work, the evolution of the ASR over time is analyzed, from the construction
of the structure, the appearance of the first symptoms, the evolution of the reaction and mitigation, to achieve
the extension of the useful life.

1 Incidence of expansive reactions in
concrete structures. Service life
Structures such as dams or nuclear plants are considered as
particularly risk-sensitive, since the consequences of failure
can be catastrophic. If we consider the risk matrix with
respect to the probability of damage, the dams would be
considered a very harmful risk and, therefore, should be
kept in a low failure probability (Figure 3). In order to
maintain the dams under low probability of failure it is
necessary to develop a strategy of intervention during the
service life of these. During the life of the dams we can acts
in the different aspects:
• Prevention: Before the construction of dams, design a
safe mix of concrete that avoid the development of
expansive reactions.
• Characterization: When some symptoms of
deterioration is observed (mainly cracks with map
shape).
• Prognosis: When the expansive reaction is evolving
and it is necessary know the potential evolution and
analyze the risk.
• Mitigation: After an intervention of repair to analyze the
efficiency of this and the evaluate the situation of the
structure

*

Fig. 1. Function of reliability with the time [1,2].

Fig. 2. Matrix of risk, consequences in function of the probability
[3].
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the minerals and reactive rocks, the alkalis releasable
from the aggregates or from the mineral additions, the
presence of water, the temperature, the cycles of wet-dry
and, in general, the environmental factors that affect the
reaction. On the other hand, the tensional state and
compression of the concrete in each zone of the structure
has influence in development of the expansion [2,5,6].

2 Evolution of expansion
The alkali-aggregate reaction shows an evolution of the
expansion with the time in the form of "S" curve. For this
reaction, three reaction periods can be defined. These are
the following [1,2]:
• Period of initiation: It begins at time zero, with the
manufacturing of the concrete, and it extends
during the time in which the reaction is starting, but
in which there are no symptoms of significant
expansion.
• Propagation period: There is an inflexion in the
expansion curve due to the acceleration of this due
to a very significant volume increase.
• Attenuation period: Finally an attenuation of the
phenomenon takes place, when the reaction
limiting reagents (aggregate or alkalis) are
consumed. A new inflection point is observed in the
curve. The attenuation period may not occur, if the
structural stability is compromised or the concrete
element undergoes a total collapse.
The shape of the "S" of the expansion curve can be very
different depending on the availability of the main
reactant: reactive aggregates, free alkalis and water; and
also the environmental conditions and the loads in each
area of the dam. For the same concrete type the expansion
curve can be attenuated or accelerated depending on the
conditions [4].
In Figure 3 we can see the scheme of expansion with
time in concrete with slow reactive aggregates (solid
curve), which distinguishes a long initiation period, a
medium propagation period and a rapid attenuation period.
And for quick reactive aggregates (batch curve), with a
short initiation period, a fast propagation period and a
slow attenuation period is observed. These curves would
represent the extremes between which we would find the
behavior of the different aggregates.

3 Mitigation of expansion
The reliability function R (T) in the lower part, in which
the structure will initially have adequate functionality that
would lose with time, due to the expansion produced by
the alkali-aggregate reaction. A possible intervention
would be the complete waterproofing of the concrete. On
the other hand, the expansion associated with the alkaliaggregate reaction would increase as a function of the
reactivity of the aggregates (ra), the free alkalis (al), the
available water (wl) and the environmental conditions to
which the concrete is exposed (cma). In the case of an
intervention, this expansion would be attenuated until the
conditions of environmental exposure were modified; in
another case the expansion would continue, according to
the reaction kinetics of the concrete [1,2].
The mitigation of the expansion that occurs due to the
alkali-aggregate reaction is an open issue. Until now there
aren´t contrasted method to paralyze the reaction and
avoid the evolution of the expansion. Although also can
be done some indirect actions to delay the phenomenon
and to guaranty the safety of the dams. The most common
actions done in dams to slow down the expansion are
based on avoid the access of the water to the structure.
Other actions are related with the correction of the indirect
problems produced by the expansion and with the
reduction of stress in the dam.
Some indirect actions to delay the expansion and to
correct the stress and problems occurs in the dams are the
following [2]: Waterproofing of faces using polyurethane
and epoxy resins, partial waterproofing of upstream face,
waterproofing of affected blocks with resins, epoxy resin
grouting of cracks, sealing of cracks, slotting cuts…
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