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Summary iii

SUMMARY

High performance steel fibre reinforced cementitious composites (HPSFRCCs)
show enhanced structural performance and durability. The improved properties favour its
use in aggressive conditions (such as marine environment) prone to corrosion. Despite
the renarkable advances in the knowledge about corrosion of conventional reinforced
concrete structures, questions still remain about its effects on the durability of HPSFRCC.
The governing mechanisms of corrosion, the presence of cracks, the high steel fibre
content, and the longerm chloride exposure still need to be properly evaluated.

Given the increased application of HPSFRCC with structural responsibility and
the high steel fibre content commonly used in the mixes, it is of great importance to
understandhte main mechanisms governing the chloride corrosion and its effects on the
durability of the reakcale structures constructed with the material. To overcome these
barriers and the uncertainty mentioned, this doctoral thesis addresses the following key
issues: the effect of chlorides in uncracked HPSFRCCs under constant conditions; the
influence of chloride corrosion in uncracked HPSFRCCs underdiyetycles with
chlorides; the effect of corrosion in pceacked HPSFRCCs subjected to the same cycles
and tke proposal of a simplified model to consider the structural effects of corrosion.

The first subject concerns the assessment of chloride corrosion on the aesthetic
aspect and on the mechanical behaviour of HPSFRCCs by means of an accelerated test.
For that HPSFRCCs specimens with and without chlorides added to the mixes and with
different fibre contents were tested. The preliminary experimental programme shows that,
in general, the chlorides produce a level of surface corrosion with aesthetic consequences
but have small influence on the mechanical performance. In the second subject, the
influence of cycles was assessed in accelerated tests with uncracked HPSFRCCs prisms.
The results reveal that, for uncracked HPSFRCCs elements, the corrosion affects the
suiface aspect but has no influence on the-postking response.

The third subject focuses on the analysis ofggeeked HPSFRCCs prisms under
cyclic chloride exposure, considering different-prack widths and fibre contents. The
study shows that the gosion affects significantly the mechanical behaviour of the fibres
for all specimens. The last subject covers a proposal of a simplified model to consider the
effect of corrosion in the ULS design of HPSFRCC elements under cyclic chloride
exposure. The nuel proposed was capable of reproducing the influence of the corrosion
process over the cycles, being compatible with the current philosophy proposed in codes
for the design of HPSFRCC structures.
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Resumen Y

RESUMEN

Los compuestos cementicios de alta resistencia reforzados con fibra de acero
(CCARRFA) muestran un mayor rendimiento estructural y durabilidad. Las mejoras en
las propiedades del CCARRFA debido @lausion de fibras de acero favorecen su uso
en condiciones agresivas (tales como el ambiente marino) propensas a la corrosion. A
pesar de los notables avances en el estudio de la corrosion de estructuras de hormigén
armado, aun quedan cuestiones sinlvesaespecto a sus efectos en la durabilidad del
CCARRFA. En relacién a ello, los mecanismos que gobiernan la corrosion, la presencia
de fisuras, el alto contenido de fibra de acero y la exposicion prolongada a los cloruros
deben ser evaluados adecuadamen

Dado el aumento de la utilizacion de CCARRFA con responsabilidad estructural
y el alto contenido de fibra de acero cominmente utilizado en las mezclas, resulta de gran
importancia comprender los principales mecanismos que gobiernan la corrosion, asi
como sus efectos en la durabilidad de estructuras a escala real construidas con este
material. Para superar estas barreras y las incertidumbres mencionadas, esta tesis doctoral
tratara los siguientes aspectos clave: el efecto de los cloruros en CCARREBAraddi
en condiciones constantes; la influencia de la corrosion por cloruros en CCARRFA no
fisurado sometido a ciclos de mojado y secado con cloruros; el efecto de la corrosion en
CCARRFA fisurados sometidos a los mismos ciclos y una propuesta de modelo
simplificado para considerar los efectos estructurales de la corrosion.

El primer aspecto aborda la evaluacion de la corrosion por cloruros desde un punto
de vista estético y del comportamiento mecanico del CCARRFA mediante un ensayo
aceleradoPara ellg, se han ensayado probetaC@ARRFAcon y sin cloruros afiadidos
a las mezclas con diferentes contenidos de flbmacampafna experimental preliminar
mostré que, en general, los cloruros producen un nivel de corrosién superficial con
consecuencias estéaiperocon poca influencia en el comportamiento mecénico. En el
segundo aspecto, se evalud la influencia de los ciclos en ensayos acelerados en probetas
deCCARRFANo fisuradas. Los resultados revelaron que en los elemer@isARRFA
no fisurados la coosion afecta al aspecto superficial pero no influye en la respuesta post
fisuracion.

El tercer aspecto trata el analisis de probetas de CCARRFA fisuradas con
diferentes anchos de fisura y contenidos de fibra sometidas a una exposicién ciclica de
cloruros El estudio muestra que la corrosién afecta significativamente al comportamiento
mecanico de las fibras de todas las probetas. El Ultimo aspecto se centra en la propuesta
de uno modelo simplificado que considera el efecto de la corrosion en el disefid en EL
de elementos d@CARRFAbajo una exposicion ciclica de clorureBémodelo propuesto
es capaz de reproducir el efecto del proceso de la corrosion a lo largo de los ciclos, siendo
compatible con la actual filosofia propuesta en cédigos para el diseStruiguzas de
CCARRFA
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1. INTRODUCTION

1.1. BACKGROUND AND CONTE XT

Fibre reinforced concrete (FRC) saw its first patent in 1874, but for all practical
purposes, progress in FRC was almost at a standstill for more than 100 years, and picked
up at an exceptional pace only during 1960s (Naaman 2007). This structural ratgerial
known as fibre reinforced cementitious composite (FRCC) is generally defined as
composite made of fibre and cementitious matrix. According to Naaman (2007), the
increased interest may be partly due to fundamental research, better understanding of the
reinforcing mechanisms of FRCCs, the need for materials with particular properties,
developments in advanced materials, economic competitiveness, and tecnical
circumstances.

Advanced composites such as hggrformance fibre reinforced cementitious
compasites (HPFRCCs) are a result of the effort made towards the development of
FRCCs with improved performance. Guerrini (2000) highlights that the most interesting
properties of HPFRCCs are strength, ductility, toughness, durability, stiffness and thermal
resstance. The development of these advanced materials according to Guerrini (2000)
was due to improvements such as the development of high performance-basezht
matrices with improved microstructural properties in terms of strength and durability, the
development of adequate processing techniques (including controlling chemical
reactions) that enable high toughness and low porosity and the optimization of fibre
matrix adhesion properties.

Particular applications of HPFRCCs may include bridge decks andakpe
structures such as offshore platforms, spacecraft launching platforms, supeisdigh
structures, higtend structures, light structural elements, precast elements, repair and
rehabilitation among others. Figurel.1, some examples of this type of structures and
the great versatility of applications are illustrated. It is precisely due to this broad variety
of applications that HPFRCCs are often exposed to reefsesevere conditions (e.g.,
marine environment, freezbaw cycles, etc.).
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Figurel.1i Field applications of HPFRCCs: a) fagagesels, b) shell roof, c) high performance deck
glued to a D steel truss and d) precast elements.

According to Trub (2011), fibres are the key component of FRCCs, used in many
shapes and sizes. The broad variety of field applications, growing urbamizsib
improving construction industry worldwide has driven the SFRC market. According to
Zion Research analysis (2016), among the different types of fibres for concrete
reinforcement, steel fibres dominated the market with over 45% of the market share in
2014. (sed-igurel.2).
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Main fibres material market share

u Steel (50%) ® Polypropylene (20%) = Other (25%) ®m Glass (5%)

Figurel.21 Fibres market share (Zion Research analysis 2016).

The use of steel fibres in these structures could raise questions regarding its
resistance to corrosion andrdhility. The fact that the fibres do not receive any special
treatment to avoid corrosion means that their durability depends on the confinement in
the alkaline environment of the concrete (pH around 12.5) where it will remain passivated
(Figueiredo 2000)Considering that the chloride induced corrosion is the greatest threat
to the durability and integrity of stestinforced concrete structures, adequate design may
consider durability requirements in order to the avoid damage due to corrosion.

According to Hoobs (2001), in the past 30 years, the emphasis of concrete research
has been increasingly focused on durability because:

1 some deterioration processes have become more common,;

1 previously unknown deterioration processes have been identified (&aji; al
silica reaction, delayed ettringite formation, and thaumasite formation by external
sulphate attack);

1 the understanding of the deterioration processes is incomplete;

1 new ranges of binders and combinations have been introduced with varying
proportionsof Portland cement being replaced by ground granulated blast furnace
slag, fly ash, silica fume, and selected grolimeéstone.

According b MarcosMesonet al. (2018), nowadays, international standards and
guidelines are not consistent regarding the hilita consideration of steel fibres in
structural elements exposed to aggressive environment, hampering the development of
civil infrastructure built with SFRC. In particular, loitgrm chloride exposure and its
effects in the residual tensile strengtktifi unclear. Academics and regulators agree that
steel fibres in uncracked SFRCCs exposed to chlorides show higher durability than
conventional steel rebar. However, questions still remain regarding the aesthetics and the
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mechanical performance of higperformance steel fibre reinforced cementitious
composites (HPSFRCCs) subject to chlorides.

The effects of chloride corrosion on cracked HPSFRCCs involving the main
mechanisms governing the corrosion of carbon steel fibres bridging the cracks and the
congquent structural impact still require further studies. This gains more importance as
the industry applies SFRC with structural responsibilities (Blanco 2013). Studies of
Abbas (2014) and Schnitgen (2003) present new perspectives of use the steel fibres as
partial or total replacement of conventional reinforcement bars for prefabricated
segmental tunnel linings. Investigations by Marbbssonet al (2018) suggest that the
elimination of the conventional steel reinforcement will remain controversial tetil t
durability of SFRC under severe chloride and carbon dioxide exposure is addressed.

Figure 1.3 presents the number of published papers obtained with page Scopus
ushg search words #Acorrosion and reinforce:
reinforced concr et e 0-pedormanceristeel rfibre seinforced a n d F
concreteo, from 1987 to 2017. Most of the
steel remforcement or how the presence of fibres might affect the corrosion of the steel
reinforcement. Just a few researchers focused on the steel fibre corrosion in HPSFRCCs.

—o— Corrosion in RC
—@— Corrosion in SFRC
—a— Corrosion in HPSFRC

250
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[ - N
o al o
o o o

(éa)
o
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Figurel.37 Number of papers published over the years.

Several subjects need to be addressed to achieve deeper understanding on chloride
corrosion for HPSFRCCs. Some of these subjects, which are contemplatedactbial
thesis, are described subsequently:

1 Bearing that in mind that concrete structure might crack, should the presence of
cracks lead to a significant damage regarding corrosion and affecting the predicted
residual response of the fibres? For examiplihe case of structures subjected to
cyclic chloride exposure, how the fibre degradation increase over time? Should a
reduced structural response be expected depending on the crack width and the fibre
content?
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High steel fibres contents may be used iIrSHRCCs. Therefore, more fibres are
expected close to the structure surface. In spite of the very dense matrix of these
materials, the ingress of detrimental agents such as chlorides may occur. In this
regard, the study of the effects of chloride corrosiothe aesthetic aspect and of

the mechanisms of steel fibres degradation would be of great interest.

So far, the design procedures present recommendations regarding durability,
mainly focussed on the crack width limitations in design according to tbe ala
environment exposure of the structure, which were conceived for traditionally
reinforced concrete. This remains an unexplored subject in the case of SFRC.
Another subject yet to be included in codes and guideline is the consideration of
corrosion darage factors which may predict a reduction in the structural
performance of the elements. In this sense, experimental and numerical studies are
required to fully understand the effects of corrosion in SRFC and to develop
formulations able to predict the sttural response of structures subjected to
chlorides.

Aiming to gain more insight to answer the abovementioned subjects, this work

developed an extensive experimental programme in order to generate more knowledge
and contribute to the improvement of ced@ad engineering practice.

1.2.

OBJECTIVES

Taking that into account, four general objectives that correspond to the main

subjects addressed in this doctoral thesis are defined as follows.

1

Study the influence of chlorides in uncracked HPSFRCCs by means of an
accelerated test.

Identify the main governing mechanisms involved in chlemakiced corrosion
for uncracked and cracked HPSFRCCs underdmetycles with chloride.

Study the influence of chloride corrosion on the aesthetic and the mechanical
behaviour otracked and uncracked HPSFRCCs.

Propose an analytical model to predict the influence of chloride corrivsibe
residual tensile strength in cracked HPSFRC@ssidered in the ULS design

In order to achieve these main goals, several specific objeatiwesetTablel.1

shows the main specific goals for each subject treated in the thesis.

Mylene de Melo Vieira



Chapterl

Tablel.1i Specific objectives

Subject Specific objectives

Assess in a short time the effects of chlorideshe aesthetic aspect of
uncracked HPSFRCCs under constant conditions.

E;elér:;mgzal Analyse the influence of chloride corrosion on the mechanical beha

P of HPSFRCCs specimens.

programme
Provide data for the elaboration of a specific experimental programr
for uncracked and preracked HPSFRCCs under chloride exposure.
Analyse the evolution of surface corrosion.

i Identify the mairmechanisms that influence the chloride corrosion fc
SpeC|_|c uncracked HPSFRCCs under vaey cycles with chlorides.
experimental
programme Establish a conceptual model takingp accaint the main mechanisms
uncracked involved in surface corrosion of uncracked section.
section

Evaluatethe effects of corrosion on the mechanical response of

uncracked HPSFRCCs under chloride cyclic exposure.

Analyse thengress of chlorides into the crack depending on fibre

content, crack width and number of cycles.

Elucidate the main mechanisms that govern the chloride corrosion f
Specific cracked HPSFRCCs under wary cycles with chlorides.
experimental Identify the deptfand level of fibre corrosion in cracked section.
programme . . .
pre-cracked Evaluate the effects of corrosion on the residual strength of steel fib
section Analyse the corrosion process in cracked section by means a

microstructural analysis over cycles.

Provide data foan analytical model regarding corrosion in-pracked

HPSFRCCs under welry chloride exposure.

Identify the main variables obtained by means the specific experime
Simplified programme that influences thesidual response.

model

Propose an analytical model to provide an initial estimation of the
reduction of the residual tensitesponse due to corrosion.

1.3. METHODOLOGY

In order to achieve the proposed general and specific objectives, the thesis is

divided in four parts as shown igurel.4. Part | describes the motivations of thesis

and is composed by Chapters 1 and 2. Chapter 1 is the introduction, where the
background, objectives, scope and general overview of research methodology are
presented. Chapter 2 is the literature review, which covered the fundamental knowledge
to identify the motivations for this work and the current knowledge on the subject. This
knowledge includes the background of the main mechanisms involved in chloride
corrosion in steel fibre reinforced concrete. Furthermore, experimental programmes and
modelsfrom the literature to predict the chloride corrosion and its influence in cracked

and uncracked HPSFRCCs are presented.
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ASSESSMENT OF CHLORIDE CORROSION IN STEEL FIBRE
REINFORCED CEMENTITIOUS COMPOSITES

|
PART |

CHAPTER1 CHAPTER2
Introduction Literaturereview

|
PART Il

CHAPTER3 CHAPTER4

Materials and method- Results- preliminary
experimentalprogrammes experimentalprogramme

I
PART Il

CHAPTERS

Corrosion in uncracked
specimenssubjectedo
wetdry cycles

CHAPTER®G CHAPTERY7

Corrosionin crackedsection- Corrosioncrackedsectioni
mechanisms mechanicalbehaviour

CHAPTERS8
Analytical model

PART IV

CHAPTER9

Conclusionsand future
perspectives

Figurel.47 Outline of the thesis.

Part 1l deals with the experimental programme and the analysis of the results of
the preliminary experimental programme. These subjectssabelivided into two
Chapters (3 and 4). In Chapter 3 the experimental programme conducted in two distinct
parts is presented (s€e&urel1.5). The first part consistsf a preliminary experimental
programme where an accelerated method of chloride attacks was performed in order to
analyse in a short time the effects of chlorides corrosion in HPSFRCCs. In Chapter 4 the
results and analysis of the preliminary experimeptalgramme are presented. The
mechanisms of chloride corrosion and its influence on the aesthetic aspect and mechanical
response for uncracked HPSFRCCs are analysed for mixes with different fibre contents.
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EXPERIMENTAL PROGRAMME

PRELIMINARY SPECIFIC
EXPERIMENTAL PROGRAMME EXPERIMENTAL PROGRAMME

MAIN VARIABLES STUDIED

Chloride Acceleratecexposure Long-termexposure
exposure chlorideaddedo the mixes wet-dry cycles with chlorides
Fibre ’ n
SEE 40, 80, 120 and 160 kg’m 90, 140 and 190 kg
Pre- Uncrackedsection Uncrackedand precracked (0.05,
crack 0.20, 0.35 and 0.50 mnyection
Age
16, 30, 49 and 109ays 0, 5, 35, 65, 95 and 12%cles
of tests

Figurel.57 Overview of the experimental programme.

In Part Ill, the results of the specific experimental programme are presented and
discussed and an analytical model for crackedmedcs proposed. These subjects are
addressed in Chapters 5, 6, 7 and 8. In Chapter 5, the effects of chloride corrosion in
uncracked section of HPSFRCCs under lgrgn exposure are analysed regarding the
aspects of surface corrosion and posicking behviour. Additionally, a conceptual
model involving the main mechanisms of surface corrosion in HPSFRCCs is proposed.
Chapter 6 covers the analysis of the results obtained faracked HPSFRCCs in terms
of the ingress of chlorides in cracks, the leval depth of corrosion of steel fibres in
cracks and the microstructural analysis of the crack surface.

In Chapter 7 the main results of the effects of corrosion on the mechanical
behaviour for preeracked HPSFRCCs with regard the influence of crack width, fibre
content and number of cycles are presented. Thebhapter 8, an analytical model is
proposed to enable the consideration of corrosion in the structural design of SFRC
elements in ULS. The model considers the influence of parameters such as crack width,
fibre content and number of chloride cycles. FindHsut IV describes the conclusions of
each of the subjects addressed in this thesis and presents the futuretipesspé
research in Chapter 9.
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2. LITERATURE REVIEW

2.1. INTRODUCTION

Durability is considered one of the main requirement considered in the design of
structures, imposing new requirements also on cefvesed materials used in their
production (Brandt 2008). High performance steel fibre reinforced cementitious
composites (RSFRCCs) are special structural materials with improved mechanical
properties and durability, becoming of great interest for civil engineering applications.

According to Brandt (2008), the corrosive environment in which bridges, dams
and marine structuseare constructed, loads varying with the service life of the buildings,
the impacts and thermal actions imposed on industrial structures and buildings facades,
degradation due to intensive traffic, freezing and thawing of roads, highways and runways
are omly some examples of situations found around the world. Furthermore, corrosion due
to chloride present in marine environment is the most important degradation process
among all, according to Odriozola and Gutién2208.

In the case of HPSFRCCs, despiteincreased applications in civil structures,
inconsistencies among international standards and guidelines regarding the consideration
of steel fibres for the structural verification when exposed to corrosive environments were
observed by Marceblesonet al. (2018). Steel fibre corrosion may affect the aesthetic
aspect leading to undesirable surface damage with the formation of rust stains as well as
influence on the residual mechanical response. The unavoidable formation of cracks may
lead to reducedmuctural performance of the steel fibres despite of the very dense matrix.
These phenomena are still unclear. The objectives of this literature review are to identify
the knowledge gaps regarding corrosion in HPSFRCCs to justify this thesis and to briefly
cover the literature concerning several subjects that will be addressed in this work.

2.2. FIBRE REINFORCED CEM ENTITIOUS COMPOSITE (FRCC)

Fibre reinforced cementitious composites is a term commonly used for a broad
class of materials with optimized combinatmfiproperties. Every FRCC consists of two
basic components: a cementitious base material called matrix, which is reinforced by steel
of synthetic fibres (Trib 2011). According to Naaman (2007), while the cementitious
matrix may itself be considered a coosfie with several components, it is generally
assumed to represent the first main component of the FRC composite whereas the fibre
represents the second main component. Fibres are the key component and assumed to be
discontinuous, randomly oriented andtdbuted within the volume of the composite.
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The main purpose behind the addition of fibres to concrete is to better control the
fracture process by bridging discrete cracks (Berrocal 2017). The addition of fibres leads
to improved properties such as anbed durability, increased fracture energy, toughness
and ductility. The postracking behaviour of FRCCs is influenced by the microstructure
at the interface between the fibre and the matrix (ITZ) (Lofgren 2005). Moreover,
according to Bentur and Minde)07), the characteristics of the ITZ fibreatrix exerts
several affects speciallyith to fibre-matrix bond, and the debonding process across the
interface.

Cracking occur when a tensile load is applied to a FRCCs, so that the matrix will
transfer parof the load to the fibre (L6fgren 2005). The fismatrix bond may ensure a
level of transference of load from the matrix to the fibres before the initiation of-micro
cracks. In the postracking stage, after initiation of the first crack, the SFRCCldhuoat
present a brittle behaviour. The phenomenon is governed by the mechanisms of the fibres
debonding, postiebonding friction between fibre and matrix (fibre slipping and put),
fibre fracture, fibre abrasion and plastic deformation (or yielding).

The improved mechanical properties of FRCCs increased the use of such materials
in structural engineering applications. Such outcome also increased the research on SFRC
about four decades ago. The various types of steel fibres develop&ty(ge.1) have
different mechanical properties in terms of tensile strength, grade of mechanical
anchorage and capability of stress distribution and absorption (Holscheneacer
2010). Fibres play a key role in reaching a certain load bearing capacity after the matrix
fracture, depending on allocation, orientation and embedded length (Holscheetacher
al. 2010). Regarding orientation, a clear example is the walls of the faknwhich
clearly limit the possible directions that fibres might assume (Cavalaro and Aguado
2015).

Figure2.17 Types of stedfibres.

Short steel fibres of various aspect ratios and strength were usually incorporated
in high and ultrehigh cementitious composites with various contents (more or equal 2%)
to achieve muitcracking behaviours and increases ductility (up to 1%) (Habael
2006; Kim and Parrdontesinos 2003)According to Naaman an@einhardt (1995),
high performance fibre reinforced cementitious composite (HPFRCC) is considered as
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high-performance if the stresdrain curves shows a quasdrain hardening (or psda
hardening) behaviour (i.e. a pastacking strength larger than the cracking strength, or
elasticplastic response). Pseudtyain hardening behaviour exhibit multigieacking in

the posicracking stage, reaching loads higher than the that of firskiog Figure 2.2
illustrates the tensile strength classification of FRCCs.

\

Deflectionhardening
(muttiple crackingfHPFRCC

Load

DeflectionsofteningFRCC
DeflectionPC

Deflection
Figure2.2 Classification of fibre reinforced cementitious materials (Naaman and Reinhardlt 2006

Considering the high quality control required needed for the production of
HPFRCCs, its application has been prolific in pine-cast concrete industry. According
to Markovi (2006), in most cases, the grast elements made of HPFRCC are
prestressed, without conventional steel reinforcement. Possibilities applications include
medium and long span girders, plates and shellsctates where a high durability is
required, heavily loaded elements (e.g. columns in-hggh buildings, connections
between precast concrete elements) and sts@icrete fibrematrix structures.

Applications of HPFRCC in hewater storage tank (Reide 2002), in
strengthening of existing bridges (Waltgral 2003), precast concrete elements with
long span by (Aljeboury (2005), for widening of existing bridges and viaducts by Van
Blokland (1997) are reported in the literature. Hurk (2014) investilgdesign for slender
box girders with less stirrups by applying HPSFRCC. Applications of HPFRCCs to
enhance seismic performance in precast bridge piersrisewwalls (Kim and Parra
Montesinos 2003), precast infill damper elements for seismic upgradstegdstructures
(Xia and Naaman 2002) and in deficient structures (Yoon and Billinton 2002, Dogan and
Krstulovic-Opara 2003; Kesner and Billinton 2004) are also reported. An extensive
overview of studies and applications of HPFRCCs in earthguesistat structures is
presented by Parfdontesinos (2005).

Mylene de Melo Vieira



12 Chapter2

2.3. CORROSION OF STEEL IN CONCRETE

Iron is the major component of steel and can comprise up to 80% of some special
steel types. According to Figueiredo and Meira (2013), the concrete offers steel alphysica
protection- separating it from direct contact with the external environmesmd a
chemical protection assured by the high pH of concrete which promotes the formation
of a passive film around the steel element. The pH of the pore solution of cas@ete
key parameter for the durability of reinforced concrete structures, being strongly related
with the hydration phases present in the concrete (Plusgeelg017).

The study of the passivity of iron appears first in the research by Schoenbein

(1836) and Faraday’s subsequent experiments. Schoenbien was the first to use the term

passivity to describe the peculiar electrical state, giving rise to the decreased reactivity of
iron surfaces (Davenpoet al 2000). According to Broomfield (2007), thagsive layer

is a dense, impenetrable film, which, if fully established and maintained, prevents further
corrosion. MacDonald (1999) sugge#tat the passive films form as bilayer structure,
consisting of a defective oxide (the barrier layer) adjacdhietonetal and the outer layer

that from the reaction of metal cations with species in the solution (including the solvent).
From the investigation of MacDonald (1992), species in the solution phase may be
incorporated in the outer layer, but not in thesinlayer, whereas alloying elements from

the substrate alloy may be incorporated in both layers.

Regarding the iron on aqueous environment, previous analysis conducted by
Nagayama and Cohen (1962)ention that the passive film is a bilayer formation
conssting in an inner layer E®4 (at the irorffilm interface) andan outer layeoi FeOs
(at film solution interface). The study of Ohtsuka (2012) reveals that the passive oxide is
probably composed of spinel type oxides®xandoi FeOs. The outer hydratelhyer is
formedin the case that ferrous ions exists in etdgte. The oxidized inner layer is more
stable, dense, with a ratio of Fe/O between 0.5 and 0.7 (Kitowski and Wheat 1997),
whereas the outer layer is composed mainly of Ca and K and sometméging more
porous than the metal side layer.

Another model of passive film known as the hydrated amorphous oxide model
was proposed by Murphy (1992). According to Prucner (2001), the main concept is that
the bonded water keeps the thin film amorphausl the incorporated water molecules
hold together the O0iron oxides chainsb®o
diffusion of F&*ions from the metal base beneath the film to the hydration sites at the
passive film/solution interface. Resuftem Schroeder and Devine (1999) also suggest
that the passive film is a multilayer film, with an inner spinel layer e®ker oi FeO3
defected with F& whereas the outer layer is a mixture of a small amount of a phase that
resembles F©4 or oi FeO3 and an ferric oxide, hydroxide, or oxyhydroxide ), as shown
in Figure2.3.
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Figure2.37 Schematic representation of the hydrated passive film (Murphy 1992; Dauberschmidt 2006).

The breakdown of the passivity of various metals and their alloys occurs in the
presence of so called aggressive anionsel®tow 1984).Figure 2.4 shows the
mechanisms of breakdown of the passive film suggested by Jayalakshmi and Muraliharan
(1996). The model considers three main steps: adsorption of the aggressive ions on the
oxide scale, penetration of the aggressive ions into the oxide anditrmatomplexes

by aggressive ions.

Adsorption Penetration Complex formation
of aggressive ions on oxides of aggressive ions into oxides by aggressive ions
Metal Passive film Solution Metal Passive film Solution Metal Passive film Solution
H.0 OH 7z
'd H,O\ /DH
PN M
°° M/Dwﬁ: H.O/ “x X~
uo” om, OH w - X
MOH*— H,O/ \OH
OH, M/DH, s:«' :M -
/] HO X
og /ﬂH
OH~ ¥ M%)
PN Vs
OH

Figure2.41 Breakdown of the passive film by incorporation of aggressive ions (Jayalakshmi and
Muraliharan 1996; Dauberschmidt 2006).

Corrosion is a phenomenon that, for thest part, has an electrochemical nature,
implying the formation and movement of charged particles in the presence of a
conducting electrolyte. Steel corrosion in concrete is a process in which iron is solubilised
at the anode and oxygen is reduced atctitbode, with electrons flowing through the
steel between the anode and cathode. The electrochemical process characterized by
oxidation halfreaction (anode) cell at a certain location on steel surface in eq(fatipn

Fe- Fe™ +2¢ (2.1)
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The two electrons (2ecreated in the anodic reaction must be consumed elsewhere
on the steel surface to preserve the electrical neutrality (Broomfield 2007). Another
chemical reaction to consume the electrons occurs (cathodic reaction) consuming also
water and oxygen, as shown equation2.2).

) 1 )
2e + HZO + EOZ - 20H (2_2)

The process of steel corrosion also needs an electrolyte, which is a medium
capable of conducting electric current by ionic current flow (in concrete, the pore
solution). In addition to that, a metallic path which acts as a connection between the
cathode ad anode, allowing the return of the current and completing the circuit (steel).
Figure2.5 illustrates de anodic and cathodic reactions.

Ionlc current A .
< ; ‘.-\;:‘k:'-"t'lé).?. N T S ot PO BIRE G-

1 10,+ HZO + 26—»20H e,
/ 2 0

Figure2.57 Anodic and cathodic reactions (Broomfield 2007).

Sever al more reactions must occur to
through the pore solution and combine with the ferrous ions to form ferrous hydroxide
which may also become hydrated ferric ox{dest) by further oxidation. The chemical
processes form products such as: ferrous hydroxide, ferric hydroxide and hydrated ferric
oxide through equation2.3), (2.4) and(2.5), respectively.

Fe* +20H" - Fe(OH), (23)
4Fg(OH), +O, +2H,0- 4FeOH), (2.4)
2Fg(OH), - FeO,.H,0+2H,0 (2.5)

Two conditions (carbonation and chloride attack) can break down the passivating
environment without attacking the concrete first (Broomfield 2007). Penetration of
chlorides in through concrete is one of the factors which aims to the depassivation of
reinforcing bars and therefore, may shorten the life of the structure (Andrade 1993).
Differences of electrochemical potential can occur from distinct concentrations of
chloride ions in the vicinity of the steel. When a sufficient amount of chloride ions reaches
the steel surface, they break down the passive film locally to form an anode, while the

Assessment of chloride corrosion in steel fibre reinforced cementiimngosites
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passivated surface acts as a cath@eifa 2014). The amount of chloride is commonly
referred to ashe chloride threshold valuar the critical chloride content

The chloride induced corrosion tends to be highly localized in a small anode with
a formation of a corrosion pit. The soluble iron chloride (Eef@treases the acidity of
the pit (anode) by lowering the pH value, which favours further oxidation ofdhe i
Several reactions are involved in the process (such as equat&)rend(2.7), according
to Richardson (2003) and Neville (1995).

Fe** +2Cl - FeCl, (2.6)

FeCl, +2H,0- Fe(OH), + 2HCI (2.7)

The entry of aggressive ions into the passive film occurs at points of local
disturbances (Dauberschmidt 2006). According to Sato (1971), there is attritkaéss
above which mechanical deformation or breakdown of the oxide film could occur, so
anion adsorption lowers the surface tension and decreases the critical thickness for
breakdown. In the adsorption mechanism, the addition of aggressive iongtssnee
film surface occurs with an exchange with the @kt O ions of the passive film, which
can lead to a perforation of the oxide layer (Dauberschmidt 2006). The breakdown of the
passive layer by a formation of complex ions represents the contmoétlze adsorption
of anions at preferred surface sites, forming soluble complexes with metal ions from the
oxide, as observed by Jayalakshmi and Muraliharan (1996). Such phenomenon leads to
the thinning of the film by the increased dissolution of the {Fbeusler and Fischer 1973;
Jayalakshmi and Muraliharan 1996).

Another explanation of the breakdown of the passive film is attributed to internal
stresses. Effects of electrostriction and interfacial tension and other stress sources such as
defectsaandimpuritiesproduce internal mechanical stresses which affect the film pressure
(Sato 1971). The surface tension is of particular importance because it stabilizes the
passive film (Dauberschmidt 2006). According to Strehblow (1984), the breakdown film
may irduce pitting in stationary conditions whereas a stationary passive film will be more
susceptible to the adsorption mechanism.

Figure 2.6 shows the breakdown of the passive film by adsorption (Strehblow
1984; Sato 1971). A pitting is observed in the passive layer after the depassivation of the
steel by chlorides, whereas the remaining surface remains unaffected. The pitting
phenomenon of s¢¢in concrete containing chloride, may produce a volume of products
of corrosion up to 6 times larger than the original volume of the iron depending on the
oxidation state reache#ligure 2.7 illustrates the relative volume of iron and its oxides
according to Mansfeld (1981).
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Figure2.6 1 Breakdown of the passive film by adsorption (Strehblow 1984; Sato 1971; Dauberschmidt
2006).

Fe(OH),- 3H,0

Figure2.77 Relative volume of iron and its oxides (Mansfeld 1981).

24. MECHANISMS OF CHLORI DE INDUCED CORROSION IN SFRC

According to Marcodviesonet al (2018), the main desigrariables influencing
the durability of SFRC exposed to chlorides are fibre type; type of steel and coatings and
fibre dimensions (i.e. length and diameter). Studies from Nordstrom (2000) and Frazéo
et al (2015) observed presence of corrosion and reduofibbre diameter in SFRC with
cold-draw steel wire under chloride exposure. More recently, Dauberschmidt (2006)
demonstrated that the cetblaw steel fibres with hooked ends suffered chloride induced
corrosion due to the umachined coledraw steel wire Such phenomenon was
characterized by early initiation of pitting corrosion at miftasvs at the bended regions
of the fibres. According to the authors, during fibre production, the surface of the thicker
initial wire is transformed in a thinner steddre. As a result, sharp cuts in the fibre surface
are formed. Moreover, a lubricant is also used for the production and part of this material
remains at the fibre surface filling the miditaws. The presence of the lubricant may
l ead to an iiwnwatoimpn @t ef pnabkdaws, Gaguriaghtheo f t he
corrosion.
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The phenomena causing degradation of steel fibre in concrete structures are
largely dependent on the mechanisms that allow the ingress of humidity, oxygen and
detrimental agents, such abloride ions. According to Salomon and Helene (2004),
aggressive agents in the environment surrounding the concrete structure can percolate,
diffuse, and penetrate across the pores of the concrete. Steel fibre in concrete without the
presence of deletenis substances may remain passivated due to the high alkalinity of
the concrete. The ingress and buijgl of chloride ions into the matrix surrounding the
steel disrupt the passive layer and reduces locally the pH at the steel surface, initiating
pitting-corrosion (Bertoliniet al. 2013).

Chlorides penetrate in concrete mainly through a system of capillary pores, voids,
defects, and cracks. Various physical and chemical transport mechanisms contribute to
chloride ingress, which depend on the concrete potesture, (micro) environmental
conditions, temperature, moisture content in the concrete, among others faaties (
2014). Transport mechanisms are usually divided into the following groups (Poulsen and
Mejlbro 2005;Gavija 2014):

1 Capillary suction the transport of chloride is driven by a difference in moisture
content (pressure). In negaturated concrete, water containing chloride ions
moves toward zones with lower moisture content due to surface tension in the
capillary pores.

91 Diffusion the transprt of chloride is driven by the difference of the concentration
of chlorides in various zones. Chloride ions move from zones with higher
concentration to zones with lower concentration.

1 Permeation the transport of chloride is driven by a difference ofiraylic
pressure in various zones. Chloride ions move into zones with smaller hydraulic
pressure.

1 Migration, where the transport of chloride ions is driven by a difference in
electrical potential. Chloride ions migrate to zones with lower elecpatehtial.
This is typical of accelerated tests, such as NT Build 492 (1999).

Notice that, in practise any of these mechanisms (or their combined action) can
govern the ingress of chloride ions into concr&avija 2014).

2.4.1. Chloride induced corrosion in uncracked SFRC

The transport properties of uncracked SFRC have been proven similar to the
properties of unreinforced concrete (Marddssonet al 2018). The transport properties
are closely related to the microstructure of the cementitious composite wdydhvolve
the bulk matrix, the aggregate and the interfacial transition zones (aggnegjate and
steel fibrematrix). The ITZ between the fibre and the matrix does not provide a
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preferential path for the ingress of chlorides according to Berebedl(2015), Abbagt
al. (2014) and Mangat and Gurusamy (1987a).

In the case of uncracked SFRC exposed to chlorides, the steel fibres present more
resistance to corrosion if compared to conventional steel reinforcement rebars. Studies
from Dauberschmidt (2@); Nordstrom (2005); Mangat and Molloy (2000); Weydert
and Schiessl (1996), revealed a limited corrosion for uncracked SFRC exposed to
chlorides. This may be attributed to characteristics such as the discontinuous nature of the
fibres, the uniform steeilfre surface due to the process of production, the dense and
uniform ITZ fibrematrix, and the small dimension of the fibres.

The discontinuous nature of fibres leads to smaller potential difference along the
steel surface and greater anode/cathode rdkiessby potentially limiting the formation
of distinct cathode regions (Dauberschmidt 2006; Nordstrém 2005). The microstructure
of the ITZ plays an important role in controlling the overall properties of FBeGt(ret
al. 195). The fibre dispersed ilné cementitious matrix as a result of casting conditions,
favours a more uniform and dense ITZ~d0 um, rich in Ca(OH) (Page 1982; Bentur
et al 1985). The analysis revealed a presence of a thin duplex film in direct contact with
the steel surface, madeajority of CH. The ITZ also includes regions with porous mass
of C-S-H, ettringite and individual CH crystals in contact with the duplex film.

The solid hydration products on the steel surface protect the steel, both by acting
as a physical barrier and/ bbuffering the pH in the pore solution at the steel surface
(Angst 2011)Figure2.8 shows the formation of the fibilgementitious ITZ which starts
from the accumulain of a layer of water around the fibres as they are dispersed in fresh
concrete. Calcium hydroxide grows in this layer during hardening (Dauberschmidt 2006).

Steel fibre in fresh concrete Steel fibre in hardened concrete Cementmatrix

|Hardened concr
G

Fresh concrete _«

P ) '///
4 :
Cement
jAddition @ particle

Layer of water | \ Steel fibre |~

N Ettringite
\ CSH

I
‘
|

Duplex film CH (Portlandite)

Figure2.81 ITZ in SFRC: a) fibre with a layer of water in fresh concrete, b) formation of contact zone in
hardened concrete and c) close detail of the ITZ (Dauberschmidt 2006

A fibre, being electrically discontinuous, in not capable of giving rise to galvanic
corrosion (SadegHPouyaet al. 2013). The small volume of the fibre is insufficient to
create the bursting stresses associated with the corrosion of larger diameisreiant
bars and therefore, for well compacted concrete, corrosion of fibres is restricted to the
surface of the concrete (Lambrechts 2003). The short length of the steel fibres impedes
large potential differences along the fibre and limits the formatia@node and cathode
regions.
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Researchers reported that fibre corrosion is less active if compared to that of steel
bar reinforcement (King and Adler 2001; SadeBbuyaet al 2013). Janotkat al
(1989) assessed the behaviour of cement mortar corgatanl fibre and steel bar, with
addition of 0%, 2%, 6% and 10% of Caey weidht of cementThe resultsevealed that
the steel bars presented signs of corrosion with 2% of-@d@reaghe steel fibres did
not indicate significant corrosion until chide contents of 6% and 10%. Dauberschmidt
(2006) studied the mechanisms of the increased corrosion resistance of steel fibres
compared to conventional reinforcing steel bars.

Figure 2.9 compares the microstructures of the retmatrix ITZ and the fibre
matrix ITZ. A larger and more uniform calcium hydroxide (CH) layer is observed around
the fibre, protecting against chloride and oxygen ingress (Mdvies®net al 2018). By
contrast, a more porous layer was observed for the-nel@iix ITZ. The improved fibre
matrix ITZ when compared to rebaratrix ITZ is responsible for the increased corrosion
resistance of steel fibres, leading to a higher critical chloride tHesho
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Figure2.97 Microstructure of a) rebamatrix ITZ (Poole and Sims 2015) and b) fimmatrix ITZ
(Benturet al. 1985; MarcodMesonetal. 2018).

2.4.2. Effects of chloride corrosion in uncracked SFRC

Surface corrosion

Studies reveal that for uncracked SFRC, the corrosion of steel fibre is limited to
fibres localized within approximately 5 mm from the exposed surface. In a study by
Balouch et d. (2010), uncracked specimens of SFRC subjected to chloride cycles
presented formation of corrosion spots on the surface. The results demonstrated that fibres
located less than 1 mm (for mixes with water/cement ratio of 0.78) ar@Drhim (for
mixes wih water/cement ratio of 0.50) from the surface are susceptible to corrosion,
leading to deposition of corrosion products at the surface. Mangat and Gurusamy (1988)
observed that SFRC specimens with low carbon fibres subjected to cycles of marine
exposure sowed extensive deposition of corrosion products at the surface at 150 cycles.
No sign of deeper corrosion (beyond a superficial layer) was observed until 2000 cycles
(1250 days).
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Corinaldesi and Moriconi (2003), studied fibre reinforced -sethpacting
concrete subjected to 1 month of immersion in 10% sodium chloride aqueous solution.
The results revealed that the steel fibres located 2 mm away from the external surface
presented a slight evidence of corrosion whereas fibre placed at 30 mm from its edge
remained sound. SFRC with recycled steel fibres and with new steel fibres subjected to
chloride wetdry cycles were investigated by Gragfal (2009). More severe corrosion
was observed after curing in the specimens with recycled fibres. After 5 monyitées,
specimens with recycled fibres presented a higher level of surface corrosion then those
with new steel fibre. In both cases, corrosion was only found close to the surface.

Serna and Arango (2008) studied the performance of white steel fibre cethfor
concrete (WSFRC). Cut sheet fibres and abigwn fibres, galvanized and non
galvanized were analysed. Uncracked specimens subjected to sea water immersion and
drying cycles presented corrosion at a layer no deeper than 2 mm from the surface after
12 nonths of cycles. Besides that, a lower level of corrosion was observed in specimens
with galvanized fibres. Abbas (2014) studied UHPC with steel fibres subjected to chloride
attack (salt ponding and salt immersion tests). A limited corrosion on the sanfhc®
evidence of corrosion on the fibres deeper than 3 mm from the surface was detected. Such
behaviour is attributed to the low porosity of UHPC which controls the ingress of chloride
ions, moisture and oxygen required for the onset of corrosion.

Granp and Balouch (2005) found that steel fibres at a depth3af2n from the
surface presented a severe level of corrosion in SFRC specimens exposed ttikearine
environment during 1 year. Rider and Heidersbach (1978) studied several different types
of steel fibres in SFRC exposed to partial immersion in sea water. A depth of 6.4 mm of
corrosion was observed after 6 months of exposure. Lankard and Walker (1978) studied
SFRC subjected to weekly salt applications (0.2 KggfirNaCl). The corrosion of the
fibres after 5 years of exposure was limited to 1.6 mm from the surface. Hannant and
Edgington (1975) observed a severe corrosion (depth of 6.4 mm from the surface) in
SFRC specimens after 57 months in coastal environment exposure.

The experimental programnperformed by Aitciret al. (1985) on SFRC under
salt fog exposure (salt solution with 5 % Cai@ldeionized water) showed corrosion up
to a depth of 3.2 mm after 67 days of exposure. Eiral (2011) tested SFRC in two
severe environments (saitater immersion and salivater wetdry cycles) in a longerm
test exposure (21 months). Specimens subjected to immersion presented no sign of
corrosion, whereas specimens under cycles showed a severe corrosion of the steel fibres
localized at the surface.

Steel fore reinforced lightweight concrete was tested at field exposure in tidal
zone by Schupack (1985). After 10 years of marine environment exposure, the corrosion
of the fibres was limited to the surface. Saddgtuyaet al (2013) analysed high
performancesteel fibre reinforced concrete under accelerated chloride corrosion for one
month (equivalent to approximately 00 year so6 | i fe of a- typical
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icing salts). The visual analysis after exposure a minor surface rust stain. According to
Hoff (1987), uncracked fibre reinforced concrete generally experiences no adverse
corrosion effects from a marine environment, showing corrosion limited to those fibres
immediately at the surface.

Mechanical behaviour

Studies by Mangat and Gurusamy (198W&ith SFRC under prolonged marine
exposure (1200 marine spray cycles) showed slight reductions of theldiadtion
curves of specimens with the cycles. Such outcome indicate that the chloride exposure
did not reduce the embedded fibres cross sectiontledailure occurred due to
debonding and gradual ptdut of fibres from the matrix. Graef al. (2009) observed no
changes on the pestacking behaviour of a corroded SFRC specimen compared to a no
corroded one after 5 months of wiliy cycles.

Alizadeet al. (2016) noticed a reduction in the pps&tak response of uncracked
SFRC subjected to chloride cycles. Compared to control specimens cured at air, the peak
stress and toughness of specimens saturated in salt solution for 2 months increased by
30%. Swkh behaviour may be attributed to long term curing conditions and the early effect
of corrosion, which improve the bond strength at the fibegrix ITZ. On the contrary,
the specimens saturated for 6 months showed a reduction of 30% in the peak stress and
toughness be due to the intensive effect of corrosion on the steel fibres

A study by Mantegazza and Gatti (2004) revealed that SFRC under chloride
wetting and drying cycles had a reduction in the mechanical performance after the cycles.
Abbas (2014)showed that specimens of UHPFRC subjected to various corrosive
environments (salt ponding, immersion in 3% and 10% of chloride solution) presented no
reduction in the mechanical properties after loeign tests. Such outcome may be
attributed to the densmicrostructure and good quality of the filbretrix ITZ This
agrees with the findings by Saded@touyaet al. (2013), who showed that HPSFRC under
long-term accelerated corrosion (3% of NaCl per weight of cement added in the mixes
and then the samples saérged in 3% of chloride salt solution) experienced almost no
reduction in the flexural and tensile behaviour after the attack. By con8BRC
specimens subjected to corrosive environment (submerged in 3.5% NaCl solution) for 60
days showed a slight loss of flexural strength and flexural toughness, according to Carrillo
et al (2017).

Kim et al. (2011) studied SFRC subjected to two sevaxgrenments (saltvater
immersion and salivater wetdry cycles) during a lonterm test exposure (21 months).
The results revealed that the average residual strength was not affected for the specimens
under immersion whereas a slight increment was obddiaeuncracked specimens
subjected to chloride cycles.
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2.4.3. Chloride induced corrosion in cracked SFRC

Steel fibres are often used for crack control due to their high elastic modulus and
good resistance to the alkalinity of concrete (Berrocal 2017). Cratltk ¥8 considered
the most important factor governing the ingress of deleterious substances in concrete.
Some researchers (Abbas 2014; Nordstrom 2005; Mangat and Gurusamy 1987c)
concluded that a mitigating mechanism of fibre corrosion may occur forigakcatack
width (w< 0.20 mm) due to the limited ingress of chlorides and oxygen. The authors also
observed autogenous (sefi@aling and that products of corrosion block the crack and
limit the evolution of corrosion into the crack.

According to MarcogMesonet al (2018), the damage at ITZ in cracked SFRC
due to the strain at the fibres bridging the crack may induce corrosion at the weakest
regions, according to the mechanism illustratedigure2.10.
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Figure2.107 Corrosion mechanisms: a) uncracked SFRC, b) cracked SFRC at an early stage, @) cracke
SFRC after autogenous healing and d) cracked SFRC with critical corrosion (N¥&rsoset al 2018).

In uncracked condition, the dense and uniform stestix ITZ acts as a
protective coating (seBigure 2.10-a) preventing the access of aggressive agents (e.g.
oxygen, chlorides) and limiting the contact of the steel surface with the electrolyte (i.e.
limiting ionic diffusion along the steel surface). When cracks appear, the bond between
fibre and matrix is actated, favouring the damage of the ITZ. The extent of this damage
is directly related to the strain (i.e. larger cracks induce greater damage at the ITZ) and
the shape of the fibres (Granju and Balouch (2005); Nemegesdr (2000) observed
localized corosion damage at the hook). The damaged ITZ would provide a preferential
path for diffusion of chlorides and oxygen, promoting corrosion ksgpare2.10-b). For
smalldamage levelshe steefibre-matrix ITZrich in CH may eventually repassivate the
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fibre (sedrigure2.10-c). A combination of whydrated cement, lime leaching, casion
products and salt crystal would eventually seal the crack, limiting the ingress of chlorides
and oxygen. The fibres bridging the cracks may serve as preferential surface for
deposition of these compounds (Hometal 2009).

Large damage levels dtd fiborematrix ITZ (i.e. due to larger strain) can lead to
a delayed or defective healing at the ITZ at the regions more affected by the damage (e.g.
deformed regions, fibrerack intersection). This can produce progressive and localized
reduction of thdibre crosssection due to corrosion, potentially changing the failure mode
of the SFRC from fibre pulbut to fibre yield or breakage. Consequently, the residual
tensile strength would decreasegure2.10-d), as observed by Batson (1977); Bernard
(2004); Kosa and Naaman (1990) and Nordstr200%).

2.4.4. Effects of chloride corrosion in cracked SFRC

Influence of exposure conditions and time

Studies by Mangat and Gurusan(1987b); Morse and Williamson (1977);
Bernard (2004); and Nemegeer (2003) revealed that SFRC specimens with crack widths
smaller than 0.25 mm exposed to laboratory marine spray cyclesiryvealt water
environment, submerged coastal environment shanladited damage after the cycles.
According to Nordstrom (2005), SFRC specimens exposed totéonyg (5 years)
aggressive conditions (deing-salts). The results indicated that the chloride content
increased close to the crack mouth and a stabilizafiaeduction in the mechanical
behaviourafter 1 year

According to Nordstrom (2005), there are two major techniques to estimate long
term behaviour during degradation: either by measurements of the degrading process
under neafield conditions or by incresang the severity of the exposure in accelerated
tests. The use of welry cycles is an effective method to accelerate the corrastuced
damage in SFRC (Marcddesonet al 2018). The wetting increases the concentration of
ions such chlorides and theyahg helps to increase the availability of oxygen required
for steel corrosion, as oxygen has a substantially lower diffusion coefficient in saturated
concrete (Hong 1998).

Tests in SFRC specimens with crack widths smaller than 0.2 mm under short
exposurgup to 6 months) subjected to wetting and drying cycles with chloride$ (3.5
wt.% NaCl and CaG) revealed contradictory results regarding the mechanical behaviour
after a period of aggressive exposure. Nordstrom (2005) observed negligible loss of steel
fibre diameter. The study of Frazébal (2015) revealed that the corrosion of the steel
fibres induced to micro cracks and a consequent decrease of tensile strength. Results
showing a significant reduction of the mechanical response was observed by several
researchers. Alizadet al. (2016) ickntified a reduction of peak stress and toughness;

Mylene de Melo Vieira



24 Chapter2

Anandanet al (2014) found a reduced flexural strength; Mantegazza and Gatti (2004)
observed weak mechanical performance due to corrosion under application of load.

Several studies do not find evidens$oin mechanical performance in case of
SFRC specimens with cracks widths smaller than 0.2 mm subjected to extended exposure
(from 6 months to 3 years) to wety cycles with chlorides (8 wt.% NaCl). Abbas
(2014) noticed an increment in the flexural sgth attributed to the selfealing of micro
crack with products of corrosion and the increased friction bond between fibre and
cementitious matrix for low levels of corrosion. Roqgae al. (2009) noticed no
degradation and even a modest improvement irhargcal properties. Kiret al. (2011)
found similar results for cracked and uncracked SFRC. By contrast, for crack widths
bigger than 0.2 mpa significant loss of residual tensile strength due to corrosion was
observed by Serna and Arango (2008); SchesdlWeydert1998).

The investigation conducted by Kiet al (2011) with SFRC unde21-month
exposure in two environments (immersion in-sedtter and saltvater wetdry cycles)
revealed that preracked specimens subjected to chloride immersion preserde
reduction in the average residual strength whereas the samples under chloride cycles
presented a reduction due to the corrosion.

Influence of crack width

Despite the enhanced resistance to corrosion of the fibres in uncracked concrete,
steel fibres hdging the cracks are susceptible to degradation under chloride exposures.
Thedurability of cracked SFRC subjected to chlorides is a controversial subject that may
be analysed according to three ranges of crack width yw < 0.5 mm; narrow cracks
0.5 M > 0.2 mm; hairline crackswk O 0 . PMancasMesonetal. 2018).

According to MarcosMesonet al (2018), there is a general consensus regarding
the high probability of corrosion of carbdibres bridging if cracks widths bigger than
0.5 mm arepresent in elements subjected to an aggressive environment. Mangat and
Gurusamy (1987d) suggest a permissible crack width value of 0.15 mm in order to
provide a satisfactory margin of safety against corrosion for SFRC. Feazaid2015)
observed that fosteel fibre reinforced sefompacting concreté&SERSCC) in extreme
conditions allowed the corrosion of steel fibres, which led to the formation of imicro
cracks in surrounding concrete.

2.4.5. Previous models to consider the effect obcrosion in SFRC

Most of the existing studies from the literature focus on the analysis of corrosion
in conventional reinforced concrete or the corrosion of steel rebars in a steel fibre
reinforced concrete. The crack control mechanisms provided by ths fibtraditionally
reinforced concrete may delay the initiation of corrosion in the rebar (Beetala?015;

Blunt 2008).Table2.1 summarizes previous modelsathry to model chloride corrosion
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in SFRC with and without traditional reinforcement. Notice that most of these models
focus on the assessment of the corrosion process in rebars embedded in a SFRC, ignoring
the potential negative impact of the fibre caiom in the structural performance.

Table2.17 Models to assess chloride corrosion

References Concrete Model Study
Nordstrom 2005 SFRC Analytical model load bearing capacit
Dauberschmidt 2006 SFRC Numerical model corrosion kinetics
Rafiee 2012 RC-UHPSRC Numerical model loss of cross section
Solgaard 2013 RC-SFRC Numerical model steel fibres; cracks
Paul 2015 RC-SHCC Analytical model time to corrosion
Berrocal 2017 RC-SFRC Analyticilqggglgumerical steel fibres; cracks

Carrilloet al. 2017 SFRC Analytical model flexural properties

2.5. DISCUSSION

The first part of this chapter reviewed some basic concepts of the main
mechanisms regarding the corrosion in steel. Then, the mechanisms involving the
corrosion process of steel fibres in SFRC when subjected to chloride attacks were also
described. Fibreshow a significant resistance to corrosion due to characteristics such as
small diameter, short length, smooth surface and enhanceehfdirex ITZ. Even so,
fibre depassivation and corrosion may still occur urdgressive environments.

Several studiegocussed on cracked and uncracked SFRC and the effects of
corrosion on the surface aspect and residual strength. The main mechanisms involved in
the corrosion process and its effects considering parameters as crack width, time and
exposure condition on ¢hlevel of damage in SFRC were identified. Results from the
studies reveal controversial conclusions regarding the durability of SFRC. Different
critical crack width, depth of corrosion, formation of surface rust stains, level of
mechanical damage was@lsbserved in the data from the existing literature.

The review of the literature provided knowledge about the gaps related to the
mechanisms governing chloride corrosion of high carbon steel fibres in cracked and
uncracked HPSFRCCs. It also highlighté theed of further research regarding the
influence of fibres corrosion on the aesthetic aspect and residual strength considering
parameters such as crack width, fibre content in a-femg cyclic chloride exposure.
Furthermore, simplified tools to estiteahe consequences of corrosion in the mechanical
performance of HPSFRCCs are still required. Most of the existing models focus on
predicting the corrosion of steel rebars embedded in the SFRC.
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3. MATERIALS AND METHOD OF
THE EXPERIMENTAL
PROGRAMME S

3.1. INTRODUCTION

High performance steel fibre reinforced cement composites (HPSFRCCs) are
materials developed with optimized mixture consisthg dense matrix and fibres. The
high performance of these materials is closely related to the excellent mechanical and
durability properties.Due tothe enhanced properties, one of the preferred areas of
applicationsarestructures subjected to aggressive environsent

Chapter 2 showed several types of external and internal degradation processes that
might affect durability of th reaiscale structures constructed with HPSFRCCs. Chapter
2 also revealed a concerning lack of studies about the influence of corrosion in elements
made with HPSFRCCs, despite thgh importance of the fibres for the structural
performance of structures.

The objective of this chapter is talescribethe two experimentgbrogramme
conducted in this thesie overcome this lack of knowledgad their specific objectives.
The preliminary experimentgrogramme(section3.2) was conducted to analyse the
effect of chlorides in uncracked HPSFRG@ecimensunder constant conditions. The
specific experimentaprogramme(section 3.3) was performed togo deeper orthe
influence of corrosion ipre-cracked and uncracked HPSFR&§&ecimensinder cyclic
conditions.

3.2. PRELIMINARY EXPERIME NTAL PROGRAMME

The following specific olgctivesweredefinedfor the preliminary experimental
programme

1 Investigate the effect of chlorides the aesthetiof HPSFRCCspecimensinder
constant conditions;

1 Assess the influence of corrosion in the posicking behaviour of the steel fibres;

1 Provide data for thproposabf the specific experimentgirogrammeéocusing on
pre-cracked and uncracked secsamder cyclic conditions.
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3.2.1. Materials and mixes

Two main variables wermefined in the studyfibre content and ages of tests. The
definition of the materials and compositions was based orulina-high performance
steel fibre reinforcedoncrete mixes proposed Kjein and Aguadq2010. To ensuring
good workability and avoid the infunce of the compactionprocess inthe fibre
orientation of mixesvith different fibre contextssel-compacting mieswere used

All mixes containPortland CementEM | 42,R (without additions)limestone
sandwith particle size distribution betweer 0-5 mm,limestonesandwith diameter of
0-2 mmandlimestonéfiler. Potable water from the public network of Barcelona was used
for the mixes as it is acceptable according to the recommendations of the Spanish code
EHE-08 (CPH 2008) for structural concreféhe density and the water absorption of the
aggregatesvere de¢rmined according to UNEN 10976:2001 (AENOR 2001) and
considered te@orrectwatercement ratioT he total quantity of wateir) was calculated
with equation(3.1) taking into accounthe water absorption of the aggregat&s.§, the
theoreticalwater cement ratio/wc), the water of the superplasticiz&v, the water of
the retarding admixturd\¢) and the watedue tohumidity of the aggregates\).

We =W, +W

abs

-W- W - W, (3.1)

Mixes were produced withidre conterd 0of40, 80, 120 and 16Kg/m3, added in
substitution of the equivalent volume of saAdhort straight steel fibref type Dramix®
OL13/.20(13 mm in length and 0.2 mim diameter)with a high percentage of carbon
and copper coating agselectedFurthercharacteristicof fibres are presented Table
3.1

Table3.17 Characteristics of fibres used (provided by the manufacturer)

Characteristic Unit Value
Length (L) mm 13
Diameter (d) mm 0.2
Aspect ratio (L/d) - 62
Tensile strength {f MPa 2600
Modulus of elasticity (E) GPa 200

To accelerate thaccess of the chloride to the fibres and the corrosion process
179.50 g ofanhydroussodium chloridewas added péelitre of the mixingwater. This
value corresponds to hatlfie saturation point of sodium chlorid&quivalent nixes
without chloridewere also produceaks reference
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To compensatfor variatiors of workability of the mixes with the addition of fibre
and chloride, two approaches are possible: the mecatdnof the water content and the
modification of the superplasticizer content. The first option was discaad@dvould
imply a modificationof the porosity andf the mechanical propertie$ different mixes
Therefore, to ensur@milar workability, the amount of superplasticizsrtype Glenium
C303 SCC was modified\ retarding admixturéBasf Pozzolith 111Ryasalso added
to control the setaccelerabn effect due to thenclusion of sodium chloride

Trials were conducted to adjust the dosage of superplasticizer and retarder that
ensured a flow extent of 210 mm, measured accordingWiNE-EN 123505:2009
(AENOR 2m®9) without applyingany blow at the tableAll mixes wereproduced with
amouns of superplasticizerangingfrom 2 to 5%by cement weight (bcwandretarder
ranging from0.30 to 1%bcw until the target flow extent was achie\(sdeFigure3.1).

Figure3.17 Flow stenttest a) mix without chlorides and bhix with chlorides.

For the experimentgrogrammeeight mixes were designetiable3.2 shows the
final composition of themixes defined after the trialdNotice that the amount of past
remained constant for all mixes, whereas the amount of sand reduced with the increase of
thefibre content
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Table3.2 - Composition of the HPSFRC@@ixesfor the preliminary experimental programme

Components Characteristics Content (kg/m3)
Cement CEMI1425R 700 700 700 700 700 700 700 700
Filer Limestone 255 255 255 255 255 255 255 255
Sand (0/2 mm) Limestone 631.6 623 608.6 594.3 631.6 623 608.6 594.3
Sand (0/5 mm) Limestone 340.1 335.4 327.7 320 340.1 3354 327.7 320
Water - 213.5 213.6 210.9 208.2 213.5 213.6 210.9 208.2
. Glenium
Superplasticizer C303 SCC 315 315 35 385 315 315 35 38.5
Retarding Pozzolith
admixture 111R 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1
. Steel fibre
Fibres OL 13/0.20 40 80 120 160 40 80 120 160
Chloride Sodlym - - - - 44 44 44 44
chloride

Slump flowtest (mm)

209 213 215 210 209 210 211 209

3.2.2. Specimens preparation

A mixer with &L capacity was used faroducethe HPSFRCC specimengirst,
water and cement were mixed duri@@ secondgwith a speed of 10 rpm). Then the
superplasticizer was added, and the materials were further mixéd second&eeping
the sameeed. After thatthe retarding admixture was added and mixed during the same
time and speed in order to ensure a préypenogenizatiorof all components. The sand
and the filler were gradually added and mixedadditional60 seconds

Next, © avoidacaimulationof materialsatthewalls of themixing bowl, the mixer
was stopped for 90 second$ie material accumulated at the lateral surface ahiking
bowl was incorporated again with a spatula. Theaterials were mixed f@0 seconds
more.Fibres were added carefully and mixed for one minute and a half with a speed of
188 rpm. Finally, the chloride was added (in the mixes with chlorides) and mix@d for

secondsvith aspeed of 188 rpm.

After that (seeFigure 3.2-a), the material waplaced into metallic moulds (see
Figure 3.2-b) according to the UNEEN 1961:2005 without additionalcompaction
processin total, 36 prisms of 40 x 40 x 160 mm were produ@ed mix. The moulds
were covered with a plastic sheet to idvavater loss by evaporation and kept in a
controlled room at 24 °CSpecimens were removed from the moulds within 24 hours of
casting and identified.

Then, they were kept in a wet room at 20 °C and up to 90% of relative humidity
for 44 days (se€igure3.2-c). After that specimens were placed in a climatic room at
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controlled temperatur@0 °C)and between 45% to 55% of relative humidity until the
date of tests anahaly®s (sed-igure3.2-d). The degree of humidity affects the diffusion
rate of oxygen enhancing the corrosion rate. In theory, in a saturated cqraditiost no
oxygen is available tenablethe corrosion process. On the contrary, for lower relative
humidity, oxygenis available and migHhead tocorrosion.

Figure3.21 Specimens preparation: a) mix prepared, b) mixes placed into metallic moulds, c) curing in
the wet room and d) curing in the climatic room.

3.2.3. Characterization tests

In an effort to characterize the effects of chlorides in the specimens over time
regarding aesthetic aspect and mechanical respdms®e experimental tests were
performed Visual inspection of the surface was performed to detect deposition of
corrosion products that might affect the aesthetics of the specimdmngepointing
bending testwas performed to assess the influence of corrosion in the mechanical
behaviour. A visual inspection ofit crosssectionsvas conductedfter the bending test
to identfy the corrosion profile

Visualinspectionof thesurface

The aspect of the surface and the signs of corrosion were mornitoredhe
demoulding until thegeof mechanical testg. Prisms were turned 9Grom the casting
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surface anane of the faces vgachosen for the analysiBhe number otorrosion spots
on the surfacef the specimen (sdggure 3.3) was assessed and the criteridable3.3
was used to classify the level of corrosion

Figure3.31 Corrosion spotsn the surfacef the specimen.

Table3.371 Classification ofevels of corrosion.

Level Number of corrosion spots
Low <10
Medium 10-20
High >20

3-point bending test

In order to investigate the mechanical response of HPSFRG&snBbending
tesswereperformedaccording to a modification of tRéNE-EN 1961:2005 An Ibertest
MEH 3000 kNpressand a bending apparatus were used. A displacement control of the
relative movement of the plates of the press was used. For that, a LVDT was inatalled
shown inFigure3.4. For each age and mifqur specimensvere tested to obtain the first
crack load, the maximum load and the residual loads

Figure3.4i 3-point bending test: a) specimen in the apparatus for the test and b) specimen failure after
the test.
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Visualinspectionof the cross sectioafter bending test

After the mechanical testg slices with 1 cm of thickness were cut from each
specimen perpendicular to the length of the specifseaFigure 3.5-a). Then the dust
generated by cutting was cleaned to allequatenspection of the crossection(see
Figure3.5-b). Finally, thecrosssectionsvereinspectedvith a Stereo Microscope

Figure3.57 Preparation of the specimens: a) cutting ofltleen thick slicesand b) 2 pieces of each
specimerfor theinspection

3.3. SPECIFIC EXPERIMENTA L PROGRAMME

A specific experimentgdrogrammavas performed to assess the effect of chloride
corrosionin pre-cracked and uncracked HPSFRE@ecimensunder cyclic conditions.
The following specific objectives are defined:

1 Investigate the effects of chlorides regarding aesthetic aspect;

1 Investigate the influence of corrosion in the paosicking behaviour opre-
cracked and uncrackegpecimens

1 Analyse the level and depth of corrosion of the fibrespecimengverthecycles.
3.3.1. Materials and mixes

Portland Cemen€EM | 52,5R (without additions)silica sandwith 0.3-0.4 mm
size potable water from the public netwonkereused.The amount of water added was
correctedollowing the same procedure described in sed@i@il Mixes with Dramix®
OL13/.20 (seeTable 3.1) steelfibres in contentsof 0, 90, 140 and 19&g/m® were
produced An amorphous nanosilica suspension of type Meyco MSdatthultrafine
calcium carbonatef type Betoflowwere usedto improve the densityand mechanical
propertiesof the pasteA superplasticizeof type Glenium ACE 42%as addedn
different to ensure similar workability and to reduce the we¢enent ratio.
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Table 3.4 shows the composition of the mixes used, whielpresent an
improvement in relation to those characterized in the preliminary experimental
programmeNoticethatthe superplasticizer content remained constant for mixegheath
samew/c, regardless of the fibre content. All of them were-sethpactingand did not
require any vibration during the production of the speciméfigzes with all fibre
contents were produced with a w/c of 0.23. Mixes with fibre conte®3 ahd B0 kg/m3
were also produced with w/c of 0.28 to assess the influence of the w/c in the corrosion.

Table3.47 Mix composition for the specific experimental programme

Materials Mixes
1 2 3 4 5 6
Cement | 52.5R kg/m3 800 800 800 800 800 800
Silica sand 0.9.4mm  kg/m3 1161 1131 1108 1098 1129 1098
Water kg/m3 129 129 129 129 184.6 184.6
Superplasticizers I/m3 32 32 32 32 15.4 15.4
Nano silica I/m3 40 40 40 40 40 40
Calcium carbonate kg/m? 200 200 200 200 200 200
Steel fibre OL 13/@0  kg/m?3 0 90 140 190 90 190
w/c - 0.23 0.23 0.23 0.23 0.28 0.28

3.3.2. Specimens preparation

Due to the largeaumberof specimensieeded per composition, the production
process was performed at the facilities of the com@a8ZOFET S.A which has
extensive experience in manufacturiif SFRCCs and HPSFRCCs elements. Table
3.5 shows the sizes and number of specimens produced.

Table3.571 Size and quantity of the specimens.

Quantity for each mix
(unit)

Cylinder 100 x 200 10 66

Prism 40 x 40 x 160 200 1200

Specimens size (mm) Total quantity (unit)

Cylinders for control tests were cast in metallic moulds anchspfor the
durability testwerecastin disposable mouldduethelargenumber of specimernger mix
The first step of the productigmocessvas to organize the metallic moul@sgure3.6-
a). Then,one layer of alemouldng agent was sprayed in the metallic moulds.

A 1000 litres vertical axis mixéseeFigure3.6-b) wasused to producg batching
volume per compositiannitially, the dried components (cement, silica sand and calcium
carbonatein this ordey were weigheandplaced by means of a cagyor belt ito the
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mixer and mixedfor one minute. Subsequently, wategngilica and steel fibrewere
added manually and mixddr approximatelffour minutes.

Figure3.61 Preparation of the specimensnajulds and) vertical axis mixer.

Small amounts of material was extracted from the mixer to assefdavt extent
according to the procedure described in the prelimieaperimental programmgsee
Figure 3.7). The test alsalloweda qualitative evaluation of the material stability by
analysing signs ofibre segregationsuch as thdormation of lumps and irregular
distribution of fibresOnce approved, mixes were placed in a skip with straight outlet that
was transported over the moulds and opened to cast the speciménguyse®8-a). The
excess of materials over the moulds was removed man&daiyre 3.8-b).

Figure3.7i Flow extenttest.
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Figure3.81 Casting process)filling the moulds and) final aspect of moulds after removing excess

Finally, a cuing film was sprayedFigure 3.9-a) overthe samples toeducethe
loss of water by evaporation (s€ggure 3.9-b). Specimens were removed from the
moulds within 24 hours of casting, identified by number and arranged on a pallet (see
Figure3.10-a). Then, they were packed with a plastic sheigiufe3.10-b) and stored at
the company. Subsequently, they were transported toLaeratory of Structure
Technology Luis Agullo at the UPC and stored at ambient temperature.

Figure3.107 Transport of the specimere;samples organized in a palendb) packed with a plastic
sheet.
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3.3.3. Procedures for the durability tests

Several activities were conducted to prepareottmfor the durability testafter
production and curingn this sectiontheseactivitiesaredescribedollowing the order
of execution

Inductive method

To identify outlier specimens prior to the durability tekt inductive method
(Cavalaroet al 2015 Cavalaroet al 201§ was applied. The method allovike
assessent of he amount and orientation of steel fibre in specimens. The apparatus
for the test consistof a coil acting as a sensor and an inductance measuhen the
specimen is placeithsidethe coil the magnetic field around is affectedcby the fibres
and the inductance value chan@meseFigure3.11-a). Each specimen is measured 3 times:
with the axes x, y and z (s€gure 3.11-b) aligned with the axis of the cothe sumof
the measurements thethree directions providesformation abouthe content of fibres
in thespecimen. The relative values in each axis provide information abarteh&ation
of the fibres in the spémen Figure3.11-c and d show the inductive test set up performed
for all specimens.

Thebiggestincrease of inductance was obseragahgthex-axis of the specimen
due to the preferential fibre alignmentusad by the waléffect of the mouldsand the
casting procedureTherefore, the inductance in theaxis was considered for the
detection of outliersSpecimens with inductance out of thatlier limits were discarded
from the study

Mixes 03 (withw/c of 0.23 and 14@q of fibre) and 04 (wittw/c of 0.23 and 190
kg of fibre) had 1.8% and 6.70 % of the specimens discarded, respectd#igrs mixes
had no specimens discardeSpecimensnot discarded were grouped in subsets
corresponding to an initial adition (uncracked or preracked) and 6 testing ages
according to their saxis induction. The aim of this grouping process was to guarantee
that all sets have nearly the same averaggixinduction to reduce the influence of the
scatter of the fibre caent and distribution in the test results.
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a) / Direction of the magnetic field

Prismatic specimen

Figure3.117 Inductivemethod: a) apparatus for the test, b) directions of measurements, c) test set up
with coil and inductance analysandd) specimen placed into the avptus.

Pre-cracking the prisms

To ensurehat precracking occurs at theentre of the prisms, all specimens were
notched with the use of dry saw (déigure 3.12-a). Prisms were turned 90with the
casting directiomnd sawn through of the widthtbesamples at midspamhenotch (see
Figure3.12-b ) hadwidth and the deptbf 2 mm and 6.5 mm, respectively.

Figure3.127 Notching: a) dry sawing starting the notch and b) notch in the centre of the specimen.

Oncenotchedprisms were prerackedn a3-point bendingetupwith afreespan
of 133 mm and loadg atmidspanA clip gauge located at the tip of the crack controlled
the CMODduring the precrackingstage(seeFigure3.13-a). Four different precrack
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opening were definedfor the tests0.05, 0.20, 0.35 and 0.50 mm. To ensure the pre
crack opening desiredt the tip of the notch,trials wereconductedwith discarded
specimens.After achievinga certainCMOD (see Figure 3.13-b), specimens were
unloaded and examined byeans of atereo microscopeith increase of 80xo assess
the crack openin@seeFigure3.13-c andd).

Figure3.137 Precracking of the specimens: ap8int bending set up and b) crack generatethe
surface c) picture of crack fronmn the stereo microscopad d) measureemt of the craclopening

The sam@roceduravas repeated untihe targepre-crack openingvas achieved
Then, thecorresponding CMODvas fixed. In order to assure the desired crack opening
for each mix, the same process of measurement was conductedl Samples of each
mix and crack opening\otice that for each fibre contenthe CMOD value fixed to
achieve the prerack opening desired was differehte to the variations induced in the
CMOD recovery in the unloading stagegure 3.14 shows the LoacCMOD curves for
crack openings of 0.05, 0.20, 0.35 and 0.50 mm for samples wiity®d of steel fibre.
The fixed values of CMOD for each fibre content and crack opening areusitsoarized
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p// Code CMOD [mm]
5 F90_C0.05 0.19
t}/ F90_C0.20 0.41
z 4/ F90_C0.35 0.69
= / F90_C0.50 0.90
§ F140_C0.05 0.20
F140_C0.20 0.43
F140_CO0.35 0.72
F140_C0.50 0.92
F190_CO0.05 0.20
F190_C0.20 0.47
F190_CO0.35 0.75
——-C=035mm —--—C=0.50mm F190 CO0.50 0.96

Figure3.147 Load-CMOD curves for prerack openings for 9kg/md of fibre andCMOD values for all
pre-cracking openings and fibre contents.

Waterproofing of the surfaces

In order to allow the ingress of chlorides in only one direction, five faces of each
specimen were waterproofed. A flexible walbeised epoxy membramesistant to high
humidity and medium chemical attack (including salt water) was used. The epoxy
membrane as applied with a brusio the faces of specimens in two coats (Bepire
3.15-a) with interval of 24 hourbetweenthemm c cor di ng t o t he produc:e
Afterwards the specimens were maintained stored for 7 days at ambient temperature
curning (Figure 3.15-b). To avoid the penetration of the product into ginecracks an
adhesive tape waslacedover the face with the notdbefore the waterproofinglhe
adhesive tape was removed after the curing process.

Figure3.157 Waterproofing the specimens: a) applying the epoxy membrane and b) curing of samples.
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Wetting and drying cycles

After all preparationspecimens for the wettirend drying cycles were stored in
plastic boxesndorganized by each miFigure3.16-a). Specimens were exposé&mitwo
wet (48 hours submerged in diktd water) and dry (48 hours at ambient temperature)
cycles before being exposed to the aggressive environmRigt ensured a similar
saturatiorof the specimens in the beginning and during the cytl#sis procedure was
not adopted, a more significchloride ingress would occur in the first cycles due to the
lower humidity of the specimerkigure3.16-b shows the first cycles of the samples with
distilled water.

Figure3.167 Wetting and drying cycles with distilled water: a) specimens organized in the boxes and b)
set up of the cycles.

After the two cycleschloride (5% NacCl) was added to the same distilled water
and the specimensere exposedo cycles of wetting and ging (Figure3.17-a). This
amount of sodium chloride was selected with the purpose of acaedetet corrosion.
The complete cycle consisteti48 hours submerged in salt water (wetting) and 48 hours
at ambient temperature (drying). drculationpump was used during wettirsgageto
circulate the salt watemd avoid concentration variations with the depiiter two days
of the wetting cyclea suction pumpextracted thesalt waterout of thebox to startthe
two days ofdrying cycle (se€igure3.17-b). Boxes were closeduiing the wetting cycles
and openedduring the drying cyclesThe laboratorytemperaturavas monitoredkept
almost constant during the time of exposure.
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Wetting cycle

Drying cycle — ' Cim@; pump

Figure3.1771 Cycles: a) wetting and drying cycles andibjail ofpumping system

The water level was controlled every cycle and the chloride content was adjusted
monthly to guarantee similar conditions throughout the cyslesFigure3.18-a). The
methodto assess the chloride contennsisedof taking a 1-ml sample of the solution of
each boyxand addhg silver nitrate Figure3.18-b). Thenwith thevalue of the free chloride
contentobtained from the measuréFitrator micro TT 2050) the NaCl contentin the
adjusted when necessary in each box.

- CRISON

Figure3.18i Chloride content control: a) free chloride content test set up and b) silver nitrate and salt
water.

Assessment of chloride corrosion in steel fibre reinforced cementiimngosites



Materials and method of the experimental programmes 43

3.3.4. Mechanicaltests

3-point bending test

The assessment of tp@stcracking behaviour of fibres afténe cycles were
conducted following th&-point bendingsetup described in secti@2 usinga Instrom
5569 presswith displacement controlTests were performed aix different ages (0, 5,
35, 65, 95 and 125 cyclem 4 prisms of each mix with uncracked section drmtisms
with pre-cracked section (openiagf 0.05, 0.20, 0.35 and 0.50 mriithe CMOD(Crack
mouth opening igplacementgauge with length of 5 mm wadacedat the crack mouth
to measureghe CMOD The testwas finishedor CMOD = initial CMOD + 4 mm(see
Figure3.19).

Figure3.197 Specimen for the mechanical test: a) set up and byfeihe test.

Analysis of the corrosion in the cracked section

The evolution of the corrosion was analysed throughout the cycles at each age of
the mechanical tests. Thevel and depth of fibre corrosidn the cross sectiowere
assesseih the both craokd surfaced-or this,after the 3point bending testshe 2 parts
of the sameprism were completelyseparatedand carefully analysedn a stereo
microscope

Tree different level of fibres corrosion were defined for the analysis: low
corrosion for a verysuperficial corrosion of the fibres (séggure 3.20-a); medium
corrosion for a deeper corrositimat produces a sligtbss of fibres crossection (see
Figure3.20-b) and a high corrosion for a severe corrosion resultifigri@breakage (see
Figure3.20-c) or complete loss dibre crosssection (se€igure3.20-d).
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Figure3.207 Level of fibre corrosion: a) low, b) medium, c) high with breakage of the fibre and d) high
with complete loss of cross section.

Finally, pictures were taken of both sides of the cracked seamidrthe depth of
each level of corrosion was measufean the top of the notchrigure 3.21 shows an
example othe depth and level of corrosion afptinecrackedsection otbothsides of one
specimenTheaveragadepthof both sidedor the four specimens tested at each age was
assessed

Figure3.217 Depth and levebf the fibre corrosion alongracked sectian
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Analysis of chloridéngressin the cross section

The ingress of chlorides in the cross section stadied for uncracked section
only. After the tests, Slices were cut froreachspecimen and sprayed withiM silver
nitrate solutionThen a picturef the sprayed sectiomas taker(seeFigure3.22-a) and
the depth of penetration of chloride wasasure@s a change in the colodihe presence
of corroded fibresvas studied over cyclesgith a stereo microscope (sEgure3.22-b).

Figure3.227 Analysis of the cross section: a) tlepf ingress of chloridemeasured witltolorimeter
method and bgorroded fibrestthe crosssection.

Analysis of the corrosioan the surface

The effect of steel fibres corrosion in thesthetiaspecof HPSFRCGpecimens
was also investigated. For that, a groud@fspecimens of each mix was prepared with
the same process as the samples for the mechanical tests and exfiessdrtmvetting
and drying cyclesEvery 10 cyclespictures were taken of tteurface of thespecimens
not coated with avaterbased epoxy membranafter that, the corroded arean the
surfaceof each sample were analyselb identify the evolution of the areaith
corrosion an algorithm was developed and implementedlatlab® using the HSV
(Human Visual System) colour modéihe first stepvasto transform the image from
RGB (Red, Green and Blue) to HVS and decompose it into three layers that represent the
model: hue (H), saturatigi$) and brightness value (V).

For each of the layers the intsteange is indicated by the histograms: for the hue,
the pixels are separated with values from O (zero) to the threshold, for the saturation and
brightness the pixels with values greater than the threshold are selsteghixels that
appear simultanesly in the range of interest of the three layers identified as
corrosion stainsThe relation between the identified pixels and the total quantity of pixels
of the image (resolution) defiaéhe percentage of area with corrosstains Figure3.23
showsa picture ofaspecimerbefore and after the image analysis
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Figure3.231 Analysis of corrosiorstains a) before and) after image analysis

SEM and EDS microanalysis of the cross section

Scanning electron microscopy was used toweutal how the ingress of chlorides
influences the microstructure of the cement composites in cracked section. Tests were
executed in a JEOL JSM 7100F microscope at the voltage of 20 kV. Regions were also
analysed by EDS to obtain the relative intensityhefélements. For the tests the samples
were coated with carbon.

The microanalysis of the walls of the cracked section was analysed at four ages
(0, 35, 65 and 9xycles) Thefibre-matrix interface the surface of the steel fibre, the
phases deposited dhe fibre surfacethe holes produced after tfibres pull-out, the
distribution of oxides in the cement matrix and the damage ofifiateix interfaceafter
fibre pull-out were analysed in each samplEhe microanalysis of fibisewithout
corrosion at 5 and 125 cycles was also performed.
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4. RESULTS - PRELIMINARY
EXPERIMENTAL PROGRAMME

4.1. INTRODUCTION

Chapter 3 of the thesis presented a preliminary experimental programme
performed with the aim of investigating the effects of chlorides in uncracked HPSFRCC
specimens. The short length of steel fibres and the improved interfacial transition zone
between the fibrand the cementitious matrix (in the case of high performance concretes)
are factors that may render the steel fibres less vulnerable to corrosion if compared to
conventional reinforcement.

Studies from the literature show limited superficial damage ofacked SFRC
elements exposed to chlorides (Balowthal 2010; Serna and Arango 2008; Abbas
2014). Howevermore informationis still required regarding durability of HPSFRCC
given the high fibre content typically used in the mix€sirthermore, the main
mechanisms involving the chloride corrosion of high carbon steel fibres and its effects on
the aesthetic and the pagtacking residual response are still unclear.

The general objectiveof this chapter is to present and discuss the results of the
preliminary experimentaprogrammeperformed toassess theffects of chlorides in
HPSFRCCs in terms of aesthetic aspect and the mechanical response. For that, the
following specific objectivesare defined:

1 Analyse the evolution of tHevel of corrosiorstainsdepositedat the surfaceof
the specimens

M Evaluate the influence dhe corrosionon thestructuralbehaviour of thesteel
fibres over time;

1 Identify the mechanisms according which the corrosion might affect the aesthetic
and the mechanical response.

In sectiord.2, the results of visual analysis of the surface is presengdnalysed
in terms ofthe influence of chloridesime, curing condition and fibre caent. In section
4.3 the resultof the mechanical tesere presented and studigdterms of the load
deflection curves, first crack, maximum load and resichad$ Subsequently, in section
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4.4, the visual analysis of the cross section conducted to investigate the level of fibres
corrosion Finally, in sectiort.5, the main conclusions of the study are highlighted.

4.2. VISUAL ANALISYS OF SURFACE
4.2.1. Analysis of the influence of chlorides

Figure 4.1 presents the low and high lesalf surface corrosion in one of the
specimens with chlorides. The average number of corrosion spots and the level of

corrosion(see sectioB.2.3)for all fibre contents and age of tests for the samples without
and with chloridesiresummarized imable4.1.

Figure4.17 Surface corrosion: a) low level and b) high level.

The results iMrable4.1 show that for all specimens without chlorides no sign of
corrosion was observed any of the ages evaluat&kspite the availability of humidity
and oxygen over time, fibres remained protected by the alkaline matrix. Under alkalinity
conditions, a very thin, ase and stable ireoxide film is formed on the surface of the
steel (Ghods 2010). This film is a passive layer which reduces greatly the mobility of ions
between the steel and the surrounding cementitious matrix. Besides that, the lack of
chlorides in theeementitious matrix did not induce corrosion initiation.

Surface corrosion was observedall specimens with chlorides. The corrosion
spots observed at the surfaoay be attributed tbwo main phenomena: the chloride
induced corrosion of the stefdbre and the mobilization of the products of corrosion to
the surface. The hole process includes the dissolution and oxidation of the of the iron and
the precipitation of the ferric oxides (see equationsi(25)). The mechanisms of steel
fibre corroson involve the breakage of the passive layer due to the presence of chlorides,
the dissolution of iron and production of the ferrous hydroxks(@H)) and of the
insoluble ferric oxideKe20O3) as described in section 2.3. For fibres close to the surface,
the process of corrosion is more expressive. The proximity to the surface favours the
exchange of oxygen and humidity, increasing the corrosion rate and the mobility of
compounds that are subsequently deposited at surface.
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Table4.17 Number of corrosion spots and level of corrosion.

Eib Age of Average number Level of
iore Cure geo of corrosion spots corrosion
Nomenclature  content condition tests specimens with
(kg/m?) t (days) Without  with (P cmens W
chlorides chlorides chlorides)
F40 R1 16 40 wet room 16 0 6.0 low
F40_R1 30 40 wet room 30 0 8.0 low
F40 R2_49 40 _wetand 49 0 9.0 low
climatic room
F40_R2_109 40 _wetand 109 0 9.0 low
climatic room
F80_Rl_16 80 wet room 16 0 12.0 medium
F80_R1 30 80 wet room 30 0 14.0 medium
F80_R2 49 80 _wetand 49 0 16.0 medium
climatic room
F80_R2 109 80 _wetand 109 0 19.0 medium
climatic room
F120_R1_16 120 wet room 16 0 16.0 medium
F120_R1 30 120 wet room 30 0 19.0 medium
F120 R2_ 49 120 _wetand 49 0 26.0 high
climatic room
F120 R2 109 120 _wetand 109 0 31.0 high
climatic room
F160_R1 30 160 wet room 30 0 20.0 high
F160 R2 49 160 _wetand 49 0 28.0 high
climatic room
F160 R2 109 160 wet and 109 0 35.0 high

climatic room

4.2.2. Analysis of the influence ottime and curing condition

For the aalysis of the influence of time and curing condition in the surface
corrosion, the mechanisms during the curing should be highlighted. Over time the
specimens were subjected to two different exposure conditions which favoured the
process of corrosion. In thedtrcondition (R1), after one day of production, samples had
been subjected to 44 days under wet room and in the second condition (R2) specimens
continued in climatic room until the age of the tests.

Figure4.2illustrates the mechanisms during the exposures conditions R1 and R2.
The corrosion of the steel is an electrochemical process. In the case of the specimens with
chlorides into the matrix, such presence provithesmodynamic conditions to induce
corrosion. However, the kinetics of the process depends on the presence of oxygen and
water which also controls its velocity. The electrochemical corrosion is impossible
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without the simultaneous presence oxygen and wAiszording to Rodriguez (2001),
the corrosive process occurs with the consumption of water and oxygen at the same time.

a)R1 time zero b) R1 time 1 c) R2 time 2
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Figure4.2 Exposure to oxygen and humidity at both curing conditions over time.

In the first curing condition (R1) and time zero (§&gure4.2-a), specimens had
a high saturatiotevel (due to the 90% relative humidity at wet room), and a limited
amount of oxygen coming from outside. The chlorides in the matrix allows the corrosion
initiation close to the surface that consumes most of the oxygen available. The presence
of abundantwater facilitates the movement of corrosion products that may reach the
surface causing the first stain points. Over time and until 45 dayd-(gee 4.2-b),
corrasion progresses at slow rates due to the limited amount of oxygen available.
Consequently, the rate of corrosion and of formation of corrosion spots reduces.

After 45 days (se&igure 4.2-c), the change of curing condition to R2 (under
climatic roomwith relative humidity between 45% to 55%) reduces the availability of
water and increases drastically the availability of oxygen close to the surface. This
accelerates theate of corrosion of fibres near the surface in an initial stage. The excess
of water inside the specimens tends to move to the outside in order to reach an equilibrium
with the new external environment. In the process, water brings ferric oxides to the
suface, also accelerating the formation of corrosion spots. The rate of corrosion and of
formation of corrosion spots should reduce again as the amount of water available at the
surface reduces.

Based on the mechanisms of corrosion mentiatede, the inflence of the time
and curing condition are analysed for the samples with chlorides. For that, a velocity of
formation of corrosion spots at surface and the number of corrosion spots detected with
the tests were considerdeélgure4.3-a shows the curves of the velocity of formation of
corrosion spots at surface for each fibre contentragure4.3-b presents the number of
corrosion spots over time. The dashed lines in the graphs indicate the change of curing
condition from R1 to R2 at 45 days.
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Figure4.31 Evolution of the surface corrosion: a) velocity of formation of corrosion spots and b)
absolute number of corrosion spots at surface over time

Figure 4.3-a shows that the first curing condition (R1) at 16 days presents the
greatest velocity of formation of spots at the surface. This confirms the mechanism
described previously, suggesting the oxygen available is consumeéoWwor the
presence of chlorides into the matrix and the fibres with only a very thin covering allow
the corrosion. The condition R1 at 30 days presents an expressive reduction of velocities
of formation of corrosion spots when compared to 16 days dhe mhsumption of the
oxygen available. Such phenomenon may be expected since the corrosion occurs by
means a cathodic reaction with the reduction of oxygen simultaneously with anodic
reaction of dissolution of the iron. The ingress of oxygen is limitetthé¥igh saturation
of the specimens.

At 49 days, the curing condition R2 (climatic room) provides a considerable
increment of oxygen available. Mixes with higher fibre content showed an increase in the
rate of formation of corrosion spots, whereas thwatielower contents show smaller rates
despite the change in the environment. Mixes with higher fibre content have bigger
volume of steel close to the surface, which have reached lower levels of corrosion in the
curing stage R1 since the limited oxygenikalde had to be shared by a bigger number
of fibres. When the amount oxygen increased in curing R2, corrosion was reactivated,
leading to an increase of formation of spots at the surface. By contrast, mixes with smaller
fibre content might have reachedigher degree of corrosion in R1. The increment in
terms of corrosions spots due to change of environment was significantly smaller in this
case as most of the spots had already been formed in R1.

The condition R2 at 109 days presents the lowest velsaitieformation of
corrosion spots. Although the availability of oxygen is high, at this age the degree of
saturation of the surface should have reduced considerably, limiting the progress of the
corrosion process and the mobility of the corrosion prodimstsrds the surface. In
addition to that, most of the fibres had already been affected in previous ages, meaning
that additional spots did not form.
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4.2.3. Analysis of the influence of fibre content

The influence of the fibre conteintthe surface corrosida studied for 1649 and
109 days for all samples with chlorid€sgure4.4 presents theercentage of increment
of corrosion spots dhesurface fothefibre contents$0, 120 and 16Rg/m?, considering
the mix40kg/m® as a reference (100%ih all cases, an incase in the fibre content leads
to a bigger number of corrosion spots at the surface of the specimen. This outcome is
attributed to the bigger number of fibres located closer to the surface. The low water
cement ratio of the mixes creates a matrix with tbéfusion coefficient. Consequently,
only fibres close to the surface have access to oxygen and water in the proportion needed
to unchain corrosion and enable the movement of corrosion products to the surface.
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Figured.47 Influence of the fibre content: a) relativerement of number of corrosion spatsd b)
number of corrosion spots

Figure 4.4-a also reveals an almost linear increase (in %) of the number of
corrosion spots with the fibre content for mixes with k§/m® and 12 kg/m? of fibres
Interestingly, the linear increment does not hold true for mixes witkd/én®. A possible
explanation is that due to the high content, fibres near the surface are located close to each
other, creating a superposition effect in which the déiposof the corrosion products of
one fibre overlaps with that of other fibres. Consequently, the contribution of the
corrosion of multiple fibres might be counted towards the formation of the same corrosion
spots. On the contrary, for smaller contentstefs near the surface are located farther
from each other, enhancing the likelihood of formation of independent corrosion spots.
Another possible explanation is that the degree of corrosion of individual fibres are lower
in mixes with higher fibre contensnce the oxygen and the water have to be shared
between a bigger number of fibres.

4.3. 3-POINT BENDING TEST

The flexural response gpecimens without and with chlorides were tested at 16,
30, 49 and 109 dayBigure4.5 illustrates the main parameters extracted from the results
of the test, which are the first crack load, the peak load and the residudldgdds and
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Lr7 (residual loads at the distance & 5 and7 mm from the first crackleflection
respectively).In addition to those, the shape of the lakdlection curves was also
studied. The influence of the corrosion was analysed for the variables: presence of
chlorides, the time and curing condition andfibee content.

10
ol /7
= Lr3
x, 6 Peakload
U '\\
g 41 [\
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0 2 4 6 8

Deflection [mm]
Figure4.51 Parameters of the&addeflection curve.

4.3.1. Load-deflection curves

Figure4.6 presents the average leddflection curve®f specimens witbut and
with chlorides afor all fibre contents at different ages. A general overview reveals that
the shape of the curves of ras with chloride is similar to that found in specimens
without chloride. Although the presence of chlorides in the matrix may affects the

hydration of cement phases modifying their quality and cause corrosion, it did not affect
the shape of the curves.

In general, specimens show a stiff behaviour with high increase of load for low
increments in deflection until the first cracks appear. Until this moment, the matrix is the
main responsible for bearing the stresses in the cross section and the contribiingon of
fibres is limited. After that, an increase of both load and displacement is observed as fibres
become active and bridge multiple cracks, leading to a strain hardening behaviour in

flexion. Once the peak load is reach, a localization of cracking td&es, leading to a
reduction of the load resisted.
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Figure4.6 - Load-deflection curvesor different ages and fibre content.
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4.3.2. First crack

In addition to remaining dissolved in water and unbound, chlorides directly added
to thematrix can be bound to the hydrated cement products through several processes that
affect the strength, chemical composition, surface area, morphology, and the pore
characteristics of the hydration products (Ramachandran 1971). The binding capacity is
paticularly affected by the contents of tricalcium aluminateA)Cand tetra calcium
aluminaferrite (GAF) (Doustiet al 2011). The chemical reaction withACproduces the
calcium chloroaluminate hydrate #&£CaCb.10H0) al so known as Fri
Similar reaction between 48F and chlorides produce calcium chloroferrite
(CsF.CaCh.10H0). The fast reactions with aluminates tends to accelerate setting and
increase the strength at initial ages. The accelerated crystals formed have different
morphology with less homogeneity, producing a less resistaatrix. Moreover, the
compounds formed fill the porous of the matrix reducing space for posterior hydrated
phases, such as the silicates.

According toRamachandran (1971), chlorides also interact wvitki. They can
create a chemisorbed layer over th&@E, penetrate in the-S-H interlayer spaces, or
be intimately bound to the-G-H lattice.Chlorides are known to promote the formation
of porous GS-H and the leaching of Ca(Ok)xompromising the lonterm strength gain
(Leeet al 2000). Furthermore, the chloroaluminates produced might cause deterioration
by decalcifications that are more noticeable at later days.

Figure4.7 showsfirst crack loadneasured at 16, 30, 49 and 109 daysamples
with and without chlorides with 40, 80 and 160 k3bh fibre. Graphs depicting the
absolute and relative difference between equivalent mixes with and without chloride are
also included. The first crack load is mainly determined by the properties of the
cementitious matrixFigure4.7i a andFigure4.7i b reveal that, the addition of chlorides
reduces the stress bearing capacity of the matrix. Specimens without chlorides present
slightly higher values of first crack load in comparison wifjnigalent specimens with
chlorides. This may be a consequence of the change in cement hydration induced by the
chlorides, as described previously. No clear trend on how the difference varies with the
age, curing condition or fibre content is observed.
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Figure4.71 First crack loada) specimens without chloridds) specimens with chlorides) absolute
and d) relative difference

4.3.3. Maximum load

Figure4.8 shows the curves of thmaximumload and the graphs of the absolute
and the relative load at 16, 30, 49 and 109 daysamples with and withowhlorides
for 40, 80, and 120 kgAwf fibre. The maximum load is reached after a phenomenon of
formation of multiple cracks. At this stage, the main mechanism affecting load reached is
the bond between fibre and matrix.

The absolute and the relative vaduare the difference between the specimens
without and with chlorides. As in the case of the first crack load, the inclusion of chlorides
produces a consequent reduction of the resistant capacity. The level of reduction could be
attributed to the influencef chloride in the normal hydration and to the corrosion of the
fibres.

The percentage of reduction observed for the maximum load is similar to that
observed for the first crack load and does not seem to increase with the age. Should the
corrosion be thenain cause, over time, the load resisted would reduce and the difference
between mixes with and without chloride would increase. This contradicts the results of
Figure 4.8, suggesting that the main cause of the difference is the influence of the
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chlorides in the hydration process. The influence of fibre content and curing condition is
not clear.

a) —e—F 40—8—F 80 F 120 b —8— | 40—8—F 80 F 120
20 1 20 .
é 15 < 151
E E
o -\.\.—' o
=} >S5
£ — — E .
=
Without chlorides With chlorides
0 L L L L L L L 1 O L L L L L L L 1
0O 15 30 45 60 75 90 105 120 0 15 30 45 60 75 90 105 120
Age [days] Age [days]
C) ®F 40 =F_80 4F_120 d) ®F 40 ®F 80 4F.120
5 25
< 4 T2 =
g E '
3 3 3 15 . ®
g | = g .
2 2 .- = 10
8 © .
< 11 e e T s .
L] |
0 15 30 45 60 75 90 105 120 0 15 30 45 60 75 90 105 120
Age [days] Age [days]

Figure4.87 Maximum loadfor 40, 80 and 120 kg/fof fibre: a) specimens without chloridds
specimens with chlorides) absolute and d) relative differences between specimens with and without
chlorides

In the specimens studied, the corrosion affects a small number of fibres located in
a thin layer close to the surface while in the interior region of the cross sectional the fibres
remain almost unaffected. The fact that no decrease in maximum load i¢ecbseer
time despite the increase in number of corrosion spots suggests that the corrosion of the
fibres is not enough to compromise the maximum load. The dense matrix produced due
to the low w/c and high cement content limits the diffusion of ions arderits needed
to activate the corrosion. Therefore, despite the presence of chlorides, very limited
corrosion was observed in the creestion.

4.3.4. Residual load

Figure 4.9 shows the residual load for samples without and with chlofoles
mixes with 40, 80 and 160 ku° of fibre measured at 16 and 109 days. In this case, the
results correspond to the residual loadsand Lrs (at the distance & and 5mm from
the first crackdeflection respectively. The absolute and the relative difference between
specimens with and without chloride are also presehtend Lrs are observed after
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the peakoad, indicating a progressive crack opening charactebyedte sliding of the
fibres.

The residual load decreases with time, whereas the difference between specimens
with and without chlorides increases with time. Moreover, the relative reduction is bigger
than the observed for the first crack load. Such trenabre evident in mixes with higher
fibre content. This suggests a possible influence of the corrosion process in the results,
although definitive conclusions may not be drawn due to the influence of the chlorides in
the hydration process.
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Figure4.97 Residual load for 40, 80 and 160 kd/of fibre: a) specimens without chloridds)
specimens with chlorides) absolute and d) relatid#fference between mixes with and without
chlorides

4.4. ANALISYS OF THE FIBRES AT CROSS SECTION
4.4.1. Visual inspectionimmediately after the 3-point bending test
In order to analysé¢he corrosion offibres, a visual inspectionwas performed

immediately after the -point bending test®f all specimensFigure 4.10 shows an
example of cross section of one specimen with chloridé® highdensity of the matrix
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does not allow deeper movement of water and oxygen in the specimen, contributing for
a very superficial corrosion.

-

Ihickness of one layer with corrosion

)

Layer with corrqded ) fibres‘

Corroded. fibres

v' '

Figure4.107 Cross section of one specimen with chlorides: a) complete vithe ofoss section; b)
corrodedsteel fibrefrom the border and @)o-corrodedsteel fibrefrom the centre.

The visual inspection indicated that only fibres at the sunfaesented signs of
corrosion.On the contrary, fibres in the interior region of the cross section showed no
sign of corrosion. Such result was expected since in the interior of the samples, the ingress
of external water and oxygen to react with chloridesthe iron of the fibres may be very
reduced. Although a high chloride content was added to the cementitious matrix, the
process of corrosion depends on the availability of water and oxygen. No corrosion was
observed in specimens without chlorides.

4.4.2. Visual inspectionafter exposure at climatic room

After the visuainspection immediately after thePBT, slices were stored in the
environment R2 for 7 dayfigure4.11 showsa montage witlhe slices extracted from
specimens wit0, 80, 120 and 160 kghof fibre at 16, 30, 49 and 109 days. Images in
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Figure4.11-a was taken immedidieafter the 3PBT and those ifrigure 4.11-b was
taken 7 days after, being kept in environment R2

Without chlorides With chlorides
Age of tests (days):

40 80 120 160 40 80 120 160
Fibre content (kg/f)

Figure4.117 Pictures oElices a) immediately after theRBT and b) after additional storage in.R2

The cutting process used to produce the slices exposed areas frosidaeofn
the specimen that had limited access to oxygen and water. In this condition, chloride
present in the matrix enabled the rapid corrosion of the fibres. This confirms that free
chloride was left to react with the fibres, which was not possible adytalthe limited
availability of oxygen and water attributed to the low diffusion coefficient of such a dense
matrix. As expected, the area covered by corrosion products increases significantly with
the fibre content.

4.5. CONCLUDING REMARKS

The preliminary experimentalprogrammeinvolved two types of analysis: the
influence of chlorides in the aesthetic aspect and in the mechanical response. The
following conclusions may be derived from ttesults of the tests performed:

1 The presence of chlorides in the mixed to the deposition of corrosion spots in
the surface of specimens with chloride, whereas no spots were found in specimens
without chloride. This corrosion is restricted to a thin layer close to the surface.
The phenomena may be attributed to the irggoéexternal water and oxygen that
reacted with the chlorides and the iron of the fibres to generate corrosion products
that were later mobilized to the surface. The increase in the formation of corrosion
spots increases almost linearly with the fibreteah This has to be taken into
account in elements with high aesthetic requirements.
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1 A decrease in the first crack load and maximum load values was observed for the
specimens with chlorides. This does not seem the result of the corrosion of the
fibres. Despite the advance of the corrosion over time confirmed by the formation
of spots at the surface of the specimens over time, the difference between the load
of specimens with and without chloride remain constant. The most probable cause
is the influence ofhe chlorides in the normal hydration of the cement phases.

1 A decrease is also observed in the residual load. In this case, however, the
reduction becomes more evident over time. The influence of the corrosion may
not be discarded, requiring additionaldias.

1 The visual inspections of cut specimens after tR83 confirm that the corrosion
occurred only in fibres located in a small layer close to the surface. By contrast,
most of the cross section showed no sign of corrosion, despite the high chloride
content. This confirms that the low diffusion coefficient of the matrix limits the
availability of oxygen and water required to activate the corrosion, thus protecting
the fibres. The small thickness of the layer affected is responsible for the lack of
clearinfluence of the corrosion process in the mechanical response of HPSFRCC
specimens.
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5. CORROSION IN UNCRACKED
SPECIMENS SUBJECTEDTO
WET-DRY CYCLES

5.1. INTRODUCTION

Chapter 4 showed that the presence of chlorides in HPSFRCC affects the
aesthetics of specimens, leading to the formation of corrosion spots at the surface. Results
from Chapter 4 suggest a small influence on the mechanical performance of uncracked
sections although further investigation is required on this matter. Some authors
(Dauberschmidt 2006; Mangat and Molloy 2000; Nordstrom 2005) highlighted the
limited corrosion on uncracked steel fibre reinforced concrete (SFRC) mainly attributed
to the discontinaus nature of the fibres, the reduced surface roughness due to their
manufacturing process and the dense and uniformfifateix interfacial transition zone
(ITZ). International standards and guidelines are unclear about the consideration of the
fibre corosion in HPSFRCC subjected to aggressive environments.

The use of wedry cycles has been an effective method to accelerate the
corrosioninduced damage of SFRC (Marelkesonet al 2018). Results on SFRC under
cyclic chloride wetting and drying exposui@erna and Arango 2008; Anandanal
2014) revealed a damage limited to stains at surface suggesting an early stabilization of
the deterioration of the steel fibres. In the case of the structural response of uncracked
specimens, sources report negligildss (Anandaat al 2014) and significant reduction
(Anandaret al 2014; Alizadest al. 2016) of the flexural strength (Anandetnal 2014).

In this sense, a study regarding the effects of chloride corrosion on the surface
aspect and on the structbbeehaviour for uncracked HPSFRCC specimens subjected to
wetting and drying cycles may be of great interest in order to identify the level of damage
in the case of a dense matrix with high fibre content.

In view of the exposed, thgeneral objectiveof this chapter is to present and
discuss the results of thlepecificexperimental programme performed with the aim to
study the effects of chloridesrrosionin HPSFRCCs in terms of aesthetic aspectaind
mechanical responser uncracked specimeniSor thatthe followingspecific objectives
are defined:

1 Analyse the evolution of the areaauirrosion athe surfaceover time
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1 Identify the mechanisms that lead to formation of surface depositions due to
chloride corrosion;

M Evaluate the influence afie corroson on thestructuralbehaviourfor uncracked
specimens.

Section 5.2 presentsthe evolution of thesurface corrosions presentedand
analysed in terms dhe influence oftime, fibre contentand watercement ratio (w/c)
Section5.3discusghe resultof the depth of ingress of chloridasd the rate of chloride
penetration.Subsequentlysection 5.4 addressthe visual analysigperformed on the
surface and on the cross section. Sedidmnalyses the SENMDS analysis of the cross
section, of the fibres and of the surface. The conceptual model of mechanisms of
corrosion in HPSFRCCs is presented in sechi@ Then, the results of the mechanical
tests for uncracked section are presented and discussed in Settionally, section5.8
highlightsthe main conclusions of the study.

5.2. ANALISYS OF SURFACE CORROSION

In order toevaluate the effects of steel fibre caion in the aesthetic, 4
HPSFRCC mixes were exposed to wetting and drying cycles with and without chloride
(see section 3.3.4). Pictures of the surface of the specimen were taken from 5 to 95 cycles,
at every 10 cycles. Then, the pictures were analysechdgns of an image analysis
algorithm that quantified the percentage of surface covered by corrosion depositions. The
so called Acorroded areaodo represents the
cycle and mix.

The corrosion at the surface in stiwres under cyclic wedry condition is related
to several transport mechanisms. Capillary absorption occurs when the concrete surface
is not saturated and becomes exposed to a chloride solution. The capillary tension will
drive the chloride into the corate (Hooton and McGrath 1995). The pores will be filled
by the solution until saturation and a level of concentration of chlorides will remain in the
matrix. When the layers become saturated, the ingress of ions is governed by diffusion,
seeking to attaiequilibrium of the pore solution with the outside.

When the external environment dries, the pure water will evaporate from the
pores, and the salts that were originally in the solution may precipitate in the pores close
to the surface. Such movement geates a high concentration of chlorides, particularly
in pores close to the surface of the sample. The drying of the concrete also helps to
increase the availability of the oxygen required for steel corrosion, as oxygen has a
substantially lower diffusiogoefficient in saturated concrete (Hong 1998).

The surface corrosion in cyclic exposure is mainly affected by the rate at which
the chlorides penetrate in the sample. The duration of the wetting and drying periods play
the main role in the rate of chlda ingress. According to Hong (1998), if the wetting
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period is short, the entry by absorption will carry the salts into the interior and be further
concentrated during drying. Then, in presence of a level of humidity in the pores, the salts
may enter deepénto the sample through diffusion.

Due to the dense HPSFRCC matrix, corrosion should be more significant for the
fibres close to the surface. The proximity with the surface allows the reaction between
the iron of the steel fibre, the chlorides, the wétem the salt solution and the oxygen.
Moreover, the movement of the oxidized compounds during the reactions and the flow of
humidity enables mobilization of corrosion products and consequently deposition on the
surface.

5.2.1. Influence of number of cycles

Figure 5.1 showsthe pictures of the exposed surface and the corroded areas
detected of a specimen with 90 kd/af fibre and w/c of 0.23. The figure illustrates the
evolution of corrosion at 5, 35, &hd 95 cycles. The graphs of the average percentage
area of the corroded surface from cycles 5 to 95 and the relative increment related to cycle
5 (considered as 100%) are presentdeiguire5s.2.

5 cycles

Figure5.17 Surface corrosiofor specimen with 90 kg/frof fibre and w/c of 0.23a) pictures of the
surfaces and orroded areas detected.
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Figure5.27 a) Percentage of corroded area and b) relative increment of corroded area for specimen with
90 kg/n¥ of fibre and wi/c of 0.23.

The results revedhat the number of wetting and drying cycles in salt solution
influences the formation of surface corrosiddurface corrosion is observed since cycle
5, increasing gradually until cycle 35. The ingress of water, chlorides and oxygen during
the cycles induces the corrosion of the fibres placed close to the surface. The presence of
water also facilitates the molziation of the ferric oxides in the pores and their deposition
over the surface.

After cycle 35, a decrease or stability in the corroded area is observed. This
suggests a stabilization of the deterioration of the steel fibres which might be attributed
to the absence of available fibre close to the surface to be corroded. Anotheatixplan
is the leaching of corrosion products. During the wetting period, the specimens
submerged in salt solution may have the products close to the surface leached by the
solution, which could be accelerated by the constant movement of liquids induted by t
pumping system.

In order to detect the leaching process of iron oxides and hydroxides over cycles,
the solids deposited at the bottom of the containers during the cycles were collected and
analysed by SEMEDS. Figure 5.3 presents the SEM images and the results of the
microanalysis, which revealed the presence of ferric oxides. This confirms that the
products of corrosion were leached from the surfaces of the spesohring the cycles.

In addition to that, a level of leaching of calcium from the cementitious matrix was
observed. Such result suggests a reduction of the pH close to the surface of the specimen,
which may further favour the corrosion process at tlyisrla

Assessment of chloride corrosion in steel fibre reinforced cementiimngosites



Corrosion in uncracked specimens subjected tedmetycles 67

lFe:Si:Cl:Ca:Na =
100:31.0:18.4:11.4:10.2

b

e ™

det HY ) g 100 pm
DualBSD | 20.00 KV _10.0 m 6 X CCiTuB ETD.120.00.kV/10.0 mi

Figure5.37 SEM analysis and corresponding EDS specti@otifis extracted from the bottom of
containers.

The evolution of the sémce corrosion and the corroded areas detected of one

specimen with 190 kg/frof fibre, andw/c 0.23 are presented Figure5.4. Figure5.5

shows the graphs of the percentage of corroded surface area from cycle 5 to 95 and the

relative increment relative to cycle 5 (considered as 100%).

- Scycles

Figure5.47 Surface corrosiofor specimen with 190 kg/fwof fibre and w/c of 0.23a) pictures of the
surfaces and lorroded areas detected
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Figure5.57 a) Percentage of corroded area and b) relative increment of corroded area for specimen with
190 kg/nt of fibre and w/c of 0.23.

The same trend described fbetspecimens with®kg/m3 of fibres is observed
here. Again, surface corrosion is observed since cycle 5, increasing until cycle 35. After
that, a stability is reached. As mentioned previously, this stability is caused by the limited
number of fibre geneating corrosion products and the leaching effect of the solution
during the wetting stage that removes some of the corrosion products from the surface.

Figure 5.6 presents the evolution of surface corrosion and the corroded areas
detected of a specimen at 5, 35, 65 and 95 cyclesl@@tkg/n? of fibre and w/c of 0.28.
Graphs of the average percentajeorroded area from cycle 5 to 95 and the relative
increment related to 5 cycles are presentdelgnre5.7.

Figure5.67 Surface corrosiofor specimen with 190 kg/fof fibre and w/c of 0.28a) pictures of the
surfaces and Iorroded areas detected.
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Figure5.77 a) Percentage of corroded area and b) relative increment of corroded area for specimen with
190 kg/nt of fibre and w/c of 0.28.

The same general behaviour regarding the deposition of corrosion products is
observed for the mix with w/c 0.28. Interestingly, however, these mixes show a reduction
in the surface area with deposition of corrosion products in comparison with equivalent
mixes with w/c 0.23. This trend is further analysed in se&iar

5.2.2. Influence of fibre content

The evolution of the surface corrosion is analysed in terms ofddrent, for 90
and 190 kg/mof fibre, and w/c of 0.23Figure5.8 presents the graphs of the average
percentage of corroded area from cycles 5 to 95 and theveelatirement of surface
corrosion for 190 kg/rof fibre when comparetb 90 kg/ni (considered 100%).
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Figure5.87 Surface corrosion fd#0 and 190 kg/fof fibre: a)percentage of corroded area and b)
relative increment of corroded area.

Figure5.8 reveals that samples with 190 kd/of fibre presented bigger surface
corrosion than those with 90 kgimNevertheless, the increment is not directly
proportional to the increase of fibre ¢ent. Despite nearly doubling the fibre content, a
maximum difference of only 5% of the corroded surface is assessed. The same was
observed in the preliminary experimental programme (Chapter 4) for the highest fibre
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contents. As in that case, this outcomay be attributed to a superposing effect.
According to this effect, the deposition of corrosion products of 2 fibres close to each
other might occur at nearly the same area on the surface. Consequently, the area affected
is not doubled, being only slightincreased.

5.2.3. Influence ofwi/c

The influence of water/cement ratio in the surface corrosion is studied for 90
kg/m? of fibre. Figure5.9 presents the graphs of theeaage percentage of corroded area
from cycles 5 to 95 and the relative increment of surface corrosion of mixvigith.28
when comparetb the equivalent one with w/c 0.23 (considered 100%).
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Figure5.97 Surface corroded area for 90 kd/af fibre: a)percentage of corroded area for w/c 0.23 and
0.28 and b) relative increment of corroded area.

Figure5.9 reveas that the increment of the w/c for the fibre content of 90 kg/m
decreased the corrosion at the surface at all cycles. An identical trend is also observed for
mixes with 90 kg/m3. Sudiend contradicts the initial expectation that the increase of the
w/c would increase the porosity of the matrix and facilitate the movement of ions, thus
enabling more advanced corrosion states and the deposition of more corrosion products
at the surfaceAlthough a definitive explanation is not feasible with the information at
hand, a possible explanation is that the higher porosity of the surface also facilitates the
leaching of corrosion products, avoiding further accumulation at the surface.

5.3. ANALYSIS OF THE PENETRATION D EPTH OF CHLORIDES

Figure5.10 shows the cross section of specimens tested for the depth of chloride
penetration. Measurements were performed desyg; 35, 65,95 and 125 (corresponding
to 20, 140,260, 380 and 500 days, respectively). The penetration rate and the total
penetration depth of chloride for mixes with 90, 140 and 190%offibre are presented
in Figure5.11.
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Chloride depth: 7.0 mm

Figure5.107 Penetration depth of chlorides in the cross section.
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Figure5.117 Chlorides a) penetration rate and b) total penetration depth in the cross section.

Figure5.11-a shows that the highest penetration rmtabiserved for cycle 5. Such
outcome may be attributed to the capillary suction of the salt solution during the first
cycles. It should be remarked that the specimens were first subjected to two wetting
(submerged in distilled water) and drying (at envinemt temperature) to ensure the
same condition in the begin of the chloride cycles. However, the surface of the specimens
may be easier dried than the bulk of the matrix allowing faster ingress of substances.

According to Hong (1998), during the wettingctss, the dry or partially dry
surface exposed to salt water absorbs the salt solution until saturation and the
concentration of chlorides increases in the pores near the surface. During the drying, the
pure water evaporates and the salts in the solutiecipitate out of these deeper pores
and remain into the pores nearer to the surface.

Such movement of the salt solution develop a gradient of chlorides in the pores.
Given the low permeability of the matrix, the capillary absorption is limited to a small
layer close to the surface. In the first cycles, a considerable ingress of chlorides occurs in
this layer. As the cycles progress, an equilibrium between the external chloride content
and the chloride concentration in the pore solution of the surfaceidagehieved, so that
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the penetration rate decreases. Further chloride entrance beyond this layer is governed
mostly by a diffusion process, which produce a slower chloride ingress than the caused
by the capillary absorption. This reduces the chloridefation rate in comparison with

the first cycles, explaining the trend observe#igure5.11.

The increment of fibre content increases the penetration rates ofdehdd all
cycles. The result suggests that the addition of fibres alter properties of the composites
such as porosity and permeability. An increment of the volume of capillary pores as well
as the permeability in cementitious grouts with the additiofiboés was observed by
Toutanji (1999). The fibrenatrix ITZ might also act as a channel facilitating the
movement of the chlorides inside the matrix.

5.4. VISUAL INSPECTION OF CORROSION
5.4.1. Analysis of the cross section

Figure5.12 shows images of the fibres after th€BT in specimens exposed to
0 (before the attack), 5, 95 and 125 cycles. The analysis of the fibres at before the attack
(seeFigureb5.12-a) reveals no sign of corrosion, indicating that they still are protected by
the passive filmFigure5.12-b shows that a low level of pits of corrosion is formed at the
surface of some fibres close to the surface at cycle 5. Fibres maintain their original
diameter with no significant loss of cross sectional area. Such small level of corrosion
may be a onsequence of the low permeability of the matrix and the low porosity around
the fibres. Researchers such as Nemegeat (2003); Mangat and Gurusamy, (1988)
and, Dauberschmidt (2006), highlighted higher chloride threshold values for steel fibres
compaed to conventional steel bars. The moisture exchange over the cycles may mobilize
the products of corrosion to the surface due to the short distance between fibre and the
surface of the specimen.

At 95 cycles (sed-igure 5.12-c) the fibres close to the surface presents an
increased level of corrosion. Some regions of the fibres show localized accumulation of
rust, i.e. products (including various iron oxides and hyides) with relatively lower
density that occupy much more volume than the original iron (Chen and Mahadevan
2008). This may indicate that the corrosion occurs with different speeds along the length
of the fibre, being partially governed by the steel cositpm, the distribution of the
matrix porosity and the variation in the concentration of chlorides, among other factors.
As corrosion progress, rust products spread filling the pores of the ITZ. The porous matrix
surrounding the fibre can to some exteosa@b the higher volume of the rust products.
Alternatively, the corrosion products may be driven through the pore system to the
surface.

Assessment of chloride corrosion in steel fibre reinforced cementiimngosites



Corrosion in uncracked specimens subjected tedmgtycles 73

Figure5.127 Corrosion of the fibres close to the surface at cycles a) 0, b) 5, ¢) 95 and d) 125.

The corrosion does not affect all fibres close to the surface of the specimen. In
fact, some of them still show no sign of corrosion. The corrosion resestdisuch fibres
may be explained by a combination of factors. The short length and discontinuous nature
of fibres impedes large potential differences over the fibre surface, thereby potentially
limiting the formation of anode and cathode regions (Dagherglt 2006). Another
factor is related to a wetlefined interfacial layer rich in Ca(OHh direct contact with
the steel fibres, which is more uniform and presents less defects than that found around
conventional rebars (Page 1982; Bemual 1985). A third factor is the high density of
the matrix that might fAencapsul ated some

At 125 cycles, fibres in the layer close to the surface of the specimeRidsee
5.12-d) show significant corrosion with loss of cross section. On the contrary, fibres in
deeper layer of the specimen but very close to the surface as well show no sign of
corrosion. This may be arsequence of the limited penetration of chlorides or the limited
availability of oxygen and/or water inside the specimen.

Figure5.13shows a layer of the cross seati@lose to the surface of specimens at
5, 35, 95 and 125 cycles.
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Figure5.137 Corrosion at cross section close to the surface at cgclgsh) 35, ¢) 95 and d) 125.

At 5 cycles (se&igure5.13-a), fibres located in a layer close to the surface of the
specimen (between 0.4 and 0.5 mm) present\alger level of corrosion. The products
of corrosion filling the pores appear in a very thin region surrounding the fibres. Passive
fibres close to the surface can be clearly identified. No significant presence of iron oxides
and hydroxides is observed metbulk matrix of the superficial region of the sample.

In Figure5.13-b, the layer close to the surface presents an increment of products
of corrosion but most of the fibres still remain unaffected, despite of higher concentration
of chlorides in the pores of this region. In cycle 95 Ggere5.13-c), an enhanced level
of corrosion is observed in the fibres close to the surface. The matrix in this region shows
no significant presence of ferrous oxides and hydroxides, thus sugdhatititge density
of the matrix limits the corrosion and the mobilization of the rust to the surface.

The evolution of corrosion in the layer close to the surface is analysed at 125
cycles (se€igure5.13-d). The results reveal that the products of corrosion are occupying
the pores in a region surrounding the corroded fibre. Such outcome may indicate that the
volume of rust generated from theactions filsthe pores in a limited region close to the
fibres. The matrix above the corroded fibre presents a clean aspect with no oxidation
products, which were contained around the fibre.
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