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Abstract

This paper describes an experimental study that comprised the exposure of cracked SFRC members to wet-dry
cycles involving chloride and carbon-dioxide for two years. Results indicate that corrosion of steel fibres occurs
mainly at the outer regions of the crack for cracks smaller than 0.3 mm, where the pH inside the crack drops below
values of nine. The presence of chloride affected mainly the extent of corrosion. The results indicate that corrosion
damage of the steel fibres does not necessarily play a dominant role on the overall deterioration of the composite;
since changes in the microstructure of the matrix surrounding the crack and the fibre-matrix interface due to
leaching and autogenous healing, may have a substantial impact on the long-term behaviour of the cracked
composite. A conceptual deterioration model was developed, describing the deterioration and recovery
mechanisms that alter the long-term mechanical performance of the cracked composite under wetting-drying
conditions.
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1. Introduction

Steel Fibre Reinforced Concrete (SFRC) is used in the construction of infrastructure exposed to aggressive
environment that often involve exposure to chlorides and carbon dioxide. Previous studies generally agree
regarding the good long-term performance of uncracked SFRC exposed to aggressive environments; but are
inconsistent regarding the extent of fibre corrosion inside cracks and its impact on the tensile toughness of the
cracked composite for cracks in the range of 0.1 — 0.3 mm [1].

To date, there is a limited understanding of the deterioration processes of cracked SFRC in aggressive media, such
as saline or fresh water. Earlier research has in general based its conclusions on macroscopic observations relating
the mechanical performance of the composite to the corrosion of the carbon-steel fibres [1]. It is not clear whether
toughness variations reported after exposure are related solely to corrosion damage at the fibres or if additional
changes in the fibre-matrix bond due to alteration of the concrete matrix during exposure also plays a role [2,3],
as also discussed in [1,4]. Ongoing studies have shown that exposure of cracked SFRC to some corrosive
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environments, e.g. wet-dry cycles of freshwater or saltwater, do not necessarily lead to a reduction of the
mechanical performance of the cracked composite; and may even result on an increase of the mechanical
performance over time [4]. Yet, those changes cannot be explained by a conventional deterioration model, which
accounts mainly for the detrimental contribution of fibre corrosion [5,6]. Thus, more detailed deterioration models
were proposed [1]; which, however, lack data to substantiate their hypotheses.

The deterioration process of the material reported in macroscopic observations of cracked SFRC is initially
triggered by the transport of moisture and other chemical species (henceforth “species”) inside the crack. However,
transport of species in cementitious composites involves multiple concurring processes: diffusion and convective
transport of moisture and species, dissolution of primary phases of the binder and precipitation of secondary phases
in voids [7]. These processes are increasingly complex when cracking of the concrete matrix facilitates the
transport through the main cracks [8—10] and into the damaged matrix adjacent to the crack [11,12]. Concurringly,
the reactivity of the hardened cement matrix surrounding the crack alters substantially the structure and transport
properties (e.g. ionic, moisture or gas) along the crack with time; due to, among others: leaching in the surrounding
matrix [13], binding of species (e.g. Cl') [14,15], carbonation of the cement paste [16,17] and autogenous healing
[18-20].

The transport and reaction processes previously described eventually yield conditions inside the crack (in terms of
e.g. pH, RH, [O:], [CI']) that shift the electrochemical potential of the exposed steel locally and may lead to
corrosion of the steel fibres bridging the crack. Whereas, additional damage that propagates along the steel-matrix
interface during pull-out [21-23] is expected to play a significant role on the corrosion of steel fibres in cracked
concrete [1]. Yet, there is limited data to support a conclusive discussion and there is insight indicating that “self-
healing” processes may restore part of this damage with time under certain exposures (e.g. wet-dry cycles); which
would lead to a strength regain of the fibre-matrix bond over time [24,25].

The foregoing discussion reflects the overall complexity involved in the long-term performance of cracked SFRC
subject to aggressive corrosive exposures. Potential deterioration to the properties of the cracked composite during
exposure: e.g. structural and/or pervious; does not comprise a single developing process that can be predicted
based on macroscopic observations. Instead, it requires a deeper understanding of several interconnected processes
at various scales, which can lead in some cases to partial or total recovery of some of the properties of the bulk
material.

2. Research significance and content

The aim of this study is to describe the main deterioration and recovery mechanisms observed in cracked SFRC
subject to potential aggressive exposures and discuss its contribution to the long-term performance of the cracked
composite. The paper presents the results of an experimental campaign investigating the durability of cracked
SFRC exposed to wet-dry cycles of saltwater, freshwater and carbon dioxide for two years; and discusses the
impact of these exposure conditions on the corrosion of the steel fibres bridging the cracks and the alteration of
the matrix surrounding the crack.

The experimental results discussed in this investigation are presented in Section 4 in the context of the main
deterioration processes affecting the material, while the employed experimental methodology is discussed in detail
in Section 3. The experimental results comprise data from five studies on analogous specimens, covering: i) the
quantification of fibre corrosion at the composite scale by means of fibre counting; ii) ingress of chloride ions and
decrease of pH inside the crack based on colorimetric profiles and water-soluble chloride measurements; iii)
modification of the elemental composition of the matrix surrounding the crack after exposure based on X-ray
fluorescence spectrometry mapping; and iv) investigation of changes in microstructure around the crack due to
exposure based on a petrographic study. The processed experimental data is presented in Appendix A.



80
81
82
&3
84

&5

86
87
88
&9
90
91

92
93

94

95
96
97
98
99

The discussion section (Section 5), describes the main processes taking place during the exposure of cracked
SFRC to wet-dry cycles and how these processes are interconnected at various scales, based on the results
presented in Section 4 and results from similar studies. The main deterioration and recovery mechanisms are
described indicatively in a conceptual deterioration model presented in Section S, which reviews and updates the
conceptual deterioration model proposed in [1] and discusses the engineering implications of the findings.

3. Methodology

The investigation comprised the preparation, exposure, mechanical testing and characterization of 220 SFRC
specimens, cracked in three-point bending at 0.15 and 0.30 mm and exposed to wet-dry cycles for one and two
years. The investigated exposures comprised chloride and carbon dioxide, inducing steel corrosion. The
characterization of the extent of ingress of species and fibre corrosion comprised: descriptive statistics on the fibre
distribution, visual inspection, chemical analyses and petrographic investigation. An overview of the samples,
exposure and characterisation techniques is shown in Table 1.

For consistency, the results and discussion section will use the terminology described in [4]: The word “specimen”
refers to a single sampling unit, the word “sample” refers to a group of specimens similarly exposed.

Table 1. Samples, exposure in wet-dry cycles and characterization techniques. Abbreviations given in brackets (x) is used for sample
identification. After [4].

Sample id. Cracﬁ:::]th ) Wet cycle (s) Dry cycle (c) (:;g;) Procﬁlll:sra“er)i(zliﬁon TS
:vvé(S) Zg Zg i 8 ;(5) E:vvé(s); Limewater (s0) Air (c0) 1 year (A) pH : :
:vv;(S) Zg Zg E 8 ;(5) E:vvé(s); Limewater (s0) Air (c0) 2 years (B) pH : ;{
:VV;(S) Z; Zg i 8:;(5) E:vv;f)i 3.5 wt.% NaCl (s3) Air (c0) Iyear(a) PH c?li?o}’ ] ]
:VV;(S) Zi 23 g 8:;(5) E:vv;f)i 3.5 wt.% NaCl (s3) Air (c0) 2 years (B) P é“litlo* X ]
:VV;(S) Z; 23 i 8: ;(5) E:vv;f)i 7.0 wt.% NaCl (s7) Air (c0) Iyear(a) P é“litlo* ] ]
::;(5) Z; Zg E 8:;(5) E::;(S); 7.0 wt.% NaCl (s7) Air (c0) 2 years (8) P 3%?03’ N N
:vvé(S) Zg Zg i 8;(5) E:vvé(s); Fresh water (s0) 0.5 vol.% CO2 (c5) 1 year (A) pH ;{ ;{
z;g Zg 22 ﬁ 8;(5) Ez;f); Fresh water (s0) 0.5vol.% CO2 (c5) 2 years (B) pH )_( )-(
:VV;(S) Z; 22 i 8:;(5) E:vv;f)i 3.5 wt%NaCl (s3)  0.5vol.%CO:(c5)  1year(A) Pib c?li?o}’ ] ]
:VV;(S) :i 22 g 8:;(5) E:vv;f)i 3.5wt%NaCl (s3) 0.5 vol.% COz (c5) 2 years (B) P é“litlo* ] ]

Abbreviations: (Profiles) refers to the colorimetric profiles for Phenolphthalein and universal indicator “pH”; (XRF) refers to X-Ray
Fluorescence mapping in polished specimens, and (TS) refers to polarized-light microscopy on polished Thin-Sections.

3.1 Preparation of specimens

The specimens were prepared with mixture proportions presented in Table 2. The total binder content was 426.3
kg/m?, CEM-I was replaced by 31wt.% fly ash and the water-to-binder ratio (w/b) was 0.34,. The superplasticizer
and air entrainer content were adjusted in the subsequent mixes to reach a slump of 10020 mm and an entrained
air content of 3.5+1.0 vol.% The steel fibre used was a cold-drawn hooked-ended fibre (type 1 according to EN
14889-1 [26]), made of cold-drawn high-carbon steel, with a length of 60 mm and a diameter of 0.75 mm.
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The production of the specimens was done in a prefabrication plant, using an industrial mixing plant. The
specimens were cast in three batches in consecutive days, demoulded after one day and sealed cured indoors,
covered with plastic for 56 days at 20°C. Additional details of the production process are given in [27]. The final
dimensions of the three-point bending beam specimens was 600 x 150 x150 mm, with a 25 mm notch cut at the
centre, along the transversal direction, according to [28].

Table 2. Mix-design

Component %‘:;‘/I:;gt)y
Cement (CEM I 52.5N) 326.3
Fly Ash 100.0
Water 145.0
Sand 00/02 626.5
Sea gravel 04/08 175.1
Sea gravel 08/16 933.6
Steel fibres 40.0

3.2 Exposure setup

The exposure setup was built from ten plastic containers with a volume of 1 m?, connected in pairs and alternating
the wetting and drying cycle Specimens were exposed to wet-dry cycles of 2 + 2 days comprising different
combinations of saturated limewater; sodium chloride solutions, (3.5 and 7.0 wt.% NaCl), and air with or without
CO; (0.07 and 0.5 vol.% CO;), named “air-exposure” and “carbonation exposure” respectively, as described in
Table 1 and [4].

The drying cycle for the air-exposed samples was run in the laboratory air with a forced ventilation system on each
tank with a nominal flow of 93 m*/h. The drying cycle of the carbonation exposure ran through a closed loop with
nominal air flow of 93 m*/h and utilized a cooler to extract moisture from the air flow before the inlet. The samples
were placed vertically with the crack in horizontal position, leaving a minimum separation of 50 mm between
samples to ensure air circulation inside the tank.

The water solution (hereafter “solution”) was replaced every two weeks during the first three months of the
exposure and then monthly until six months of exposure. After that, the solution was replaced every two months.
The composition of the solution was checked through weekly measurements of Total Dissolved Solids (TDS) and
pH. Additionally, the Cl- concentration of the saltwater solutions was measured by spectrophotometry (Hach Lange
DR3900 and reagent LCK311), before replacing the solution and was compared against the TDS values registered.
The solution of the cracked references was not replaced, and a 20/80 mixture of saturated sodium and calcium
hydroxide (pH = 13.5) was added weekly, keeping the pH value in the range of 10 — 13.5. The temperature and
relative humidity inside the room were monitored, varying in the range 20+2 °C and 50+10 % respectively. The
CO; concentration in the room and inside the carbonation loop were measured weekly and ranged approximately
0.07+0.01 % and 0.5+0.1% vol., respectively.

The specimens were cracked at 0.15 and 0.30 mm in 3-point bending before the exposure, measured at the crack
mouth, following the procedure described in [4]. After one- and two-year exposure, the specimens were tested in
3-point bending. Further description of the mechanical-testing procedure and results can be found in [4].

3.3 Visual inspection, fibre counting and colorimetric profiles

After exposure and testing, the specimens were opened completely, and the fibres were counted and classified
according to the degree of corrosion observed, see Fig. 1. The counting was made taking a digital image of the
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surface of the sample, as shown in Fig. 2b. The fibres were marked using oil-based modelling clay with the
following colour code:

e Level 1, no corrosion (green): the fibre does not present any signs of corrosion, there is no rust or corrosion
pits observable at the surface at 2x magnification.

e Level 2, minor corrosion (yellow): the fibre presents rust spots at the surface with no visible loss of cross-
section at 2x magnification.

e Level 3, moderate corrosion (orange): the fibre presents localized corrosion pits and moderate loss of
cross-section, i.e. localized reduction of cross-section larger than approx. 20%. The fibre did not rupture
during pull-out or rupture showed clear signs of load transfer, e.g. necking at rupture section.

o Level 4, severe corrosion (red): the fibre presents large pits and major or total loss of cross-section. The
fibre does not present signs of transferring load during pull-out (i.e. necking at the steel cross-section is
not observed).

Furthermore, colorimetric tests were done on the cracked surface to measure the penetration of free chlorides using
AgNO; [29] and to estimate the carbonation depth and pH inside the crack using phenolphthalein and rainbow
indicator [30], as shown in Fig. 2c.

The fibre count and calculation of ingress profiles was done on every replicate of each of the samples exposed.
The data was combined and analysed in batches using an image analysis script [31], where fibres were counted
combining colour segmentation on the image and posterior calculation of the centroids of each point in the mask,
see Fig. 2b. Whereas the free chloride and pH profiles are presented discretized as a trapezoid containing the
boundary of the colour indicator for each specimen, according to Fig. 2c.

Minor corrosion ()
Level 2

Moderate corrosion (@) Major corrosion (@)
Level 3 Level 4

%y

Fig. 1. Visual inspection, fibre classification: a) no corrosion (Level 1), b) minor corrosion (Level 2), ¢) moderate corrosion (Level 3),
d) major corrosion (Level 4). After [4].



153

154
155
156

157
158
159
160

161
162
163

A-A' BB

Crack | Comp. zone

Crack face

0 20 40 60 80 100 120 140]| 140 120 100 80 60 40 20 0O

Fig. 2. Visual inspection and colorimetric analysis: a) specimen geometry and reference coordinates, b) crack surface and location of
extraction points for grinding (red boxes); ¢) colorimetric indicators AgNOs for chloride detection (left) and e.g. the phenolphthalein
for pH indication (right), and discrete profiles; and d) fibre counting and classification. After [4].

3.4 Water-soluble chloride profile inside the crack

The water-soluble chloride concentration inside the inner surface of the crack (hereafter “crack faces”) was
measured in one specimen of each sample, e.g. one of the split parts resulting from the complete opening of the
test specimens of each sample.

The water-soluble chloride profiles were measured on dust samples, ground off from the surface of the crack, at
the locations shown in Fig. 2b, on a 3x4 regular grid: at 0, 35, 70 mm from the centre of the crack in the x-axis
and at 5, 35, 70 and 115 mm from the notch in the y-axis. Additionally, a sample was extracted at the surface of
the specimen, at 0-1 mm depth.

The profile was grinded with a 5 mm spherical diamond drill bit, in an area of 10 x 10 mm area and to a depth of
0.2+0.1 mm, extracting a dust sample of 15050 mg. The dust samples were leached in distilled water, by adapting
the methods described in [32,33] as follows: i) approx. 100 mg was weighted to a 0.01 mg precision and 10 ml of
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distilled water were added; ii) the suspension was stirred for 24 h at 20 °C; iii) the suspension was filtered and 0.5
ml of the filtrate were analysed by means of lon Chromatography (Dionex Aquion from ThermoFisher Scientific).
The chloride concentration was calculated to mg/g of dry material or wt.%

The water-soluble chloride profiles over the crack surface are calculated using 2-dimensional linear interpolation
between the extraction points and were resampled to a 1 mm/pix resolution. Finally, the resulting profiles were
smoothed using a 2-dimensional Gaussian convolution filter with ¢ = 2, see [34].

3.5 Elemental chlorine profile transversal to the crack

The elemental chlorine concentration in the cement paste was measured by means of micro X-ray fluorescence
spectrometry mapping (uXRF), with the equipment and methods presented in [20] and data treatment following a
similar methodology as [35]. Three specimens were analysed: the first specimen was used to investigate the ingress
at two locations inside the crack, i.e. at the centre (coordinates x-y-0 mm in Fig. 2a) and at the edge (coordinates
x-y-70 mm in Fig. 2a); the second and third specimens, were used to investigate the evolution of ingress at the
centre of the crack (coordinates x-y-0 mm in Fig. 2a) with exposure time.

The first specimen was prepared after one-year exposure to wet-dry cycles with 3.5 wt.% NaCl solution. After the
exposure, the specimen was dried in laboratory air for four weeks, and a 150 mm cube comprising the central
section, i.e. at the location of the crack, was cut-off. Then, the crack was stabilized by vacuum epoxy-impregnation
and was dry cut with a diamond saw, at two locations: at the centre of the crack and at 10 mm from the specimen
face. The second and third specimen were prepared after one- and two-years of exposure to wet-dry cycles of 7.5
wt.% NaCl. The specimens were dried, cut and impregnated like the first one, but only at the centre of the crack.

The scanning was done on a Bruker® M4 Tornado, using a silver X-ray tube focused to a spot size of 25 pm and
a silicon drift detector energy dispersive spectrometer (SDD-EDS). The elemental mapping was done at a current
density of 600 pA and a voltage of 50 kV, with a chamber pressure of 20 mbar. The elemental mapping area was
120 x 120 mm. Mappings were taken with a speed of 1 ms/pixel for qualitative interpretation and 70 um distance
between each pixel. The resulting maps show percentage of the differential range measured, expressed as “counts”.

The calibration of the measured elemental composition was made by means of four specimens of cement paste
(10mm diameter cylinders) prepared with the same cement used in the main experiments and a w/c = 0.35, cut and
dry-polished to 5 mm diameter discs. The analysed specimens comprised: i) one specimen with no mixed-in NaCl,
ii) three specimens with 1, 2.5 and 5 wt.% of mixed-in NaCl, diluted in the mixing water. The references were
scanned together with the specimens using the uXRF technique previously described. The calibration was done
by means of linear regression, assuming a linear calibration function with a zero constant; a coefficient of 0.0572
wt.%/count was calculated with an R? = 0.99. Finally, the elemental maps were post-processed to segment-out the
regions covered by aggregates, steel fibres and epoxy resin (i.e. cracks, notch and voids), leaving the resulting
matrix comprised of cement paste. Furthermore, it was found that the epoxy impregnation of the crack did not
affect the segmented chlorine maps by scanning a cracked specimen exposed to freshwater.

3.6 Petrographic study

The preparation techniques used correspond to those described in [36,37]. The preparation process comprised the
following: 1) drying of beams under laboratory for 4 weeks, ii) cutting petrographic specimens from the central
crack section (150 mm cube), iii) vacuum resin impregnation of the petrographic specimens to stabilize crack, iii)
sawing of the petrographic specimen at the central section (i.e. 150 x 150 x 75 mm prism) and drying in oven at
35°C for approx. 10 hours, iv) vacuum resin impregnation of the sawed face and subsequent grinding, lapping and
polishing to prepare polished-sections and thin-sections.
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Optical polarizing microscopy was used to characterize the extent of leaching and carbonation inside the crack,
quantify the changes in porosity, describe mechanical damage and characterize secondary phases formed in the
crack. Thin-sections were analysed using a Leica DM2500P optical polarizing microscope equipped with a
fluorescent facility. The fluorescent filter combination used was a BG12 excitation filter and a K530 yellow
blocking filter, as previously utilized in [38].

An overview image of the thin-sections was scanned using an Epson V850pro flatbed film scanner at 2400 dpi
and 24bit depth. Plane sections were photographed under UV light at 24.5 MP resolution using a 60mm f2.8D
macro lens.

3.7 Statistical, numerical and image analyses

The results section includes two main types of statistical analyses: comparison of samples based on the Student’s
t-test, used in Sections 4.1, 4.2 and 4.4, and a regression model used in Section 4.5.

The analysis of fibre corrosion and threshold values (Section 4.1.3) is based on the numerical interpolation to
calculate the pH and CI  profiles for each specimen. The pH and water-soluble Cl concentration inside the cracks
were calculated for every specimen using the pH profiles and water-soluble CI- data presented in Appendix A.
First, the values of water-soluble Cl extracted from dust samples were recalculated to concentrations in the
solution inside the crack, assuming a 1-1 ratio between the dry binder and surrounding solution inside the crack,
based on the discussion presented in [32]. Whereas, pH values were assumed from the colorimetric profiles.
Second, the pH and CI profiles discussed in Section 4.1.3 were correlated to the abovementioned results to
reconstruct the [OH] and [Cl] profiles inside the crack of each specimen, using numerical correlation and
interpolation based on digital-inpainting with the algorithm developed in [39].

The porosity change due to secondary reactions in the cement paste is discussed in Section 4.1. The analysis is
based on the comparison of the relative luminance histograms of UV fluorescence images, calculated from the
RGB space, see e.g. [37]. The subsequent discussion is based on descriptive statistics of the data, compared to a
reference cement paste from an uncracked specimen.

4. Results

The results of the investigations presented in this paper are discussed in the context of a conceptual deterioration
model, derived from the discussion in [1], and presented indicatively on a time-scale in Fig. 3. The overall damage
at the composite is described as the “global deterioration”, being a combination of various deterioration and
recovery processes that take place simultaneously at the composite. The concept of global deterioration may
correspond to, for example variations on the mechanical performance of the cracked composite or on its
permeability to fluids.

The deterioration processes affecting the performance of the cracked composite comprise: 1) Transport of species,
involving: external aggressive agents into the crack and adjacent matrix (e.g. Cl" or CO») and transport of ions
from the pore solution to the exterior (e.g. OH™ and Ca'™); ii) Alteration of the cement paste matrix due to non-
equilibrium between solids and pore solution; and iii) Corrosion of the steel fibres bridging the crack.

The recovery processes comprise: i) The transport of species transverse to the crack faces towards the unaltered
cement paste, which smears the bulk ionic concentration of those species over a larger volume; and ii) The
dissolution of primary cement phases, which maintains equilibrium conditions inside the crack releasing (e.g. OH
and Ca™™), the binding of aggressive species by the surrounding cement paste (e.g. chloride binding or
neutralization of carbonic acid), and the precipitation of secondary phases inside cracks and voids
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Following this conceptual model, individual processes (i.e. represented as linear trends in Fig. 3) which are
described based on specific experiments, would result in a highly non-linear global deterioration process, which
may not be realistically understood and predicted based on macroscopic observations; such as mechanical
experiments of exposed specimens, as discussed in [1]. Furthermore, even if most of the deterioration processes
described are irreversible, the combination of those with recovery processes may lead to the effective partial- or
full-recovery of some properties of the cracked composite, such as its mechanical performance or its perviousness.

The results section herein focuses on describing these processes, based on selected results from the experimental
data presented in Appendix A. The results are presented in two sections, covering deterioration and recovery
processes respectively.

A

Critical stage

Propagation

101
O Deterioration mechanisms

Initiation iii) Corrosion

ii) Reaction: leaching/carbonation
Neutralization of paste
Increase in porosity

Global
deterioration

Repassivation
IV i) Transport

Ingress (e.g. Cl°, CO>)
Egress (e.g. OH', Ca™")

Limited transport

Deterioration

Recovery mechanisms

Time
<. Limited transport i) Transport: internal balance

Teel OH', Ca™", CI" ...

Localized expansion

Fig. 3. Conceptual deterioration model. Individual mechanisms are separated into deterioration and recovery processes and are
depicted as linear processes, while the global damage process is presented as a non-linear process. Distances and trends presented in
the graphic are indicative. Roman numbers indicate relevant points of the global deterioration process in time, “stages”, discussed in

detail in Fig. 12.

ii) Reaction: healing and bidning
Chloride binding

Re-precipitation

Re-alkalinization

4.1 Deterioration processes

The processes described in this section comprise alteration of the matrix surrounding the steel fibres, which are
affected by: 1) the transport of species through the crack, both ingress of extrinsic into the adjacent cement matrix
and egress of intrinsic ions from the pore solution of the adjacent cement matrix; ii) the alteration of the
microstructure and composition of the cement solid matrix, and iii) corrosion of the steel fibres.

4.1.1 Transport of species through the crack

Transport of species in uncracked concrete is typically obstructed by the complex and tortuous pore structure of
cement paste. Whereas, cracks represent a preferential path for transport of moisture and species from and into the
bulk concrete matrix. The results presented in this study cover the exposure to wet-dry cycles, leading to a complex
transport scenario, which involves both diffusive and advective transport of dissolved species.
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As a result, concentration of extrinsic species localizes at the outer regions of the crack. For example, the Cl" and
total Cl profiles show a tendency for large CI contents at the outer 20 mm of the crack, i.e. approximate values of
[Cl'lws = 0.6 wt.%-cem and total Cl = 2 wt.%-cem; which fall progressively at deeper zones of the crack
(experimental data may be found in Fig. 14 and Fig. 15 in Appendix A). Additionally, the precipitation of
carbonates inside the crack was only observed at the outer 20 — 40 mm, suggesting that transport of gaseous species
may be limited along the depth of the crack (e.g. see description of petrographic data in Fig. 16 in Appendix A).

Egress of intrinsic species (e.g. Ca and OH") was well observed in the thin-sections as leaching of the cement paste
surrounding the crack, mainly at the outermost 20 — 40 mm of the crack, this phenomena is discussed further in
Section 4.1.2.

The resulting decrease of several orders of magnitude in the [OH] at the outer 20 — 30 mm inside the crack (i.e.
from pH 14 to pH 9) was well observed in the pH profiles, e.g. that can be observed in data from Fig. 13 in
Appendix A. However, elemental maps for the main elements composing cement (e.g. Ca, Al, Fe, K and S)
investigated by XRF (not presented in this publication) did not show such a large drop of these elements along the
crack.

The main implications of these processes to the overall performance of the cracked composite are related to: 1)
changes in the concentrations of [OH ] and/or [CI'] in the solution inside the crack, leading to corrosion of the steel
fibres; and ii) alteration of the microstructure of the matrix adjacent to the crack, which leads to changes in the
transport properties of the matrix and alterations of the fibre-matrix bond, e.g. as discussed in [4] for corresponding
specimens to the ones described in this study.

4.1.2  Alteration of cement paste microstructure

Macroscopic observations of cracked specimens revealed a white precipitate covering the entire crack face, fading
at the compression zone, see Fig. 4. The appearance and coloration of the precipitate changes at the outer 10 — 30
mm of the crack, at the boundary where the pH drops below pH 9, i.e. the Phenolphthalein threshold, see Fig. 4b.
This region also comprises the area where fibre corrosion is typically observed. The area increases with longer
exposure time and for larger crack widths.

b)

Fig. 4. Precipitate inside crack (on the crack faces), detail of coloration at outer edge. a) schematic view, b) image for 0.3 mm crack
exposed to freshwater cycles for two years (w30s0c5).

In addition to changes in pH and chloride content, the extent and nature of the transformation of the matrix adjacent
to the crack has been characterized by means of a petrographic study on thin-sections, (an overview is shown in
Appendix A, Fig. 16), comparing the average luminance values at selected areas (L;) to the average luminance
values on a reference specimen (Ly), i.€. a thin-section of an uncracked specimen exposed to limewater cycles for
two years (sOcOB). Luminance values are presented in subsequent figures as the ratio (At = Li/ Lrer), where values
higher than 100% represent an increase in voids (i.e. porosity or damage) and smaller values represent a decrease.
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The results presented in Fig. 5 show the deterioration of the cement paste of the specimen exposed to 7 wt.% NaCl
for one year, s7cOA. Results are presented at three locations inside the crack: i) at the crack mouth in Fig. Sa, ii)
at 10 mm inside the crack in Fig. 5b, and iii) at 30 mm inside the crack in Fig. Sc.

The results show that there is substantial leaching and carbonation of the cement paste near the crack mouth,
entailing an increase of the porosity at the region, see coloration in cross-polarized image and UV luminance in
Fig. 5a. The thickness of the area around the crack that presents leaching and carbonation of the cement paste
decreases gradually inside the crack, i.e. up to approx. 200 um around the crack at 10 mm depth, see Fig. Sb.
Whereas, at approx. 30 mm depth inside the crack, the cement paste surrounding the crack does not show
significant deterioration due to leaching (see Fig. Sc).

Fig. 5. Leaching and carbonation of cracked specimen exposed to 7% NaCl, w30s7c0A, inspection images at: a) crack mouth under
cross-polarized light and UV fluorescent light; b) 10 mm inside crack under cross-polarized light and UV fluorescent light; ¢) 30 mm
inside crack under cross-polarized light and UV fluorescent light. Mean luminance variation values under fluorescent light (AL) for
selected areas shown as numbers in brackets.

The deterioration observed at the fibre-matrix interface and areas surrounding steel fibres are presented in Fig. 6.
The figure shows the embedded region of two fibres that cross the crack: i) a fibre located at 15 mm inside the
crack, at approx. 5 mm from the crack face Fig. 6a, and ii) at 40 mm inside the crack, at approx. 5 mm from the
crack face Fig. 6b-c. Exact locations for these micrographs are given in Appendix A (Fig. 16).

As the main crack is generated in the matrix, the fibres bridging the crack are partially pulled-out from the matrix,
which transfer the strain through as micro-cracking and crushing at the interface, see Fig. 6a,b; in particular at the
hooked-ends of the fibre, see Fig. 6b. Such damage is expected to increase significantly the connectivity of the
matrix surrounding the fibre through the micro-cracks (i.e. approx. 1 — 5 pm) to the main crack, as shown in the
local changes of luminance following the fibre path in Fig. 6b. The aspect of the cracks presented in this paper
corresponds well to observations on single-fibres reported in [21-23,40,41].

Observations for fibres located at the outer 10 — 40 mm of the crack after one- and two-years of exposure did not
show a substantial impact of leaching and ingress on the microstructure of the matrix around the fibre. Yet, there
were some local areas around cracks and pores where there was a significant increase in porosity, see UV
luminance values in Fig. 6a. Localized damage at the fibre-matrix interface did not seem to induce a substantial
transformation of the bulk cement paste adjacent to the fibre (see Fig. 6b). Despite that there was a narrow zone
directly in contact to the steel surface, i.e. approx. 1 —5 um, rich in portlandite that showed in some cases a higher
porosity compared to the bulk paste, see UV luminance values in Fig. 6c.
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Fig. 6. Damage and leaching at fibre-matrix interface for: a) steel fibre bridging crack of specimen w30s7c0B, under cross-polarized

and UV fluorescent light; b) steel fibre bridging crack of specimen w30s0c5B, under UV-fluorescent light; and c) detail of lower part

of corresponding fibre presented in “b” under cross-polarized light and UV-fluorescent light. Mean luminance variation values under
fluorescent light (Ar) for selected areas shown as numbers in brackets.

4.1.3 Fibre corrosion inside the crack

The conditions inside the crack leading to fibre corrosion have been plotted in Fig. 7 as the pH (x-axis) and water-
soluble chloride concentration [Cl]ws expressed in mmol/l (y-axis), at the location of each fibre, based on the
experimental data presented in Appendix A (see Fig. 13 and Fig. 14). The fibres are plotted as dots, categorized
in colours by the level of corrosion, as described in Fig. 1. Additionally, the results are compared to threshold
values for initiation of corrosion in fibres exposed to chlorides proposed in former studies for embedded fibres
[42] and fibres tested in artificial pore solution [5], which have been plotted as dotted and dashed lines. Fibres not
exposed to chlorides were included in the plot, assuming a [Cl]ws = 2.5 mmol/l at the surface, equal to the values
measured in the freshwater solution used.

The results presented in Fig. 7 show that there is a correlation between the pH and [Cl]ws values measured in
specimens exposed to chlorides, i.e. note the shape of the distribution of points, which mostly cover the upper-
right diagonal of the plot. Such correlation is expected since the ingress of Cl" and egress of OH™ are complementary
transport processes that lead to higher [Cl]ws and lower pH values at the outermost regions of the crack, which
decrease and increase correspondingly deeper into the crack. A similar discussion was presented in [5] for fibres
embedded in concrete exposed to chlorides, which observed fibre corrosion at the outer 10 mm of the crack, and
did not consider the [Cl]ws as the main factor contributing to corrosion.

Corrosion of steel fibres exposed to chlorides occurred primarily at pH values below pH 10 — 11, corresponding
to [Cl]ws values of 80 — 100 mmol/l. Those results correspond reasonably well to threshold values for fibres
embedded in concrete presented in [42], i.e. [CI']/[OH] = 320. However, these are significantly higher than the
threshold values for depassivation of steel fibres in pore solution presented in [5], which correspond to [Cl']/[OH
]~ 2.5 - 50 for pH values in the range 10 — 13.

Furthermore, the comparison of the abovementioned results to those for fibres not exposed to chlorides shows that
overall the pH at the location of the fibre might be the dominant factor among the two, see values at [Cl]ws = 2.5
mmol/l in Fig. 7. Noting that the presence of chloride leads to more severe corrosion damage at the exposed fibres
and a larger number of fibres corroding compared to fibres not exposed to chlorides.
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Fig. 7. Fibre corrosion (corrosion level L1 to L4) vs pH vs [Cl ]ws for specimens exposed to chlorides and fresh water. Measured
values are compared with threshold values proposed for: (A) fibres embedded in concrete [42] and (B) fibres tested in pore solution
[5]- The specimens not exposed to chlorides included in the plot are plotted for a [Cl-]ws = 2.5 mmol/l, plotted horizontally in the lower
edge of the plot.

Petrographic observations of steel fibres embedded in uncracked concrete have shown that chloride-induced
corrosion of fibres primarily appears at voids or defects at the steel-matrix interface, provided that the fibre is close
to the surface, see Fig. 8a. No signs of spalling or substantial cross-sectional reduction were identified for fibres
embedded in uncracked concrete in this study. These observations in thin-sections are in agreement with
macroscopic observations and results reported in [43,44].

There was no consistent observation of localized corrosion at the deformed regions of the fibres (i.e. at the hook),
which was only visible in a few fibres; which contradicts the observations form previous studies in uncracked [45]
and cracked SFRC [46]. Whereas, the deterioration phenomena reported in this paper still agrees with the corrosion
initiation and propagation mechanisms described at smaller scales in [5].

Corrosion of fibres in contact with the external environment (i.e. fibres at the surface or crossing cracks) occurred
mainly at the exposed steel surfaces regardless of the presence of chlorides (Fig. 8b). Corrosion did not extend
deep inside the composite and did not cause any further damage to the matrix, i.e. cracking or spalling, similarly
to what was observed in [43]. Corrosion of fibres crossing the cracks was localized at the intersection with the
crack, and the adjacent 1 — 2 mm embedded in the matrix, as shown in the examples presented in Fig. 1.
Petrographic observations presented in Fig. 10 show that corrosion spots form at surfaces exposed to the crack,
but carbonate precipitation and corrosion products tend to block those paths when exposed to wet-dry cycles.

Fig. 8. Corrosion of steel fibres on: a) fibre embedded in the matrix at approx. 10 mm from the surface and exposed to chlorides, in
specimens w30s7c0B, under cross-polarized light and UV-fluorescent light; and b) fibre directly exposed at limewater solution, in
specimen w30s0c0A, under cross-polarized light.
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4.2 Recovery processes

Based on the conceptual deterioration model proposed in Fig. 3, there are recovery processes opposing the
deterioration processes, which prevent and reduce the extent of damage of the cement matrix and are expected to
have a positive effect on the resistance to transport and/or mechanical performance of the cracked SFRC.

The processes described in this section comprise structural changes at the bulk matrix and at the matrix surrounding
the steel fibres and are affected by three mechanisms:

1) Transport of species inside the bulk matrix which both reduce the concentration of aggressive species
in the solution at the crack, and maintain a high pH in the pore solution at the crack

i) Binding of aggressive ions at the cement matrix around the crack, that reduce the bulk concentration
at the solution in the crack, and release of hydroxyl ions from cement phases that maintain high
alkalinity

i) Precipitation of secondary phases in pores and cracks that reduce moisture and ionic transport in the

micro-cracked matrix

4.2.1 Transport of species within the matrix

The main crack serves as a preferential path for transport of species into the matrix adjacent to the crack. These
processes, discussed in section 4.2.1, comprise a complex combination of diffusion of dissolved and gaseous
species, advection of dissolved species and transport of moisture. Yet, the transport of species does not only take
place inside the main crack, the matrix surrounding the crack is expected to play an important role for the overall
concentration of dissolved species inside the crack.

As extrinsic ions are transported inside the crack, e.g. Cl', a concentration gradient relative to the adjacent matrix
will promote the diffusion of those ions deeper into the matrix. Thus, lowering the bulk concentration of these
inside the crack and distributing these species over a larger paste volume. This effect was well observed on the
elemental Cl maps obtained from the XRF investigations (e.g. refer to XRF data presented in Appendix A, Fig.
15), where the elemental Cl content inside the crack decreases progressively both along and transversal to the
crack, i.e. approx. 10 — 15 mm into the matrix surrounding the crack.

The aforementioned transport processes are generally competing with the bulk transport processes inside the crack,
described in Section 4.1.1. However, the matrix adjacent to the crack comprises a large volume of pores that act
as a “buffer” to the transport inside the crack, which generally slows the bulk ingress of aggressive species (e.g.
CI') and maintains stable concentrations of intrinsic species (e.g. OH).

4.2.2  Reactivity of the matrix: binding of CI and release of OH

The cement matrix surrounding the crack reacts with the solution inside the crack, maintaining chemical
equilibrium. Therefore, acting as a chemical buffer of dissolved species, that maintains stable concentrations of
extrinsic ions (e.g. Cl") by means of binding processes, and intrinsic ions (OH") through dissolution processes.

First, the transport of Cl trough the crack and subsequent transport and binding into the matrix is well observed
in the experimental data presented in Appendix A (e.g. Fig. 14 and Fig. 15). Water-soluble chloride values
measured at the faces of the crack reached values up to approx. 0.5 — 0.6 wt.%-cem at the outermost locations,
decreasing up to values close to 0.01 — 0.05 wt.%-cem deeper inside the crack. Corresponding values for total Cl
reached values in the range 1.5 — 2.5 wt.%-cem, reaching still moderate CI content in the cement paste adjacent to
the crack at deeper regions after two-years exposure (i.e. C1= 0.1 — 0.2 wt.%-cem).

Comparison of the total vs free chloride data shows that the total chlorine-to-water soluble chloride ratio ([C1]/[CI"
]) reaches values in the range [Cl]/[Cl'] = 2 — 4 at the outermost 10 mm of the concrete, whereas these values
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decrease down to [CI]/[CI] = 1 — 1.5 deeper inside the crack. There is therefore still substantial capacity for binding
of CI" in the cement paste surrounding the crack, which may delay chloride-induced corrosion initiation of the steel
fibres. Yet, this discussion does not aim at describing these processes in detail, being the reader aware of the large
complexity of the binding and transport mechanisms involved in Cl" ingress in concrete [7].

Secondly, alteration of equilibrium conditions in the pore solution at the matrix adjacent to the crack lead to the
dissolution of primary phases (e.g. portlandite or sulfoaluminates), as described in Section 4.1.2; which result in
the release of intrinsic ions (e.g. OH™ and Ca?") that enforce equilibrium conditions inside the matrix and at the
crack. There is insight of this behaviour in the data presented in Fig. 5, which shows leaching of portlandite in the
matrix adjacent to the crack, particularly at the outer 10 — 20 mm of the crack.

These recovery mechanisms generally contribute to stabilize the bulk ionic concentration of ionic species of the
pore solution, and counteract the bulk transport processes (i.e. ingress and leaching) inside the crack, described in
Section 4.1.1. Ultimately, these contribute to prevent corrosion of the steel fibres inside the crack.

4.2.3  Precipitation of secondary phases

The ingress of extrinsic species (e.g. Cl" or CO») and dissolution of primary phases lead, under some conditions to
the precipitation of secondary phases, typically inside moist voids and cracks. Macroscopic observations presented
in Fig. 4 show a precipitate covering the entire section of the crack for all the exposed specimens, regardless of
the exposure type. The composition of this precipitate varies from a primarily carbonate phase at the outermost
regions of the crack, to mostly ettringite and some ASR gel (i.e. from mechanically-fractured aggregates) deeper
inside the crack.

The structure of the precipitate did not close entirely the crack throughout the whole section under any of the
investigated exposures. Further investigation inside the crack, showed that initially fibre reinforcement may have
reduced the average crack width substantially due to branching and splitting of the main crack into smaller ones,
see Fig. 9a; as well as due to blocking of the crack locally with debris from the cracking process, see Fig. 9b.
During exposure, both narrow cracks and debris tend to be preferential locations for precipitation of calcite and
ettringite, as shown in Fig. 9a; which reduce the connectivity inside the crack and therefore hinder ionic and
moisture transport. Precipitation of calcite occurred preferentially at the outer region of the main crack under salt-
water (see Fig. 5¢) and fresh-water exposure (see Fig. 9¢), and blocked almost completely the access of moisture
and ions to the crack; but it was minimum for specimens exposed to limewater.

Deeper inside the crack mostly ettringite formed (see Fig. 9a), which did not seem to impede transport of moisture
and ions but served as a preferential location for the precipitation of portlandite and calcite, likely limiting transport
inside the crack. At these regions, there was also a thin layer of ASR gel lining parts of the crack, typically near
the surface of some reactive aggregate that was mechanically fractured or exposed to the crack before the exposure,
see Fig. 9b. Yet, this was not expected to have any significant impact on the transport through the crack or in the
overall integrity of the cracked composite.

Calcite —
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Fig. 9. Recovery phenomena inside cracks, showing precipitation of secondary phases at selected locations: a) calcite precipitation and
carbonation at debris blocking partially the crack at 7mm depth observed under cross-polarized light, for specimen w30s0c0A; b)
formation of ettringite needles at 28 mm inside the crack observed under polarized light, for specimen w30s7c0B; c) precipitation of
calcite at crack mouth under cross-polarized light, for specimen w30s0c5B.

Precipitation of secondary phases also occurred around fibres crossing the crack, shown in Fig. 10, which covered
partially the exposed surface of the fibre, but did not fully isolate the steel surface from the solution inside the
crack.

Leaching from the adjacent matrix is expected to provide sufficient Ca>" to facilitate the precipitation of calcite
observed, as noted by the lower quantity of CH in the non-carbonated paste around fibre and lower density of paste
under fluorescent light in Fig. 10a. Furthermore, precipitation of calcite sealed with time the main crack at discrete
locations around the fibre, as observed in Fig. 10¢, therefore reducing substantially the transport around the steel
surface.

12 x-pol

_Carbonation WIS

& Main k "
= crack : 14_x-pol .

Fig. 10. Recovery phenomena at fibres crossing the crack, showing precipitation of secondary phases at selected locations: a) fibre
crossing crack at 15 mm depth for specimen w30s0c5B, under cross-polarized light and UV-fluorescent light; b) detail of left part of

[T9R1}

corresponding fibre presented in “a” under cross-polarized light and UV fluorescent light; c) fibre crossing crack at 20 mm depth, for
specimen exposed to limewater, w30s0cOA, under cross-polarized light.

The results reported in this study give insight on the formation of secondary phases at the fractured fibre-matrix
interface of fibres crossing the crack near the crack region, yet the composition and formation mechanisms are not
clear, see Fig. 11.

Initially, the interface of a fibre not crossing the crack showed a similar structure compared to the bulk matrix,
except for a slightly larger concentration of portlandite at the adjacent 20 — 50 um, as shown in Fig. 11a, contrarily
to what was reported in former research [1]. Nevertheless, the interface is not homogeneous, and local defects,
such as voids, are expected as shown in Fig. 8a for the same fibre. Whereas, the fibre-matrix interface of steel
fibres bridging cracks show a distinct structure, see Fig. 11b-c, characterized by significant mechanical damage,
i.e. multiple cracking, and seemingly crushing at the interface.

For most of the partially-pulled fibres, there is a band of 5 — 10 um of matrix adjacent to the fibre rich in fine-
grained CH, which was surrounded by approx. 50 um of cement paste that presented a larger porosity compared
to the bulk matrix (see Fig. 11¢). In other cases, this region was filled with a fine-grained layer of calcite instead,
as shown in Fig. 11d, which may be the result of the carbonation process of the abovementioned CH layer.

The source and nature of this CH-rich layer at the cracked interface is still not well understood, and there is
insufficient data to allow a deep discussion on the topic. Yet, the same precipitate has been found in parallel studies
on partially pulled single-fibre specimens [41], which was correlated to increases in the pull-out strength of fibres
from companion specimens in [47] and to an increase of the residual tensile strength at the composite level in
[4,48]. Similarly, finely grained portlandite and calcite precipitated inside micro-cracks has been reported in some

16



463
464

465

466
467
468

469
470
471
472
473
474
475
476

477
478
479

480
481

studies investigating self-healing phenomena in cracked lime-based mortar specimens [49,50], as well as at the
fibre-matrix interface of glass-fibre strands in uncracked aged Glass-fibre Reinforced Concrete (GRC) [51].
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Fig. 11. Characteristics at the fibre-matrix ITZ for: a) fibre embedded in uncracked concrete matrix at 20 mm from the crack, under
polarized light and UV-fluorescent light, for the specimen w30s7c0B; b) fibre crossing crack at 20 mm depth, for the specimen
w30s7c0A, under cross-polarized light and UV-fluorescent light; c) closer detail of corresponding fibre presented in “b” under cross-
polarized light and UV-fluorescent light; and d) carbonation at interface of embedded part of fibre adjacent to the notch, for the
specimen w30s0c0A, under cross-polarized light.

5. Discussion

The data presented in the results section of this paper described the global transport in and out of the cracked
SFRC. This promotes both the alteration of the matrix surrounding the crack, the precipitation of secondary phases
inside the crack and eventually leads to fibre corrosion at the outermost fibres inside the crack.

In agreement with former studies [1], corresponding experiments investigating the mechanical performance of
cracked SFRC have shown a substantial increase in the material toughness despite of the detrimental contribution
of fibre corrosion [4]. These observations do not fully agree with former deterioration hypotheses, that associate
changes in the mechanical performance primarily to fibre corrosion [2,46,52]. Therefore, more detailed conceptual
deterioration models have been proposed, involving additional mechanisms, as discussed in [1]. The hypotheses
proposed lead to the need of describing in more detail the processes involved in the deterioration of cracked SFRC
exposed to wet-dry cycles. Since these mechanisms are often interconnected, and their analysis comprise a
complex global picture.

The discussion presented below focuses on describing in detail the main mechanisms that affect the chemical and
microstructural integrity of the composite based on the experimental observations presented in Section 4.
5.1 Conceptual deterioration model

The resulting contribution of the deterioration and recovery mechanisms described in the time-scale in Fig. 3 are
presented spatially in Fig. 12. The figure describes the main processes observed inside the crack at the macroscopic
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level, see Fig. 12a, and discusses the deterioration observed at the single-fibre level in Fig. 12b-e, based on the
hypotheses presented in [ 1] and supported by the data presented in this paper as discussed in the following sections.

The discussion presented below is based on the results discussed in Section 4, and show that deterioration and
recovery processes are tightly related and occur both at the composite scale and at the fibre scale, comprising:

1) Mechanical damage of the matrix (i.e. cracking) that facilitates the transport of ions and moisture into
the matrix through the main crack and along the fibres bridging the crack.
i) Transport of ions and moisture through the matrix surrounding the crack that leads to dissolution of

primary phases and formation/precipitation of secondary phases.
i) Variation of the conditions at the steel surface (i.e. pH, concentration of Cl°, O, etc.) that may lead to
corrosion of the steel fibres.
a) : | b _ c)

Damaged ﬁbre-matrlx ITZ \
ero cracks TR

_"_Leaching . % ; Corroswnsrots
S W Trans ort 7]
A A - .
R

R s . S RS L %4 Sound fibre-matrix interface‘_\
Disconnected crack ; Sl L T e T T

Lirﬁited tfanépdrt R
High localized pH -

OH Ca™ Fz? “(cr)

&aw§§w
Pore / defect - m, ‘ Corrosion e JEIZ?S /A%Chmg

H,CO; oo iy

‘Uﬁ;crackéd SFRC; i l.Cracked SFRC - i
d) ¢)

: ‘ Healed fibre- matrlx 1nterface : Pamal healing at 1nterface

i Crack healmg

g

+. 7 i

Damaged paste
 carbonation, leaching

lelted transport

" Carbonation
"2 ApH, (n0 binding)

COTI‘()SIOI‘I P TOdLlCtS

Ingress

O, Ca™, SO/ Na® 0,80 co,cr) EXposure Healed SFRC Cr1t1cal damage

Fig. 12. Conceptual deterioration model showing: a) general processes at the composite scale (stage IV); b-e) processes at the single-
fibre scale, after [1], for uncracked SFRC, at stages “I- I1”, (b), cracked SFRC, at stage “II” (c), healed SFRC, at stages “IV-V” (d),
critical damage in cracked SFRC, at stage “III” (e) . Deterioration stages in roman numbers “I-V” refer to points marked in Fig. 3.

5.1.1 Composite scale

A summary of the main deterioration and recovery processes taking place in the main crack at the composite scale
is presented in Fig. 12a, discussed in the following order: i) transport of substances, ii) reactions in the matrix
surrounding the crack, iii) precipitation of secondary phases inside the crack, and iv) corrosion of steel fibres.

Cracks in concrete represent preferential paths for ionic gas and moisture transport. While, the observations
reported herein indicate that steel fibres help restrain the formation of large cracks and increase the overall
tortuosity of the crack, as shown schematically in Fig. 12a.

Ingress of extrinsic ions (e.g. Cl) or gasses (e.g. CO,) and egress of intrinsic ions (e.g. OH", Ca*") as well as
transport of moisture occur both along and transversal to the main crack, as described in Fig. 12a. Whereas, the
bulk cement matrix provides a buffer of intrinsic ions and is able to accumulate a large amount of extrinsic ions.
Transport inside the crack may be partially impeded at the crack mouth and at deeper regions of the crack, where
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cracks are either: 1) partially disconnected to the exterior due to branching and multiple micro-cracking, ii) not
fully coalesced or locally blocked with debris, iii) locally blocked with precipitation of secondary phases.

The transport of moisture, gasses and dissolved species through the main crack leads to chemical imbalances in
the pore solution of the adjacent matrix; which promotes dissolution and precipitation processes in the hardened
cement paste, as depicted in Fig. 12a. The egress of intrinsic ions promotes the dissolution of cement phases (i.e.
leaching); which weakens the matrix but also releases additional ions (e.g. Ca®>" or OH"). Whereas, ingress of CO;
promotes carbonation of the cement paste, which reduces the overall alkalinity of the solution inside the crack and
transforms primary phases, e.g. converting CH and C-S-H to calcite and silica gel. In the case of exposure to
chlorides, the uncarbonated matrix is able to bind a substantial amount of Cl (e.g. calculated ratios of water-
soluble CI" to total Cl were in the range 1:1 — 1:4 in this study).

Additional chemical reactions to those taking place at the matrix surrounding the crack generally involve
precipitation of calcite and ettringite in cracks and voids. The observed layer of precipitate was not homogeneous
and did not fully close the main crack, but instead blocked the crack at discrete location, see Fig. 12a. In general,
precipitation of secondary phases inside the crack seems to be tightly related to leaching of calcium and main
cement phases from the adjacent matrix. The dissolution of primary phases and formation of secondary phases is
in this case influenced by the variations in the moisture content inside the crack during the wetting and drying
cycles, which alters the ionic concentration in the crack and matrix periodically, Fig. 12a.

Corrosion of steel fibres may result in a critical reduction of the fibre cross-section, eventually leading to a decrease
in the residual mechanical performance of the composite. Corrosion of fibres embedded in uncracked SFRC
occurred only on fibres that are directly exposed to the external environment (regardless of the exposure) or at
some fibres near the surface under chloride exposure (i.e. outer 5 — 10 mm). Whereas, corrosion did not propagate
in any case deep into the embedded parts of the steel and did not cause substantial damage to the surrounding
cement matrix. Corrosion of fibres bridging cracks occurred primarily at the exposed steel surface and adjacent to
the crack, typically at pH £ 10, or at [CI']/[OH] £ 300 in the presence of chlorides. The discussion presented
herein suggests that the pH inside the crack tends to dominate over the Cl” concentration in terms of probability of
fibre corrosion.

5.1.2 Fibre scale

Similar deterioration and recovery processes as described at the composite scale take place at the fibre scale, which
are presented in Fig. 12b-e and are discussed in the same order.

In uncracked SFRC, steel fibres are embedded in a generally well-defined layer of cement paste, not significantly
different than the bulk cement matrix but still prone to a certain extent to local defects or inhomogeneities. When
the matrix cracks, the fibres bridging the main crack are partially pulled-out, which produces micro-cracking and
crushing of the matrix along the fibre-matrix interface and at the deformed regions of the fibre (e.g. the hooked-
end of the fibre). This network of cracks is partially connected to the main crack through the damaged interface
along the stem of the fibre, as described schematically in Fig. 12¢.

The transport processes described above at the macroscopic level extend to the crack network that originates
around the fibres bridging the crack due to partial pull-out, see Fig. 12¢. The results presented show carbonation
and leaching of the cement paste surrounding the regions of the fibre crossing the crack, as shown schematically
in Fig. 12c-e; but did not clearly indicate whether this profile progresses deep through the fibre-matrix interface.
Overall, lime-rich paste is present around the damaged fibre-matrix interface of pulled fibres.

Precipitation of secondary phases, i.e. healing, at the fibre-matrix interface (i.e. small cracks 1-5 um) is expected
to seal leaching and ingress paths, see Fig. 12d-e. Based on previous studies (e.g. reported in [1]) and the discussion
in [4], part of this healing may be responsible for substantial increase in the residual performance of the cracked

19



546
547
548
549
550
551
552
553

554
555
556
557
558
559
560

561

562
563
564
565
566
567

568
569
570
571
572
573
574
575

576
577
578
579
580
581
582
583

584

585
586
587

composite. The fibre-matrix interface of fibres crossing the crack showed several radial micro-cracks but minor
slip-separation damage, i.e. a zone of approx. 10 — 20 pm around the fibre presented larger porosity compared to
the bulk matrix. The data presented showed some sign of precipitation in these; which comprised a narrow band
of approx. 2 — 5 um composed mainly of CH around the fibre. Results presented herein provide partial evidence
supporting whether this may have a direct contribution to the mechanical performance of the cracked composite
after exposure; yet investigations at the single-fibre scale [41,47] confirm that these precipitation and carbonation
processes at the damaged fibre-matrix interface may be responsible for a large share of the increase in pull-out
strength of hooked-end fibres measured after exposure [4,53].

Corrosion of embedded fibres tends to occur at local defects at the fibre-matrix interface, such as pores or crevices,
provided that locally low-pH and/or high CI" concentrations concur. These conditions are expected to lead to a
corrosion macro-cell which did not seem to progress at fast rates in the few cases observed, see Fig. 12b. Inside
cracks, the part of the fibre directly exposed to the solution corrodes, since the interface is damaged it may facilitate
cathodic reaction and promote faster corrosion rates, see Fig. 12d-e. However, there were no clear signs of
corrosion at the hook region of fibres embedded in the matrix, as described in previous research [46] and reported
in [1].

5.2 Engineering implications

The experimental results, presented herein in the context of a conceptual deterioration model, show that the overall
deterioration of the composite performance (e.g. mechanical) is not solely related to fibre corrosion; since there is
substantial alteration of the cement matrix, particularly around the steel fibres bridging the crack. Therefore,
potential variations of the mechanical capacity of the composite are not solely related to the reduction of the fibres’
cross-section due to corrosion, but also due to an alteration of the fibre-matrix bond strength over the exposure
due to chemical reactions occurring at the cement matrix surrounding the fibres.

From an engineering perspective, accounting for such variations represents a challenge that cannot be simply
addressed in terms of corrosion protection/prevention measures, but needs to be understood in terms of a more
complex system, where the cement matrix plays a dominant role in both the corrosion process of the steel fibres
and in the alteration of the fibre-matrix bond. Therefore, the long-term mechanical performance of the cracked
composite (i.e. the SFRC) under corrosive exposure depends on two parameters, i.e.: i) the tensile capacity of the
steel fibres, that may decrease due to corrosion damage, and ii) the fibre-matrix bond strength that may increase
or decrease depending on the alteration of the matrix surrounding the fibre. Highlighting that, these parameters are
governed by transport and reaction processes occurring inside the crack and at the matrix surrounding the crack.

Engineering approaches to address this issue have been critically discussed in the context of a broader study in
[27], proposing two groups of approaches: i) deem-to-satisfy approaches, where the mechanical contribution of
the outermost fibres in cracked SFRC is neglected over the long-term (i.e. estimated based on experience); or ii)
predictive approaches covering the individual processes described in the conceptual deterioration model presented
in this paper, e.g. reactive-mass transport [54—56], electrochemical [57] and mechanical processes [53], but whose
combination (to the authors’ knowledge) has not been attempted so far. Nonetheless, further research investigating
the individual processes described in this paper is needed to further understand and predict the overall deterioration
of cracked SFRC under corrosive exposures.

6. Conclusion

This paper investigates the main processes taking place during the exposure of cracked SFRC to wet-dry cycles
involving chloride and/or CO» exposure for one and two years. These main processes comprise changes in the
cracked concrete matrix due to mass transport and the damage to the steel fibres due to corrosion. The discussion
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presents a conceptual deterioration model that describes the deterioration and recovery mechanisms concurring
inside the crack.

The results presented show that corrosion of fibres crossing the crack occurred mainly at the steel located directly
in the crack and was highly influenced by the pH inside the crack, also in the presence of chlorides.

The deterioration model described herein, proposes that concurring dissolution and precipitation processes at the
crack and at the matrix surrounding it have a strong influence on the chemical composition of the solution inside
the crack; ultimately governing the corrosion damage of the steel fibres crossing the crack.

At the fibre scale, precipitation of calcite at the intersection between the fibre and the crack sealed partially the
surface of the steel and the damaged fibre-matrix interface was lined by a CH rich layer that may be related to
healing processes.

The findings in this paper support that the deterioration and healing processes occurring at the cement matrix of
cracked SFRC subject to corrosive exposures involving wet-dry cycles govern the overall deterioration of the
composite, which is not only due to fibre corrosion.

Further research focusing on quantifying the correlation of those transport and chemical processes inside cracks is
needed to understand and predict the long-term impact of corrosive exposures on the performance of cracked fibre
reinforced composites.
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