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Steel Fibre Reinforced Concrete (SFRC) is increasingly used worldwide for the 
construction of civil infrastructure under aggressive exposure conditions. The use of 
carbon-steel fibres in concrete as partial or total replacement of conventional steel 
reinforcement bars is becoming an attractive solution to the industry, considering its 
simplified production processes, cost-effectiveness and overall durability in 
compressed elements subject to corrosive exposures. 

However, the durability aspect is still under discussion when addressing the corrosion 
of carbon-steel fibres bridging cracks in concrete under some exposures, such as wet-
dry conditions. Contradictions in design guidelines and in former studies regarding the 
durability of cracked SFRC under these exposures hampers further development of 
SFRC infrastructure. In particular, the deterioration mechanisms affecting cracked 
SFRC under wet-dry cyclic exposures are not well-understood. 

This thesis presents an experimentally-focused multiscale investigation that aims at 
identifying the main variables influencing steel fibre corrosion in concrete subject to 
wet-dry cycles and quantifying the effect of fibre corrosion on the mechanical 
performance of SFRC. The experimental campaign covered studies of SFRC exposed 
to wet-dry cycles under chloride and carbon-dioxide exposure, at the composite and 
single-fibre level, with focus on the deterioration inside cracks. 

Experiments at the composite level confirmed that corrosion damage in uncracked 
SFRC is negligible and does not entail damage to the mechanical performance of the 
uncracked material. Corrosion damage of steel fibres inside cracks narrower than 0.3 
mm occurred at the outermost 20 – 40 mm of the crack and had a limited impact on the 
mechanical performance of the cracked SFRC over a period of two years. 
Significant increases of the residual tensile strength of the cracked SFRC after exposure 
were observed at the composite and single fibre level. A semi-empirical multiscale 
model based on the fibre bundle approach was developed to connect observations at the 
single-fibre and composite levels. The model confirmed that, under wet-dry cyclic 
exposure conditions, fibre corrosion may not be the dominant deterioration mechanism 
affecting the mechanical performance of cracked SFRC during exposure. An increase 
of the fibre-matrix bond strength was responsible for a large share of the variations 
observed in the toughness of the cracked SFRC.  
An investigation of the damage mechanisms showed that concurring deterioration and 
recovery processes reduce the tensile capacity of the steel fibres and alter the cement 
matrix adjacent to the crack and surrounding the steel fibres. Autogenous healing of 
mechanical damage at the cement matrix around the fibre hook was identified as the 
main recovery mechanism responsible of the increase in the fibre-matrix bond strength 
during the exposure. A conceptual deterioration model considering these processes was 
described and compared to experimental data. 

The work presented in this thesis concluded that, under the exposure conditions and 
time-scales investigated, corrosion damage of steel fibres inside cracks below 0.3 mm 
has a subordinate impact on the alterations of the tensile toughness of cracked SFRC. 
Changes in the toughness of the cracked SFRC after exposure were related mainly to 
the alteration of the cement matrix surrounding the steel fibres. 
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På verdensplan benyttes stålfiberarmeret beton (SFRC) i stigende grad til 
konstruktioner til infrastrukturen udsat for aggressiv miljøeksponering. Fordelene ved 
brug af (kulstof) stålfibre som hel eller delvis erstatning for traditionelle armeringsjern 
er mange, deriblandt simplificerede produktionsprocesser og reducerede produktions-
omkostninger ved udstøbning af beton, samt en generel og bred anerkendelse af deres 
gode holdbarhed når blot de bruges i betonelementer udsat for trykpåvirkning.  
Holdbarheden af SFRC, mht. risikoen for korrosion af stålfibre der krydser revner i 
betonen når denne er udsat for bestemte miljøpåvirkninger, f.eks. cyklisk vådt-tørt 
miljø, debatteres stadig. Modstridende information i designguidelines samt tidligere 
studier vedrørende holdbarheden af revnet SFRC udsat for disse miljøpåvirkninger 
vanskeliggør brugen og den videre udvikling af SFRC til beton i infrastrukturen. Særligt 
er nedbrydningsmekanismerne for revnet SFRC udsat for cyklisk våd-tør miljø-
påvirkning ikke tilstrækkeligt beskrevet og afdækket. 
Denne afhandling præsenterer resultater fra et eksperimentelt-fokuseret multiskala PhD 
projekt, hvis formål har været at identificere primære parametre, der har en indflydelse 
på korrosion af stålfibre i beton udsat for våd-tør miljøpåvirkning samt kvantificere 
indflydelsen af fiberkorrosion på de mekaniske egenskaber af SFRC. De 
eksperimentelle undersøgelser indeholdt studier af SFRC eksponeret for våd-tør cykler 
inklusiv klorid og CO₂, på kompositniveau såvel som på fiberniveau med fokus på 
nedbrydning i betonens revner. 
Forsøgene på kompositniveau bekræftede at korrosion i urevnet SFRC er negligibel og 
at dette ikke fører til en reduktion af de mekaniske egenskaber af det urevnede 
materiale. Korrosion af stålfibre i revner mindre end 0.3mm forekom ved de yderste 
20-40 mm, og dette havde kun en begrænset indflydelse på de mekaniske egenskaber
af revnet SFRC målt over forsøgenes varighed, dvs. to år.
En væsentlig forøgelse af den maksimale residualtrækstyrke af revnet SFRC efter 
eksponering blev observeret på kompositniveau såvel som på fiberniveau. En 
semiemperisk multiskalamodel baseret på teorien om fibre-bundter blev udviklet til at 
forbinde observationerne på fiberniveau med observationerne på kompositnievau. 
Resulater fra modellen bekræftede, at fiberkorrosion formentlig ikke er den 
dominerende nedbrydningsmekanisme influerende de mekaniske egenskaber af revnet 
SFRC under våd-tør eksponering. Forøgelse af vedhæftningen mellem fiber og matrice 
var primær årsag til de observerede variationer i sejheden af revnet SFRC.  
En undersøgelse af skadesmekanismerne viste at der på samme tid sker en reduktion af 
stålfibrenes trækstyrke og en ændring af cementmatricen omkring revnen og 
stålfibrene. Autogen heling af de mekanisk opståede skader omkring fiberens 
endekroge blev identificeret som den primære helingsmekanisme ansvarlig for 
forøgelsen af vedhæftningen mellem fiberen og matricen under eksponeringen. En 
konceptuel nedbrydningsmodel som tager disse processer i betragtning blev beskrev og 
sammenlignet med eksperimentelle data. 
Studierne præsenteret i denne afhandling konkluderer, at, korrosionsskader af stålfibre 
i revner mindre end 0.3 mm har kun en sekundær effekt på ændringer af sejheden af 
revnet SFRC udsat for trækpåvirkning under de undersøgte miljøpåvirkninger samt 
varighed af forsøg. Ændringer i sejheden af revnet SFRC efter eksponering blev 
primært tilskrevet ændringer i cementmatricen omkring stålfibrene.
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1.1 Background and motivation 
Steel fibre reinforced concrete (SFRC) is increasingly used to produce in-situ and 
prefabricated concrete structures. The use of carbon-steel fibres, henceforth “steel 
fibres” for structural applications, as partial or total replacement of conventional 
reinforcement bars has become a popular solution, among others, for the construction 
of prefabricated segmental linings for bored tunnels and in-situ industrial slabs (Abbas, 
2014; de Rivaz, 2009; Meda and Plizzari, 2005). 
One of the major arguments used in favour of this technology is the overall improved 
performance of SFRC under aggressive exposure conditions compared to conventional 
reinforcement and unreinforced concrete; both standalone (ACI Committee 544, 2010, 
2002) or combined with reinforcement bars (Berrocal, 2015; Solgaard, 2014). Despite 
the positive perspective, the total replacement of conventional steel reinforcement with 
steel fibres is still controversial, especially when the long-term durability of cracked 
SFRC under corrosive exposure conditions is addressed. 

1.1.1 Design guidance for SFRC exposed to corrosive environments 
To date, there is no international standard available for the design of SFRC structures, 
yet an EN standard in the framework of Eurocode-2 is currently under preparation 
(European Commitee for Standardization (CEN), 1993). Therefore, the design of SFRC 
infrastructure primarily relies on national guidelines and international design codes, 
which are often not coherent with respect to the applicability within certain exposure 
classes that involve the risk of reinforcement corrosion, such as: chloride attack (EN-
206 exposure class XS2-3 and XD2-3) (European Commitee for Standardization 
(CEN), 2013), carbonation attack (XC3-4) or chemical attack (XA1-3), as shown in 
Table 1. 
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Most of the guidelines cover the design of SFRC subject to carbonation (XC) and 
chloride (XS and XD) exposure. These guidelines primarily specify prescriptive design 
rules in terms of: i) identifying a sacrificial layer of SFRC to discount from the original 
cross-section for uncracked SFRC (Δh); ii) defining a critical characteristic crack width 
for cracked SFRC (wk,crit); iii) using specific types of steel fibres, e.g. stainless-steel; 
iv) considering special design actions, such as experimental proof of the durability 
under certain exposures. However, some of the national guidelines do not cover the 
design of SFRC under the most aggressive exposure classes (e.g. XS2-3, XD2-3) or do 
not mention specific limitations in terms of durability. 
The regulation for SFRC under chemical exposure class (XA) is special, since there are 
limited national guidelines covering this exposure and prescriptions rely on very limited 
research to support recommendations in terms of, e.g., a sacrificial layer (Δh), a critical 
characteristic crack width (wk,crit) or a fibre material. 
In other cases, guidance is given on basis of unclear recommendations (Norsk Beton, 
2011; The Concrete Society, 2007); or specific recommendations are not given 
(International Federation for Structural Concrete, 2010; New Zealand Standards, 2006), 
so that consideration of the same design recommendations as for conventional steel 
reinforcement may be left to the interpretation of designers. 

Table 1. Summary of recommendations in design guidelines, after (Marcos-Meson et al., 2018). 

Standard  Carbonation Chlorides Chemical / acids 

  XC2 
XC3 XC4 XS2 

XD2 
XS3 
XD3 

XA1 
XA2 XA3 

ACI-544-1R-96 (US) 
(ACI Committee 544, 2002) 

wk50 0.30 0.30 0.10 0.10 - - 
Δh50 - - 2.5 2.5 - - 

RILEM TC 162-TDF (EU) 
(RILEM, 2000) 

wk50 0.30 0.30 
Special Special Special Special 

Δh50 10 10 

DBV-Merkblatt Stahlfaserbeton (DE) 
(German Society for Concrete and 
Construction Technology, 2001) 

wk50 0.30 0.20 0.20 0.20 0.2 
0.15 0.15 

Δh50 20 25 40 40 40 40 

CNR-DT 204/2006 (IT) 
(CRN, 2006) 

wk50 0.30 0.30 0.30 0.30 - - 
*Δh>50 10 10 10 10 10 10 

Fibre C-G-S G-S G-S 
C-G-S 

S 
G-S G-S S 

EHE 2008 (ES) 
(Spanish Development Ministry, 2009) 

wk50 0.30 0.30 Test Test 
Test Test 

Fibre C-G-S C-G-S G-S G-S 
DAfStb Stahlfaserbeton (DE) 

(DAfStb, 2012) wk50 0.30 0.30 N/A N/A - - 

Design guideline for structural 
applications of SFRC (DK) 
(SFRC Consortium, 2013) 

wk50 0.30 0.20 N/A N/A - - 

AFTES-GT38R1A1 (FR) 
(AFTES, 2013) 

wk50 0.20 0.20 0.15 0 0.15 0 
Fibre C-G-S C-G-S C-G-S G-S C-G-S G-S 

SS-812310: 2014 (SE) 
(Swedish Standards Institute, 2014) 

wk50 0.50 0.40 0.30 0.20 
- - 

wk100 0.40 0.30 0.20 0.10 
 

 
Abbreviations: (N/A) Not applicable; (C) Carbon-steel steel fibres can be used; (G) Coated carbon-steel fibres can 
be used; (S) Stainless-steel fibres required; (Test) Experimental verification required; (Special) Special crack 
limitations required; (wk) maximum crack width allowed, expressed in mm; (Δh) minimum sacrificial layer on 
exposed surfaces, expressed in mm; (XC, XS, XD) EN 206 exposure classes; (Δh50, Δh>50, wk50, wk100) Design 
service life for 50 years, over 50 years and 100 years. 
* The minimum sacrificial layer (Δh) shall be considered for a design service life superior to 50 years. 
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1.1.2 Durability of SFRC exposed to corrosive environments 
The observed contradictions in design guidelines are generally motivated by a lack of 
consensus at the scientific level regarding the impact of critical design aspects, such as 
the admissible crack width and exposure conditions, on the long-term mechanical 
performance of SFRC. Additionally, the main deterioration processes connecting 
exposure, corrosion damage and mechanical damage are not fully understood and 
described. 

Deterioration processes 
The corrosion deterioration process of carbon-steel fibres in SFRC is not fully 
understood. So far, studies describing the deterioration processes of SFRC due to 
corrosion of steel fibres (Dauberschmidt, 2006; Nordström, 2005) have related these to 
conceptual models used for conventional reinforcement in concrete (Tuutti, 1982). This 
conceptual model for conventional reinforcement describes the deterioration process 
due to corrosion of reinforcing steel in concrete as a two-phase process: the initiation 
phase and the propagation phase. In the discussion below, a critical stage in the 
propagation phase was added, as shown in Figure 1; which describes the point in time 
where either critical corrosion damage to the steel fibres is reached or else the corrosion 
process stagnates. 
The initiation phase is governed by the time to depassivation of the steel due to 
reduction of the pH in the pore solution of the cement matrix (e.g. carbonation or acid 
attack) and/or by the ingress of halides (e.g. chloride ions) through the cement matrix 
or cracks. Corrosion damage of steel fibres induced by DC stray-currents was shown 
unlikely under typical design conditions in Solgaard et al. (2013a), and is not discussed 
herein. 
Generally, transport and chemical deterioration processes in uncracked SFRC have 
been considered comparable to those of plain concrete, for example: moisture or gas 
transport properties (Frazão et al., 2015, 2013), carbonation rates (Cangiano et al., 2005; 
T. Teruzzi et al., 2004) or the diffusion of chloride ions (Abbas et al., 2015, 2014). The 
latter showed substantial discrepancy when electrical fields were applied (Abbas et al., 
2014; Frazão et al., 2015, 2013). Investigations covering transport of aggressive species 
inside cracks, e.g. chlorides (Mangat and Gurusamy, 1987a) or freshwater and carbon 

 
Figure 1 Representation of conceptual deterioration model for corrosion damage of reinforced concrete (RC) 

and SFRC based on existing conceptual models for reinforced concrete (Tuutti, 1982). 
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dioxide (Nemegeer et al., 2000) or acids (Roque et al., 2009) did not compare the 
ingress in SFRC to observations in plain concrete. 

The transition from the initiation to the corrosion propagation phase is traditionally 
defined by localized or general depassivation of the steel. This is generally estimated 
by e.g. exceeding a specific free chloride threshold limit at the steel fibre surface and/or 
a critical reduction of the pH around the steel below a certain threshold (e.g. the 
carbonation threshold). Yet, there is disagreement regarding the applicability of these 
parameters as the sole indicators for depassivation and propagation of corrosion in steel 
reinforcement (Angst et al., 2009; Stefanoni et al., 2018). 
In the case of SFRC exposed to chlorides, research indicates five- to ten-fold free-
chloride threshold limit values for cold-drawn steel fibres relative to steel reinforcement 
bars (Dauberschmidt, 2012; Mangat and Gurusamy, 1988). This behaviour has been 
related to several parameters such as: a more homogeneous surface of the steel and a 
denser and more homogeneous steel-concrete interface for the SFRC, compared to 
conventional steel reinforcement (Dauberschmidt, 2012). To the author’s knowledge, 
no research investigated pH values in the pore solution leading to depassivation of steel 
fibres embedded in concrete for carbonation or acid exposure of SFRC. 
The propagation phase in conventional steel rebar is generally governed by the amount 
of mass-loss of the steel due to corrosion over time (i.e. corrosion rate). This process is 
governed by numerous factors, for example: exposure conditions, moisture content, 
temperature and concrete composition and microstructure (Bertolini et al., 2013). 
Corrosion rates of steel fibres mixed in SFRC have, to the author’s knowledge, not been 
measured so far. Studies investigating this aspect only comprised single fibres 
embedded in mortar with mixed-in chlorides, and showed questionable current density 
values up to 400 mA/m2 (Hwang et al., 2015). Other electrochemical studies covered 
measurement of half-cell potentials (Dauberschmidt, 2006; Mangat and Gurusamy, 
1988; Nemegeer et al., 2000; Nordström, 2005) and polarization resistance experiments 
(Dauberschmidt, 2006; Frazão et al., 2016), that identified initiation of corrosion and 
ongoing corrosion but did not quantify corrosion rates. 
Based on the conceptual model described in Figure 1, progressing corrosion damage 
of steel fibres embedded in uncracked SFRC or bridging cracks, leads to a general or 
localized cross-sectional reduction of the steel, depending on the exposure and local 
conditions, that progressively reduces the tensile capacity of the steel fibre. Unlike for 
conventional steel reinforcement, additional damage to the cement matrix, such as 
corrosion induced cracking or spalling have not been identified in SFRC explained by 
the small size of the fibres (Balouch et al., 2010; Granju and Balouch, 2005). 

This conceptual model approach (Figure 1) would correlate corrosion damage to the 
eventual rupture of the fibre during pull-out, provided that the tensile forces transferred 
through the fibre exceed the tensile capacity of the corroded cross-section of the steel. 
Therefore, at the composite level, the corrosion of individual steel fibres eventually 
leads to their rupture during the opening of the crack and reduces progressive the 
residual tensile capacity of the SFRC over time (Nordström, 2005). 

Corrosion damage and mechanical performance of SFRC 
The long-term durability and mechanical performance of SFRC exposed to corrosive 
environments has been the subject of numerous field and laboratory investigations 
(Marcos-Meson et al., 2018). The main goals of these studies were to quantify the extent 
of corrosion damage of the steel fibres and to describe its impact on the strength and 
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elastic mechanical performance of the uncracked SFRC (e.g. compressive, tensile 
strength or elastic moduli) and on the residual mechanical performance of uncracked 
and cracked SFRC (e.g. residual tensile strength and tensile toughness). 
Former investigations of the durability of SFRC have covered a large number of design 
parameters such as: type of fibres, type of concrete, exposure time and exposure 
conditions, specimen dimensions or the presence and width of cracks. Such large 
amount of study variables generally hinders a direct comparison of the results, and 
complicates the elaboration of solid conclusions (Marcos-Meson et al., 2018). 
However, the presence and size of cracks in the SFRC has been identified as one of the 
main governing parameters that influence the deterioration of SFRC due to corrosion 
of steel fibres. 
Investigations covering the mechanical properties of uncracked SFRC under chloride 
and carbonation exposures have shown minor corrosion damage of steel fibres 
embedded in uncracked SFRC, limited to the outermost 5 – 10 mm of the specimen’s 
cross-section. There was negligible detriment to the mechanical properties of the 
uncracked SFRC, either immersed (Roque et al., 2009), or under wet-dry conditions 
(Kamal and El-Refai, 1987; O’Neil and Devlin, 1999; Schupack, 1985). Loss of 
mechanical performance of uncracked SFRC under acidic exposure was related to 
chemical damage to the cement matrix rather than solely corrosion damage of the steel 
fibres (Roque et al., 2009). 

Corrosion damage of steel fibres in cracked SFRC depended strongly on the width of 
the crack and the type of exposure. Corrosion damage was generally larger inside larger 
cracks and when the exposure conditions involved wet-dry cycles. The discussion 
hereafter groups the observations in cracks larger and smaller than 0.3 mm, and focuses 
on wet-dry exposure conditions. 
Studies investigating cracks wider than approx. 0.3 mm reported substantial corrosion 
damage of steel fibres under partial immersion and exposure to wet-dry cycles of 
freshwater or rainwater, which entailed a moderate reduction of the residual tensile 
strength of the SFRC (Bernard, 2004; Nordström, 2005; Weydert and Schiessl, 1998). 
Corrosion damage was much more severe when the wet-dry cycles involved chloride 
exposure, leading to substantial reduction of the residual tensile strength (Mangat and 
Gurusamy, 1987b; Nordström, 2005; Weydert and Schiessl, 1998). Exposure of SFRC 
cracked within the same range to acids lead as well to substantial residual tensile 
strength reductions, attributed to corrosion damage of the steel fibres (Kaufmann, 
2014). 
Investigations of SFRC with crack widths smaller than 0.3 mm, exposed to rainwater 
or wet-dry cycles of freshwater, reported minor corrosion damage of fibres bridging the 
cracks (Bernard, 2004; Nordström, 2005); which did not result in a substantial 
deterioration of the mechanical performance due to fibre corrosion. Similar 
investigations under chloride exposure lead to moderate corrosion damage of fibres, but 
entailed negligible reductions of the mechanical performance over the exposure 
(Bernard, 2004; Mangat and Gurusamy, 1987b; Nordström, 2005). Investigations 
covering exposure of SFRC to acidic environments reported critical reductions of the 
residual tensile strength of the cracked SFRC, comprising corrosion damage of the 
fibres and chemical erosion of the concrete matrix (Roque et al., 2009). 
Milder exposure conditions, involving immersion in freshwater and saltwater (Roque 
et al., 2009) or airborne exposure to chlorides (Granju and Balouch, 2005) entailed less 
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corrosion damage compared to wet-dry conditions and negligible loss of mechanical 
performance. Percolation of corrosive solutions through cracks has not been fully 
covered in former studies, but results available indicate that deterioration of the 
concrete matrix, e.g. due to leaching , may be as severe as corrosion of the steel fibres 
(Hagelia, 2011a). 

Insight about additional damage mechanisms 
The results discussed above show deterioration trends generally in agreement with the 
deterioration model described in Figure 1. Exposure of uncracked SFRC to corrosive 
environments leads to minimal corrosion damage of the steel fibres and caused 
negligible variations of the mechanical performance of the SFRC. The extent of 
corrosion of steel fibres inside cracks seemed to correlate with the loss of the residual 
tensile strength in the cracked SFRC.  

However, some of these studies also report observations that do not agree with the 
deterioration mechanisms presented above. Corrosion damage of the steel fibres did not 
always lead to a reduction of the residual tensile strength of the SFRC. Or else, a critical 
reduction of the residual strength of the SFRC was reported, even though corrosion 
damage of the steel fibres was minimal. 
Reductions of the toughness of cracked SFRC partially immersed in seawater (Bernard, 
2004) or exposed to rainwater (Bernard, 2015a) have been linked to an excessive 
increase of the fibre-matrix bond strength during the exposure, rather than corrosion 
damage of the steel fibres. Similar mechanisms were attributed to reductions of the 
tensile toughness of SFRC with cracks larger than e.g. 0.3 mm (Bernard, 2004); or in 
other cases to moderate increases of the residual tensile strength of cracked SFRC 
(Granju and Balouch, 2005; Nemegeer et al., 2000), which was substantial for cracks 
smaller than 0.2 mm (Bernard, 2004; Mangat and Gurusamy, 1987b; Nordström, 2005). 
Contradictory observations also have been reported for uncracked SFRC, where 
variations of the residual tensile strength of SFRC over time were related to the 
development of the fibre-matrix bond strength. Few studies have reported critical loss 
of tensile toughness in uncracked SFRC immersed in freshwater (Bernard, 2015a, 
2008), which were attributed to an unaccounted increase of the fibre-matrix bond 
strength over time. While similar studies have shown a steady increase over time 
(Šušteršič et al., 2000; Teixeira Buttignol et al., 2016). 

These inconsistencies indicate that; either there are fundamental flaws in the 
methodology of some of these studies, or else the assumptions considered in 
conventional conceptual models for corrosion of reinforced concrete are limited, and 
additional deterioration and recovery mechanisms have to be taken into account. 

1.1.3 Motivation for the study 
The increasing use of SFRC in the construction sector to produce in-situ and 
prefabricated concrete structures is hampered by concerns regarding the long-term 
durability of SFRC at the scientific level, which are reflected in the discrepancies found 
in international design guidelines. 

Published research has investigated a number of design parameters that may affect the 
durability of SFRC under corrosive exposures. However, methodologies and results are 
diverse, and studies are either based on macroscopic mechanical observations at the 
composite level or on studies of specific deterioration processes at the single-fibre level; 
yet, not connecting both. 
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Discrepancies found among macroscopic observations at the composite level and 
current deterioration models, indicate limitations in both. There is a need to develop a 
more detailed description of the relation between the corrosion damage of steel fibres 
and the variations of the mechanical performance of SFRC exposed to corrosive 
environments. 

1.2 Aim and objectives of the thesis 
This project aims at identifying the main variables influencing steel fibre corrosion in 
concrete subject to corrosive environments and quantifying the effect of fibre corrosion 
on the mechanical performance of SFRC. Special focus is set on the deterioration 
processes occurring inside cracked SFRC exposed to wet-dry conditions. Achieving the 
project aim comprised the following objectives: 

• The identification of the principal design and service conditions leading to 
corrosion of steel fibres in concrete exposed to chlorides, carbon dioxide and 
acidic exposures. 

• The quantification of the extent and impact of fibre corrosion on the 
macroscopic mechanical behaviour of SFRC subject to wet-dry cycles under 
chloride and carbon dioxide exposure. 

• The description of the underlying mechanisms responsible for the deterioration 
of SFRC subject to wet-dry cycles under chlorides and carbon dioxide exposure. 

• The connection between the damage mechanisms affecting SFRC exposed to 
corrosive exposures and changes in the mechanical performance of the cracked 
SFRC at the composite and single-fibre levels. 

1.3 Research hypotheses 
Following the aim and objectives of the project, the following scientific hypotheses will 
be tested: 

• Exposure of uncracked SFRC to corrosive exposures is not expected to produce 
significant corrosion damage, nor alter the strength of the uncracked concrete.  

• The presence and size of cracks in SFRC is expected to determine the extent of 
corrosion damage of steel fibres embedded in cracked and uncracked SFRC. A 
crack width in the range of 0.1 – 0.3 mm is expected to result in a moderate 
corrosion damage of most fibres crossing cracks. 

• Corrosion damage of steel fibres in cracks exposed to chlorides is expected to 
be significantly more severe than corrosion due to carbonation. Reduction of the 
tensile toughness of the cracked SFRC under chloride exposure is expected to 
be substantially larger than under carbonation exposure. 

• Corrosion damage of steel fibres bridging cracks is expected to lead to a net 
reduction of the tensile toughness of the cracked SFRC. Loss of tensile 
toughness after cracking must be linked to a change in the failure mode of the 
fibre from fibre pull-out to rupture of the fibre. 

• The tensile behaviour of the cracked SFRC can be explained through the pull-
out behaviour of single fibres. Changes in the fibre-matrix bond or reduction of 
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the tensile capacity of the fibre due to corrosion can explain variations in the 
tensile performance of the SFRC. 

• The build-up of corrosion and healing products in small cracks is expected to 
limit the access of aggressive species (e.g. Cl-, CO2) in cracked SFRC. Chemical 
alteration of the cement matrix around the fibres is expected to influence the 
strength of the fibre-matrix bond.  

1.4 Research approach 
The study comprises four work packages (WP), which are described schematically in 
Figure 2. The first work package (WP1) comprises a literature review, which identified 
the main research questions concerning corrosion damage in SFRC. The experimental 
investigations were designed based on the research questions and hypotheses defined 
around the issue of corrosion damage of cracked SFRC exposed to wet-dry cycles. 

The experimental and analytical studies were constructed as a multiscale investigation, 
structured into three work packages: (WP2) quantification of the corrosion damage and 
mechanical performance at the composite level, (WP3) description of the deterioration 
mechanisms governing the behaviour observed at the composite level at the macro- and 
microscale and (WP4) connection of the damage mechanisms observed at the single-
fibre level at the macro- and microscale to the performance observed at the composite 
level. 

 
Figure 2 Structure of investigations and chapters 

1.4.1 Summary of investigations 
A summary of the main investigations carried out in this study is shown in Table 2. 
The techniques used are shown divided into experimental and analytical studies. Details 
regarding the specific methods are given in the appended publications in Chapters 2 – 
6. 
The experimental investigations presented in this thesis cover the preparation, 
exposure, mechanical testing and inspection of three types of specimens: i) three-point 
bending notched beams, ii) single notched coupons tested in uniaxial tension and iii) 
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single-fibre pull-out specimens. The experimental campaign comprised approx. 500 
SFRC specimens and 150 single-fibre pull-out specimens. The SFRC specimens were 
tested both uncracked and with induced crack widths of 0.15 and 0.3 mm and were 
exposed to wet-dry cycles for two years. The single-fibre pull-out specimens were 
tested un-pulled and pre-pulled to a displacement of 0.15 mm and exposed to wet-dry 
cycles for six months. The mix-design and configuration of the exposure setup used for 
SFRC and single-fibre specimens were analogous. Experimental investigations are 
enumerated in Table 2. 

The analysis of the experimental data and modelling comprised statistical evaluation 
and modelling of the experimental data and the development of a multiscale numerical 
model that connects the pull-out performance of single fibres to the tensile performance 
of the composite. The statistical techniques were used consistently through the chapters, 
following the same methodology. The main methods used are listed in Table 2. 

Table 2. Summary of main investigation techniques used and corresponding chapters and work packages 

Study Chapter 
2 3 4 5 6 

Experimental      
Exposure Wet-dry cycles  C F C - F C - F 
Mechanical Pull-out   F F F 
 Uniaxial tension  C   C 
 Three-point bending  C  C  
 Compression  C F   
Visual inspection Fibre counting  C  C  
 Colorimetric profiles    C  
Chemical Chloride profiles    C  
 X-ray fluorescence    C  
Petrographic Thin sections   F - C F - C  
 Polished sections   C F - C  
 X-ray tomography   F - C   

 
Analytical      

Statistical Exploratory data analysis L C S F - C  
 Confirmatory data analysis  C S   
Modelling Statistical modelling L C    
 Multiscale mechanical model     F - C 

Work Package (Figure 2) WP1 WP2 
WP4 WP3 

WP2 
WP3 
WP4 

WP1 
WP4 

 

Abbreviations: (L) data from literature, (C) investigation at composite level, (F) investigation at single-fibre level 

1.5 Scope and limitations 
The scope of work of this study comprises the following aspects: 

• A critical analysis of the literature that identifies the principal research questions 
and hypotheses that require investigation. 

• Design and operation of an exposure setup to simulate wet-dry cyclic exposure 
in SFRC and single-fibre pull-out specimens. Five different exposure 
environments, comprising chloride and carbonation exposure were investigated. 

• Preparation, exposure and testing of approx. 500 SFRC specimens and 150 
single-fibre specimens. Investigations of SFRC specimens covered two types of 
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steel fibre and one concrete mix-design. Investigations of single-fibres comprise 
four fibre types and two concrete mix-designs. 

• The experiments comprised: mechanical, chemical and petrographic 
investigations, mainly on cracked specimens. The evaluation of the 
experimental data comprised: exploratory and confirmatory data analysis, and 
statistical modelling. 

• Development and testing of a mathematical model that connects results at the 
single-fibre level to results in SFRC. 

The scope of work was limited to: 
• The analysis of results from the literature was restricted by the lack of raw data 

available and heterogeneous testing and analysis methods. 
• Experimental investigations covered chloride and carbonation exposure under 

wet-dry cycles. Other exposure conditions such as immersed conditions, 
percolation through cracks or exposure to acids were not covered 
experimentally in this study. 

• The crack widths investigated in SFRC specimens were limited to cracks in the 
range of 0.15 – 0.3 mm. Single-fibre pull-out specimens were partially pulled 
to slip values of 0.15 mm. 

• Long-term exposure was not covered experimentally in this study. The exposure 
time of the SFRC specimens tested was limited to two years, and the exposure 
of pull-out specimens lasted six months. 

• Investigations on additional concrete compositions or types of fibres were not 
covered. The study only covered investigations of hooked-end fibres made of 
cold-drawn carbon-steel wire. 

• Mechanical studies of cracked SFRC and single fibres were limited to tensile 
forces normal to the crack plane (e.g. Mode I opening). Fracture modes 
involving shear (e.g. Mode II and III opening) were not investigated. 

• Electrochemical investigations of steel fibres were not included in the 
experimental studies. Petrographic and chemical studies were restricted to 
selected companion specimens to the ones conforming the main studies.  

• Modelling of experimental results was limited by the early stage of development 
of the model approach and current understanding of the pull-out processes of 
steel fibres in concrete. 

1.6 Outline and reading guide 
The thesis is organized as a “collection of papers”, that cover the deterioration 
phenomena observed in cracked and uncracked SFRC. First, from the perspective of 
former studies and design codes in a critical review of the literature. And later, as two 
experimental campaigns that describe chemical, microstructural and mechanical 
changes in SFRC exposed to wet-dry cycles at the composite and at the single-fibre 
level. A list of the chapters comprising the core of this thesis and its publications is 
given in Table 3. 
Chapter 1 describes the background of the project and the general methodology used 
throughout the investigation. 
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Subsequent chapters (Chapters 2 to 7) present the investigations carried out. These 
chapters are written as “paper-based”, where the summary and conclusions to the 
chapter are given as an extended abstract, followed by the appended publications that 
describe the contents of the chapter in detail. 

Chapter 2 presents the state-of-the-art of SFRC under corrosive exposures. The chapter 
comprises two publications (Papers I and II) that cover: i) the deterioration of SFRC 
exposed to chlorides and carbon dioxide, and ii) the deterioration of SFRC exposed to 
acids. The chapter serves as a basis for the specific research questions investigated in 
Chapters 3 to 6. 
Chapter 3 covers a study of the corrosion damage and mechanical performance of 
SFRC specimens exposed to wet-dry cycles of chlorides and carbon dioxide over a 
period of two years. The chapter comprises two publications (Papers III and IV) that 
describe: i) the quantification of the extent of corrosion damage of fibres crossing 
cracks and its correlation to variations in the mechanical performance of the composite, 
and ii) the evolution of corrosion damage and mechanical performance of the exposed 
SFRC coupons over time. Findings of this chapter provide the basis for the 
investigations carried out in Chapter 4 and Chapter 5. 
Chapter 4 comprises a study of the pull-out behaviour of hooked-end fibres under 
simulated crack conditions, involving wet-dry cycles of chlorides and carbon dioxide. 
The chapter is composed by one publication (Paper V), which describes the pull-out 
mechanisms of straight hooked-end fibres in concrete and identifies changes in those 
due to exposure. Additional publications and investigations carried out during the PhD 
project in this area are referenced but not appended. The findings of this chapter serve 
as an explanation to the macroscopic observations reported in Chapter 3 and are used 
further in Table 3. 
Chapter 5 describes the deterioration mechanisms involved in the exposure of 
complementary SFRC specimens to the ones investigated in Chapter 3. The chapter is 
composed by two publications (Paper VI and VII), that describe: i) the transport, 
reaction and corrosion processes taking place inside the cracks and updates the 
conceptual deterioration model for SFRC exposed to chlorides and carbon dioxide 
presented in Chapter 2; and ii) the mechanisms responsible for the alteration of the pull-
out behaviour of the single fibres investigated in Chapter 4. The findings of this chapter 
serve as a link between the deterioration mechanisms described in Chapter 2, based on 
former studies, and the observations presented in Chapter 3 and Chapter 4 at the 
composite and single-fibre level. 
Chapter 6 presents a multi-scale modelling approach (Paper VIII), which connects the 
findings regarding alteration of the fibre-matrix bond strength of single fibres presented 
in Chapter 4 to the macroscopic observations reported in Chapter 3. The deterioration 
mechanisms involved were explained in a broader context by the multi-scale 
deterioration model described in Chapter 5. 

Chapter 7 comprises a summary of the discussion presented in Chapter 2 to Chapter 6, 
which connects the results presented in this study to the conclusions from former 
research and discusses the implications of these results in current design approaches.  
Chapter 8 presents the conclusions of the study and discusses research areas within the 
scope of this investigation where further work is needed. 
 

Department of Civil Engineering, Technical University of Denmark 13



1.7 Contribution to the field 
The investigations presented in this project will contribute to connect the conclusions 
of former investigations regarding the durability of SFRC under aggressive 
environments and provide an explanation for some of the discrepancies observed both 
at the technical and scientific level. 
This study will contribute to the field with a set of experimental data with a significant 
level of detail, a multiscale and multidisciplinary scope (e.g. mechanical, chemical and 
microstructural) and a robust discussion based on a statistical interpretation of the data. 
The identification of the specific deterioration mechanisms affecting SFRC structures 
undergoing fibre corrosion will contribute to bridge the gap between transport processes 
of aggressive agents in SFRC and changes in its mechanical performance. 

The results of this study contribute to the further development of the necessary tools for 
the service-life design of new SFRC structures, as well as increased knowledge for the 
maintenance and preservation of existing infrastructure built of SFRC.

Table 3. List of chapters and publications 

Chapter Description Publication  
1 Introduction   

2 
State-of-the-art on the 

durability of SFRC subject to 
corrosive exposures 

I + II 

 

3 

Investigation of the mechanical 
performance and corrosion 

damage of cracked and 
uncracked SFRC 

III + IV 

 

4 
Investigation of pull-out 

mechanisms of hooked-end 
steel fibres in cracked concrete 

V 

 

5 

Investigation of the 
deterioration mechanisms 
affecting cracked SFRC 

exposed to wet-dry cycles 

VI + VII 

 

6 

Connection of the damage 
observed at the single-fibre 
level to the changes in the 

mechanical performance at the 
composite level 

VIII 

 
7 Closing discussion and design 

implications   

8 Conclusions and future work   
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The background presented in Chapter 1 highlighted that there is a general discrepancy 
at the technical and scientific level concerning the corrosion damage and mechanical 
performance of cracked SFRC. Part of this discrepancy is motivated by the lack of an 
overview of the research available that connects observations and deterioration 
phenomena. 

This chapter provides an objective evaluation of the literature available covering 
corrosion damage of SFRC exposed to chlorides (Paper I), carbon dioxide and acids 
(Paper II). The focus of the review is to identify key conditions that lead to fibre 
corrosion and understand its impact on the mechanical performance of the SFRC.  

Chloride and carbonation induced corrosion 
A review of the existing literature investigating chloride and carbonation induced 
corrosion of SFRC was carried out in Paper I. The paper discusses the main factors 
affecting corrosion of carbon-steel fibres under these exposures and describes a 
conceptual deterioration model based on findings from former studies investigating 
concurring damage mechanisms under such exposures. 

The review concluded that there is overall agreement among academics regarding the 
durability of uncracked SFRC exposed to chlorides and carbon dioxide; which is 
reflected in the consensus found in design guidelines and standards. The superior 
durability against corrosion of carbon-steel fibres embedded in uncracked SFRC 
relative to conventional steel was attributed to: i) the discrete nature of the fibres, ii) a 
more homogeneous steel surface due to production processes of cold-drawn wire steel 
fibres versus a rougher surface for conventional reinforcing bars, and iii) a denser and 
more homogeneous fibre-matrix interface compared to conventional steel 
reinforcement. 
There is overall disagreement regarding the durability of cracked SFRC exposed to 
chlorides and carbonation; while investigations showed a general trend for larger 
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deterioration with increasing crack width. Yet, there was discrepancy regarding the 
extent and role of fibre corrosion inside cracks in the range of 0.2 – 0.3 mm, and its 
impact on the residual performance of cracked SFRC. 
Discrepancies were attributed, among others, to the lack of understanding of the 
mechanisms governing corrosion of carbon-steel fibres in cracked SFRC subject to 
chloride and carbonation exposure. In this aspect, the conceptual deterioration model 
proposed suggests that corrosion damage of steel fibres bridging cracks may be 
governed by damage and healing processes at the fibre-matrix interface and the main 
crack. Insight that fibre corrosion may not be the dominant damage mechanism 
responsible for the loss of post-crack ductility of cracked SFRC under these exposures 
was discussed. 

Corrosion damage induced by acid attack 
A review of the existing literature investigating corrosion and chemical erosion damage 
of SFRC exposed to acids was carried out in Paper II. The paper focused on presenting 
the main deterioration processes taking place under this exposure, being corrosion of 
the steel among them. 

The review concluded that exposure of uncracked SFRC to acids results in damage 
similar to unreinforced concrete, governed by the loss of structural integrity of the 
concrete matrix due to chemical erosion. Corrosion of the steel fibres embedded in 
uncracked concrete due to neutralization of the cement matrix was regarded as 
secondary compared to the microstructural damage of the cement matrix. 
Deterioration of cracked SFRC exposed to acids may be governed instead by a 
combination of corrosion damage and deterioration of the cement matrix surrounding 
the fibres. Former studies reported that severe exposure of cracked SFRC to acids 
entails a significantly larger deterioration of the residual mechanical performance of the 
composite, relative to other exposures (i.e. carbonation or chloride exposure). However, 
the contribution of fibre corrosion to that damage is not clear. Insight suggests that this 
deterioration may be governed by the dissolution of the cement matrix surrounding the 
fibre, instead of corrosion damage of the steel fibres. Yet, the contribution of these 
mechanisms may be strongly dependent on the crack widths investigated. 

All in all, deterioration of the mechanical performance of SFRC under this exposure 
seems to be mostly related to damage of the cement matrix rather than corrosion damage 
of the fibres, including fibres bridging cracks below e.g. 0.3 mm. 
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2.1 Paper I. A review of chloride and carbonation induced 
corrosion of SFRC 

The following publication, referred as “paper I”, has been published in Cement and 
Concrete Research. 
 

Marcos-Meson, V., Michel, A., Solgaard, A., Fischer, G., Edvardsen, C., Skovhus, 
T.L., 2018. Corrosion resistance of steel fibre reinforced concrete - A literature review. 
Cem. Concr. Res. 103, 1–20. doi:10.1016/j.cemconres.2017.05.016. 
 

Reprinted in this thesis with permission from Elsevier. 
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A B S T R A C T

Steel fibre reinforced concrete (SFRC) is increasingly being used in the construction of civil infrastructure.
However, there are inconsistencies among international standards and guidelines regarding the consideration of
carbon-steel fibres for the structural verification of SFRC exposed to corrosive environments. This paper presents
a review of the published research regarding carbonation- and chloride-induced corrosion of SFRC, and proposes
a deterioration theory for cracked SFRC exposed to chlorides and carbonation, based on the damage at the fibre-
matrix interface. The review confirms an overall agreement among academics and regulators regarding the
durability of uncracked SFRC exposed to chlorides and carbonation. Contrariwise, the durability of cracked SFRC
is under discussion at the technical and scientific level, as there is a large dispersion on the experimental results
and some of the mechanisms governing the corrosion of carbon-steel fibres in cracks and its effects on the
fracture behaviour of SFRC are not fully understood.

1. Introduction

Steel fibre reinforced concrete (SFRC) is a composite material,
combining a cementitious matrix and a discontinuous reinforcement,
consisting of steel fibres randomly distributed in the matrix. In this
paper, the term SFRC refers to mix-designs based on Portland cement
binders, with mix-proportions and elastic mechanical properties (i.e. in
the uncracked state) similar to conventional concrete. SFRC is in-
creasingly being adopted for the production of in-situ and prefabricated
concrete structures as: a) auxiliary reinforcement for temporary load
cases, e.g. arresting shrinkage cracks, limiting cracks occurring during
transport or installation of precast members, b) partial substitution of
the conventional reinforcement, i.e. combined reinforcement systems,
and c) total replacement of the conventional reinforcement in elements
in overall compression, e.g. ground-supported slabs, tunnel linings,
foundations, thin-shell structures [1–3].

In particular, the use of steel fibres as partial or total replacement of
conventional reinforcement bars has become a popular solution for the
construction of prefabricated segmental linings for bored tunnels, due
to its overall good durability and performance in compression [4–9].
Nevertheless, the total replacement of conventional steel reinforcement
is still controversial according to some experts, especially when the
long-term durability of SFRC under severe chloride and carbonation
exposure is addressed [10–13].

At present, there is no international standard available for the de-
sign of SFRC structures. However, an EN standard is currently in pre-
paration. Moreover, the national guidelines available for design of SFRC
are not coherent with respect to the applicability within certain ex-
posure classes. Table 1 presents a summary of the main design re-
commendations for the EN 206 exposure classes: i) XC, hereafter re-
ferred to as “carbonation exposure”, and entailing the exposure to air,
CO2 and moisture; ii) XS, seawater exposure, comprising concrete ex-
posed to chlorides from sea water; iii) XD, other-chloride exposure,
covering chloride sources other than seawater, i.e. de-icing salts [14].

There is an overall agreement among the standards and guidelines
regarding the design of SFRC under carbonation exposure, with a crack
width limit in the range 0.20–0.40 mm for mild exposure conditions
(i.e. XC2-3, immersed concrete and concrete sheltered from rain),
presenting similar limitations to conventional reinforcement, Table 1.
On the contrary, there is disagreement on the durability of SFRC ex-
posed to cyclic wet and dry conditions (i.e. XC4), where some of the
guidelines do not recommend the use of carbon-steel fibres in cracked
SFRC [18,19].

The case of chloride exposure is more controversial, and four main
design approaches can be identified, as shown in Table 1: i) crack
limitation in the range 0.10–0.20 mm [15,17,20,26]; ii) special mea-
sures such as experimental validation [16,22]; iii) use of coated carbon-
steel or stainless-steel fibres [18,19,27]; iv) no applicability for these
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exposure classes [23,24], or limitation to the uncracked state, i.e. the
contribution of the steel fibres cannot be considered for the service-
ability limit state [25].

Other national guidelines do not mention specific limitations for
durability, but highlight the improved durability of SFRC relative to
conventional reinforcement [21,28], refer to other guidelines and
standards [29–31], or express imprecise recommendations for special
measures under aggressive exposures [16,22,32].

The inconsistencies observed regarding the consideration of steel
fibres for SFRC exposed to the most aggressive exposure classes, e.g.
XC4, XS2-3 and XD2-3, indicate a limited understanding about the
probability of fibre corrosion for exposed SFRC and its impact on the
structural integrity of structures built of SFRC. In particular, the dur-
ability of cracked SFRC subjected to wet and dry cycles under chloride
and carbonation exposure, for cracks below 0.30 mm, is in focus and
under discussion at the technical level. Furthermore, these dis-
crepancies suggest a limited understanding of the mechanisms gov-
erning chloride- and carbonation-induced corrosion of steel fibres in
cracked concrete and its effects on the long-term mechanical behaviour
of SFRC.

This paper reviews the existing literature investigating chloride- and
carbonation-induced corrosion of steel fibres in concrete, evaluating the

main variables influencing the durability of SFRC exposed to chlorides
and carbonation, and mechanisms responsible for this deterioration.
The paper is divided into two sections: SFRC exposed to chlorides (EN
206 exposure classes XS1-3, XD1-3 and XF3-4) and SFRC exposed to
carbonation (EN 206 exposure class XC1-4). Each of those sections
concludes with a discussion of the various mechanisms associated to the
results presented on the experimental work and proposes deterioration
models covering the corrosion of steel fibres for uncracked and cracked
SFRC exposed to chlorides and carbonation.

2. Durability of SFRC exposed to chlorides

There is abundant research investigating the durability of SFRC
exposed to different chloride contaminated environments, as shown in
Table 2. However, there is a large amount of variables influencing the
results, which hinders the direct comparison among studies, namely: i)
quality of concrete; ii) type, material and quantity of fibres; iii) ex-
posure time and conditions; iv) existence and size of cracks.

The test results published from the studies presented in Table 2,
have been categorized and introduced in a database. The database
contains the information of the design-variables characterizing the
SFRC, exposure conditions and the main indicators defining the

Table 1
Summary table, design recommendations for SFRC exposed to chlorides and carbonation.

Standard Ref. Carbonation Chlorides

XC2 XC3 XC4 XS2 XS3 XD2 XD3

ACI-544-1R-96 (US) [15] wk
50 0.30 0.30 0.30 0.10 0.10 0.10 0.10

Δh
50 – – – 2.5 2.5 2.5 2.5

RILEM TC 162-TDF (EU) [16] wk
50 0.30 0.30 0.30 Special Special Special Special

Δh
50 10 10 10 Special Special Special Special

Fibre C-G-S C-G-S C-G-S – – – –

DBV-Merkblatt Stahlfaserbeton (DE) [17] wk
50 0.30 0.30 0.20 0.20 0.20 0.20 0.20

Δh
50 20 20 25 40 40 40 40

UNI/CIS/SC4:2004 (IT) [18] wk
50 0.30 0.30 0.30 0.30 0.30 0.30 0.30

Δh
> 50a 10 10 10 10 10 10 10

Fibre C-G-S C-G-S G-S C-G-S G-S C-G-S G-S

CNR-DT 204/2006 (IT) [19] wk
50 0.30 0.30 0.30 0.30 0.30 0.30 0.30

Δh
> 50a 10 10 10 10 10 10 10

Fibre C-G-S C-G-S G-S G-S S C-G-S G-S

NZS 3101-2:2006 (NZ) [20] wk
50 0.30 0.30 0.30 0.20 0.20 0.20 0.20

TR-63 (UK) [21] wk
50 0.30 0.30 0.30 0.30 0.30 0.30 0.30

EHE 2008 (ES) [22] wk
50 0.30 0.30 0.30 Test Test Test Test

Fibre C-G-S C-G-S C-G-S G-S G-S G-S G-S

DAfStb Stahlfaserbeton (DE) [23] wk
50 0.30 0.30 0.30 N/A N/A N/A N/A

Fibre C-G-S C-G-S C-G-S – – – –

Design guideline for structural
applications of SFRC (DK)

[24] wk
50 0.30 0.30 0.20 N/A N/A N/A N/A

Fibre C-G-S C-G-S C-G-S – – – –

AFTES-GT38R1A1 (FR) [25] wk
50 0.20 0.20 0.20 0.15 0 0.15 0

Fibre C-G-S C-G-S C-G-S C-G-S G-S C-G-S G-S

SS-812310:2014 (SE) [26] wk
50 0.50 0.50 0.40 0.30 0.20 0.30 0.20

wk
100 0.40 0.40 0.30 0.20 0.10 0.20 0.10

NB-Publication no. 7. Sprayed concrete
for rock support:2014 (NO)

[27] Fibre C-G-S C-G-S C-G-S G-Sb G-Sb G-Sb G-Sb

Abbreviations: (N/A) Not applicable; (C) Carbon-steel steel fibres can be used; (G) Coated carbon-steel fibres can be used; (S) Stainless-steel fibres required; (Test) Experimental
verification required; (Special) Special crack limitations required; (wk) maximum crack width allowed, expressed in mm; (Δh) minimum sacrificial layer on exposed surfaces, expressed in
mm; (XC, XS, XD) EN 206 exposure classes; (Δh

50, Δh
> 50, wk

50, wk
100) Design service life for 50 years, over 50 years and 100 years.

a The minimum sacrificial layer (Δh) shall be considered for a design service life superior to 50 years.
b Galvanized fibres may be considered provided that hydrogen formation at the zinc coating is prevented.
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Table 2
List of studies investigating durability of SFRC exposed to chlorides.

First author Year Ref. Bind
(kg/m3)

w/c
(−)

Fibre
(steel)
(type)

Fibre content
(kg/m3)

Exp. class
(EN)

Exp. type Age
(mo.)

Crack
wk

(mm)

Crack crit.
wk, crit

(mm)

Scr. layer
Δh

(mm)

Hannant 1975 [33] 393
480

0.49
0.75

L/M
D

94
107

XS3 Field 11
57

Uncracked
0.10–0.30

0.10–0.30 5–17

Batson 1977 [34] 386 0.59 L
S

62
123

XS3 Lab 2
6

0.10–0.20 0.10–0.20 –

Morse 1977 [35] 446 0.50 L
D/M

119 XS3
XF4

Lab
Field

2
18

Uncracked
0.25–3.20

0.25 1–5

Rider 1978 [36] 308 0.50
0.60

L/S
D/E

94
101

XS3
XF4

Lab
Field

9
12

0.10–0.20 0.25b 1–13

Schupack
(WES)

1976 [37] 468 0.45 L/B/S
D

114 XS3
XF4

Field 132 Uncracked – 3

Schupack
(Long Island)

1972 [37] 560 0.46 L/B
D/M

114 XS3
XF4

Field 120 Uncracked
0.10–0.60

0 2

Schupack
(Australia)

1971 [37] 580 0.51 L
D

160 XS3
XC4a

Field 120 Uncracked – 3

Schupack
(Battelle)

1978 [37] 445 0.45
0.62

L/B
D/S

89
153

XS3
XD3

Lab
Field

120 Uncracked – 1–3

Kamal 1987 [38] 350 0.50 L
M

60
120

XS2 Lab 12 Uncracked – 3

Mangat 1987
1988

[39–44] 590 0.40 L/Z/S
D/E

130
230

XS3
XC4

Lab
Field

20
41

Uncracked
0.20–0.70

0.10–0.25 3–15

Kosa 1990
1991

[45,46] 530
860

0.42
0.70

L
D

153 XS3
XC4

Lab
(HT)

9 Uncracked
0.10–0.20

0 40

Weydert 1998 [47,48] 350 0.40
0.50

L/Z
D/M

30
120

XS3 Lab 14
17

0.10–0.40 0–0.10c 1–10

O′neil 1999 [49] 468 0.45 L/B/S
D/M

114 XS3
XF4

Field 216 Uncracked – 2

Hansen 1999 [50,51] 305
358

0.38
0.52

L
D

30 XS3 Lab 7
13

0.10–0.20 0.20 0–10

Balouch 1999
2010

[52–54] 250
470

0.36
0.78

L
D

40 XS3 Lab 3
12

Uncracked
0.50

0.10 1–3

Dhanasekar 1999 [55] 475 0.36 L
S

56 XS2 Lab 4 Uncracked – 1–3

Nemegeer 2000 [56–58] 350 0.45 L/Z
D

78 XS3
XC4

Lab 18 0.20–0.50 0.50 (1–5)

Mantegazza 2004 [59] 320 0.55 L
D

39 XS3 Lab 2 0.20 0.20b –

Bernard 2004 [13] 420 0.42 L
D

50 XS2 Field 24 0.10–1.00 0.10 –

Nordstrom 2005 [60,61] 510 0.30
0.42

L/M
D

65
70

XD3
XC4

Field 60 Uncracked
0.10–1.00

0.10–0.20 (1–5)

Kopecksko 2008 [62] 300
400

0.42
0.54

L/M
D

25
75

XD3
XF4

Lab 1 Uncracked – 1

Serna 2008 [63] 350 0.50 L/Z
D/S

60 XS3 Lab 12 Uncracked
0.50–1.50

< 0.50a (1–5)

Roque 2009 [64] 362
446

0.37
0.44

L
D

71 XS2
XS3

Lab 27 Uncracked
0.20

0.10–0.20 (1–5)

Graeff 2010 [65,66] 300
380

0.35
0.50

L
D

47
51

XS3 Lab 10 Uncracked – (1–5)

Sanchez 2009 [67,68] 426 0.45 L-Z
D

40 XS1
XC4

Field 18 Uncracked – (1–5)

Sun 2011 [69,70] 494 0.47 L/Z
D

77 XS3 Lab 1 Uncracked – 1

Buratti 2011 [71] 350 0.50 L
D

25 XS3 Lab 8 0.50 0.50 –

Abbas 2014
2015

[6,72] 647 0.29 L
D

60 XS3 Lab
(HT)

16 Uncracked
0.20

0.20 3–5

Anandan 2014 [73] 449 0.30 L
D

115 XS3 Lab 6 Uncracked – (1–5)

Kaufmann 2014 [74] 450 0.40 M
D

35 XS3 Lab
Field

12 0.50–1.20 < 0.50a 1–5

Bernard 2015 [75] 586 0.29 L
D

40 XS1
XC4

Field 37 0.10–0.30 0–0.10 (1–5)

Abbreviations: (Bind) total binder content, expressed in kg/m3; (w/c) water to binder ratio; (Fibre) description of the steel fibre, being steel the steel type (L)ow- (M)edium- (H)igh-carbon
and (S)tainless steel, the type of coating (B)rass- and (Z)inc-plated and the type of fibre cold-(D)rawn, melt-(E)xtract, cut-(S)heet or cut-(M)ill; (Dose) the quantity of steel fibres, expressed
in kg/m3; (Exp. class) the exposure class, according to the EN 206 standard classes; (Exp. type) the exposure type, being laboratory or field exposure; (Age) the exposure time, expressed in
months; (Crack) the state of the matrix prior to exposure, and characteristic crack width in mm; (Crack crit.) the critical characteristic crack width recommended by the authors, expressed
in mm; (Scr. layer) the sacrificial layer, from the exposed surface, containing corroded steel fibres, expressed in mm.
() Values obtained from qualitative description of the exposed specimens.

a The crack range studied is above the critical crack width for fibre corrosion-protection, i.e. outside SLS limits (wk > wk, crit).
b Consideration of critical corrosion by the author of the reference is based on small reductions on the mechanical properties, relative to an insufficient number of replicates tested.
c The author of the reference observes non-critical corrosion observed at fibres bridging cracks for wk > wk, crit, but expect larger deterioration on the long-term and do not

recommend cracked SFRC.
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performance of SFRC after exposure, e.g. mechanical properties,
chloride penetration depth, corrosion damage.

The database contains the performance indicators calculated sys-
tematically for each replicate reported in the literature, when available.
The following order of preference was applied to pre-process and in-
troduce the data: i) raw data published in tables or graphs was utilized
to calculate directly the performance indicators; ii) centrality and dis-
persion indicators provided in tables and graphs, were included in the
database as three records (i.e. the average value, the upper- and lower-
bounds); iii) the value reported was entered as a single record in the
database, if none of the former data sources were available or no in-
formation about the number of replicates was given. No correction or
weighing factors have been applied to the original data. The perfor-
mance indicators for the reference specimens, used to calculate the
relative performance on exposed specimens, have been averaged to the
arithmetic mean value.

The data has been evaluated using descriptive statistics, and the
results presented comprise exploratory data analysis, presented in
boxplots. Statistical modelling, i.e. linear regression analysis and prin-
cipal component analysis, did not provide clear indication of correla-
tion among the study variables, attributed to the limited amount of
available data and the large variability among data sources, limiting
further analysis.

Among those indicators, four variables are used to define the re-
lative performance of exposed SFRC: i) the compressive strength ratio
(Fig. 1a), tensile strength ratio (Fig. 1b) and residual-tensile strength
ratio (Fig. 1c), expressed as the percentage-ratio of strength after ex-
posure relative to the reference strength of the companion specimens;
ii) the corrosion damage (Fig. 1d), expressed as the product of: the
subjective classification of the corrosion damage at the fibres (con-
verted to a 0–5 scale) and the ratio of the cross section of the specimen
affected by fibre corrosion, as measured by the original authors, ex-
pressed as a percentage, i.e. being 0% undamaged and 100% fully da-
maged. When available, the description of the corrosion damage given
by the original authors was verified trough analysis of images published

of the crack planes (i.e. digital image correlation) and detailed images
of corroding fibres.

The limit of proportionality (LOP), when specimens were pre-
cracked prior to exposure and re-tested after the exposure [33,65,74],
has been included within the tensile strength ratio group, whereas the
residual tensile strength ratio comprises investigations on the flexural
and tensile toughness of the material [44,46,61].

A direct comparison of the collected results reveals a large scatter
within and between studies, indicating a great variability of the results
depending on the material properties and exposure conditions. As an
example, reference is made to the large variation (40–60%) observed on
the residual-tensile strength ratio within some of the studies
[35,43,50,61,63], Fig. 1c, or the large dispersion registered on the
corrosion damage ratios between studies, Fig. 1d. Therefore, further
analysis on the effects of each of the individual variables influencing the
durability of SFRC exposed to chlorides is necessary to generalize the
test results and research conclusions for SFRC structures exposed to
chlorides.

2.1. Variables influencing the durability of SFRC exposed to chlorides

This review gathers the results and conclusions from published in-
vestigations available and classifies them according to: 1) exposure
conditions and age; 2) type and size of the steel fibres; 3) quality of the
concrete matrix; 4) structural integrity of the SFRC matrix (i.e. cracks).

2.1.1.1. Exposure conditions and age. The exposure conditions for
testing the durability of SFRC subjected to chlorides can be divided
into two groups, field exposure and laboratory exposure under
accelerated conditions. Laboratory conditions are expected to
accelerate the deterioration processes for the same exposure times by
a factor of around 1:50, depending on the exposure conditions and
materials (i.e. one year of accelerated exposure is equivalent to 50 years
of field exposure) [61].
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Fig. 1. Deterioration of SFRC exposed to chlorides, summary of results for: a) compressive strength ratio; b) tensile strength ratio; c) residual-tensile strength ratio; d) corrosion damage.
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The results presented in Fig. 2d, indicate larger corrosion damage
for laboratory-exposed specimens, compared to field-exposure. How-
ever, the decay on mechanical properties does not follow the trend and
field-exposed specimens tend to reach similar strength ratios within the
large scatter previously mentioned (Fig. 2a–c). It is expected that the
rest of test variables (e.g. crack width, type of fibres and quality of the
concrete) have a large impact on the deterioration and would confound
the direct comparison between the studies, hindering the elaboration of
conclusions regarding the efficiency of laboratory and field exposure
tests, e.g. the large dispersion observed at the residual-tensile strength
ratios (Fig. 2c). There is limited research combining laboratory and
field-exposed testing under comparable conditions and the available
results are reported to be very sensitive to variations on the specimen
dimensions [61] and exposure conditions [43,61].

2.1.1.1.1. Field exposure. Field tests comprise the exposure of
several SFRC test coupons to in-situ exposure conditions at
representative locations, using a limited exposure time (e.g.
1–20 years) to extrapolate the durability of SFRC structures to longer
exposures. Variables such as temperature and exposure-cycles are
uncontrolled and may vary from: a) extreme conditions, with large
temperature variations and shorter cycles (e.g. seawater splash- or
tidal-zone, splash of de-icing brines at road margins); b) to milder
conditions, with even temperatures and longer cycles (e.g. partial
immersion). Moreover, the salinity of the aqueous media may vary in
the range of 3.0–3.8 wt% NaCl for sea exposure up to 20–30 wt% NaCl,
or CaCl2 for de-icing brines. It should be mentioned that accumulation
and crystallization of salts at cracks and crevices might increase this
concentration up to four-fold values [76,77].

Exposure of SFRC specimens for shorter periods (e.g. 1–3 years) to
coastal environment, seawater or de-icing salts, showed limited damage
for both uncracked and cracked (wk ≤ 0.30 mm) SFRC
[13,33,35,40,43]. The damage was limited to aesthetics due to the
rusting on external fibres, with a maximum depth of damage of a few
millimetres (an assumed sacrificial layer would range between 1 and
5 mm). Uncracked specimens showed negligible reduction in com-
pressive and flexural strength, along with increased residual-tensile
strength, which can be attributed to a higher fibre-matrix friction as a
result of limited corrosion of fibres and densification of the matrix

[33,40]. Similar results for specimens with small cracks
(wk ≤ 0.20 mm), suggest autogenous-healing of cracks and non-
harmful corrosion on the fibres (i.e. limited cross-sectional reduction),
leading to increased residual-tensile strength [13,35,40,44].

Extended exposure times (5–20 years) to analogous aggressive
conditions (e.g. seawater splash- or tidal-zone, splash of de-icing brines
at road margins) provide similar results, comprising limited damage of
SFRC for both uncracked and cracked (wk ≤ 0.20 mm) scenarios
[37,49,61,78–80]. The observations substantiate that corrosion of both
cracked (wk ≤ 0.20 mm) and uncracked SFRC is limited to staining on
external fibres, i.e. a sacrificial layer of 1–5 mm for uncracked SFRC and
10–25 mm for cracked SFRC, without additional corrosion-induced
cracking or spalling of the matrix. The evolution of the mechanical
behaviour and reduction in fibre cross section relative to shorter ex-
posures suggests an early stabilization of the deterioration process
during the first 2–3 years of exposure (e.g. calculated corrosion rates
inside cracks at first year are four- to five-times the corrosion rates at
five years) [61].

2.1.1.1.2. Accelerated laboratory conditions. A larger number of
controlled variables is found for laboratory exposure: a) type of
exposure; b) the type of salt (e.g. sodium chloride or calcium
chloride); c) salinity; d) duration of the exposure; e) temperature,
among others. This section classifies former research based on the type
of exposure.

The use of wet-dry cycles has been proven an effective method to
accelerate corrosion-induced damage of SFRC. Shorter exposures (up
to six months) to average salinities (3–5 wt% NaCl and CaCl2), typi-
cally show damage limited to staining at external surfaces (limited to
outer 1–5 mm) on uncracked specimens, accompanied with negligible
loss on compressive, flexural and residual-tensile strength
[34,38,62,73,78,81,82]. Results on cracked SFRC indicate negligible
residual-tensile strength loss for small cracks (wk ≤ 0.20 mm)
[61,83]. At the same time, contradictive results showing significant
reduction of the residual-tensile strength for cracked and uncracked
SFRC are presented in [34,59,73,84,85].

Extended exposures (from 6 months to 3 years) to wet-dry cycles at
average salinities, i.e. 3–5 wt% NaCl, generally showed similar results
for uncracked SFRC, compared to shorter exposures, suggesting an early
stabilization of the deterioration of the steel fibres [6,12,36,63,64].
Contradictive results are found for cracked SFRC; while positive results
for smaller cracks (wk ≤ 0.20 mm), entailing minor corrosion of the
fibres, negligible reductions of the residual-tensile strength and self-
healing of the crack have been reported in e.g. [6,64,65,86], severe
fibre corrosion and strong loss of residual-tensile strength for larger
cracks (wk > 0.20 mm), leading to further deterioration for longer
exposures have been presented in e.g. [46,48,63].

Alternatively, the use of salt-fog spraying has been less common
among researchers. The exposure time did not influence the corrosion
damage for uncracked specimens for shorter exposure times, i.e. ex-
posures of 6–12 months showed similar damage, limited to surface
staining of external fibres (sacrificial layer of 1–3 mm) [40,54,78,87].
While, for cracked SFRC, extended exposure times to salt-fog spray (up
to 3.5 years) revealed significant fibre corrosion and residual-tensile
strength loss for larger cracks (wk > 0.20 mm) [44,53].

Partial- and full-immersion have been reported ineffective on ac-
celerating corrosion of SFRC. Short exposures (below 4 months) re-
vealed negligible damage on uncracked specimens, limited to stains at
the surface [55]. Whereas longer exposures (up to 10 years), resulted in
limited corrosion in the outer 3 mm of the specimens and slight re-
ductions on the flexural strength during the initial 2 years [78].

Early-age immersion of SFRC exposed to sodium chloride (i.e.
curing of specimens in chloride solutions) and mixed-in CaCl2 induced
severe pitting damage on the fibres and significantly reduced the fibre
pull-out resistance. These results contradict the moderate deterioration
observed for uncracked SFRC tested with the previously mentioned
exposure methods; which indicates the incompatibility of marine curing
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Fig. 2. Deterioration of SFRC exposed to chlorides, comparison of results for field (F) and
laboratory (L) exposure for: a) compressive strength ratio; b) tensile strength ratio; c)
residual-tensile strength ratio; d) corrosion damage.

V. Marcos-Meson et al.

22 Department of Civil Engineering, Technical University of Denmark



of SFRC and proves the inadequacy of this method to test the corrosion
resistance of SFRC under accelerated chloride exposures [84,88,89].

The use of elevated temperatures (e.g. 30–80 °C) to accelerate the
corrosion of SFRC has been proven highly effective on increasing the
deterioration of SFRC for shorter exposure times (3–6 months)
[6,45,46,64]. However, substantial changes in the damage mechanisms
are responsible for the accelerated deterioration at elevated tempera-
ture (e.g.> 50 °C), due to the alteration of the cement chemistry, i.e.
formation of Friedel's salt, leading to a rapid disintegration of the ma-
trix [6,45,46]. Temperatures of 30–40 °C in combination with wet and
dry cycles led to more realistic deterioration [64], although, no com-
panion data for SFRC exposed under standard temperatures (e.g. 20 °C)
is available in the study, impeding the estimation of the acceleration
factor at higher temperature.

2.1.1.2. Type, material and size of the steel fibre. Limited amount of
research has focused on the influence of type, material and dimension
of the steel fibres on the durability of SFRC exposed to chlorides. The
EN-14889-1 standard [90] proposes a classification of steel fibres
according to the production process, as shown in Fig. 3a.

Cold-drawn carbon-steel and stainless-steel for groups I, III and IV
are specified according to EN 16120-2 and EN 10088-5, respectively in
Fig. 3b [91,92]. According to this classification, the main design vari-
ables influencing the durability of SFRC to chlorides are: a) fibre type
(e.g. production method); b) type of steel and coatings; c) fibre di-
mensions (i.e. length and diameter).

Cold-drawn wire, typically deformed with hooked-ends, is used in
most of the durability investigations of SFRC [12,13,33,35,40,
49,52,56,83]. Other types of fibres, such as cut-sheet fibres have been
only used in some of the research [34,49], limiting the scope of inter-
pretation.

There is insight about significant variations of the likelihood of fibre
corrosion and damage depending on the type of steel-fibres, e.g.: mill-
cut fibres showed larger probability of corrosion and stronger reduc-
tions on the residual-tensile strength of SFRC, relative to cold-drawn
wire, Fig. 4c–d, [12]. Conversely, cold-drawn and cut-sheet fibres
showed a similar corrosion resistance under comparable exposure
conditions, Fig. 4d, but the exposure of the latter resulted in larger
reductions of the residual-tensile strength, Fig. 4c, [49,63]. The large
corrosion resistance and negligible mechanical deterioration of melt
extract fibres, Fig. 4c–d, responds primarily to the material properties,
as this type of fibre is produced of stainless-steel [36,43].

Additionally, recent research indicates that deformed cold-drawn
steel fibres (e.g. hooked ends) have a higher probability for initiation of
chloride-induced corrosion, relative to un-machined cold-drawn steel
wire, due to early initiation of pitting corrosion at micro-flaws at the
bended regions [93].

Former research has reported increased resistance of stainless-steel
to pitting corrosion relative to carbon-steel, limiting the formation of
rust at the surface as well as ensuring negligible corrosion-damage in
cracked SFRC [36,40,49]. Coated steel fibres (i.e. brass- or zinc-plated)
showed contradictory results: a) reaching a similar long-term

performance compared to carbon-steel wire, extending the time-to
corrosion initiation for pitting corrosion [12,69,78]; b) or alternatively
showing a total protection against corrosion for long-term exposures
(i.e. 6–12 months of accelerated exposure and 18 years of field ex-
posure) [49,56,63].

The influence of the fibre dimensions on the electrochemical be-
haviour of SFRC exposed to chlorides is unclear. Contradictory results
observed in [61], showed increased corrosion rates for longer steel fi-
bres at initial times of exposure to NaCl but opposite results for water-
exposed specimens, accompanied with a large scatter of the results.
Whereas a limited effect of the wire length on the corrosion of carbon-
steel wire embedded in concrete exposed to chloride solution was ob-
served by Mangat and Molloy [93]. Additionally, it has been reported
that the fibre diameter plays a minor role on the initiation of corrosion
of steel fibres, relative to the fibre length [93,94].

2.1.1.3. Quality of the concrete matrix. The quality of the concrete
matrix has been suggested as a critical factor to consider when
preventing chloride-induced corrosion of conventional steel
reinforcement in concrete e.g. [76]. It is expected, that the main mix-
design variables affecting the durability of conventional reinforced
concrete have similar effects on SFRC, i.e. the water to binder ratio (w/
b) and the type and quantity of binder.

Type (EN 14889-1) Material

Group I
Cold-drawn wire

Group II
Cut sheet

Group III
Melt extracted

Group IV
Shaved cold-drawn

Group V
Mill cut

Deformed fibres
Hooked-end
Flatted-end

Crimped

Cold-drawn carbon steel
(EN 16120-2)

Stainless steel
(EN 10088-5)

Low-carbon
C4D – C26D

Medium carbon
C32D – C58D

Surface coatings
Galvanized surface
Coppered surface

Brass-coated surface

High carbon
C60D – C92D

)b)a

Fig. 3. Classification of steel fibres: a) type of steel fibre for concrete according to EN 14889-1 b) type of steel according to EN 10016-2 and EN 10088-5.
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Fig. 4. Deterioration of SFRC exposed to chlorides, comparison of results for different
types of fibre: a) compressive strength ratio; b) tensile strength ratio; c) residual-tensile
strength ratio; d) corrosion damage.
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A wide range of w/b ratios have been tested for SFRC, ranging from
0.30–0.70 [33,61,64,79]. An upper limit for w/b of 0.50 has been
proposed by Granju and Balouch [52] for cracked and uncracked SFRC,
ensuring a sacrificial layer< 1 mm for uncracked SFRC and limited
corrosion for small cracks (wk < 0.20 mm). However, other research
suggests lower values (e.g. w/b < 0.40–0.45) in order to ensure dur-
ability of steel fibres in cracked SFRC [13,40,49,61]. An analysis of
results presented in the literature indicates significantly higher de-
gradation of the compressive strength (i.e. uncracked SFRC) for w/
b > 0.50 (Fig. 5a), and larger corrosion damage for w/b > 0.40 for
cracked SFRC (Fig. 5d). However, there is no clear trend on the detri-
mental effect on the residual-tensile strength for cracked SFRC, as
shown in Fig. 5c. It should be noted, that there is limited data available
regarding the impact of chloride exposure on the tensile strength of
SFRC (Fig. 5b). The data available suggest a larger deterioration on the
tensile strength at lower w/c ratios, discrepant with the observations on
the compressive strength ratio and the expected corrosion behaviour of
steel embedded in concrete, e.g. higher w/c ratios are expected to lead
to larger corrosion damage.

Mineral admixtures (i.e. supplementary cementitious materials) are
widely used, among others, to improve the durability of concrete sub-
ject to aggressive exposures [95]. A substantial share of the research on
SFRC uses either: a) blended cements optimized for aggressive ex-
posures, e.g. EN 197-1 type CEM II [37,49,51,63] or b) mineral cement
replacements, i.e. Portland cement replacement with: fly ash, blast
furnace slag or/and silica fume [6,12,43]. However, limited informa-
tion is available on the efficiency of mineral admixtures on preventing
chloride-induced corrosion in SFRC [41].

The minimum quantity of binder is specified in some of the

principal design standards in Europe (e.g. EN-206 and national guide-
lines), this value ranges between 300–360 kg/m3, depending on the
aggressiveness of the exposure class. However, these limitations are so
far only applicable to conventional reinforcement [96]. A wide range of
binder content (250–750 kg/m3) is found when comparing research
related to chloride-induced corrosion on SFRC [6,40,53,54,64].
Nevertheless, there is strong criticism regarding the influence of the
quantity of binder on the protection of steel against corrosion [97,98]
and only limited information for SFRC can be found in the literature to
elaborate definite conclusions.

2.1.1.4. Cracks. Limited corrosion damage is found in uncracked SFRC
when sufficient concrete qualities are used, i.e. w/c≤ 0.5 [54]. The
potential damage due to extended exposures is restricted to formation
of rust at the surface and light fibre corrosion in the outer 1–5 mm,
appearing during the initial months of exposure but resulting in
negligible long-term damage [6,12,35,37,43,49,54,64]. The
investigations on uncracked concrete reveal negligible corrosion
damage (Fig. 6b), except for isolated outliers. However, some
investigations report reductions up to 40% of the residual tensile
strength (Fig. 6a), with a large scatter among studies.

The durability of cracked SFRC is controversially discussed in the
literature and conclusions can be divided according to three crack
widths (wk), labelled in this study as: a) wide cracks: wk > 0.5 mm; b)
narrow cracks: 0.5 mm≥ wk > 0.2 mm; c) hairline cracks:
wk ≤ 0.2 mm.

There is general consensus regarding the high probability of cor-
rosion on carbon-steel fibres bridging cracks wider than 0.5 mm e.g.
[12,35,44,53,83]. The formation of pits at weaker spots, i.e. the crack-
bridging region of the fibres and the deformed areas, leads to a sig-
nificant reduction of the fibre cross-section and provokes notable re-
ductions of the residual-tensile strength (Fig. 6a), due to a subsequent
change in the failure mode from fibre pull-out to fibre failure, after
short periods under moderate exposure to chlorides
[12,13,46,53,56,61,63]. Crack widths larger than 0.5 mm, show no
evidence of self-healing in the cracks and despite local damage at the
crack region, there is no extended damage due to cracking or spalling of
the adjacent matrix caused by fibre corrosion [44,46,53].

The risk of fibre corrosion in narrow cracks is controversial, and the
results reported show a great variation on the corrosion damage and
residual tensile strength ratios (Fig. 6a–b). A greater share of the re-
search supports the scenario in which carbon-steel fibres corrode up to
critical reductions of the fibre cross-section in the long-term
[12,13,33,34,44,46,63,75], leading to substantial decay of the residual-
tensile strength of SFRC exposed to chlorides. The use of galvanized
steel fibres extended the time to initiation but did not prevent the
propagation of corrosion for longer exposures [12,63]. Other results
indicate limited corrosion of carbon-steel as well as no corrosion for
galvanized and stainless steel fibres bridging narrow cracks, together
with minor loss of residual-tensile strength [53,56].

However, there is research supporting that a significant share of the
reduction on the residual tensile strength observed after exposure is
related to the embrittlement of the SFRC due to densification of the
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Fig. 5. Deterioration of SFRC exposed to chlorides, influence of the water to binder ratio
on: a) compressive strength ratio; b) tensile strength ratio; c) residual-tensile strength
ratio; d) corrosion damage.
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matrix [13,75,99]. Since the hydration process promotes an increase on
the compactness and strength of the matrix, and therefore alters the
fibre-matrix bond and mechanical anchorage of the fibre, changing the
failure mode from fibre pull-out to fibre yield. This issue may be solved
by an adequate dimensioning of the fibre type, dimensions and steel
strength, considering the long-term mechanical behaviour instead of
the 28 days or early age maturity one [99].

Corrosion of steel fibres bridging hairline cracks is currently under
discussion. There is a large scatter in the results presented in the lit-
erature, i.e. large variation of corrosion damage and residual strength
ratios (Fig. 6a–b). Some research points towards limited corrosion of
carbon-steel fibres bridging cracks smaller than 0.15–0.20 mm, ac-
companied by negligible reductions of the residual-tensile strength
[6,44,51,53,56,61]. More restrictively, other investigations point to-
wards crack limits of 0.05–0.10 mm, in order to avoid corrosion on
carbon-steel fibres bridging cracks, ensuring negligible reductions of
the residual-tensile strength [10,13,35]. For those crack limits, self-
healing at the crack is commonly reported, often leading to greater peak
residual-tensile strengths relative to unexposed SFRC [35,44,53,56,61].

Conversely, a share of the research refutes the existence of a crack
width limit for corrosion of carbon-steel fibres, recommending the in-
compatibility of cracked SFRC exposed to chlorides. The argumentation
is based on the fact that exposure times are insufficient to induce suf-
ficient damage and early corrosion will proceed until complete failure
of the fibre [12,79] or else, results show a strong reduction on the re-
sidual tensile capacity during the exposure [34,46,59,83,84].

2.2. Mechanisms of chloride-induced corrosion in SFRC

Steel embedded in uncontaminated concrete remains passive due to
the high alkalinity of the concrete. The ingress and build-up of chloride
ions into the matrix surrounding the steel disrupts the passive layer,
leading to the dissolution of iron and promoting a local reduction of the
pH at the steel surface, initiating pitting-corrosion [95].

Following a generalized conceptual model for corrosion of steel in
concrete [100], the deterioration of SFRC exposed to chlorides can be
divided into two stages: a) initiation phase, where dissolved chlorides
penetrate into the concrete and reach the steel surface and, b) propa-
gation phase, once the chloride threshold at the steel surface is ex-
ceeded and the corrosion process of the steel embedded in the con-
taminated concrete proceeds.

2.2.1.1. Transport properties of SFRC, chloride exposure. The transport
properties of uncracked SFRC have been reported similar to the
properties of un-reinforced concrete. Contrary to earlier assumptions,
the fibre-matrix interface does not provide a preferential path for the
ingress of chlorides [42,67,101–103]. Moreover, Abbas et al. [72,104]
suggest a lower chloride penetration in uncracked SFRC relative to
plain concrete, attributed in similar research to the arresting of micro-
cracks by steel fibres during curing and handling [105].

The transport properties of cracked SFRC are also unaffected by the
fibres, excluding the assumed crack arresting effect of the fibres, i.e.
reduced cracking at same load conditions compared to plain concrete
[72]. The build-up of chlorides in cracks due to wet-dry cycles, eva-
poration, and limited wash-out, increases the chloride concentration
inside the crack. This leads to similar chloride concentrations inside the
crack faces compared to external exposed surfaces, i.e. the crack faces
act as free surfaces [51].

2.2.1.2. Chloride-induced pitting corrosion of steel fibres in concrete. It is
generally assumed that once a critical concentration of chlorides (i.e.
the critical chloride threshold) is reached at the steel surface, the steel
de-passivates locally. Typically, this leads to initiation of pitting
corrosion at weaker regions or micro-flaws in the oxide layer, as
shown by the dotted lines in the Eh-pH diagram with superimposed

pitting-potential (Epit-pH vs Cl−) curves, Fig. 7a [106]. The literature
suggests chloride threshold values in the range of 0.1–2.0 wt% Cl−/wt
% cem. for conventional carbon-steel reinforcement, depending on
several variables: e.g. oxygen concentration, pH, binder type, w/c ratio,
steel grade, test conditions (e.g. temperature, measurement technique)
[107].

Significantly higher chloride threshold values have been found for
SFRC, i.e. 2.1–5.6 wt% Cl−/wt% cem. tested in simulated pore solution
[40,93], as shown in Fig. 7b. The higher resistance of carbon cold-
drawn steel fibres towards initiation of pitting corrosion is explained by
the combination of several factors: a) more uniform steel surface due to
the cold-drawing process, which restrains the initiation of pitting-cor-
rosion; b) smaller dimension of fibres limiting the cathodic area and
leading to slower corrosion rates; and c) denser and more uniform steel-
matrix interface of SFRC, which effectively protects the fibres against
chlorides and oxygen ingress [61,93].

2.2.1.2.1. Mechanisms governing chloride-induced corrosion of
uncracked SFRC. The limited corrosion observed for uncracked SFRC
exposed to chlorides, relative to conventional reinforcement has been
primarily attributed to three components: a) the discontinuous nature
of the fibres; b) the uniform steel surface due to the cold-drawing
process; c) the dense and uniform fibre-matrix interfacial transition
zone (ITZ) [61,94,108].

The positive influence of the discontinuous nature of the fibres on
the improved corrosion resistance of uncracked SFRC exposed to
chlorides, relative to conventional reinforcement, has been theorized by
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Fig. 7. Critical chloride concentrations for pitting corrosion on: a) Potential-pH diagram
with superimposed pitting-potential curves for conventional steel, after Küter et al. [106],
(A) indicative potential of steel in uncracked concrete and (B) indicative potential of steel
in cracked concrete; b) critical chloride content at different pH values for conventional
steel and steel fibres, after Dauberschmidt [93,108].

V. Marcos-Meson et al.

Department of Civil Engineering, Technical University of Denmark 25



several researchers [61,108]. The greater stability against corrosion has
been related to smaller potential difference along the steel surface and
smaller cathode/anode ratios [61,108] compared to conventional re-
inforcement. Nevertheless, the impact of the fibre size-effect is still
unclear, i.e. Mangat and Molloy [94] suggest a negligible length-effect
for wire lengths in the range of 0–160 mm and an anodically-controlled
reaction (i.e. the oxidation rate of iron limits the redox reaction).

The beneficial role of the cold-drawing process for steel-wire fibres
has been shown by Dauberschmidt (2006) who observed a greater
stability against chloride-induced corrosion of steel fibres in pore so-
lution, compared to conventional steel, due to a more uniform surface
structure of the steel, as proposed earlier by Mangat and Molloy [94].

There is limited research investigating the impact of galvanic coatings
(e.g. zinc or brass alloys) on the corrosion mechanisms of steel fibres
embedded in chloride contaminated concrete. There is overall insight on
the protection given by zinc-alloy coatings under short-term chloride
exposure [12,40,56,61,63], which raises the corrosion potential and re-
duces corrosion rates at the steel by consumption of the zinc coating in
the anodic process [70]. However, some investigations concerning long
term exposure of galvanized steel wire to chlorides in cracked and un-
cracked concrete show pitting corrosion at the steel surface similar to
uncoated carbon-steel fibres [12,40,61]. Additionally, there is insight of
increased risk of hydrogen embrittlement for galvanized high-carbon
steel wire in alkaline media due to hydrogen development at the zinc
coating before full passivation of the zinc layer [109], which may be
minimized by pre-passivation treatment of the coating [110]. Other
coatings, such as brass-alloys, are also expected to provide temporary
protection against chlorides [49,78], due to the combination of the
anodic protection provided by the zinc phases and the dense and stable
copper oxide phases formed at high pH values even in the presence of
chlorides [111,112]. However, there is insight of larger corrosion rates
once the coating is removed due to local damage or large strains in the
steel, due to galvanic coupling of the iron-copper phases [111].

Stainless steel fibres have been reported to provide full protection
against chloride-induced corrosion in uncracked and cracked SFRC in
the majority of published research [36,40,49]. However, most of the
publications focus on macroscale investigations and there is limited
knowledge on the particular protection and deterioration mechanisms.
There is insight of pitting threshold values around 0.5 M Cl− (i.e. 3.5%
NaCl) for certain high-strength stainless steel wires tested in pore so-
lution (i.e. pH = 12.5), decreasing to 0.25 M Cl− at pH = 9.5 (i.e.
carbonated or cracked concrete) [113].

This section will focus on the insight regarding the beneficial effects
of a denser and more uniform fibre-matrix ITZ, as reported in [61,108].
In particular, Dauberschmidt [108], discussed the presence of a larger
and more uniform calcium hydroxide (CH) layer around the fibre,
which results in an increased protection of fibres in the bulk SFRC
against chloride and oxygen ingress. As shown in Fig. 8b, the micro-
structure of the steel fibre-matrix ITZ is composed of a significantly
larger CH layer, followed by a thinner and denser “porous layer”, re-
lative to conventional steel reinforcement (Fig. 8a). The duplex film, a
1–2 μm bilayer structure composed of CH crystals deposited perpendi-
cular to the steel surface covered by a single layer of calcium silicate
hydrate gel (CeSeH), is reported to be similar for steel fibres [114] and
conventional steel rebar [115].

The overall thickness of the fibre-matrix ITZ is expected to be
smaller compared to conventional reinforcement, which would explain
the similar bulk chloride diffusion coefficients between SFRC and plain
concrete observed in the literature [114]. Furthermore, it is expected
that limited pores and defects occur at the fibre-matrix ITZ, as fibres
“float” inside the fresh-concrete matrix similarly to the aggregates,
hindering the formation of weak spots at the fibre surface where pitting
corrosion might initiate [108].

2.2.1.2.2. Mechanisms governing chloride-induced corrosion of cracked
SFRC. The mechanisms responsible for corrosion in cracked SFRC are
not well understood. A great share of publications base their

conclusions on a critical crack width (e.g. wk < 0.20 mm), where
ingress of chlorides and oxygen is limited and autogenous-healing and
corrosion products completely seal the crack within a short time,
preventing the evolution of corrosion at the fibre section bridging the
crack [6,39,61]. Although in agreement with the abovementioned
experimental data, this theory provides a limited explanation for the
often observed increase on the residual strength of cracked SFRC
exposed to chlorides.

The authors suggest a model governed by the damage at the fibre-
matrix ITZ, as suggested by Granju and Balouch [53], corresponding to
recent research on the impact of load-induced cracks on the corrosion of
conventional reinforcement in chloride-contaminated concrete [116].
The protective role of the fibre-matrix ITZ prevents the initiation of
pitting corrosion on the steel fibres of uncracked SFRC; once the matrix
cracks, the strain in the fibres bridging the crack induces the damage at
the ITZ, promoting corrosion at the weakest regions. Four stages may be
identified:

1) The steel-matrix ITZ of steel fibres is denser and more uniform than
for conventional steel, as shown in Fig. 8. This layer acts as a pro-
tective coating (Fig. 9a): preventing the access of aggressive agents
(e.g. oxygen, chlorides), binding the free chlorides surrounding the
steel surface, and isolating the steel surface from the electrolyte (i.e.
limiting ionic diffusion along the steel surface). However, there is
limited data available on the properties and structure of the fibre-
matrix interface; even though several investigations support the
hypothesis of a denser interface with limited defects
[61,108,114,117], recent studies show significant porosity sur-
rounding the fibre [118,119].

2) When the tensile capacity of the concrete is exceeded, the matrix
cracks and the fibre-matrix bond is “activated”. The strain at the
fibre-matrix interface damages the ITZ. The extent of this damage is
directly related to the strain (i.e. larger crack widths induce larger

a)

b)

Fig. 8. Microstructure of the steel-matrix ITZ for: a) conventional steel, after Poole and
Sims [115]; b) steel fibres, after Bentur et al. [114].
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damage at the ITZ and a greater exposed area of the steel fibre
within the crack) and the shape of the fibres, i.e. Granju and Balouch
[53] and Nemegeer et al. [56] observed localized corrosion damage
at the hook and at the fibre region intersecting the crack. The da-
maged ITZ would provide a preferential path for transport of
chlorides, metal ions and oxygen, promoting corrosion at the areas
with greater damage (Fig. 9b). Furthermore, it can be assumed that
the area of the fibre crossing the crack will be more susceptible to
pitting corrosion and may present larger corrosion rates compared
to the embedded steel [120,121]. Since the electrolyte inside the
crack would present higher chloride concentrations, higher oxygen
mobility and lower pH values (i.e. due to carbonation and leaching)
compared to the regions at the fibre-matrix interface, as presented in
the indicative shift on the of the potential of the steel from point A to
point B shown in Fig. 7a.

3) In the case that the composite does not reach a critical strain (i.e. up
to a critical crack width), the damaged fibre-matrix interface would
eventually heal [122], recovering similar conditions to the original
state “stage 1” (Fig. 9a). The fibre-matrix ITZ, rich in CH would
assist the binding of chlorides and the corroding steel would even-
tually re-passivate. The increase in fibre roughness due to corrosion
and expansion of the corrosion products, in combination with au-
togenous healing at the interface and the accumulation of products
resulting from the chemical binding of chlorides (i.e. Friedel's salt),
may increase the fibre-matrix frictional bond (Fig. 9c), as suggested
in [123]. Which would explain the improved residual-tensile
strength observed in part of the literature [12,53,56,123]. Finally, a
combination of hydrating cement, calcium carbonate, corrosion
products and salt crystals would eventually seal the crack, limiting
the ingress of chlorides and oxygen; the fibres bridging the crack
would serve as preferential surfaces for deposition of these com-
pounds [122].

4) Excessive damage at the fibre-matrix interface (i.e. due to larger
strain) would result in delayed or defective healing at the ITZ at the
regions with greater damage (e.g. deformed regions, fibre-crack
intersection), which would result in a progressive and localized re-
duction of the fibre cross-section due to corrosion. Once a critical
cross-section is reached (i.e. the tensile capacity of the steel is lower
that the fibre-matrix bond strength) the failure mode of the SFRC
would change from fibre pull-out to fibre yield and the residual-

tensile strength would decrease (Fig. 9d), as reported in previous
research [13,34,46,61].

3. Carbonation-induced corrosion of steel fibres in concrete

There is significantly less data available investigating the corrosion
resistance of SFRC exposed to carbonation, compared to chloride at-
tack, as shown in Table 3. Most of the research investigates uncracked
SFRC and the exposure conditions often consist of a combination of
several agents besides carbon dioxide (e.g. freeze-thaw, thermal loads,
soft/acid water attack, airborne chloride attack), which confound the
analysis of the direct effect of carbonation. The scarce data and the
large amount of variables influencing the results hinders establishing
solid conclusions and defining limit states, such as e.g. a critical crack
width and sacrificial layer for long-term exposures.

There is limited data regarding the impact of steel fibre corrosion on
the compressive and tensile strength of SFRC exposed to carbonation
(Fig. 10a–b) [37,38]. However, the compressive and tensile strength are
primarily related to the performance of the uncracked matrix. Fibre
corrosion would only have an impact in case of corrosion-induced
cracking of the concrete matrix, reported unlikely by several re-
searchers [6,53]. The limited corrosion damage presented in studies
investigating durability of uncracked SFRC supports the hypothesis that
corrosion-induced damage in the matrix due to carbonation is minimal
(Fig. 10d).

Conversely, significant corrosion damage has been reported for
cracked SFRC (Fig. 10c) [12,61,74]; leading to significant detriment on the
residual tensile strength for some of these studies [74]; or small average
reductions with a large scatter for others [12,56,61] (Fig. 10c). However,
the direct comparison of studies is obstructed by the large quantity of
variables influencing the results (e.g. crack width, exposure time, exposure
conditions, fibre properties, concrete quality) and the limited quantity of
research available. Therefore, further investigation of the parameters in-
fluencing steel fibre corrosion in carbonated SFRC is required.

3.1. Influencing parameters

Carbonation-induced corrosion in SFRC is generally considered less
aggressive than chloride-induced corrosion, as the carbonation process
is much slower than chloride ingress and the risk of corrosion-induced

a) b)

c) d)

Fig. 9. Structure and corrosion mechanisms for
SFRC exposed to chlorides, for: a) uncracked
SFRC; b) cracked SFRC at an early stage; c)
cracked SFRC after autogenous healing; d)
cracked SFRC with critical corrosion on fibres.
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Table 3
List of studies investigating durability of SFRC exposed to carbonation.

First author Year Ref. Bind
(kg/m3)

w/c
(−)

Fibre
(steel)
(type)

Dose Exp. class
(EN)

Exp. type Age
(mo.)

Crack
wk

(mm)

Crack crit.
wk, crit

(mm)

Scr. layer
Δh

(mm)

Hannant 1975 [33] 393
420

0.62
0.75

L
D

94 XC4
XA3

Field 57 Uncracked – 1–6

Schupack
(Australia)

1971 [37] 580 0.51 L
D

160 XC4
XS1

Field 120 Uncracked – 3

Kamal 1987 [38] 350 0.50 L
M

60
120

XC4 Lab 12 Uncracked – 3

Kern 1991 [80] 580 0.47 L
D

160 XC4 Field 276 Uncracked – 1–2

Weydert 1998 [47,48] 350
400

0.40
0.50

L/Z
D/M

30
120

XC4 Lab
Field

17
120

0.15–0.40 0–0.10b 5–15

Nemegeer 2000 [56–58] 350 0.45 L/Z
D

78 XC4 Lab 18 0.20–0.50 0.50 (1–5)

Bernard 2004 [13] 420 0.42 L
D

50 XC3
XC4

Field 24 0.10–1.00 0–0.10 –

Nordstrom 2005 [60,61] 500
510

0.30
0.42

M
D

65
70

XC4
XD1

Field 60 Uncracked
0.10–1.00

0.10–0.20 1–5

Sanchez 2009 [67,68] 426 0.45 L-Z
D

40 XC4
XS1

Field 18 Uncracked – 1–5

Kaufmann 2014 [74] 450 0.40 M
D

35 XC4
XF3

Field 12 0.50–1.50 < 0.50a 1–5

Bernard 2015 [75] 586 0.29 L
D

40 XC3
XC4
XS1

Field 37 0.10–0.30 0–0.10 (1–5)

Abbreviations: (Bind) total binder content, expressed in kg/m3, without considering replacement efficiency factors; (w/c) water to binder ratio, without considering replacement
efficiency factors; (Fibre) description of the steel fibre, being steel the steel type: (L)ow- (M)edium- (H)igh-carbon and (S)tainless steel, the type of coating (B)rass- and (Z)inc-plated and
the type of fibre cold-(D)rawn, melt-(E)xtract, cut-(S)heet or cut-(M)ill; (Dose) the quantity of steel fibres, expressed in kg/m3; (Exp. class) the exposure class, according to the EN 206
standard classes; (Exp. type) the exposure type, being laboratory or field exposure; (Age) the exposure time, expressed in months; (crack) the state of the matrix prior to exposure, and
characteristic crack width in mm; (Crack crit.) the critical characteristic crack width recommended by the authors, expressed in mm; (Scr. layer) the sacrificial layer, from the exposed
surface, containing corroded steel fibres, expressed in mm.
() Values obtained from qualitative description of the exposed specimens.

a The crack range studied is above the critical crack with for fibre corrosion-protection (wk, crit < wk).
b Non-critical corrosion observed at fibres bridging cracks for wk > wk, crit, the authors expect larger deterioration on the long-term and do not recommend cracked SFRC.
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Fig. 10. Deterioration of SFRC exposed to carbonation, summary of results for: a) compressive strength ratio; b) tensile strength ratio; c) residual-tensile strength ratio; d) corrosion
damage.
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cracking or spalling in SFRC is minimal [124]. The same classification
as used for chloride-induced corrosion of SFRC will be used in the
following for the discussion of the influencing parameters: 1) exposure
conditions and age; 2) type and dimensions of the steel fibres; 3) quality
of concrete matrix; 4) presence of cracks.

3.1.1.1. Exposure conditions and age. The exposure conditions are
classified into field exposure and accelerated laboratory exposure.
The results shown in Fig. 11d indicate a larger average corrosion
damage for laboratory-exposed specimens. However, within the range
of damage observed for field exposed specimens. The decay of
mechanical properties follows the opposite trend (Fig. 11b–c), as
field-exposed specimens present lower strength ratios, within a large
scatter. This remark could be explained by the additional damage
caused by natural agents, such as erosion, freeze-thaw, or temperature
variations, typically present under field experimentation. Furthermore,
there is limited experimental data on the variation of compressive and
tensile strength, Fig. 11a, available results indicate minimal strength
variations, below 10% [38].

3.1.1.1.1. Field exposure. Field tests for durability of carbonated
SFRC comprise the exposure under atmospheric conditions and natural
agents (e.g. rain, freeze-thaw, and direct insolation), extrapolating a
limited exposure time to longer lifetimes. Variables such as
temperature, CO2 concentration and exposure-cycles (e.g. wetting-
drying, freeze-thaw) are uncontrolled and might vary from: a)
extreme conditions with large variations in temperature and/or
moisture, freeze-thaw and high concentrations of carbon dioxide (e.g.
outside exposure at industrial areas, urban areas exposed to exhaust
gases); b) to milder conditions with lower CO2 concentrations, even
temperatures and dry conditions (e.g. rural areas, covered structures).

Exposure of SFRC to aggressive environments for short periods
(< 5 years) typically result in limited penetration of CO2, primarily
absorbed by the alkaline buffer of the concrete. Therefore, resulting in a
shallow penetration of the carbonation front (i.e. internal area of the
concrete with pH < 9 is< 1–3 mm) and negligible damage due to
corrosion of fibres, which typically concerns corrosion stains at the
surface of uncracked SFRC [33,42,61,68]. In the presence of cracks, the
carbonation front progresses up to 20–25 mm, with decreasing

carbonation depth at the crack faces (e.g. 1–3 mm), resulting in limited
mechanical damage [33]. Conversely, Bernard [13,75] suggests a si-
milar deterioration of cracked SFRC subjected to 2 years of inland-at-
mospheric and seawater-immersed exposure, reporting severe corrosion
of crack-bridging steel fibres and significant reductions of the residual-
tensile strength.

Field exposure of uncracked SFRC for longer periods (5–20 years)
results in greater carbonation depths (4–20 mm), with a great varia-
bility on the results depending on the conditions and time of exposure.
Nevertheless, the damage of the SFRC due to corrosion of fibres is ty-
pically limited to staining at the surface (outer 1–2 mm) with absence of
cracking or spalling [12,37,49,80]. Conversely, the carbonation front
inside cracks propagates at the first 3–5 mm of the inner crack faces (as
described by the longitudinal cross-section A-A′ in Fig. 12), decreasing
up to depths of 20–40 mm inside the crack, and encountering heavy
corrosion on fibres at the outer 2–5 mm (transversal cross-section B-B′
in Fig. 12) [12,79].

3.1.1.1.2. Laboratory exposure. Laboratory exposure entails a
stronger acceleration of the carbonation process. The main variables
affecting the results are: a) type of exposure, e.g. standard carbonation
testing, pre-carbonation, wet-dry cycles; b) CO2 concentration; c)
duration of the exposure; d) temperature and relative humidity.

Standard carbonation testing involves the use of a carbonation cell
for smaller specimens, mainly in order to evaluate the progress of the
carbonation front using chemical indicators (e.g. phenolphthalein), and
additionally, assessing the corrosion of the embedded steel fibres
[79,125]. These tests cause strong acceleration rates of the carbonation
process (i.e. exposure for 56 days at 50 vol% CO2 is equivalent to about
100 years of a mild environment), reaching carbonation depths of
50–60 mm, but conversely observing no signs of fibre corrosion
[79,101,102,125].

The use of pre-carbonated specimens exposed to simulated atmo-
spheric corrosion (e.g. wet-dry cycles) has been proven more effective
reproducing actual corrosion of steel fibres. Weydert & Schiessl [12],
exposed pre-carbonated SFRC beams (3 vol% CO2 for 3 months) to a
mild-environment (including rain and freezing) for 18 months, re-
sulting in carbonation depths of 6–10 mm with corroding fibres at the
outer 2 mm and negligible mechanical damage for uncracked SFRC.
Conversely, the presence of cracks resulted in severe corrosion of the
fibres in 20–80% of the cross section of the beams, increasing for larger
crack widths, but with limited effect on the residual-tensile strength.

Nemegeer et al. [56], exposed uncracked and pre-cracked SFRC to
wet-dry cycles with demineralized water and saltwater (5 wt% NaCl
solution), employing a CO2-rich environment during the drying cycles,
for a total exposure time of 18 months. Results presented a shallow
carbonation depth, below 2 mm, with limited rusting at the surface and
no reductions of the residual-tensile strength for the uncracked speci-
mens. The pre-cracked specimens showed limited carbonation at the
crack faces (1–2 mm), accompanied by minor rusting of fibres bridging
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Fig. 11. Deterioration of SFRC exposed to carbonation, comparison of results for field (F)
and laboratory (L) exposure for: a) compressive strength ratio; b) tensile strength ratio; c)
residual-tensile strength ratio; d) corrosion damage.

Fig. 12. Description of carbonation and corrosion front for carbonation exposure. A-A′)
longitudinal cross-section; B-B′) transversal cross-section. Please note: dimensions for
carbonation and corrosion penetration fronts are indicative.
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cracks and negligible reductions of the residual-tensile strength.
Alternatively, Kosa and Naaman [45,46], exposed pre-carbonated

SFRC beams (50 vol% CO2 for 21 days) to wet-dry cycles with saltwater
(3.5 wt% NaCl) for 9 months, observing an increase of the corrosion
damage relative to un-carbonated SFRC and larger reductions of the
fibre diameter and residual-tensile strength.

3.1.1.2. Type and size of steel fibres. There is limited research focusing
on the influence of the fibre type on the durability of SFRC subjected to
carbonation. The classification as used for chloride-induced corrosion
will be used in the following: a) fibre type; b) type of steel and coatings;
c) fibre dimensions; d) volume fraction of fibres.

The majority of research focuses on cold-drawn steel fibres. Earlier
research mainly deals with un-deformed cold-drawn wire [33,37,80],
showing limited corrosion and mechanical damage, but lacking a de-
tailed analysis of the fibre role. Recent studies focus on hooked-end
fibres; agreeing on a reasonably good durability for uncracked SFRC,
but disagreeing on the effect of cracks on fibre corrosion [48,79]. Al-
ternatively, the comparison of cold-drawn wire with other fibre types
(i.e. Mill-cut fibres) does not show significant differences on the elec-
trochemical behaviour, possibly covered by the scatter of the results
(Fig. 13d) [12,49]. However, the variation of the residual tensile
strength after exposure shows a significantly larger deterioration for
mill-cut fibres (Fig. 13c). There is limited experimental data available
to explain the variations of compressive and tensile strength, and the
reported results show minor strength variation for exposed SFRC with
cold-drawn carbon-steel fibres and melt extract stainless-steel fibres
(Fig. 13a–b), suggesting negligible damage of the matrix due to fibre
corrosion.

Carbon-steel fibres show an overall good performance in uncracked
SFRC [12,13,80], but some studies report severe corrosion of fibres
bridging cracks [12,79], which in some cases leads to significant re-
ductions of the residual-tensile strength of the SFRC [13,74]. Stainless
steel fibres have been reported to provide full long-term protection
against corrosion, even for cracked SFRC [49]. Galvanized and brass-
coated fibres showed a similar long-term behaviour to un-coated
carbon-steel fibres [12,49,56,79]. Moreover, Ferrara et al. [79],

reported higher corrosion rates for brass-coated fibres, attributed to
copper-iron galvanic coupling at small flaws on the coating.

3.1.1.3. Quality of concrete. As assumed in the general practice, lower
water to cement ratios are expected to produce a denser matrix, which
leads to a lower penetration of CO2 and consequently lower carbonation
rates [76,95]. Water to binder ratios (w/b) in the range of 0.29–0.78
have been investigated [33,48,79,102,126]; showing an overall good
behaviour of SFRC against carbonation for w/c < 0.50, i.e.
carbonation rates below 1.0 mm/√y and corrosion limited to fibres
directly exposed at the SFRC surface [12,79].

The analysis of the experimental data available reveals a lack of
data for higher w/b ratios presenting contradictive results for the cor-
rosion damage ratio (Fig. 14d). The results available are inconsistent
and despite the decreasing average corrosion damage for lower water-
binder ratios, the results overlap within a large scatter (Fig. 14d). The
variations of the residual tensile strength reported for SFRC at low- (w/
b = 0.30–0.40) and medium- (w/b = 0.40–0.50) water to binder ratios
are similar, and present large variations, i.e.± 20% (Fig. 14c). The
limited data available for the compressive and tensile strength ratios
hampers the elaboration of conclusions based on published results
(Fig. 14a–b).

There is limited research focusing on the effect of the binder type
and content on the corrosion resistance of SFRC subjected to carbona-
tion, hindering the elaboration of design guidelines. A large share of the
research typically uses plain Portland cement with contents ranging
from 350 to 580 kg/m3 [12,33,37,80], in some cases combined with
minor mineral replacements [13]. The total binder content does not
show a significant impact on the corrosion durability, relative to the
other variables (e.g. crack width, water to binder ratios, exposure
conditions).

3.1.1.4. Cracks. Carbonation of uncracked SFRC causes limited long-
term damage, restricted to fibre corrosion progressing at low rates in
the outer region of the carbonated area (i.e. 1–10 mm) and aesthetical
damage with no cracking or spalling of the matrix [12,33,37,80], as
seen from the collection of results presented in Fig. 15b. Negligible
reductions of the residual-tensile strength of carbonated SFRC are
reported in e.g., [12,33], even in combination with chlorides
[12,46,56]. However, the large scatter observed for the results
(Fig. 15a) has been related to the progressive embrittlement of the
SFRC, i.e. for a 10-year period for some of the investigations [75,99].
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Fig. 13. Deterioration of SFRC exposed to carbonation, influence the type of fibre on: a)
compressive strength ratio; b) tensile strength ratio; c) residual-tensile strength ratio; d)
corrosion damage.
Abbreviations: (Fibre type) type of fibre according to EN-14889-1: cold-(D)rawn, melt-(E)
xtract, cut-(M)ill, or cut-(S)heet.
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Fig. 14. Deterioration of SFRC exposed to carbonation, influence the water to cement
ratio on: a) compressive strength ratio; b) tensile strength ratio; c) residual-tensile
strength ratio; d) corrosion damage.
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Such a change of the fracture behaviour of SFRC has been linked to the
continuous hydration and densification of the matrix, rather than the
deterioration of the steel fibres [13,99]. A detailed discussion on the
mechanisms is provided in chapter 3.2 of this paper.

There is controversy regarding the durability of carbonated cracked
SFRC, depending on the crack width, divided into: a) wide cracks,
wk > 0.50 mm; b) narrow cracks, 0.50 mm > wk > 0.20 mm; c)
hairline cracks, wk < 0.20 mm.

The presence of wider cracks (wk > 0.50 mm) promotes early in-
itiation of corrosion of steel fibres bridging the crack (Fig. 15b), espe-
cially in the outer crack region (Fig. 12, transversal cross-section B-B′),
covering up to 90% of the fibre's cross section for longer exposures
[12]. Fibre corrosion inside cracks wider than 0.50 mm resulted in a
significant loss of the residual-tensile strength (Fig. 15a), estimated
around 30–40% by Bernard [13].

Narrow cracks (0.20–0.50 mm) resulted in initiation of corrosion of
70–90% of the fibres bridging the crack (Fig. 15b), with limited re-
ductions of the residual-tensile strength for long accelerated exposure
[12]. Conversely, [13,74] reported a substantial decrease of the total
energy absorption (30 to 40% loss) of pre-cracked SFRC, at cracks wider
than 0.20 mm, after 24 and 37 months of field exposure. These dis-
crepancies regarding the deterioration on the residual-tensile strength
of exposed SFRC for cracks wider than 0.20 mm are reflected in the
large scatter presented in Fig. 15a.

The durability of carbonated SFRC with smaller cracks
(wk < 0.10–0.20 mm) is currently under discussion. Although initia-
tion of fibre corrosion is found in the outer 10–40% of the crack's cross-
section (Fig. 15b), the residual-tensile strength at small deformations is
unaffected and even slightly improved when compared to unexposed
SFRC [12], accounting for negligible reductions of the total energy
absorption for large deformations [13]. However, the large scatter re-
ported among research for this exposure, as presented in Fig. 15a,
complicates the definition of limit states, such as e.g. a critical crack
width, for the most aggressive exposure classes (i.e. XC4).

3.2. Mechanisms of carbonation-induced corrosion in SFRC

Steel embedded in concrete remains passive due to the high alka-
linity of the surrounding environment (i.e. pH 13–14). The dissolution
of CO2 into the pore solution through the concrete surface leads to the
formation of carbonic acid (H2CO3), which reacts with the calcium
hydroxide forming calcium carbonate, thus lowering the pH below 10
and promoting the de-passivation of the steel surface [95].

Following Tuutti's model for corrosion of reinforced concrete [100],
the deterioration of SFRC due to carbonation can be divided into: a)
initiation phase, where CO2 dissolves into the pore solution, reacts with
calcium hydroxide and progressively lowers the pH at the steel surface;
b) propagation phase, once the pH of the electrolyte at the steel surface
is lower than the pH threshold (pH < 8–9), the passive layer at the
steel surface starts to dissolve and corrosion initiates.

3.2.1.1. Carbonation of SFRC. The initiation phase is governed by the
progress of the carbonation front, which defines the region of the
concrete with pH < 8–9, where corrosion of steel is expected to
initiate, described in Fig. 16 as the process A–B [106]. The rate of
carbonation is highly dependent on several variables: e.g. the
concentration of CO2 at the surface, moisture content, concrete
composition (e.g. w/c ratio and binder composition) and
temperature. Carbonation rates for uncracked SFRC have been found
similar to plain concrete (e.g. k = 0.4–1.4 mm/√y), suggesting that the
fibre-matrix interface does not provide a weaker path for CO2 to diffuse
into the concrete [67,79,102,125].

The presence of cracks increases the depth of the penetration front
locally (Fig. 12); the crack faces act as new surfaces carbonating at a
lower rate, e.g. calculated carbonation coefficients inside cracks and
perpendicular to the crack faces are 70–80% lower than the ones for
external surfaces, and decrease along the crack depth [12,57].

3.2.1.2. Carbonation-induced corrosion of steel fibres. The propagation
phase described in Tutti's model, corresponds to the initiation of
corrosion, governed by the dissolution of the passive layer of the steel
at decreasing pH (Fig. 16B–C–D). When the pH of the electrolyte
surrounding the steel interface decreases below the threshold for
reinforcing steel (typically assumed in the range of pH = 8–9 for
carbon-steel), the dissolution of the passive layer of iron oxy-
hydroxide at localized anodic sites (Fig. 16C) promotes the initiation
of corrosion, which would propagate through the dissolution of iron as
Fe+ ions, as presented in the active corrosion area of the Eh-pH
diagram (Fig. 16D) [106], reaching corrosion rates in the order of
5–50 μm/year for conventional reinforcement in uncracked concrete
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Fig. 15. Deterioration of SFRC exposed to car-
bonation, influence of the crack width on: a) re-
sidual-tensile strength ratio; b) corrosion damage
ratio.

Fig. 16. Potential-pH diagram for conventional steel in carbonated concrete, pH-potential
for: A) steel embedded in un-carbonated concrete (mixed potential); B) steel embedded in
carbonated concrete (mixed potential); C) corrosion initiation of steel embedded in car-
bonated concrete, anodic region; D) corrosion propagation of steel embedded in carbo-
nated concrete, anodic region. After Küter et al. [106].
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[95,127].
There is limited research on the corrosion rate of steel fibres em-

bedded in carbonated concrete. Nevertheless, the absence of steel fibre
corrosion with cold-drawn carbon-steel wire embedded in uncracked
carbonated SFRC, suggests an improved resistance to carbonation-in-
duced corrosion. Published research presents limited corrosion in the
outer 1–5 mm of the concrete regardless of the penetration depth of the
carbonation rim (10–20 mm) [12,37,79,80]. The case of cracked SFRC
is more complex; corrosion has been observed for most of the fibres
bridging the crack, as the carbonation front propagates along the whole
crack region. Severe corrosion is observed particularly at the outer
crack rim, as shown in Fig. 12, whereas deeper fibres show milder signs
of corrosion, i.e. rusting, [47,56].

The mechanisms governing carbonation-induced corrosion of steel
fibres in cracked SFRC have not been clarified yet, but it is expected
that some of the mechanisms responsible for the increased resistance to
chloride-induced pitting corrosion might apply as well for carbonation-
induced corrosion: a) smaller dimension of fibres limiting the cathodic
area and leading to slower corrosion rates; b) denser and more uniform
steel-matrix interface of SFRC, which effectively protects fibres against
oxygen ingress and limits ionic transport at the steel surface.

There is limited data available investigating the chemical stability of
coated steel fibres in carbonated SFRC. There is overall agreement re-
garding the full protection of galvanized steel fibres in uncracked car-
bonated SFRC, as presented in macroscopic investigations [12,56,79].
However there is disagreement on the stability of galvanized fibres inside
cracks [12,56,61], since there is insight of fibre corrosion for long-term
exposures [12,61]. Electrochemical testing of galvanized fibres em-
bedded in un-carbonated concrete show limited corrosion rates at the
coating, leading to passivation of the zinc coating at the fibre [70]. It is
reported that carbonation of the uncracked concrete (i.e. pH≈ 9.5)
promotes the formation of additional passive zinc-oxide phases, unless
the concentration of carbonates (i.e. HCO3

−, CO3
2−) and alkali in the

pore solution drops significantly, which leads to the dissolution of the
zinc coating [128,129], such as in the case of leaching inside large cracks
and at surfaces exposed to rain or running water [129,130].

Macroscopic investigations report higher corrosion rates on brass-
coated carbon-steel fibres in cracked and uncracked SFRC under long-
term exposures, relative to carbon-steel wire, attributed to galvanic
coupling between the copper-steel phases at local damage in the coating
[79]. These observations agree with the deterioration model proposed
in [112], presented as a combination of: i) iron-zinc galvanic coupling,
which decelerates the initiation of corrosion at the exposed steel
through the consumption of the zinc phases, i.e. dezincification; ii) iron-
copper galvanic coupling, which increases corrosion rates at the steel
once the zinc is locally depleted.

Stainless steel fibres have been reported effective on preventing
corrosion in cracked and uncracked SFRC subjected to carbonation in
the long-tem [49]. Published research indicates negligible corrosion
rates for stainless steel wire tested in pore solution simulating carbo-
nated concrete (i.e. pH = 9.5), showing an electrochemical behaviour
similar to un-carbonated pore solution (i.e. pH = 12.5). However, there
is insight of a large impact of a decreasing pH in the pore solution on
the pitting corrosion resistance of stainless-steel wire embedded in
carbonated concrete exposed to chlorides [113].

3.2.1.3. Mechanisms governing carbonation-induced corrosion of
uncracked SFRC. The limited corrosion observed on steel fibres
embedded in carbonated uncracked SFRC, relative to conventional
reinforcement might be attributed to two of the main components
influencing the improved resistance against chloride-induced pitting
corrosion [61,94,108]: a) the discontinuous nature of the fibres; b) the
dense and uniform fibre-matrix interfacial transition zone (ITZ). So far,
there is, to the authors' knowledge, no research describing the relevance
of these mechanisms or proposing a theory explaining the improved
behaviour of SFRC against carbonation-induced corrosion relative to

conventional reinforcement.
The positive influence of the discontinuous nature of the fibres on

the improved corrosion resistance of uncracked carbonated SFRC, re-
lative to conventional reinforcement, might be associated (as for
chloride-induced pitting corrosion) to smaller potential difference along
the steel surface and smaller cathode/anode ratios [61,108]. Criticism
about the impact of the fibre size-effect for chloride-induced corrosion
may apply as well for the carbonation scenario, where the length-effect
for wire lengths in the range of 0–160 mm is negligible and the cor-
rosion reaction might be anodically controlled [94].

The insight of the authors on this issue is that: even though the
initiation of corrosion (i.e. depassivation) of the embedded steel may be
anodically controlled, the small length (e.g. 30–70 mm) and discrete
nature of the fibres relative to conventional reinforcement would limit
the development of large potential gradients along each single fibre,
reducing corrosion rates in the event of propagation of corrosion macro-
cells, such as in the case of heterogeneous exposure conditions or lo-
calized defects at the steel interface. Similar behaviour (i.e. repassiva-
tion of the steel after initiation of corrosion) has been reported in
cracked SFRC subjected to carbonation in wet-dry cycles [56]. In the
event of fibre corrosion, the accumulation of expansive corrosion pro-
ducts would block the surrounding pore structure, limiting further
diffusion of oxygen and ions through the steel-concrete interface, thus
limiting further propagation of corrosion, as the expansive stresses
originated from corroding steel fibres are not expected to induce
cracking of the surrounding matrix [61,131]. It is expected as well that
the densification of the cement microstructure surrounding the fibres
due to carbonation will limit ionic and oxygen transport at the interface
[132,133], reducing corrosion rates in uncracked SFRC.

The role of a denser and more uniform fibre-matrix ITZ is expected
to be of major importance for the corrosion protection of carbon-steel
fibres in uncracked carbonated SFRC, as already theorized for chloride-
induced corrosion [61,108]. The presence of a larger and more uniform
calcium hydroxide (CH) layer around the fibre (Fig. 17b), as proposed

a)

b)

Fig. 17. Microstructure and mechanisms of carbonation-induced corrosion in uncracked
concrete, for: a) conventional reinforcement; b) steel fibre reinforced concrete.
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by [108,114], would have a beneficial effect in two aspects: i) the
denser ITZ would increase the protection of fibres in the bulk SFRC
against oxygen ingress and would prevent ionic transport; ii) the thicker
CH layer (i.e. 10 μm), estimated two- to three-fold as for conventional
steel (Fig. 17a–b), would provide a larger calcium-buffer for the ab-
sorption of H2CO3 and its densification due to the formation of calcium
carbonate would potentially prevent further carbonation at deeper
layers (i.e. the duplex film), see Fig. 17b.

Furthermore, the limited amount of pores and defects at the fibre-
matrix ITZ, as fibres “float” inside the fresh-concrete matrix similarly to
aggregates, would hinder the formation of weak spots where localized
corrosion might initiate (Fig. 17b) [108]. It has been shown that these
weaker spots represent the preferential points for initiation of re-
inforcement corrosion on conventional reinforcement in carbonated
concrete [106].

3.2.1.3.1. Mechanisms governing carbonation-induced corrosion of
cracked SFRC. There is limited research available investigating the
mechanisms responsible for carbonation-induced corrosion of carbon-
steel fibres in cracked SFRC. The published investigations evaluate the
performance of the exposed SFRC at the macroscale level, and conclusions
are based on a critical crack width (e.g. wk < 0.10–0.20 mm); where
limited access of oxygen due to the natural tortuosity of the crack and
sealing of the crack by autogenous-healing, calcium leaching and
corrosion products prevents the evolution of corrosion at the fibre
regions bridging the crack [56,61]. These observations provide a limited
explanation for the increase of the peak residual strength and the decrease
of the residual tensile strength for larger deformations, viz. “stiffening”
effect, observed for cracked SFRC exposed to rainwater or wet-dry cycles
[13,61,75,99,134].

Studies report a change in the failure mode of cracked SFRC
(wk > 0.20–0.30 mm), shifting from fibre pull-out to fibre yield, in
particular at larger strains: e.g. 3 mm central span deflection
(CMOD ≈ 2.6 mm) on ASTM C1609 beams exposed to coastal weather
(i.e. XC4, XS1) [75], or 10 mm cumulative central deflection on ASTM
C1550 round panels exposed to high relative humidity environments
(i.e. XC3) [99].

However, there is an open discussion on the issue, as several prac-
titioners attribute such changes to an inadequate selection of the fibre
type and dosage [135,136], arguing that the change in failure mode
obeys to the densification of the fibre-matrix interface, not accounted

for at early-age testing, but on the other hand possible to be estimated
via accelerated ageing and testing. Similar issues have been already
discussed for other types of fibres, e.g. alkali-resistant glass fibres and
cellulose fibres, concluding that the main mechanisms responsible for
long-term embrittlement were related to the abovementioned densifi-
cation of the fibre-matrix interface during time [124].

The authors suggest a model governed by the damage at the fibre-
matrix ITZ, complementary to the deterioration model proposed for
steel fibres in chloride-contaminated concrete, presented in the pre-
vious section. The protective role of the fibre-matrix ITZ prevents the
initiation of corrosion of steel fibres in uncracked SFRC and hinders
further hydration at the fibre-matrix interface; as the matrix cracks, the
strain in the fibres bridging the crack damages the fibre-matrix ITZ,
promoting corrosion at the exposed region of the fibre as the pH de-
creases. Autogenous-healing at the fibre-matrix interface improves the
fibre-matrix bond and eventually hinders fibre corrosion. Four stages
may be identified:

1) The dense and uniform steel-matrix ITZ surrounding the steel fibre
acts as a protective ‘coating’ (Fig. 18a): limiting the access of oxygen
and isolating the steel surface from the electrolyte (i.e. limiting ionic
diffusion along the steel surface). The thicker and more uniform CH
layer compared to conventional steel acts as a “calcium buffer”
delaying the progress of carbonation at the steel-concrete interface.

2) When the tensile capacity of the concrete is exceeded, the matrix
cracks and the strain at the fibre-matrix interface damages the ITZ
(Fig. 18b). The damaged ITZ facilitates O2 and ionic transport along
the steel surface; the bridging region of the fibre acts as anode, while
the embedded area will act as the cathode due to the pH gradient
formed at the crack face (i.e. corrosion macro-cell), as presented for
conventional reinforcement in [120]. Furthermore, the cracked in-
terface provides a preferential path for the dissolution of calcium,
towards the crack face, where the pH is lower due to access of
surrounding water (e.g. rain, running water). The dissolved calcium
depositing at the broken interface together with the hydration of un-
hydrated cement facilitates the autogenous healing of the damaged
fibre-matrix interface [122]. Finally, the pH at the inner faces of the
crack will decrease as a combination of leaching and carbonation
(i.e. ingress of CO2, dissolved as H2CO3 at the crack); carbonation of
calcium at the fibre-matrix interface would further increase the

a) b)

c) d)

Fig. 18. Structure and corrosion mechanisms of
carbonated SFRC, for: a) uncracked SFRC; b)
cracked SFRC at an early stage; c) cracked SFRC
after autogenous healing; d) cracked SFRC with
critical corrosion of fibres.
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density of the depositing healing products.
3) If the fibre does not reach a critical strain (i.e. critical crack width),

the damaged fibre-matrix interface may heal completely [122], re-
covering to similar conditions as the uncracked state (Fig. 18a). The
fibre-matrix ITZ, rich in CH would limit the decrease of the pH at the
steel surface, re-passivating the steel at anodic regions (Fig. 18c).
Carbonation of the healing products (e.g. calcium and CeSeH) at
the interface would densify the surroundings of the fibre, improving
the fibre-matrix mechanical bond; explaining the improved peak
residual tensile strength reported in the literature [12,58,75]. Fi-
nally, the crack would progressively seal with un-hydrated cement,
leaching, and corrosion products, limiting the diffusion of oxygen
and CO2; the surface of the fibres bridging the crack would serve as
preferential surfaces for deposition of these compounds [122,137].

4) At larger strains, i.e. above critical crack width, excessive damage at
the fibre-matrix interface would result in defective healing of the
ITZ at the regions with greater damage (e.g. hooked ends, fibre-
crack intersection), as shown in Fig. 18d. This defective healing may
facilitate the evolution of fibre corrosion at anodic sites, as pre-
viously described in Fig. 18b, which would result in a progressive
reduction of the fibre cross-section. Furthermore, progress of car-
bonation at the fibre-matrix interface and the surrounding matrix
will increase the fibre matrix bond and mechanical anchorage of
deformed fibres (e.g. hooked-end or crimped fibres). Once a critical
cross-section reduction is reached (i.e. the tensile capacity of the
steel is lower than the fibre-matrix bond strength) the failure mode
of the SFRC would change from fibre pull-out to fibre yield and the
residual tensile strength for larger strains would decrease, as re-
ported in previous research [61,75,99]. In the case of a large in-
crease of the fibre-matrix bond and mechanical anchorage due to
autogenous healing and carbonation, the failure mode would
change to fibre yield even for negligible corrosion of fibres, as the
original design assumptions (e.g. post-crack behaviour at 28 days
maturity) would be no longer applicable [75,99].

4. Summary and discussion

A summary of the analysis of the existing literature on durability of
SFRC exposed to chlorides and carbonation is presented in Table 4. The
table classifies the results according to: mild carbonation exposure (EN
206 classes: XC2-3), aggressive carbonation exposure (XC4), mild

chloride exposure (XS2, XD2) and aggressive chloride exposure (XS3,
XD3). Furthermore, the case of mixed-in chlorides (e.g. 3.5 wt% NaCl)
is included, despite the fact that it is generally disapproved and not
covered by standards.

For carbonation exposure, there is significant disagreement between
the limitations stated in international standards and guidelines and the
results extracted from published research, the latter being more re-
strictive with respect to limit states, such as the critical crack width for
wet-dry cycles (XC4). The restrictions of the maximum crack width
presented in the standards (wk ≤ 0.20–0.40 mm), seem somehow per-
missive when compared to the substantial corrosion damage ratios re-
ported in the literature and the large scatter observed for residual
tensile strength ratios (Fig. 15a–b). Conversely, for the least aggressive
exposure classes (XC2-3), the limitations regarding the maximum crack
width (wk ≤ 0.30–0.50 mm) might be too strict, if compared to the
limited corrosion damage expected.

For chloride exposure, the results from the scientific literature
partially agree with the limitations observed in the standards and
guidelines. The limitations of the maximum crack width (wk), in the
range of 0.10–0.30 mm, proposed by some of the international stan-
dards and guidelines [15,17,26], are in agreement with the increased
damage observed for narrow cracks (0.50 > wk > 0.20 mm) com-
pared to hairline cracks (wk ≤ 0.20 mm). Nevertheless, there is still
disagreement at the technical and scientific level regarding the extent of
fibre corrosion and reduction of residual tensile-strength of SFRC.
Nonetheless, the significantly lower degree of deterioration observed
for immersed exposures (XS2, XD2) is not covered by most of the
standards and guidelines, which tend to overestimate the deterioration
and apply similar limitations to aggressive exposures (XS3, XD3).

The analysis of macro-scale investigations suggests significant dif-
ferences of the durability of uncracked and cracked SFRC exposed to
chlorides and carbonation, distinguishing two main scenarios: corro-
sion of cracked and uncracked SFRC.

There is an overall good understanding of the improved corrosion of
carbon-steel fibres in uncracked SFRC, relative to conventional re-
inforcement. There is overall agreement among researchers regarding
the durability of uncracked SFRC to chloride and carbonation exposure,
despite the fact that the damage mechanisms are not fully understood,
particularly for the case of carbonation-induced corrosion.
Investigations of the topic indicate transport properties for uncracked
SFRC similar to plain concrete, fibre corrosion is expected to occur at

Table 4
Summary table, design parameters and mechanical behaviour of SFRC exposed to chlorides and carbonation.

Carbonation Chlorides

Mild
XC2-3

Aggressive
XC4

Mild
XS1-2/XD1-2

Aggressive
XS3/XD3

Mixed-in
chlorides

Maximum water/binder ratio < 0.50–0.60 < 0.40–0.50 < 0.50 < 0.40–0.50 –
Mineral additions PC, SF PC, SF PFA, GGBS PFA, GGBS
Type of steel Carbon-steel

Galvanized
Carbon-steel
Galvanized
Stainless

Carbon-steel Carbon-steel
Stainless

Critical crack width (mm) 0.30–0.50 0–0.30 0.20–0.30 0–0.20
Sacrificial layer (mm) < 1 1–5 1–5 1–15
Cracking/spalling No No No No Yes
Compressive strength loss None None None Low–nonea Medium
Tensile strength loss None Low–nonea None Low–nonea High
Residual tensile strength loss
Uncracked Low–noneb Low–noneb Low–noneb Low–noneb High
Wide cracks (wk > 0.50 mm) Low High Medium High
Narrow cracks (wk < 0.50 mm) Low Medium Medium Medium–high
Hairline cracks (wk < 0.20 mm) Low–none Medium–none Low–none Medium–none

Abbreviations: (PC) Portland cement; (SF) silica fume; (PFA) pulverized fly ash; (GGBS) ground granulated blast-furnace slag; (wk) characteristic crack width.
a Detriment on elastic properties of SFRC related to chemical degradation of the matrix. Corrosion of steel fibres do not alter the structural integrity of the matrix.
b Embrittlement due to continuous hydration and carbonation shall be prevented by considering a larger matrix compressive strength, e.g. avoid fibre-yield failure by selecting

medium- or high-strength steel fibres at appropriate doses.
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the outer 1–5 mm, without inducing cracking or spalling of the matrix
due to the expansion of corrosion products.

Conversely, there are significant disparities between the experi-
mental results from published research investigating the durability of
cracked SFRC exposed to corrosive environments. There is no consensus
regarding the design parameters that can guarantee the durability of
cracked SFRC under chloride and carbonation exposure, namely: the
maximum water to cement ratio, the critical crack width and the
minimum sacrificial layer. A comparison of experimental results from
former investigations, show a large scatter of the results (deviation of
20–50% for the damage ratios) for similar design parameters, hindering
the elaboration of solid conclusions.

The mechanisms governing the deterioration of the mechanical
properties of SFRC exposed to chlorides and carbonation are not fully
understood. Despite the fact that there is recent research investigating
the mechanisms responsible of chloride-induced corrosion of carbon-
steel fibres in uncracked SFRC, there is limited information on the
mechanisms influencing corrosion inside cracks, the latter being the
main issue concerning durability of SFRC. The authors propose a de-
terioration theory for cracked SFRC based on the damage at the fibre-
matrix interface during fibre pull-out. However, there is limited in-
formation covering the damage of the fibre-matrix ITZ during pull-out
and the development of autogenous healing of corroding SFRC is still
unclear.

5. Conclusions

This paper reviews the existing literature investigating chloride- and
carbonation-induced corrosion of SFRC. The paper reviews the main
factors influencing the durability of SFRC exposed to corrosive en-
vironments and analyses systematically the published experimental
data on the deterioration of SFRC subject to chloride and carbonation
exposure.

There is overall agreement among academics and regulators re-
garding the durability of uncracked SFRC exposed to chlorides (ex-
posure classes: XC2-4) and carbonation (exposure classes: XS2-3, XD2-
3). The superior durability against corrosion of carbon-steel fibres
embedded in uncracked SFRC relative to conventional steel, obeys to
three main components: the discrete nature of the fibres, the more
homogeneous steel surface due to production processes of cold-drawn
wire steel fibres (cold-drawing) versus a rougher surface for conven-
tional reinforcing bars (hot-rolling mill), and the denser and more
homogeneous fibre-matrix interface compared to conventional steel
reinforcement.

The durability of cracked SFRC exposed to chlorides and carbona-
tion is under discussion at the technical and scientific level. There is
substantial insight among academics regarding the existence of a cri-
tical crack width, below 0.20 mm, where fibre corrosion is limited and
the structural integrity of SFRC can be ensured for long-term exposures.
However, the mechanisms governing corrosion of carbon-steel fibres in
cracked SFRC subject to chloride and carbonation exposure are still
unclear. In particular, the influence of fibre corrosion on the residual
strength of SFRC is in focus and under discussion.

This paper proposes an alternative deterioration theory for corro-
sion of steel fibres bridging cracks in SFRC exposed to chlorides and
carbonation, focusing on the damage and healing at the fibre-matrix
interface. Further research in this field is required, in particular fo-
cusing on the damage and healing mechanisms at the fibre-matrix in-
terface during partial fibre pull-out.
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2.2 Paper II. A review of the deterioration of SFRC exposed to 
acids 

The following publication, referred as “paper II”, has been published in Construction 
and Building Materials. 
 

Paper II Marcos-Meson, V., Fischer, G., Edvardsen, C., Skovhus, T.L., Michel, 
A., 2019. Durability of Steel Fibre Reinforced Concrete (SFRC) exposed to acid attack 
– A literature review. Constr. Build. Mater. 200, 490–501. 
doi:10.1016/j.conbuildmat.2018.12.051. 

 
Reprinted in this thesis with permission from Elsevier. 
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a b s t r a c t

Steel Fibre Reinforced Concrete (SFRC) is increasingly used in the construction of civil infrastructure.
There is particular interest in the behaviour of SFRC under chemical and bio-chemical exposure, since
it can be utilized, among others, for the construction of waste-water and agricultural infrastructure.
However, the applicability of SFRC exposed to acidic environments is hindered by inconsistencies among
international regulations. This paper reviews the published literature concerning the durability of SFRC
exposed to acid attack. Research suggests that the exposure to acids of uncracked SFRC results in damage
similar to what would occur in Plain Concrete (PC). There is insight into the non-critical corrosion of steel
fibres embedded in the neutralized concrete layer, not entailing corrosion-induced cracking or spalling
and steel fibres have been reported to limit secondary damage by bridging cracks and restraining the pro-
gress of the chemical-erosion front. However, there is limited data regarding the residual mechanical per-
formance of cracked SFRC that has been exposed to acids. Published research suggests the existence of a
critical crack width, below 0.3 mm, where the corrosion damage to the steel fibre is non-critical and there
is a limited loss of fracture toughness. However, it has been observed that the exposure of cracked SFRC to
acids leads to a larger deterioration of its residual mechanical performance compared to other exposures.

� 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Steel Fibre Reinforced Concrete (SFRC) is a composite material,
combining a cementitious matrix with a discontinuous reinforce-
ment, consisting of steel fibres randomly distributed in the matrix.
SFRC is increasingly being adopted for the production of in-situ and
prefabricated concrete structures as: i) auxiliary reinforcement for
temporary load cases [1], ii) partial substitution of conventional
reinforcement [2,3], and iii) total replacement of conventional
reinforcement in elements in overall compression [4,5]. The use
of steel fibres for structural applications, as partial or total replace-
ment of conventional reinforcement bars has become a popular
solution for the construction of concrete infrastructure, due to its
overall good durability and mechanical performance in statically
indeterminate structures, e.g. by promoting the formation of sev-
eral smaller cracks of greater tortuosity instead of few larger cracks
[2,6–9]. However, the total replacement of conventional steel rein-
forcement is still controversial, especially when the long-term
durability of SFRC under severe exposure conditions is addressed
[10–13].

At present, there is no international standard available for the
design of SFRC structures, so the design of infrastructure primarily
relies on: national standards [14–16], national guidelines [17–19]
and international design codes [20]; yet an EN standard is cur-
rently in preparation. However, some of these standards and
guidelines are not coherent with respect to the applicability within
certain exposure classes: chloride attack (EN 206 exposure class
XS2-3, XD2-3), carbonation attack (XC3-4), freeze-thaw attack
(XF2-4), or chemical attack (XA1-3) [21,22]. The latter is gaining
interest for designers of SFRC infrastructure, as there is an increas-
ing trend towards using steel fibres for the construction of bored
[11,23–25] and sprayed linings [26] for sewer tunnels.

There are limited national guidelines covering the design of
SFRC under XA exposure class [14,16,17,27,28] and prescriptions
rely on limited research to support recommendations in terms of,
e.g. a sacrificial layer (Dh), a critical characteristic crack width
(wk,crit), or a fibre material. Technical guidelines fully covering all
exposure classes, including XA class [27], are being replaced by
more restrictive national guidelines, which do not cover the most
aggressive exposure classes (i.e. XS2-3, XD2-3) and do not mention
other exposures (i.e. XF, XA) [29]. Technical recommendations
applicable to XA exposure specify a ‘‘non-cracking in service” lim-
itation for SFRC where the characteristic tensile capacity of the ele-
ment cannot be exceeded for the SLS structural verification for the
XA3 exposure class, and a critical crack width of 0.2 mm for the
exposure classes XA1-2, but does not consider any minimum sac-
rificial layer for the service life verification [17]. Other national
guidelines propose special measures such as the use of galvanized
and/or stainless steel fibres [16,28] or the application of special
protection measures verified through experience or experimental
proof [14].

This paper summarizes the literature concerning the perfor-
mance of SFRC exposed to acid attack and discusses the deteriora-
tion mechanisms responsible for the degradation of the concrete
matrix and for corrosion of the embedded steel.

2. Acid attack in SFRC infrastructure

The exposure of cement-based materials to low-pH solutions
promotes the decomposition and dissolution of the main hardened
cement paste phases and certain aggregates (i.e. calcium-based),
leading to loss of alkalinity and basicity in the pore solution,
increased porosity and a deterioration of the mechanical properties
of the hardened concrete matrix [30–32]. This phenomenon is
generally defined as ‘‘corrosion of cement or concrete” [31–34] or

‘‘decalcification” [35] in the literature. However, this process is ter-
med ‘‘chemical-erosion of cement or concrete” in this paper, corre-
sponding to the terminology used in geological science [36], in
order to avoid confusion with corrosion of steel (i.e. a redox
reaction).

The loss of alkalinity and basicity in the pore solution (i.e. neu-
tralization front) leads to depassivation of the reinforcing steel, as
the neutralization front reaches the steel surface. This process may
lead to uniform corrosion, similar to carbonation-induced corro-
sion for uncracked concrete [37,38]; or to the formation of local-
ized corrosion macro-cells in the presence of cracks reaching the
reinforcement, as observed for carbonation-induced corrosion in
cracked concrete [39,40]. However, there is limited data available
about this phenomenon in SFRC exposed to acids [41,42].

There are many fields of application where this deterioration
process is of key importance and limits the service life of structures
built from mass and reinforced concrete:

i) Sewage and industrial wastewater tunnels and treatment
plants: where the intrados of the conduit is exposed to
chemical and microbiological acid attack (i.e. sulphuric acid
attack) [11,23,43–46]. In particular, for densely reinforced
sections, i.e. treatment plants, there is large risk of reinforce-
ment corrosion [43,47].

ii) Cooling towers at power plants: pure water from condensa-
tion neutralizes the pH at the surface of the concrete, favour-
ing the growth of sulphur oxidizing bacteria inducing
sulphuric acid attack at the concrete surface [30,48].

iii) Agricultural silos and fermenters: where the decomposition
of biological matter and silage effluents expose concrete
structures to organic acid attack produced by bacteria and
fungi (e.g. lactic or acetic acid) [34,38,49]. This exposure sce-
nario is applicable to biogas fermenters and anaerobic diges-
ters [50].

iv) Industrial floors, slabs and concrete overlays exposed to
acidic rainwater: the damage is related to the dissolution
of CO2, SO2 and NOx in rainwater, which are then trans-
formed to carbonic, sulphuric and nitric acid respectively;
lowering the pH of the water to more acidic levels (e.g.
pH � 4–5) and promoting the dissolution and neutralization
of the cement paste [51–53].

Steel fibres are increasingly used as a total or partial replace-
ment of the conventional reinforcement for some of these applica-
tions, such as prefabricated bored tunnels for sewers [11,24,25,54]
or industrial floors and heavy duty slabs exposed to acidic rainwa-
ter [55–60]. However, the lack of experience with SFRC subject to
acid attack and limited normative regulating the use of SFRC under
these conditions, hampers the development of such infrastructure
built of SFRC and in most cases introduces severe restrictions to
designers, such as the installation of High-Density Polyethylene
(HDPE) membranes in tunnels [24], the provision of thick sacrifi-
cial layers [11] and crack limitations (e.g. elements in overall com-
pression in service) [23–25,61].

3. Deterioration mechanisms

There is limited research focusing on the deterioration
mechanisms responsible for acid attack in steel fibre reinforced
concrete [41,62,63], as most of the investigations focus on the
impact of the material performance (e.g. residual tensile strength).
However, the limited research available for SFRC can be comple-
mented with the more developed research on cement paste
[30,49,64,65], plain concrete [30,32,66] and reinforced concrete
[37,38], which provides a sufficient background to understand
some of the deterioration phenomena related to acid attack.
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The general deterioration mechanism responsible for acid
attack on SFRC may follow the scheme presented in Fig 1: the
exposure to acidic environments (i), leads to neutralization and
dissolution of the cement paste (ii), which promotes the damage
and spalling of concrete (iii) and, finally, leads to the depassivation
of the embedded steel and propagation of corrosion (iv).

3.1. Type and source of acids

The type of acid attack in concrete can be differentiated accord-
ing to the type and source of the acid neutralizing the cement paste
(i.e. decreasing the pH at the pore solution and consuming the
alkaline buffer). A summary of the main acids affecting concrete
infrastructure classified according to their source, nature and
strength is presented in Table 1. The table includes general infor-
mation regarding the pH of the pure acid, reported aggressiveness
of the attack in concrete and references of investigations on SFRC
exposed to each acid.

A first classification can be done according to the source of the
acid. Two main sources can be identified: biotic and abiotic
sources.

3.1.1. Biotic sources
A larger share of the potentially attacked SFRC infrastructure

would be affected by biologically produced acids, e.g. prefabricated
tunnels for sewers [11,24,25] or some cases of sprayed tunnels
[42]. The mechanisms responsible for the production of the acid
depend on the exposure conditions and source:

i) Biogenic Sulphuric Acid (BSA) produced by sulphate-
reducing and sulphur-oxidizing bacteria, leading to sul-
phuric acid (H2SO4) attack [43,44,50,73,74]. This source of
sulphuric acid production takes place in partially-filled sew-
ers, under two main bacterial processes: i) sulphates present
in the raw sewage are reduced into sulphides by anaerobic
bacteria (i.e. the Desulfovibrio species), this process takes
place typically at the slime layer on the pipe-walls at near-
zero oxygen levels; ii) the sulphur ions released by the
anaerobic bacteria combine with dissolved hydrogen in the
wastewater and form hydrogen sulphide gas (H2S), which

enters the atmosphere and dissolves in the moisture layer
at the surface of the above-water structure; iii) aerobic
sulphur-oxidizing bacteria (i.e. the Thiobacillus species) colo-
nize the surface of carbonated concrete and oxidize the dis-
solved hydrogen sulphide (H2S) into sulphuric acid (H2SO4).
Acid attack on cooling towers has been reported, following a
similar deterioration process as before: as the combination
of pure water attack from condensation of water vapour at
the surface of the concrete and the growth of sulphur oxidiz-
ing and nitrifying bacteria [30,48].

ii) Organic acids resulting from fermentation of organic matter
[50] and livestock silage and manure [34,49,50], leading to
acetic acid (C2H4O2) and lactic acid (C3H6O3) attack. The
sources of these organic acids comprise complex processes
not addressed in this paper. However, there is increasing
research on the impact of these acids in the durability of
concrete for the construction of biogas plants [50] and agri-
cultural infrastructure [34].

iii) Manganese-Iron biofilms, composed of Mn- and Fe-oxidizing
bacteria (Leptothrix and Gallionella species) [42,75]. This type
of attack has been recently reported at the intrados of
sprayed liners for subsea tunnels [75]. The mechanisms
responsible for the acidification at these biofilms (i.e.
pH � 5–6) are not clearly understood, the decrease in pH
has been linked to oxidation of iron and manganese from
the corroding steel reinforcement (i.e. steel fibres) and infil-
tration of seawater from the ground, respectively.

3.1.2. Abiotic sources
In particular, this deterioration is related to human activity, as

in the case of acidic rain and acidification of groundwater due to
pollution:

i) Acidic rain, primarily composed of carbonic acid (H2CO3)
sulphuric acid (H2SO4) and nitric acid (HNO3), reaches pH
values in the range 3.5–5.0, depending on levels of pollution
and local climate conditions [51,76,77]. It has been reported
as a major threat to civil infrastructure in industrial areas
and highly polluted regions [52,77]. The formation of the
three major acidic components is explained by: i) carbonic

Source and 
production of acids

Neutralization and dissolution 
of the cement paste

Depassivation of 
steel and corrosion

Disintegration of the 
concrete matrix

Exposure of deeper paste to acid
(progression of neutralization front)

Corrosion-induced
Cracking and spalling

i) ii)

iii)

iv)

Fig. 1. Deterioration phenomena due to acid attack in (reinforced) concrete.

Table 1
Summary of sources of acids and classification.

Acid Formula pH* Source Nature Strength** Attack Refs.

Sulphuric acid H2SO4 1 – 3 abiotic/biotic inorganic strong (�3.0) Very high [34,37,38,50,67]
Hydrochloric acid HCl 1 – 3 abiotic inorganic strong (�7.0) High [68]
Nitric acid HNO3 1 – 3 abiotic inorganic strong (�1.3) High [51,52,68–70]
Carbonic acid H2CO3 4 – 5 abiotic inorganic weak (6.3) Low [51,52,69,70]
Acetic acid C2H4O2 3 – 4 biotic organic weak (4.8) High [34,41,49,50,71]
Lactic acid C3H6O3 2 – 4 biotic organic weak (3.9) High [34,49,50]
Citric acid C6H8O7 2 – 3 biotic organic weak (6.3) Low [72]

* pH values rounded to a single integer and given for a conce range: 100 mM–1 mM.
** Strength of acid dissolved in water, expressed as the negative-logarithmic acidity constant (pKa).
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acid (H2CO3) produced by the dissolution of carbon dioxide
in rainwater; ii) sulphuric acid (H2SO4) formed from the dis-
solution, oxidation and hydrolysis of sulphur dioxide in rain-
water; ii) nitric acid (HNO3) formed by hydrolysis of
nitrogen oxides (NOx) in rainwater and water vapour.

ii) Acidic groundwater originating from different sources, such
as: i) percolation and filtration of acids generated directly
from human activity, e.g. spillage, industrial waste, agricul-
tural activity; ii) percolation and diffusion of acidic rainfall
into the soil [78]; iii) natural decomposition of organic mat-
ter in the subsoil; iv) natural weathering or corrosion of
mineral formations, e.g. sulphuric acid production from oxi-
dation of pyrite in alum-shale formations [42,79].

3.2. Dissolution and neutralization of cement paste

The contact of a pure acid, or acidic water, with a cementitious
composite promotes the dissolution and neutralization of the
cement paste. The chemical-erosion (i.e. cement corrosion) process
takes place as a combination of three main mechanisms [32,80,81]:

i) Ingress of the acid into the pore solution, as a result of con-
tact between two very differentiated environments. The
ingress of the acid (H(x)) and H+ ions, i.e. due to dissociation
of the acid molecule and hydration to its stable aqueous
form H3O+, as shown in Eqs. 1 and 2; is governed by the
equilibrium of species (i.e. diffusion) and electro-neutrality
within the pore structure of the cement, as shown in
Fig. 2a, resulting in a progressive decrease of the pH in the
pore solution, as reported in [32,80].

H xð Þ þ H2O� xð Þ� þ Hþ ð1Þ

H2OþHþ�H3O
þ ð2Þ

ii) Leaching of dissolved calcium, hydroxyl, alkali and other
ions present in the pore solution, as a result of the concen-
tration gradient of ionic species (Fig. 2a). The free OH� and
alkali (i.e. (a)+) are progressively consumed by neutralizing
the H+ ions (i.e. stable in solution as H3O+) and acid radicals
(i.e. (x)�) that diffuse into the pore solution, producing water
molecules and salts as shown in Eqs. 3–5, therefore reducing
the pH of the pore solution at the outermost layers below
neutrality and progressing deeper into the microstructure.
In the case of Portland cement, leaching of calcium to the
outermost layers promotes the formation of salts when
reacting with the acid molecules, forming e.g. CaCO3

(H2CO3), CaSO4 (H2SO4) or CaCl2 (HCl). A deeper discussion
of transport and reaction kinetics is required to accurately
define these processes [32,35,80].

H xð Þ þ að ÞOH ! axþH2O ð3Þ

H3O
þ þ OH��2H2O ð4Þ

xð Þ� þ að Þþ ! ax ð5Þ

iii) The dissolution of the hydration products, primarily ruled by
three factors: i) the reduction of the pH in the pore solution
brings some of the hydration products out of their stability
region, the dissolution of portlandite (CH) Fig. 2b precedes
the dissolution of C-S-H or calcite (CC), more stable at lower
pH values, as shown in Fig. 2c and d; ii) the decreasing con-
centration of calcium ion (Ca++) in the pore solution due to
leaching also promotes the dissolution of CH (Fig. 2b), over
C-S-H and CC (Fig. 2b), which will start dissolving as the

CH buffer decreases; iii) The reaction of the dissolved alkali
(e.g. CaOH, NaOH) with the acid, consumes hydrogen mole-
cules to form water and salts (e.g. CaSO4, Na2SO4), the alkali
and acid molecules are replenished by the previously men-
tioned mechanisms.

For certain acids, secondary reactions take place. For example,
sulphuric acid (H2SO4), the dissolution of the calcium hydroxide
(Ca(OH)2) is followed by the formation of gypsum (CaSO4�2H2O).
This process introduces further damage due to sulphate attack,
i.e. expansion due to Ettringite formation and subsequent cracking,
as reported in [31]. The deterioration process is self-sustaining as
long as the acidic source replenishes, and the chemically-eroded
layer of cement paste provides room for further leaching of cal-
cium, alkali and dissolved hydration products, as shown in Fig. 2a.

3.3. Chemical erosion of concrete

The progressive dissolution of the cement paste leads to expo-
sure of the aggregates to the acidic environment. At this stage,
two scenarios are considered [32]: i) the presence of inert (i.e.
acid-resistant) aggregate such as quartz, which does not dissolve
in the acidic environment and will therefore not deteriorate; ii)

Fig. 2. Dissolution and neutralization of the cement paste. a) dissolution mecha-
nisms for a given acid H(x) [32,80]; b) stability diagram for portlandite (CH, C-S-H
and Calcite) depending on Ca++ concentration and pH.
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the presence of acid-soluble aggregate, such as limestone or dolo-
mite, which will dissolve following mechanisms similar to those
presented in figure Fig. 2a (i.e. dissolution of calcite Fig. 2b).

The dissolution of acid-soluble aggregate in addition to the dis-
solution of the cement matrix will contribute to the re-
establishment of the neutrality and calcium equilibrium in the pore
solution; whereas on the other hand, it will increase porosity and
therefore facilitate ionic transport. It has been proven that a balance
between these two variables can improve the acid-erosion resis-
tance of the concrete, as certain acid-soluble aggregate (i.e. traver-
tine or limestone) would provide slower chemical-erosion rates for
the concrete compared to acid-resistant aggregate [32].

For certain exposure cases, such as sulphuric acid attack, sec-
ondary reactions (i.e. sulphate attack) can accelerate the erosion
damage by causing expansion-induced cracks, which provide a
preferential path for ionic diffusion and increases the depth of the
attack [32,80]. At this stage of the deterioration process, the use
of fibre reinforcement has been suggested as being effective in
restraining the propagation of the erosion front by limiting the
propagation of cracks within the matrix and avoiding the spalling
of concrete [71,82]. The use of steel fibres has been reported to limit
the propagation of the chemical-erosion front and decrease the
mass-loss rate of acid-exposed SFRC [62,70,71,83], particularly in
the case of sulphuric acid attack, where secondary sulphate attack
introduces expansion cracking that deepens the acid attack [62].

However, this generalization may not apply to certain expo-
sures, such as Mn-Fe biofilm attack [42], where the iron hydroxides
from the corrosion of steel fibres at cracks provide a source of iron
for the Fe-oxidizing bacteria and promote the deterioration process
[42,84]. There are contradictory results regarding the efficiency of
steel fibres relative to other materials (e.g. glass, polymer): most
investigations report an improved performance of SFRC relative
to glass or plastic fibres for uncracked concrete [41,62,71,82];
whereas for cracked SFRC, severe corrosion of steel fibres bridging
cracks has been reported [41,71,85].

Furthermore, the shape of the pH profile through the depth of
the uncracked concrete depends on a large number of parameters,
for example: the type and proportion of cementitious materials,
the Water-Binder (w/b) ratio, the reactivity of the aggregate, and
especially the type and concentration of the acid.

In example, recent research has shown that strong acids (i.e.
high dissociation factors) at high concentrations, e.g. sulphuric acid
at pH = 2–4 [80], produce a sharp decrease of the pH and a narrow
neutralization front. Whereas, weaker acids at pH values approach-
ing neutrality, e.g. boric acid at pH = 5–6 [86,87], would produce a
wider neutralization front with a smooth decrease in the pH. The
depth of the chemical erosion front would decrease significantly
for weaker acids or lower concentrations, as described in [80],
and it is very dependent of secondary reactions and the stability
of the salts formed, see Fig. 3. However, there is still limited
research available predicting the transport and chemical reaction
processes of acids attacking cement paste.

The main phases composing the cement paste are not stable
within the neutralization front, i.e. pH � 8–9 for C-S-H and
pH � 11–12 for CH at Ca2+ � 10�1–10�2 mol/l, see Figs. 2b and 3.
Therefore, a gradual transformation of the cement paste is
expected at still high pH values, i.e. pH � 8–11, while calcium ions
leach. These changes in the cement paste surrounding fibres have
been reported to cause significant detriment of the fibre-matrix
bond, corresponding with the discussion presented in [88] for
leaching studies with ammonium nitrate on Polyvinyl Alcohol
(PVA) fibres embedded in mortar and in [89] for stainless-steel
fibres embedded in concrete.

Yet, to the authors’ knowledge, there is limited data available
investigating the abovementioned deterioration mechanisms for
deformed steel fibres, e.g. hooked-ended steel fibres, where a sub-

stantial share of the stresses transferred to the cement matrix are
localized next to the deformed regions and deterioration of the sur-
rounding matrix could have a significant impact on the mechanical
performance of the composite.

3.4. Depassivation and corrosion of steel

The last stage of the deterioration process corresponds to the
depassivation and corrosion of the embedded steel. As the neutral-
ization front penetrates inside the concrete, the pH of the pore
solution decreases gradually due to the diffusion of OH� and H+

from and towards the unaffected matrix. Additionally, the diffusion
of alkali and Ca2+ towards the surface reduces the buffer capacity of
the pore solution near the corrosion front, as shown in Fig. 4.

Once the pH of the pore solution falls close to neutrality values,
i.e. pH < 7–8, the embedded steel de-passivates (Fig. 4) and corro-
sion initiates in a similar fashion to carbonation-induced corrosion
[37,38], as shown in Fig. 5a (point B of pH curve, pH = 7–8).

In the case of conventional reinforcing steel, the pressure gener-
ated due to the expansion of corrosion products eventually leads to
cracking of the matrix and further propagation of both the corro-
sion process and the acid attack, as shown in Fig. 5a (point B-B0)
[37,38]. For this reason, as presented in Fig. 4, the critical depth

Fig. 3. Indicative pH profiles for concrete exposed to weak and strong acids, after
[80,86,87]. * The distances and graphs shown in the figure are indicative.

Fig. 4. Corrosion of steel in acidic environment. Deterioration of conventional
reinforcement and steel fibre reinforced concrete exposed to acid attack. Legend:
Electrochemical equilibrium regions for steel: (A) stability limit for steel fibres
embedded in neutralized concrete; (B) passivity limit for steel embedded in
concrete. * The distances and graphs shown in the figure are indicative.
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of corrosion for conventional reinforcing steel would be closer to
the depassivation limit (point B of Fig. 4), i.e. closer to the edge
of the undamaged concrete. However, there is limited research
investigating these phenomena and the thickness of the neutral-
ized concrete layer varies depending on the type and quality of
concrete and the aggressiveness of the exposure: a very thin neu-
tralization zone (1–5 mm) for aggressive exposures (e.g. sulphuric
acid attack) and high concrete qualities [90]; or a thicker neutral-
ization zone for lower concrete qualities and weaker acids (e.g. car-
bonic acid or acetic acid attack) [69,71].

Steel fibres have been proven stable when embedded in
uncracked concrete at pH values in the pore solution of the bulk
matrix below the stability region for iron (i.e. pH < 8), as observed
in carbonated SFRC [12,91–94]. There is research suggesting that
the small dimensions of the fibres prevent the corrosion-induced
cracking, that is responsible for the larger share of the deteriora-
tion due to uniform-corrosion of steel reinforcement [12,91,94].
According to these observations, the critical corrosion region for
embedded steel fibres would be closer to the chemical-erosion
front, as de-passivation of the steel does not lead directly to the
propagation phase (i.e. cracking); therefore, as presented in Fig. 5a,
neutralization of the pore solution (U-B) would lead to depassiva-
tion of the steel fibre (B-B0) but not to critical propagation of corro-

sion. As the chemical erosion front reaches the steel fibre, porosity
at the cement paste increases significantly and the pH drops fur-
ther (e.g. pH < 4–6), initiating the dissolution of the Interfacial
Transition Zone (ITZ) [32] and finally promoting corrosion
propagation of the steel fibre (Fig. 4, point A). According to this
deterioration model, the steel fibres do not follow the
neutralization-initiation-propagation course presented in Fig. 5a
(U-B-B0-B00) for conventional steel when the pH drops around 8;
instead, further reduction of the pH and dissolution at the cement
matrix must first take place to force the shift from depassivation to
propagation, as shown in Fig. 5b (U-B-A-A0).

There is scientific insight into a larger deterioration of the resid-
ual mechanical properties (i.e. residual tensile strength) of cracked
SFRC exposed to acids relative to other aggressive exposures, such
as chloride or carbonation exposure [41,71,85]. Yet, to the authors’
judgement, this detriment of the residual mechanical performance
cannot be solely related to fibre corrosion; since additional leach-
ing and dissolution of solid phases at the fibre-matrix interface
may have a significant impact on the fibre-matrix bond, corre-
sponding with the previous discussion based on results from
[88,89]. However, there is insufficient experimental data on the
specific deterioration mechanisms and performance of SFRC
exposed to acidic environments to draw solid conclusions that
could be translated into specific design guidelines.

4. SFRC exposed to acid attack

Compared to studies on other environment exposures, such as
chloride or carbonation exposure, there is limited research investi-
gating the durability of SFRC exposed to acidic environments. Most
of the studies address the performance of the uncracked matrix, in
terms of loss of compressive strength and decrease of density and
mass [62,70,72,82,83,96,97], while a small share of the published
research focuses on the impact of acid exposure on the residual
mechanical properties [41,63,71,85], or on the deterioration phe-
nomena for cracked SFRC [41,42,63,71,85]. The evaluation of the
performance of uncracked SFRC (i.e. the elastic region) provides
indication of the penetration depth and rate of the acid-erosion
front, in addition to the overall impact on the mechanical and
physical properties of the concrete matrix, but neglects the impact
of the exposure on the fibre reinforcement. There are limited
amount of studies focusing on the residual mechanical perfor-
mance of the material after acid exposure, i.e. characterizing the
toughness or residual tensile strength [41,63,71,85]. A summary
of the published research on this topic is presented in Table 2.

The principal variables affecting the studies are discussed in the
following paragraphs, including: i) type of exposure and exposure
time; ii) binder composition and quality; iii) type and quantity of
steel fibres; iv) cracks.

4.1. Type of exposure

The type of exposure greatly influences the progress of the dete-
rioration front through the cement paste and therefore the
chemical-erosion of the concrete and corrosion of the steel. Table 2
presents a summary of the exposure conditions and methods used
in former research. The rate of deterioration of uncracked SFRC has
been calculated as the chemical erosion rate (ka,e) and neutraliza-
tion rate (ka,n); which are calculated as the penetration depth of
the chemically-eroded layer and neutralization front (i.e. the front
where the pH drops below pH 9) respectively, divided by the
square root of the exposure time and expressed in mm/

p
y.

The majority of the studies have used sulphuric acid as the
exposure agent at concentrations in the range 2–10 wt-%, resulting
in initial pH values of 0–0.4, increasing up to pH 2.5 in some cases

Fig. 5. Corrosion of steel in acidic environment. a) Eh-pH diagram for steel rebar
embedded in carbonated concrete, after [95]; b) Eh-pH diagram for cold-drawn
steel fibres embedded in concrete exposed to acids. Legend: Electrochemical
equilibrium regions for steel, according to Fig. 4: (U) unaltered concrete, (B)
passivity limit for steel embedded in concrete; (B0) corrosion initiation phase for
steel embedded in neutralized concrete; (B00) corrosion propagation phase for steel
embedded in neutralized concrete; (A) stability limit for steel fibres embedded in
neutralized concrete; (A0) corrosion propagation phase for steel fibres embedded in
neutralized concrete. * The graphs shown in the figure are indicative.
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due to leaching [62]. The chemical erosion rates (ka,e) are highly
dependent on the pH of the solution: a higher acid concentration
with constant renovation of the acid source results in large erosion
rates, i.e. ka,e � 20 mm/

p
y for a pH = 0.9–2.5 [62]; while higher pH

values (pH � 3) lead to lower chemical-erosion rates (ka,e = 1.7–
5.2 mm/

p
y) [70,103]. The neutralization front (i.e. pH < 9) propa-

gates deeper into the sample, i.e. at neutralization rates (ka,n) of
10–14 mm/

p
y for wet-dry cycles, reaching values similar to those

at the front achieved in a fast carbonation exposure (20 vol-% CO2)
[70,103]. The exposure of carbonated SFRC to sulphuric
acid increases the penetration rate of the chemical-erosion front
(ka,e = 14–28 mm/

p
y) [70].

In some cases, the source of the sulphuric acid is sulphur-
oxidizing bacteria (i.e. BSA) [83,96,100–102]. The pH values mea-
sured in the solution (pH � 6.3) [83,100–102] are in agreement
with previous literature in the field of BSA [43,105], but often dis-
regard local conditions at the surface of the specimen, i.e.
pH � 1.6–3 reported in other studies [43,46,105]. There is dis-
agreement on whether steel fibres have a negligible impact on
the propagation of the chemical-erosion front in SFRC exposed to
BSA attack [50], or whether the corrosion of steel fibres in the
vicinity of the chemical-erosion front may seal nearby pores and
cracks and does not induce cracking or spalling of the adjacent
matrix [50].

Table 2
Summary of studies investigating durability of SFRC exposed to acid attack.

First author Year Refs. Binder
content
(kg/m3)

w/b (–) Exp. Class
(EN 206)

Exp.
type

Acid
Type

pH Test
methods

Crack
wk

(mm)

Crack
crit.
wk,crit

(mm)

Erosion
rate
ka,e
(mm/

p
y)

Main Second

Hannant 1975 [96] 390
480

0.49
0.75

XA2
XA3*1

SA Field
(FL)

BSA ? 3 PB (3)
C (3)
VI - CI

– – 2.3–4.6

Bassuoni 2007 [62] 470 0.38 XA3 SA Lab
(IM)

H2SO4 0.9 – 2.5 C (3)
XRD
SEM – EDS
ML

– – 20

Hagelia 2008
2016

[42,75,
79,84,
98,99]

485
550

0.38
0.47

XA2
XA3*2

SA
XS2

Field
(FL)

Mn-Fe-
b
H2SO4

5.5 – 6.5
5.2 – 7.0

PI – TS
SEM-EDS
XRD
VI - CI

0.10
0.20

***
<0.10
–0.20

8.9–44.7

Roque 2009
2015

[41,63,
71]

303
446

0.37
0.44

XA2
XA3

– Lab
(WD)

C2H4O2 4.5 3 PB (3)*4

C (3)
ST (3)
SEM – EDS
VI - CI

�
0.20

0.10–
0.20

6.7–10

Hai-tang 2010
2013

[83,100–
102]

370
475

0.54 XA
XA2*2

SA Lab
(IM)

BSA 6.3 3PB (3)
C (3)
VI

– – ?

Yue 2011 [72] 360
444

0.37
0.44

XA3 SA
XC3

Lab
(IM)

C6H8O7

H2SO4

1.4 3PB (?)
C (?)
VI

– – ?

Niu 2013
2017

[70,103,
104]

370
475

0.45 XA3 SA Lab
(WD)

H2SO4

HNO3

3.0 ST (3)*5

ML
SEM
MIP
VI - CI

– – 1.7–5.2

Kaufmann 2014 [85] 450 0.40 XA3 SA Lab
(WD)

H2SO4 0.4 SPT (1)
VI
PI

0.50 2.00 <0.50 ?

Narendra
Kumar

2015 [97] 700 0.21 XA3 SA Lab
(WD)

H2SO4

HCl
<0–0.1
<0 – 0.2

C (?)
ML

– – ?

Badagha 2015 [82] 220 0.40 XA3 – Lab
(IM)

HCl 0.2 C (3)*5

IR (3)*5

SS (3)*5

– – ?

Koenig 2016 [50] 345 0.45 XA3 SA Lab Field
(WD)

BSA
C2H4O2

C3H6O3

3.5 4 VI – CI
PI
SEM - EDS

– – 1.0–2.1

Abbreviations: (Exp. class) the main and secondary exposure class according to EN 206; (Exp. type) the exposure type, being field or laboratory exposure and exposure method
being (IM) Immersed, (FL) flowing solution or (WD) wet-dry cycles; (Acid type) the type of acidic exposure; (pH) the range of pH investigated; (Crack) the crack widths
investigated, expressed in mm; (Crack crit.) the critical characteristic crack width recommended by the authors, expressed in mm; (Erosion rate) erosion rates at the exposed
surface, comprising chemically-eroded concrete, expressed in mm/

p
y; and (Test methods) the main experiments and inspection done for the study, being (3 PB) 3-point

bending test and (n. of replicates), (C) compression tests and (n. of replicates), (ST) splitting tension test and (n. of replicates),(SS) shear strength based on L-shaped test and
(n. of replicates), (SPT) square panel test and (n. of replicates), (VI) visual inspection and photography and (CI) colorimetric indicators for pH, (PI) petrographic investigation in
light microscope of polished sections and (TS) thin-sections, (XRD) phase composition by x-ray diffraction, (SEM) scanning electron microscope images and (EDS) elemental
mapping by X-ray spectroscopy, (MIP) mercury intrusion porosimetry, (ML) mass loss measurements.
*1 No record of pH values or chemical analysis of exposure media. Exposed described as: ‘‘very high pollution with sulphur compounds”. Exposure class XA2 - XA3 due to BSA.
*2 pH values measured at surface, local pH due to microbial activity expected to be lower than measured. Exposure class expected by the authors.
*3 Crack widths are not expressed quantitatively, but are described as ‘‘leaking cracks” and ‘‘microcracking”. Reference to estimated cracks in the range 0.1–0.2 mm given in
[84]. Large deterioration observed inside the cracks investigated.
*4 the total number of replicates was 5, but the highest and lowest result were rejected for the analysis.
*5 the number of replicates is not directly stated in the publications and is inferred based on reference to standards, graphical documentation or the total number of specimens
tested.
?Question marks refer to unknown values.
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The exposure to sulphuric acid entails sulphate attack as a sec-
ondary deterioration mechanism, which facilitates the ingress of
the acid and leaching due to internal cracking of the matrix. There
is ongoing discussion on the effect of steel fibres on arresting these
cracks under sulphuric acid exposure [42,50] or sulphate attack
[106–111]. In particular, whether the addition of steel fibres has
a positive impact on the performance of concrete subjected to sul-
phate attack, i.e. by arresting ettringite-induced cracks and
ensuring the cohesiveness of the matrix at later damage stages
[106–108]; or that the fibre reinforcement plays a minor role in
the deterioration kinetics when compared to other variables (e.g.
water-binder ratio or cement type) [109,110].

There is limited research studying exposure to other inorganic
acids, such as hydrochloric acid [82,97] or nitric acid [70,103]. How-
ever, there is data suggesting that the chemical erosion rates are
slower compared to those of sulphuric acid (i.e. HCl) [97]; these
results support the hypothesis that secondary sulphate attack pro-
motes deterioration by leading to cracking of the matrix and addi-
tional ingress of acid and leaching [97]. For the studies using Nitric
acid, the solutionwas composed of amixture of nitric- and sulphuric
acid, which hampers the elaboration of further conclusions [82].

The exposure to organic acids such as: acetic acid [41,50,71],
citric acid [72] or lactic acid [50], caused deterioration similar to
what was induced by inorganic compounds. As a reference, the
exposure to acetic acid (pH = 4.5) resulted in neutralization rates
(ka,n) of 6.7–10 mm/

p
y for cracked and uncracked SFRC respec-

tively [41,50,71]. The investigation reported severe corrosion of
steel fibres at the surface of the specimen, with a larger deteriora-
tion relative to wet-dry cycles of NaCl, but no corrosion-induced
cracking or spalling of the matrix. The residual mechanical perfor-
mance (i.e. residual-tensile strength and toughness indices)
decreased for the uncracked SFRC matrix exposed to the acid, rel-
ative to other exposures (e.g. wet-dry cycles under carbonation or
chloride exposure), but showed a similar degree of deterioration
for cracked and uncracked SFRC, which suggests a limited impact
of cracks on the corrosion of steel fibres [41,50,71].

Some of the experiments with citric acid reported a larger
chemical-erosion damage, relative to inorganic acids (H2SO4) at
similar acidity level (e.g. pH = 3.0) [72]. This phenomenon has been
attributed in the literature to the lower dissociation rates of
organic acids compared to most inorganic acids, which provides
a ‘‘buffer effect” at the same pH level and leads to greater deterio-
ration under certain exposure conditions (e.g. immersion in stag-
nant solution) [30,81,112].

Other deterioration phenomena, such as biologically-induced
chemical erosion of concrete due to Fe- Mn-oxidizing bacteria,
have only been reported for SFRC under very specific conditions
(e.g. leaking-cracks in sprayed liners in Norwegian subsea tun-
nels) [42,75,99] and further research is needed to understand
the deterioration phenomena and their influence on the perfor-
mance of concrete and SFRC. The data available suggest a syner-
getic effect between chloride-induced corrosion of the steel and
the growth of certain species of bacteria, which promote acidifi-
cation at the crack rim, leading to multiple deterioration mech-
anisms: i) decalcification of the crack surfaces due to leaching
and percolation, and ingress of chlorides; ii) pitting corrosion
of the steel fibres bridging the crack; iii) further biological oxida-
tion of the corrosion products, producing H+ and promoting fur-
ther decalcification at the crack.

4.2. Binder type and quality

The type of binder and the quality of the cement matrix are the
principal factors influencing the deterioration of concrete exposed
to acids, since the degradation process is governed by the dissolu-
tion of the binder. So far, there are limited data providing informa-

tion on the impact of the binder properties on the mechanical and
chemical performance of SFRC exposed to acids. The following dis-
cussion includes also results from research on plain binder paste,
mortar and concrete.

There is a large focus on identifying adequate binder composi-
tions and optimizing mix-designs in order to enhance the resis-
tance of concrete and cementitious composites to acid-erosion
attack [32,46,65,68,73,81,113]. In general terms, the governing fac-
tor determining the resistance of concrete to acidic-erosion is the
density of the microstructure, mainly dependent on the water-
binder ratio and proper curing [114]. The use of pozzolanic admix-
tures, such as fly ash, has been reported effective in reducing
acidic-erosion in concrete, which has been attributed to a finer
pore structure [49,62,67]. However, published results for field
exposure do not show a clear improvement [115].

There is overall disagreement regarding the impact of partial
and total replacement of Portland cement by Ground Granulated
Blast-Furnace Slag (GGBS or GGBFS): A significant amount of pub-
lications indicate a positive influence of GGBS addition on the acid-
resistance of binary and ternary mixes [42,43,48,49,115–117],
while, some research has shown a lower performance under acid
exposure at high replacement ratios (i.e. GGBS-binder ratio above
40–50 wt-%), relative to Portland cement binders [43,66,67].

The addition of Silica Fume (SF) has been proposed effective on
restraining the ingress of the chemical erosion front; the refine-
ment of the pore-structure is proposed as the governing mecha-
nism [49,66]. However, differing results suggest a lower
performance of SF in ternary blends under acid exposure [65,67].

In general, lower water-binder ratios have been shown to pro-
duce a denser microstructure with a larger resistance to acid attack
[46,50,65,115]. As a general practice for this type of exposure, the
EN-206 standard recommends water-binder ratios below 0.45–
0.55 for the exposure classes XA1-3, decreasing for more aggres-
sive exposure classes. These values comply in general with the
SFRC mix-designs presented in Table 2. However, the results pre-
sented in [41,63,71] indicate a limited influence of the water-
binder ratio (w/b = 0.37–0.44) and binder content (cem = 360–
444 kg/m3) on the mechanical performance and chemical-erosion
rate of SFRC exposed to acetic acid.

4.3. Type and quantity of fibres

So far there is no research comparing the performance of differ-
ent types of steel fibres in concrete subject to acid exposure. The
published research available mainly reports studies of cold-drawn
carbon-steel fibres (EN 14889–1: Group I) [41,62,81–83,85,
97,101,102]. For some of the investigations, cold-rolled sheet
carbon-steel fibres (Group II) were used [72].

There are reports comparing the performance of different fibre
materials such as: steel (S), polypropylene (PP), polyethylene (PE),
polyester (PET), polyvinyl-alcohol (PVA) and glass (G) fibres
[41,62,63,71,82,85]. For some of these studies, there is a similar loss
of performance on the residual-mechanical properties for all of the
different fibre materials. A general decrease in the toughness index
for all the fibre types (e.g. PVA, PP and steel fibres) relative to
limewater-cured references was reported for both uncracked and
cracked FRC, suggesting a similar durability performance of
polymer- and steel-fibres subject to acid-attack [41,63,71]. Never-
theless, some authors have reported a larger deterioration for steel
fibres compared to polymer fibres for uncracked [62] and cracked
FRC [85]. There is an ongoing discussion regarding the validity of
comparisons of the long-term mechanical- and durability-
performance of steel and polymer fibres under aggressive exposure
conditions (e.g. carbonation, chloride or acid attack) [13,118–121],
as polymer fibres have typically not been considered for structural
applications [122]; although, recent studies show potential struc-
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tural applications of polymer fibres in precast tunnel linings [123–
125], slabs-on-ground [126] or in combination with steel fibres
[127,128].

There are several investigations focusing on the influence of the
fibre content on the deterioration of SFRC exposed to acids
[62,70,72,82,83,100–103]. There is general agreement concerning
the overall improvement in performance at higher fibre contents
(e.g. fibre content 20–80 kg/m3). Some investigations suggest a
decrease in performance for fibre contents above 80 kg/m3

[70,72,83,100–103]. Nevertheless, the abovementioned conclu-
sions are based on investigations of the uncracked properties of
SFRC, with a limited number of replicates (i.e. one to three repli-
cates), which provides only a limited basis for interpretation sup-
ported on a comprehensive statistical analysis.

4.4. Cracks

Most of the research available concerning the durability of SFRC
exposed to acids focuses on the performance of uncracked SFRC.
For most of the investigations, the analysis takes into account only
the elastic mechanical performance of the material (e.g. loss of
compressive-, tensile- or shear-strength) and the physical proper-
ties of the matrix (e.g. depth of chemical-erosion and neutraliza-
tion front, mass-loss) [62,70,72,82,83,97,100–103]. This approach
provides some information regarding the effect of fibre reinforce-
ment on the overall integrity of the matrix but offers only limited
insight into the deterioration phenomena affecting the fibres
themselves. Research investigating the residual-mechanical per-
formance of uncracked SFRC exposed to acids shows a large drop
in performance, relative to limewater cured references [41,63,71].
However, the above-mentioned effect was also observed on poly-
mer fibres, which suggests that the damage observed might be
an overall deterioration of the matrix, particularly at the fibre-
matrix interface, rather than a specific fibre corrosion issue.

Corrosion-induced cracking and spalling have been reported as
negligible in most investigations [41,63,71,103,129,130] and there
is overall agreement on the positive effect of fibre addition in terms
of reduced mass loss and slower propagation of the chemical-
erosion front [50]. It has been suggested that the corrosion of steel
fibres in the vicinity of the chemical-erosion front seals nearby
pores and cracks and does not induce cracking or spalling of the
adjacent matrix [50]. However, disagreement is still expressed in
certain publications [62].

There is limited research investigating the durability of cracked
SFRC exposed to acids [41,63,71,85]. The research available shows
a similar deterioration for cracks below 0.20 mm, compared to
uncracked SFRC for lower quality mixes (i.e. w/c = 0.44,
cem = 303 kg/m3); whereas for higher quality mixes (w/c = 0.37,
cem = 446 kg/m3) there was a significant reduction of residual-
tensile strength and toughness relative to uncracked SFRC
[41,63,71]. The reduction of residual-tensile strength is more pro-
nounced at larger crack widths (i.e. Wk,crit = 0.5–1.0 mm) and was
larger than the deterioration observed in plastic fibres for exposure
to 2 wt-% sulphuric acid (pH = 0–1) [85]. However, it is noted that
cracks wider than wk,crit = 0.3–0.5 mm are typically not considered
for SLS calculations under any aggressive exposure.

Précising, there is general disagreement regarding the long-
term mechanical- and durability-performance of cracked SFRC
exposed to acidic environments; as there is no clear understanding
of the influence of the exposure on the fibre-matrix bond and its
effect on the long-term fracture behaviour of SFRC [13,118–121].

5. Conclusions

Steel Fibre Reinforced Concrete (SFRC) is increasingly being
used for the construction of civil infrastructure subjected to severe

chemical and bio-chemical exposure. However, the lack of detailed
state-of-the-art reports on this topic and imprecise regulation hin-
ders the further development of such infrastructure.

Former research indicates that exposure of uncracked SFRC to
acids results in damage similar to what occurs in Plain Concrete
(PC), as the corrosion damage of steel fibres is limited to the fibres
enclosed within the chemically-eroded concrete.

The fibres embedded in the chemically-eroded concrete layer
may corrode but will not lead to expansion-induced cracking or
spalling, and the loss of tensile capacity of the fibre may be accom-
panied by a significant loss of strength of the surrounding matrix
due to the acid attack on the cement paste, which in any case leads
to total loss of bearing capacity. Whereas, non-critical corrosion
has been observed on steel fibres embedded in the neutralized con-
crete layer, entailing no corrosion-induced cracking or spalling.

To date, there is limited data regarding the residual mechanical
performance of cracked SFRC exposed to acids. The research avail-
able suggests the possible existence of a critical crack width in the
range of wk,crit � 0.1 – 0.3 mm, where the corrosion damage of the
steel fibre is non-critical and there is limited damage to the sur-
rounding cement matrix that leads to a limited loss of residual
mechanical performance.

It has been observed that severe exposure of cracked and
uncracked SFRC to acids entails a significantly larger deterioration
of the residual mechanical performance of the composite, relative
to other exposures (i.e. carbonation or chloride exposure). How-
ever, there is insight suggesting that this deterioration may be gov-
erned by the changes of the matrix surrounding the fibre, due to
progressive dissolution of the main calcium phases, i.e. CH and
CSH, instead of corrosion damage of the steel fibres.

However, there is limited data available to provide a clear
understanding of the specific deterioration mechanisms affecting
the mechanical performance of steel fibres embedded in concrete
exposed to acids, which is key to develop consistent guidance at
the technical level regarding the design of fibre-reinforced
infrastructure.

There is a need for further research focusing on reactive mass
transport modelling in cement exposed to acids, as well as on
the experimental characterization of the changes at the fibre-
matrix interface and their impact on the fibre-matrix bond due
to acid attack.
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The literature review presented in Chapter 2 showed discrepancy at the technical and 
scientific level regarding the corrosion damage and mechanical performance of cracked 
SFRC exposed to wet-dry cycles involving chloride and carbonation exposure. There 
is particular interest regarding the extent of the corrosion deterioration of steel fibres 
inside cracks in the range of 0.1 to 0.3 mm and its impact on the residual tensile 
performance of the cracked SFRC. 
In order to investigate these aspects, an experimental study comprising the preparation, 
exposure and testing of approx. 500 cracked SFRC specimens, exposed to wet-dry 
cycles under laboratory conditions during a period of two years was carried out. The 
objective of this chapter is to present a quantitative evaluation of the extent of corrosion 
damage of fibres bridging cracks and its impact on the residual performance of SFRC, 
based on a detailed statistical study. The chapter comprises two publications that cover 
the quantification and description of the corrosion and mechanical damage and its 
evolution over time. 
The investigation presented in Paper III comprised the quantification of the extent of 
fibre corrosion in cracked and uncracked SFRC exposed to wet-dry cycles of chlorides 
and carbon dioxide, and a statistical evaluation of its impact on the mechanical 
performance of SFRC. The evolution of the corrosion damage over time and subsequent 
changes in the mechanical performance of the composite are covered in Paper IV. 

The investigations confirmed that fibre corrosion in uncracked SFRC was limited to the 
concrete surface and produced aesthetical damage, i.e. formation of rust stains, but did 
not cause cracking or spalling of the uncracked concrete matrix. There was no 
observable progression of fibre corrosion inside the uncracked composite within the 
time-scale investigated. There was no statistically significant detriment to the 
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compressive strength of the uncracked concrete matrix due to corrosion under wet-dry 
cycle exposure. 

Investigations of SFRC with crack widths of 0.15 and 0.3 mm, respectively, indicated 
that fibres bridging cracks may corrode up to depths of 10 – 40 mm inside the crack, 
depending on the exposure and crack width; developing slightly over time. Corrosion 
of fibres inside the crack increased the probability of fibre rupture, but had a limited 
impact on the global count of ruptured fibres. The ratio of fibres rupturing due to 
corrosion did not vary significantly over time and was only statistically significant for 
specimens with small cross-sections. 
However, there were substantial changes in the residual mechanical performance of the 
cracked SFRC after exposure relative to the uncracked SFRC, which comprised 
increases in the residual tensile and flexural forces transferred at crack openings below 
1.5 mm. The observed increase was consistent over time and was related to an increase 
of the fibre-matrix bond strength during the exposure. Only moderate reductions in the 
total toughness were observed in specimens with small cross-sections (i.e. 80x80 mm) 
cracked at 0.3 mm and exposed to large chloride concentrations (i.e. 7 -wt.% NaCl). It 
was concluded that the impact of fibre corrosion on the performance of the cracked 
composite over time is subject to a size-effect and may only be significant for specimens 
with small cross-sections. 
A correlation was observed between the increase of the residual mechanical 
performance of the cracked SFRC and a larger number of ruptured fibres after exposure. 
Yet, these changes were secondary compared to the toughness variation due to the fibre 
distribution. Fibre corrosion had a subordinate, yet statistically significant, impact on 
the changes in toughness over time. The exposure time had a negligible impact on the 
variations of the residual tensile performance, considering the time-scales investigated. 
This study concluded that changes in the residual performance of cracked SFRC 
exposed to chlorides and carbon dioxide, are not exclusively a result of fibre damage 
due to corrosion and may be related to localized changes at the fibre-matrix interface 
due to the exposure. Yet, macroscopic observations at the composite level do not 
provide a clear explanation for those changes. Therefore, the following chapters focus 
on: i) investigating the changes in the pull-out behaviour of single fibres in cracked 
SFRC exposed to wet-dry cycles and ii) characterizing the microstructural changes at 
the fibre-matrix interface of cracked SFRC exposed to wet-dry cycles. 
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3.1 Paper III. Corrosion damage and mechanical performance 
of SFRC exposed to wet-dry cycles 

The following publication, referred as “paper III”, has been submitted to Journal of 
Sustainable Cement-Based Materials. 

Marcos-Meson, V., Fischer, G., Edvardsen, C., Solgaard, A., Michel, A., 2020. 
Mechanical performance of steel fibre reinforced concrete exposed to chlorides and 
carbon dioxide: results after one year (unpublished). 

Printed in this thesis as the original manuscript with the authors’ formatting. 
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Mechanical performance of steel fibre reinforced concrete 
exposed to chlorides and carbon dioxide: results after one 

year 
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1 Department of Civil Engineering, Technical University of Denmark, Kgs. Lyngby, Denmark 
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Abstract 
This paper presents an experimental study addressing the corrosion damage and mechanical performance of 
steel fibre reinforced concrete (SFRC) exposed to chloride and carbon dioxide wet-dry cycles for one year. 
Results presented indicated negligible corrosion damage to uncracked SFRC exposed to chlorides and carbon 
dioxide. Fibre corrosion inside the crack occurred at the outermost fibres, yet it had a minor impact on the 
toughness of the material compared to the impact of the fibre content for the crack widths studied. Changes in 
the residual performance of cracked SFRC after 1-year exposure lead to a moderate increase of the toughness 
small cracks. This was partly attributed to an increase of the fibre-matrix bond strength. This indicates that 
there may be additional damage mechanisms besides fibre corrosion that explain the changes in the residual 
performance of the composite material, likely related to alteration of the fibre-matrix interface. 

Keywords 
Steel Fibre Reinforced Concrete (SFRC), durability, corrosion, chlorides, carbonation, cracks 

 

 

1. Introduction 
Steel fibre reinforced concrete (SFRC) is widely used 
in the construction industry as partial or total 
replacement of conventional reinforcing steel [1–3]. 
There is substantial research describing the beneficial 
impact of the addition of carbon-steel fibres, 
henceforth “steel fibres”, on the durability of 
conventional carbon-steel reinforcement in concrete 
[4]. However, the total replacement of conventional 
carbon-steel reinforcement with steel fibres is still 
controversial when considering the long-term 
durability of cracked SFRC under corrosive 
exposures, leading to discrepancy in the applicability 
among regulators [5]. 

Previous research investigating the performance of 
SFRC exposed to chlorides reports limited corrosion 
damage for uncracked SFRC, restricted to formation 
of rust stains due to corrosion of steel fibres adjacent 
to the concrete surface, which resulted in negligible 
long-term damage with no cracking or spalling of the 
matrix [6–10]. However, the durability of cracked 
SFRC exposed to chlorides is controversially 

discussed in the literature and the conclusions are, 
among others, highly dependent on the crack width 
[5]. 

There is substantial corrosion damage reported for 
carbon-steel fibres bridging cracks wider than 0.5 
mm, leading to notable reductions of the residual-
tensile strength and no healing inside the cracks, but 
not causing additional damage due to cracking or 
spalling of the matrix adjacent to the fibres due to 
fibre corrosion [7,11–15]. Whereas, there is 
discrepancy regarding the corrosion of carbon-steel 
fibres bridging cracks below 0.5 mm [5]. There is 
insight of substantial decay of the residual-tensile 
strength of SFRC cracked in the range 0.2 – 0.5 mm 
exposed to chlorides [11,14,16–20]. However, 
research indicates that a share of the toughness loss 
reported after exposure may be related to an excessive 
strengthening of the fibre-matrix bond due to the 
densification of the matrix, referred as 
“embrittlement” in some publications [18,20,21], 
which may lead to premature fibre rupture during 
pull-out.  

Most research reports negligible reductions of the 
residual-tensile strength and limited corrosion of 
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carbon-steel fibres bridging cracks smaller than 0.2 
mm [11,13,22–25] and 0.1 mm [7,18,26] in SFRC 
exposed to chlorides. Greater peak residual-tensile 
strengths relative to unexposed SFRC have been 
attributed to self-healing inside the crack 
[7,11,13,22,23]. However, part of the research 
suggested that cracks should not be allowed in SFRC 
under chloride exposure, based on two arguments: 
insufficient exposure time to induce sufficient 
corrosion-damage on the steel fibres [14,27], and the 
observation of a strong decay of the residual tensile 
capacity after exposure [15,17,19,28]. 

Previous research agrees that carbonation of 
uncracked SFRC caused limited long-term corrosion 
damage [5], restricted to fibre corrosion progressing 
at low rates in the outer region of the carbonated area 
and aesthetical damage with no cracking or spalling 
of the matrix [8,14,16,29]. Negligible reductions of 
the residual-tensile strength of carbonated SFRC are 
reported in [14,16], also in combination with 
chlorides [14,15,23]. Changes of the fracture 
behaviour of SFRC, i.e. leading to loss of ductility, 
reported over a 10-year period were linked to the 
continuous densification of the matrix, rather than the 
deterioration of the steel fibres [18,20,21]. However, 
there is limited research investigating the durability 
of cracked SFRC exposed to carbon dioxide [5]. 

There is confirmation of critical corrosion of steel 
fibres bridging cracks wider than 0.50 mm in 
carbonated concrete exposed to rainwater, especially 
in the outer crack region (e.g. up to 20 – 40 mm) [14], 
which in some cases resulted in a significant loss of 
residual-tensile strength [18]. There is discrepancy 
regarding the effect of corrosion on the performance 
of SFRC cracked in the range 0.2 – 0.5 mm: some 
studies report limited long-term reduction of the 
residual-tensile strength regardless of initiation of 
corrosion in most of the fibres bridging the crack [14], 
whereas other studies report a substantial decrease of 
the total energy absorption of pre-cracked SFRC with 
cracks larger than 0.2 mm [18,20]. Carbonation of 
SFRC in cracks smaller than 0.2 mm, promoted 
initiation of fibre corrosion at the outer crack’s cross-
section, but resulted in increased residual-tensile 
strength at small deformations compared to 
unexposed SFRC [14] and negligible reductions of 

the total energy absorption for large deformations 
[18]. 

This paper investigates the corrosion damage of 
carbon-steel fibres and the mechanical performance 
of uncracked and cracked SFRC exposed to chlorides 
and carbon dioxide. The investigation covers the 
exposure, mechanical testing and visual inspection of 
bending and uniaxial tension specimens, cracked at 
0.15 and 0.3 mm, and exposed to wet-dry cycles for 
one year. The discussion presented in this paper 
focuses on the extent of fibre corrosion and its impact 
on the mechanical performance of cracked SFRC, 
based on a statistical study of the test data. 

2. Methodology 
The investigation presented in this paper covers the 
preparation, exposure, mechanical testing and visual 
inspection of 220 SFRC specimens, with induced 
crack widths of 0.15 and 0.3 mm and exposed to wet-
dry cycles for one year. The exposures investigated 
comprise chloride and carbon dioxide in wet-dry 
cycles. Two types of specimens have been 
investigated: 110 three-point bending notched beams 
according to EN 14651:2007 [30] and 110 single 
notched coupon tests in uniaxial tension based on the 
experiments presented in [31]. 

The analysis of the mechanical performance of the 
material is made by the comparison of the stress-
CMOD and work-CMOD response (i.e. the energy 
absorption) for the investigated material in bending 
and uniaxial tension. Visual inspection of the crack 
surface and fibres bridging the crack were used to 
determine the degree of fibre damage due to 
corrosion. 

Discussions regarding the extent and impact of fibre 
corrosion are based on descriptive statistics of the 
fibre distribution and regression analysis comparing 
the correlation between exposure conditions, crack 
width, fibre damage due to corrosion and mechanical 
performance. 

2.1 Preparation of specimens 

The specimens were prepared following a mix-design 
in compliance with the recommendations for 
minimum binder content and water-to-binder ratio 
specified for conventional reinforced concrete in 
DS/EN 206-1: 2011 for the exposure classes XC4 – 
XS3. The total binder content was 426.3 kg/m3 with 
31% fly ash replacement of the Portland cement. The 
water to binder ratio was 0.34 and the equivalent 
water to cement ratio was 0.40, considering an 
effective k-factor for the fly ash of 0.40, see Table 1. 

 The superplasticizer and air-entrainer content were 
adjusted in the subsequent mixes to reach a slump of 

Table 1. Mix-design. 

Component Quantity 
(kg/m3) 

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 
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100±20 mm and an entrained air content of 4.5±0.5 
%, measured according to EN 12350-2 and EN 
12350-7 respectively. The fibres were added in two 
steps: 50 % of the fibres where pre-mixed with the 
dry material, the rest was added to the mixer once the 
wet mix was ready, if clumps of fibres were found 
they were removed by the operators. 

The steel fibre used was a cold-drawn hooked-ended 
fibre (type 1 according to EN 14889-1:2006 [32]), 
with a length of 60 mm and diameter of 0.75 mm 
(aspect ratio: l/d = 80). The fibre was made of high-
carbon cold-drawn steel with a characteristic ultimate 
tensile strength of 1900 MPa. 

The production of the bending specimens was done in 
a prefabrication plant, using an industrial mixing 

plant. The casting was made by direct pumping of the 
concrete from a truck on coated plywood forms over 
an industrial vibration table. Each formwork 
contained 5 beam elements (600×150×150 mm) that 
were filled from one end in two steps and were 
vibrated for 4 minutes in total at approx. 50 Hz. The 
specimens were cast in 3 separate batches in 
consecutive days, demoulded after one day and cured 
indoors, moist covered with plastic for 56 days at 20 
°C. 

The uniaxial tension specimens were cast in the 
laboratory with a 300 L planetary mixer. The 
specimens were cast in 600×150×150 mm steel 
formworks over a vibration table in two steps and 
were vibrated in total for 4 minutes at 50 Hz. The 
lateral grooves shown in Fig. 1 were cast with eight 
hardened PVC inserts glued to the side of each of the 
formworks. The specimens were cast in 5 separate 
batches in consecutive days, demoulded after one day 
and cured indoors, moist covered with plastic for 56 
days at 20 °C. The specimens were cut in cubes after 
28 days of curing and thereafter cured for additional 
28 days. 

The final dimensions of the three-point bending beam 
specimens were 600×150×150 mm, with a 25 mm 
deep and 5 mm thick notch cut at the centre, along the 
transversal direction, according to [30], see Fig. 1a. 
The effective cross-section at the notch was 150x125 
mm. The dimensions of the uniaxial tension cube 
specimens were 150×150×150 mm, with a 35 mm 
deep and 5 mm thick notch cut along the perimeter, 
leaving an effective cross-section of 80×80 mm inside 
the notch, as shown in Fig. 1b. 

The bending specimens were grouped in samples of 9 
replicates and the uniaxial tension specimens were 
grouped in samples of 10 replicates. The specimens 
were distributed uniformly in the samples from the 
batches they were casted. Cubes for additional 
compression tests were cut off the last 150 mm of the 
bending beams after testing and 10 replicates were 
tested for every exposure. 

Table 2. Test samples and exposure conditions. 
Code name 

(sample) 
Crack width (w) 

[mm] Wet cycle (s) Dry cycle (c) 

w0 - s0 - c0 - t0 0 (w0) Covered (s0) Covered (c0) 
w0 - s0 - c0 0 (w0) Covered (s0) Covered (c0) 

w15 - s0 - c0 
w30 - s0 - c0 

0.15 (w15) 
0.30 (w30) 

Limewater (s0) Air (c0) 

w15 - s3 - c0 
w30 - s3 - c0 

0.15 (w15) 
0.30 (w30) 

3.5 %-wt. NaCl (s3) Air (c0) 

w15 - s7 - c0 
w30 - s7 - c0 

0.15 (w15) 
0.30 (w30) 

7.0 %-wt. NaCl (s7) Air (c0) 

w15 - s0 - c5 
w30 - s0 - c5 

0.15 (w15) 
0.30 (w30) 

Fresh water (s0) 0.5 %-vol. CO2 (c5) 

w15 - s3 - c5 
w30 - s3 - c5 

0.15 (w15) 
0.30 (w30) 

3.5 %-wt. NaCl (s3) 0.5 %-vol. CO2 (c5) 

 

 
Fig. 1. Dimensions of specimens: a) bending test, b) uniaxial 

tension test. Dimensions are expressed in mm. 
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2.2 Exposure setup 

The exposure environments are described in Table 2 
and comprise wet-dry cycles (i.e. two days each) of 
cracked specimens and reference specimens. 

 The samples (i.e. test-groups) were coded as follows: 
(w) crack width being 0.15 and 0.3 mm, (s) salinity of 
wet cycle being 3.5% and 7.0%, and (c) carbon 
dioxide concentration being 0.05 %vol. for ambient 
exposure and 0.5 %vol for accelerated carbonation 
exposure. 

Two reference scenarios were investigated: i) 
uncracked samples that were kept covered, which 
were tested after 56 days (w0s0c0t0) and after one 
year of curing (w0s0c0); and ii) cracked samples that 
were exposed to wet-dry cycles of limewater and air 
for one year (w15s0c0 and w30s0c0). The cracked 
samples exposed to corrosive environments for one 
year were subjected to four different exposures, as 
shown in Table 2. 

The exposure setup consisted of 10 polyethylene 
containers of 1 m3, connected in pairs, providing the 
possibility of five different exposures, see Fig. 2. 
Each pair of tanks was connected with two membrane 
pumps that circulated the solution to the tank running 
the wet cycle, while specimens in the other tank were 
exposed to the dry cycle in the meantime. The 
execution of the cycles was set automatically from a 
controller. The tanks were filled with 500 l of solution 
and the solution was pumped at a rate of 4.5 l/min, 
covering the specimens by at least 20 cm of solution. 

The drying cycle for the air exposed specimens was 
provided by a 100 mm fan placed at the centre of the 
upper side of the tank, with a nominal flow of 93 
m3/h. The fan created an air flow towards four outlets 
of 100 mm diameter placed at the top four corners, 
see Fig. 2. The air was mixed with the laboratory air 
and was kept at stable temperature and humidity by 
the ventilation system of the building. The drying 
cycle of the carbon dioxide exposure ran through a 
closed loop and utilized a heat exchanger cooled with 
two Peltier modules of 60 W to condensate moisture 
from the air flux before the inlet (see Fig. 2); the 
nominal air flow was also 93 m3/h. 

The specimens were placed vertically with the crack 
in horizontal position, leaving a minimum separation 
of 50 mm between specimens to ensure sufficient air 
circulation inside the tank. The beam specimens were 
placed with an approx. 5° inclination, leaving the 
crack mouth facing upwards to facilitate the release 
of entrapped air inside the crack. 

The solution was replaced every two weeks during 
the first three months of the exposure and then 
monthly until 6 months of exposure. After that, the 
solution was replaced every two months. The 

composition of the solution was checked by means of 
total dissolved solids (TDS) and pH measurements 
weekly, the Cl- concentration of the saltwater 
solutions was measured before replacing the solution 
by spectrophotometry [33] and was compared against 
the TDS values registered. The solution of the 
cracked references (w15s0c0 and w30s0c0) 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 solution in the range of 
10 – 13.5. Non-chlorinated fresh water (pH = 7.5 – 
8.0, Cl- < 50 mg/l, 13 – 15 °dH) was used as exposure 
media for the specimens subjected to carbon dioxide 
cycles (w15s0c5 and w30s0c5) and to prepare the 
saltwater solutions. 

The temperature and relative humidity inside the 
room were monitored, varying in the range 20±2 °C 
and 50±10 % respectively. The CO2 concentration in 
the room and inside the carbon dioxide loop were 
measured weekly and were 500±100 ppm for the 
room and 5000±1000 ppm inside the carbon dioxide 
loop. 

 
Fig. 2. Exposure setup. 

2.3 Mechanical testing 

The workflow of the experiments comprised: i) 
testing of specimens at 56 days; ii) cracking of the 
specimens at 56 days and preparation for exposure; 
iii) exposure for one year; iv) testing after one year of 
exposure. 

The three-point bending tests were conducted in a 100 
kN capacity flexural test frame, with a span of 500 
mm between the supports and a and a central loading 
rod, according to [30], see Fig. 3a. The crack mouth 
opening displacement at the end of the notch 

 Wet (2-days) Dry (2-days)

Carbonation (Closed loop)

Wet: “i.e. 7% NaCl”
Dry: Air

Wet: “i.e. Tap-water”
Dry: 0.5%v CO2

Dry: Air
Wet: “i.e. 7% NaCl”

Air drying unit

Wet: “i.e. Tap-water”
Dry: 0.5%v CO2

Fan Outlet

Fan

Outlet

Inlet
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(CMODN) was measured at the centre of the notch 
with a clip-gage with a total travel length of 5 mm, 
connected to two steel pins glued to the face of the 
notch. 

 
Fig. 3. Test setups, mechanics: a) bending test, b) uniaxial 

tension test. 

The uniaxial tension tests were performed in a 500 kN 
capacity universal test frame. The uniaxial tension 
setup consisted of two steel grips hydraulically 
clamped at the two ends of the test frame, based on 
the setup in [31]. The test rig transferred the tensile 
load through the two indentations placed at the sides 
of the specimen; while the two steel grips were 
coupled with four sliding steel rails at the corners of 
the rig to restrain rotation and torsion at the specimen 
during the test, see Fig. 3b. The CMODN was 
measured by two clip gages, each with a total travel 
length of 5 mm, connected to two steel pins glued to 
the centre of opposite faces, as shown in Fig. 3b. 

The compression tests were executed in a 4000 kN 
capacity compression frame, according to the 
specifications of EN 12390-3:2012 [34]. 

The testing of the residual-flexural and -tensile 
strengths of uncracked reference specimens and tests 
of cracked specimens was done in accordance to the 
displacement rates specified in [30], i.e. steps 1 – 3 in 
Table 3. The sampling frequency of the raw data was 
100 Hz. After reaching a crack width of 5 mm, the 
displacement rate was increased up to 1 mm/min, 
until the specimen was split open completely. 

The specimens were cracked before the exposure, at 
cracks of 0.15 and 0.3 mm calculated at the crack 
mouth (CMODM). The loading rates corresponded to 
the first three steps described in Table 3. After the 
target crack width was reached, the displacement of 
the crosshead was locked, and the crack was 
maintained with HDPE inserts inside the notch, then 
the crosshead was released letting the cracked section 
load against the plastic inserts. The crack opening at 
the notch was monitored after releasing the crosshead 

until the CMODN values were constant and the final 
value was recorded. 

After the preparation tests, the opening at the crack 
mouth for the bending specimens was CMOD = 
0.10±0.01 and 0.25±0.03 mm for the specimens 
cracked at 0.15 mm and 0.3 mm, respectively. The 
opening at the crack mouth for the uniaxial tension 
specimens was CMOD = 0.13±0.03 for the specimens 
cracked at 0.15 mm and CMOD = 0.25±0.04 mm for 
the specimens cracked at 0.3 mm. Additionally, the 
crack opening was measured at the notch (CMODN) 
with a digital micrometre after the cracking and at the 
time of testing (i.e. after one year). The comparison 
of both groups of measurements for any of the 
specimen types (e.g. bending and uniaxial tension) 
showed minor variations in the mean CMODN during 
the exposure (e.g. mean variations were approx. 1 %), 
which were statistically non-significant according to 
the results of a two-tailed t-test comparing the 
distributions (e.g. p-values were in the range 0.4 – 
0.5). For simplicity, crack widths will refer only to the 
target crack opening at the crack mouth hereafter, i.e. 
0.15 and 0.3 mm CMOD. 

Table 3. Load rates. 

 Step 
Displacement rate 

(mm/min) Range 
1 Preload 0.10 0 – 100  N 
2 Cracking 0.05 0 – 0.1 mm 
3 Residual 0.20 0.1 – 5.0 mm 
4 Opening 1.00 5.0 – >35 mm 

 

2.3.1 Processing of data from experiments 

The load – CMODN data from each specimen was 
first resampled to a resolution of 1 µm. Then, the data 
was filtered and smoothed, using a 1-dimensional 
median filter with a block size of 5 and a moving 
average filter with a block size of 3 respectively. 

The opening displacement at the crack mouth 
(CMOD) for the bending specimens was calculated 
from the CMODN measurements based on inverse 
calculation of the neutral axis position applying the 
cracked-hinge model [35]. The CMOD values for the 
uniaxial tension specimens was calculated as the 
mean value from the two CMODN measurements 
registered. Hereafter, crack opening values discussed 
in this paper will only refer to the opening 
displacement at the crack mouth (CMOD). 

The residual-flexural and -tensile strengths were 
calculated for the bending and uniaxial tension tests, 
respectively. The calculation of the residual flexural 
strength was done according to [30], considering that: 
there is a single crack, that initiates at the notch and 
propagates perpendicular to the length of the beam, 
which covers the entire cross-section. The residual 
tensile strength of the uniaxial tension tests was 

a) 

 

b) 
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calculated as the ratio of the load and cross-section, 
assuming a single crack with a uniform crack width. 

The energy absorbed by the system during the test, 
denoted as “work”, was calculated as the integration 
of the area below the load – CMOD curve for both 
bending and uniaxial tension specimens. 

Finally, a lognormal probability distribution was 
fitted to each sample of data (i.e. group of specimens), 
the final filtered data is presented as the mean value 
of the load at each CMOD value with its upper and 
lower confidence bounds at 90% confidence interval 
(90% CI). An example of the filtered data and the 
fitted curves for the reference bending sample that 
was tested uncracked (w0s0c0) is shown in Fig. 4. 

2.4 Visual inspection and fibre counting 

After finalizing the mechanical tests, the crack was 
opened completely, and the fibres crossing the crack 
were counted and classified according to the degree 
of corrosion observed, see Fig. 5. The fibres marked 
according to the following categories: 

• Level 1, no corrosion (green): uncorroded 
fibres. Under the assumption that the fibre 
contributed to the residual mechanical 
performance of the specimen, see Fig. 5a. 

• Level 2, minor corrosion (yellow): rust spots 
at the surface with no visible loss of cross-
section. Presuming that there was no impact 
of corrosion on the fibre contribution to the 
residual mechanical performance of the 
specimen, see Fig. 5b. 

• Level 3, moderate corrosion (orange): 
presence of pits and small loss of cross-
section. Presuming that fibre corrosion had 
an impact on the fibre contribution to the 

residual mechanical performance of the 
specimen, see Fig. 5c. 

• Level 4, severe corrosion (red): presence of 
large pits and total or major loss of cross-
section. Presuming that the fibre had no 
contribution to the residual mechanical 
performance of the specimen, see Fig. 5d. 

• Fibre rupture, (blue): additional indicator to 
mark fibres that ruptured instead of pulled-
out, see Fig. 5a and Fig. 5c. Fibre rupture was 
always assumed for fibres with major 
corrosion (level 4), see Fig. 5d. 

The fibre counting was made by visual inspection, 
placing a bit of acrylic modelling paste of selected 
colours at the intersection of each fibre with the crack 
face, as shown Fig. 6a. Afterwards, a high-resolution 
image of the surface of the open crack was taken and 
analysed in batches using an image analysis 
algorithm: the location and classification of each fibre 
was calculated by means of colour segmentation on 
the HSV representation of the image and subsequent 
calculation of the centroids of each point in the mask, 
see an example in Fig. 6b. 

Furthermore, colorimetric tests were done on the 
cracked surface to measure the penetration of free 
chlorides spraying 0.1N AgNO3; and the carbonation 
depth inside the crack, spraying a 1-wt.% 
phenolphthalein solution (pH threshold ≈ 9) and 
rainbow indicator (pH thresholds in the range: 5-7-9-
11-13). 

 
Fig. 4. Data processing and distribution fit for: a) load vs 
CMOD and flexural stress vs CMOD, b) work vs CMOD. 

 
Fig. 5. Visual inspection, fibre classification: a) no corrosion 
(level 1), b) minor corrosion (level 2), c) moderate corrosion 

(level 3), d) major corrosion (level 4). 
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Fig. 6. Visual inspection, fibre counting: a) original cracked 
specimen with marked fibres and main features of the crack, 

b) processed data showing symmetry axes and final 
calculated area (highlighted in red). 

The location and degree of corrosion of the fibres are 
presented in Sections 3.2.2 and 3.3.2 as discrete 
contours of the average number of fibres per dm2 of 
each group of specimens (i.e. density of fibres), see 
Fig. 7. The contours represent the density of fibres, 
categorized according to the degree of corrosion 
damage observed, shown in Fig. 7a-e. Furthermore, 
an additional contour: “severe corrosion” (black) 
shows the areas with a density of fibres with a 
significant level of corrosion (i.e. combination of 
levels 3 and 4), see Fig. 7f. 

For illustrative purposes, the contours of each group 
of fibres were combined into one figure for each 
sample. Therefore, only one representative contour is 
plotted for each group (e.g. shown highlighted in Fig. 
7a-f) which is then combined in a single plot (see Fig. 
7g). The following thresholds were used to plot the 
contours: the non-corroded fibres (level 1) are plotted 
for a density over 50 fibres/dm2, the fibres with 
corrosion (level 2 – 4) and ruptured fibres are plotted 
for a density of 10 fibres/dm2 (see Fig. 7b-f). 

2.5 Statistical analyses 

The discussion 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. 

For consistency, the results and discussion section 
will use statistical terminology: The word “specimen” 
refers to a single sampling unit (i.e. each of the tests 
executed); the word “sample” refers to a group of 
specimens exposed to the same environment and 
cracked at the same CMOD (i.e. each sample is a 
group of 9 specimens for the bending tests and 10 
specimens for the uniaxial tension tests). Discussion 
will be primarily based on comparison of samples and 
individual specimens will not be compared hereafter. 

2.5.1 Comparison of samples 

The comparison of samples, discussed in Sections 
4.1, 4.2 and 4.4, was performed by the Welch's 
approximation of the Student’s t-test for samples with 
unequal variance [36]. The test was used to calculate 
the probability value (p-value) for the null hypothesis 
(H0) being true, i.e. the mean value for both 
distributions being equal. If the p-values for the H0 

 

Fig. 7. Representation example 
of fibre counting results for 
bending sample (w30s3c0), 
displaying example of full 
contour data and selected 
contours for representation: a) 
no corrosion (L1); b) minor 
corrosion (L2); c) moderate 
corrosion (L3); d) major 
corrosion (L4); e) fibre rupture; 
f) severely corroded fibres (L3-
L4), g) combined plot. 
Corrosion levels correspond to 
the ones described in Fig. 5. 
Contour value are given as 
fibres/dm2. 
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are lower than the level of significance (α), there is an 
indication that the alternative hypothesis (Ha) might 
be correct, i.e. the sample reaching significantly 
higher or lower values than the reference.  

In section 4.1, a two-tailed Welch’s T-test is used to 
test the following alternative hypothesis (Ha): i) the 
mean values of the compressive strength for the three 
batches being different among each other, ii) the 
mean value of the compressive strength for the 
exposed sample being different than the unexposed 
reference tested at 56 days, i.e. s0c0t0. The statistical 
significance level was set to α = 10%. 

In section 4.2, the mean values of the work – CMOD 
curves for the bending and uniaxial tension samples 
are compared to the references by a one-tailed 
Welch’s T-test. The following alternative hypotheses 
(Ha) were tested: i) the probability of the mean value 
of the sample being smaller than the reference and ii) 
the probability of the mean value of the sample being 
greater than the reference. The statistical significance 
level was set to various levels: i.e. α = 5, 15 and 25%. 

In section 4.4, the mean value of the ratio of ruptured 
fibres is compared to the mean value of the 
uncorroded reference (level 1) by a two-tailed 
Welch’s T-test with a statistical significance level of 
α = 10%. 

2.5.2 Regression model 

The effect of fibre damage and crack width on the 
mechanical performance, discussed in section 4.5, 
was evaluated based on a multiple linear regression 
analysis. The analysis covers the contribution of the 
fibre content, fibre damage (i.e. corrosion and 
rupture) and crack width to the toughness of the 
material, expressed as the total work at a crack 
opening 0.5 – 4.0 mm in bending and tension. 

The regression model covers the main effects and 2-
factor interactions for the following variables: fibre 
content (x1), ratio of corroding fibres for levels 2 – 4 

(x2-4), ratio of ruptured fibres (x5) and crack width 
(x6). The initial model is described in Eq. 1 in 
Wilkinson notation [37]. 

The independent and response variables were 
standardized. The predictor coefficients were fitted to 
the data using robust regression, i.e. least trimmed 
squares (LTS) with a bisquare weight function for the 
residuals. The model was reduced iteratively by 
backwards component selection applied to the 
interaction terms (threshold α = 5%). 

3. Experimental results 
The experimental results are described in this section 
separated in compression tests, bending tests and 
uniaxial tension tests. The results of the two latter are 
divided into mechanical performance results and fibre 
counting results, in order to evaluate and compare the 
extent and severity of fibre corrosion depending on 
the crack width and exposure conditions and identify 
its relation to changes in the mechanical performance 
of the exposed SFRC. 

3.1 Compression tests 

The compression test results after one year of 
exposure are presented in Fig. 8, including the 
unexposed samples (w0s0c0t0 and w0s0c0) which 
are presented in Fig. 8a as “REF”. The results showed 
a significant scatter within each sample, with a 
standard deviation in each sample close to 8 MPa. 
The large deviation was related to production 
variations between the three batches (batch A-C), as 
shown in Fig. 8b. The mean values of the samples 
grouped by exposure are similar to each other, within 
72 – 75 MPa, as shown in Fig. 8a and indicate 
negligible change of the compressive strength 
comparing the exposures. However, there is 
indication of skewness on each sample group, as 
observed in the median values, that lie away from the 
mean values, see Fig. 8a. 

3.2 Bending tests 

3.2.1 Mechanical performance 

The results from the bending tests for reference and 
cracked samples are presented as the residual-

 

Fig. 8. Compression tests results, 
grouped by: a) exposure, b) 
batch. The median value is 
shown as “─”, the mean 
(arithmetic) value is shown as 
“X” and outliers are shown as 
“o”. The “REF” group comprises 
the combined results from the 
unexposed reference samples 
tested after 56 days and one year. 

i + x1*x2 + x1*x3 + x1*x4 + x1*x5 + 
x1*x6 + x2*x3 + x2*x4 + x2*x5 + x2*x6 

+ x3*x4 + x3*x5 + x3*x6 + x4*x5 + 
x4*x6 + x5*x6 

Eq. 1 
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strength (i.e. stress vs CMOD curves) and as 
toughness (i.e. work – CMOD curves) in Fig. 9 and 
Fig. 10, respectively. Solid lines present the mean 
values (µ), while the dotted lines show the upper and 
lower bounds of the 90% confidence interval (90% 
CI) for the mean value. 

From the results presented in Fig. 9a and Fig. 10a, 
respectively, it can be seen that the mean value and 
confidence bounds for strength  and work  of the 
uncracked references at 56 days and one year are 
close to each other, indicating limited strength and 
toughness variation after one year. 

The results for the beams cracked at CMOD = 0.15 
mm show that the exposed samples reach higher or 
overlapping mean strength (Fig. 9a) and work values 
(Fig. 10a), relative to the uncracked reference 
samples. There is a significant increase in the spread 
of the confidence bounds observed for the cracked 
samples exposed to carbonation (s0c5 and s3c5). The 
rest of the samples presented a spread of the mean 
similar to the uncracked references. 

The results for samples with a larger crack width, i.e. 
CMOD = 0.3 mm, show that the mean residual 
strength (Fig. 9b) and work curves (Fig. 10b) are 
generally similar to or above the uncracked 
references. Except for the sample exposed to 3.5%-
wt. NaCl (w30s3c0), which dropped significantly 

relative to its 0.15 mm counterpart. There is also a 
slight drop in the mean residual strength values for 
the samples exposed to carbonation (i.e. w30s0c5 and 
w30s3c5) in addition to a reduction of the spread of 
the confidence interval of the mean compared to their 
counterparts cracked at 0.15 mm. 

The mean values of the exposed cracked references 
(w15s0c0 and w30s0c0) are generally above the rest 
of the exposed samples, see Fig. 9 and Fig. 10. Except 
for the 0.15 mm sample exposed to 3.5% NaCl 
(w15s3c0), which reached values similar to the 
cracked reference (w15s0c0), see Fig. 9a and Fig. 
10a 

3.2.2 Visual inspection and fibre count 

The results from the fibre counting of the bending 
specimens are presented in Fig. 11, as discrete 
contours of the total density of fibres for each sample, 
i.e. the mean number of fibres per m2 of each group 
of specimens. The contours describe the density of 
fibres, categorized according to the degree of 
damage: (level 1, green) no corrosion, (level 2, 
yellow) minor corrosion, (level 3, magenta) moderate 
corrosion, (level 4, red) major corrosion and (blue) 
fibre rupture. 

The original surface of the crack (150×125 mm) has 
been divided by its vertical symmetry axis, showing 

 
Fig. 9. Bending test, Stress-CMOD plot for samples: a) 

cracked at 0.15 mm, b) cracked at 0.3 mm. 
Full lines represent the log-mean value (µ) of the sample and 

dotted lines represent the upper- and lower- confidence 
bounds at 90% CI. Sample names correspond to code names 

described in Table 2. 

   
Fig. 10. Bending test, Work-CMOD plot for samples: a) 

cracked at 0.15 mm, b) cracked at 0.3 mm.  
Full lines represent the log-mean value (µ) of the sample and 

dotted lines represent the upper- and lower- confidence 
bounds at 90% CI. Sample names correspond to code names 

described in Table 2. 
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a surface of 75×125mm. The edges exposed to the 
solution are marked with a dotted red line (lower, left 
and upper axis). Furthermore, the crack width is 
shown at the right axis for the cracked samples, 
including the position of the neutral axis from the top 
of the sample; calculated at 35 mm and 25 mm for the 
0.15 mm and 0.3 mm crack width samples 
respectively, see Fig. 11b-k. 

For illustrative purposes, the contours are shown with 
the following thresholds: the non-corroded fibres 
(level 1) are plotted for a density over 50 fibres/dm2, 
corroded fibres (level 2 to level 4) and ruptured fibres 
are plotted for a density of 10 fibres/dm2. An 
additional contour, plotted as a black dashed line, 
shows the areas with a density of fibres with a 
“severe” level of corrosion (i.e. combination of levels 
3 and 4) over 10 fibres/dm2. Additionally, the 
uncracked reference (w0s0c0) is presented in Fig. 
11a, with the following thresholds for the total 
density of fibres (level 1) and ruptured fibres: 50 and 
100 fibres/dm2. 

The uncracked reference sample (w0s0c0) presents a 
homogeneous fibre distribution, with a density of 
fibres between 50 – 100 fibres/dm2. The density of 
ruptured fibres is 5 – 25 fibres/dm2 and is higher at 
the centre and lower end of the sample (Fig. 11a). For 
the rest of the cracked samples, the density of non-
corroded fibres throughout the whole sample area is 
in the same range, i.e. 50 – 100 fibres/dm2, and 

decreases at the exposed edges. The cracked 
reference samples exposed to limewater (w15s0c0 
and w30s0c0) show fibres with minor signs of 
corrosion (level 2) at the outer 10 mm, regardless of 
the crack width (Fig. 11b-c). Ruptured fibres appear 
uniformly distributed throughout the crack. 

The samples exposed to chlorides are presented in 
Fig. 11 for these exposures: i) 3.5wt.% NaCl solution 
(w15s3c0 and w30s3c0), shown in Fig. 11d-e;  ii) 
7.0wt.% NaCl solution (w15s7c0 and w30s7c0), 
shown in Fig. 11f-g; and iii) carbon dioxide and 
3.5wt.% NaCl solution (w15s3c5 and w30s3c5), 
shown in Fig. 11d-e. These show a similar spread of 
the contour of minor corrosion (level 2) and severe 
corrosion (levels 3 – 4), in the range 10 – 25 mm 
inside the crack, decreasing both for smaller crack 
widths and lower NaCl concentrations. 

The samples exposed to carbon dioxide and fresh 
water (w15s0c5 and w30s0c5) displayed a limited 
extent of corrosion into the crack (Fig. 11h-i); fibres 
with minor corrosion (level 2) were found at the 
outermost 10 – 20 mm of the crack and fibres 
presenting sever corrosion (levels 3 – 4) were found 
at the outermost 5 – 10 mm of the crack, increasing 
for the larger crack width. However, there is no clear 
evidence of a larger share of ruptured fibres in the 
corrosion front. 

 

Fig. 11. Fibre counting for 
bending tests, contour plots for: 
a) uncracked reference, w0s0c0; 
b,c) cracked reference, s0c0; 
d,e) 3.5 %-wt. NaCl exposure, 
s3c0; f,g) 7.0 %-wt. NaCl 
exposure, s7c0; h,i) carbon 
dioxide and fresh-water 
exposure, s0c5; j,k) carbon 
dioxide and 3.5 %-wt. NaCl 
exposure, s3c5. 
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The inner crack surface of the exposed samples was 
covered by a white precipitate, which was not present 
at the outer 5 – 15 mm of the crack for the 0.15 and 
0.3 mm CMOD, respectively. The pH in the vicinity 
of the precipitate was in the range of 9 – 10, dropping 
below the phenolphthalein indicator threshold at the 
outer areas not covered by the precipitate, i.e. pH in 
the range of 7 – 9 measured with rainbow indicator. 
Deeper inside the crack, areas still covered by the 
precipitate showed pH values above the higher 
threshold of the rainbow indicator, i.e. pH > 13. 

Free chlorides were identified using the AgNO3 
colorimetric test inside most of the original crack 
surface for the samples cracked at 0.3 mm CMOD 
exposed to NaCl solution, i.e. excluding the 
compression zone. The free chloride profile inside the 
crack surface of samples cracked at 0.15mm CMOD 
was irregular and penetrated in the range 30 – 50 mm 
inside the crack, increasing with a higher NaCl 
concentration in the solution. 

3.3 Uniaxial tension tests 

3.3.1 Mechanical performance 

The results from the uniaxial tension tests for 
reference and cracked samples are presented as the 
residual-strength (i.e. stress vs CMOD curves) (Fig. 
12) and toughness (i.e. work – CMOD curves) (Fig. 

13), correspondingly to their bending counterparts 
presented above. The reference values for the 
uncracked samples are only plotted for the sample 
tested at 56 days (i.e. w0s0c0t0), since there is no 
significant difference relative to the sample tested at 
one year (i.e. w0s0c0), as observed in the bending 
test. 

Results presented in Fig. 12a and Fig. 13a for the 
samples cracked at 0.15 mm CMOD show higher 
mean strength values up to a CMOD of 2.5 – 3.5 mm  
and higher work values, relative to the uncracked 
reference samples (w0s0c0t0). Moreover, the results 
indicate that the confidence bounds of the mean 
observed for the cracked samples is similar to the 
uncracked references. 

The results for samples cracked at 0.3 mm CMOD, 
show that in general, the mean strength (Fig. 12b) and 
work responses (Fig. 13b) decrease relative to their 
0.15 mm counterparts (Fig. 12a and Fig. 13a); there 
is a significant drop in the performance of the cracked 
reference samples (w30s0c0) compared to the 
samples cracked at 0.15 mm CMOD (w15s0c0).  

Except for the cracked reference (w30s0c0), the mean 
strength of the samples cracked at 0.3 mm CMOD are 
above the uncracked reference (w0s0c0t0) up to a 
CMOD = 1.5 – 2.5 mm but produce significantly 
lower values at the end of the tail, i.e. CMOD = 4.0 
mm (Fig. 12b). The mean work curves for the 

 
Fig. 12. Uniaxial tension test, Stress-CMOD curves for 
samples: a) cracked at 0.15 mm, b) cracked at 0.3 mm. 

Full lines represent the log-mean value (µ) of the sample and 
dotted lines represent the upper- and lower- confidence 

bounds at 90% CI. Sample names correspond to code names 
described in Table 2. 

 
Fig. 13. Uniaxial tension test, Work-CMOD plot for samples: 

a) cracked at 0.15 mm, b) cracked at 0.3 mm. 
Full lines represent the log-mean value (µ) of the sample and 

dotted lines represent the upper- and lower- confidence 
bounds at 90% CI. Sample names correspond to code names 

described in Table 2. 
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exposed samples cracked at 0.3 mm are within the 
90% CI the mean of the uncracked reference (Fig. 
13b), except for the cracked reference (w30s0c0) 
which is significantly lower. 

The mean value of the exposed cracked reference at 
0.15 mm CMOD (w15s0c0) lies within the rest of the 
exposed samples for the same crack width, see Fig. 
12a and Fig. 13a, considering the confidence interval 
of the mean. In the case of the sample cracked at 0.3 
mm CMOD, the cracked reference (w30s0c0) shows 
strength values below the rest of the samples (Fig. 
13a), up to CMOD values of 2.0 – 2.5 mm, but shows 
similar strength values at the end of the tail. The 
cracked reference (w30s0c0) produces lower work 
values, compared to the rest of the cracked samples, 
which show a similar mean performance within the 
90% CI, see Fig. 13b. 

3.3.2 Visual inspection and fibre count 

The results of the fibre counting for the uniaxial 
tension tests are shown in Fig. 14, as contours of the 
mean fibre density per sample for the levels of fibre 
corrosion described in the previous section for the 
bending samples. The surface of the crack, initially 
80×80 mm, was divided by its symmetry axis, 
showing a crack surface of 40×40mm with a diagonal 
symmetry axis crossing the area from bottom-left to 
top-right. The exposed edges are marked with dotted 
red lines (left and lower axis). 

For illustrative purposes, the contours show regions 
with a density of fibres over 10 fibres/dm2 for each 
group, except for the uncorroded fibres (level 1) that 
are plotted for a density of 50 fibres/dm2. The plots 
follow the same scheme as previously described for 

the bending samples. The crack width is assumed 
constant throughout the whole area, i.e. 0.15 mm and 
0.3 mm. 

The uncracked reference sample presents a 
homogeneous fibre distribution with a fibre density 
between 50 – 100 fibres/dm2. The density of ruptured 
fibres lies around 10 fibres/dm2 and is uniformly 
distributed throughout the cross-section of the crack, 
see Fig. 14a. The cracked reference samples show 
fibres with minor corrosion (level 2) at the outer 10 – 
30 mm of the crack, increasing for the larger crack 
width, see Fig. 14b-c. There are no fibres presenting 
a critical level of corrosion (levels 3 – 4) and ruptured 
fibres seem uniformly distributed throughout the 
crack. 

The samples exposed to chlorides are presented in 
Fig. 14 for these exposures: i) 3.5wt.% NaCl solution 
(w15s3c0 and w30s3c0), shown in Fig. 14d-e;  ii) 
7.0wt.% NaCl solution (w15s7c0 and w30s7c0), 
shown in Fig. 14f-g; and iii) carbon dioxide and 
3.5wt.% NaCl solution (w15s3c5 and w30s3c5), 
shown in Fig. 14d-e.  These show a similar spread of 
the contour of minor corrosion (level 2), that extends 
from the exposed edges to the full depth of the crack. 
Fibres presenting critical corrosion are found up to 10 
– 25 mm inside the crack, decreasing both for smaller 
crack widths and lower NaCl concentrations. The 
corroding areas show a slightly larger share of 
rupturing fibres. 

The samples exposed to carbon dioxide and fresh 
water (w15s0c5 and w30s0c5) displayed a moderate 
extent of corrosion into the crack (Fig. 14h-i); fibres 
with minor corrosion (level 2) were found at the 
outermost 10 – 20 mm of the crack for the sample 

 

Fig. 14. Fibre counting for 
uniaxial tension tests, contour 
plots for: a) uncracked 
reference, w0s0c0; b,c) 
cracked reference, s0c0; d,e) 
standard chloride exposure, 
s3c0; f,g) high chloride 
exposure, s7c0; h,i) carbon 
dioxide and standard chloride 
exposure, s0c5; j,k) carbon 
dioxide and standard chloride 
exposure, s3c5. 
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cracked at 0.15 mm CMOD, but covered the whole 
crack in the sample cracked at 0.3 mm. Fibres 
presenting sever corrosion (levels 3 – 4) were only 
found at the outer 20 mm of the crack in the sample 
cracked at 0.3 mm. Whereas, there is no clear 
evidence of a larger share of ruptured fibres at the 
outermost part of the crack. 

The same white precipitate found in the bending 
samples was also found at the inner crack faces of all 
the exposed specimens. The precipitate faded at the 
outer 10 – 20 mm of the crack, for the 0.15- and 0.3-
mm cracks respectively. The pH at the precipitate was 
in the range 9 – 10 and dropped below the 
phenolphthalein indicator threshold at the areas not 
covered by the white deposit, i.e. pH in the range 7 – 
9 measured with rainbow indicator. 

Free chlorides were identified (i.e. by the AgNO3 
spray test) inside the whole crack surface for the 
samples cracked at 0.3 mm cracks exposed to NaCl 
solution. While ingress inside samples cracked at 
0.15mm was irregular and was found from 20 mm up 
to full penetration inside the crack, depending on the 
NaCl concentration of the solution. 

4. Discussion 
The discussion focuses on five aspects: i) the impact 
of the exposure conditions on the elastic properties of 
uncracked SFRC; ii) the impact of the exposure 
conditions on the toughness of cracked SFRC; iii) the 
impact of the exposure on fibre corrosion; iv) the 
correlation between fibre corrosion and fibre rupture; 
v) the correlation between fibre damage and the 
residual mechanical performance of the cracked 
SFRC. 

4.1 Impact of exposure on the strength of 
uncracked SFRC 

The compressive strength of the bulk concrete was 
not influenced by the exposure conditions, compared 
to the unexposed and exposed references, based on 
the results from the compression tests presented in 
Fig. 8. The mean (x̅), and variations of the mean (Δx̅) 
and median (Δx̃) values are presented in Table 4, the 
table includes the probability value for the null 
hypothesis (H0) for a two-tailed Welch’s t-test. 

There is limited variation of the mean values, when 
comparing the reference exposed samples (s0c0) and 
unexposed reference tested at 56 days w0s0c0, the 
high p-value of the t-test supports the observation. 
The mean value for the rest of the exposures show no 
significant variation relative to the exposed reference 
s0c0, supported by the large p-values reported. The 
large variations observed in the median can be 
explained by the differences in the mean compressive 

strength between the three batches, confirmed as 
significant by the t-test (Table 4). 

The tensile strength of the matrix was not measured 
on uncracked exposed specimens in this study. 
However, the abovementioned discussion for 
compressive strength results may be translated to the 
tensile strength of the uncracked matrix; under the 
assumption that compressive and tensile strength test 
results for SFRC are correlated [38]. 

The reported results confirm the observations of 
previous research [19,39,40], substantiating that fibre 
corrosion in uncracked SFRC affects surface fibres 
(i.e. fibres at the outer 0.1 – 1.0 mm depending on the 
w/c ratio [6]) and does not have a significant impact 
on the strength of the uncracked concrete matrix, i.e. 
there is no micro-cracking or spalling of matrix 
induced by fibre corrosion that would affect the 
strength of the uncracked concrete matrix. 
Furthermore, there is no indication that 
microstructural changes in the matrix at the surface 
due to exposure (e.g. chloride ingress, carbonation 
and leaching) have a significant impact on the 
strength of the bulk matrix. 

Table 4. Comparison of compressive strength results 

Sample x̅ Δx̅ Δx̃ p-value (H0) 
 (MPa) (MPa) (MPa) (-) 

s0c0 (REF) 73.06 1.28 6.37 0.676 

s3c0 (s0c0) 73.56 0.50 -10.19 0.909 

s7c0 (s0c0) 72.54 -0.52 -0.71 0.865 

s0c5 (s0c0) 74.18 1.11 0.45 0.728 

s3c5 (s0c0) 73.11 0.05 -5.31 0.988 

A (C) 81.36 +15.94 +14.40 0.000 
B (A) 73.56 -7.80 -3.51 0.000 
C (B) 65.42 -8.15 -10.88 0.000 

 

Notes: The names in brackets “(_)” in the sample column 
denote the reference sample used for the comparison and 
calculation of Δx̅, Δx̃ and p-value for each of the samples. 

4.2 Impact of exposure on the residual mechanical 
performance of cracked SFRC 

The residual mechanical performance of cracked 
SFRC was affected by the different exposure 
conditions, as shown in Fig. 9-10 for the bending 
samples and Fig. 12-13 for the uniaxial tension 
samples. 

The toughness of the cracked material was described 
by the total energy absorbed during the tests, i.e. 
calculated as the total work, see Fig. 15. The total 
work was calculated as the cumulative integral of the 
load-CMOD curve in the range CMOD = 0.5 – 4.0 
mm. 

The uncracked reference sample tested at 1-year 
(w0s0c0) showed similar total work values relative to 
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the uncracked reference sample tested at 56 days 
(w0s0c0t0), see Fig. 15a. This indicates a limited 
development of the total toughness of the unexposed 
uncracked material over the time investigated. 

The total work calculated for the cracked references 
(s0c0) show overall higher mean values compared to 
the uncracked references (Ref), both for samples in 
bending and uniaxial tension, see Fig. 15a-b. 
However, the uniaxial tension reference sample 
cracked at 0.3 mm CMOD (Fig. 15b and Fig. 17a) 
presents a substantial decrease in the mean toughness 
relative to the uncracked reference. The visual 
inspection of the cracked specimens in this sample 
showed that in this case there were no traces of the 
precipitate observed in all the other samples, but 
instead a loose lime precipitate was found inside the 
crack. 

The samples exposed to chlorides and carbonation 
showed an overall trend of lower mean toughness 
values for samples cracked at 0.3 mm compared to the 
samples cracked at 0.15 mm, for both bending (Fig. 
15a) and uniaxial tension samples (Fig. 15b); except 
for the bending sample exposed to 7% NaCl 
(w30s7c0), that showed comparable values to its 
counterparts cracked at 0.15 mm. However, the large 
spread of the results complicates the direct 
comparison of the data. 

The mean values of the work-CMOD curves for the 
bending and uniaxial tension samples are compared 
to the references by a one-tailed Welch’s T-test, as 
shown in Fig. 16 and Fig. 17 respectively. The graph 
shows the probability (p-value) of the null hypothesis 
(H0) for the following alternative hypotheses (Ha): a) 
the probability of the mean value of the sample being 
smaller than the reference (left tail); b) the probability 
of the mean value of the sample being greater than the 
reference (right tail). 

 

The distribution of the work-CMOD curves of the 
exposed samples are compared to the uncracked 
reference tested at 56days (i.e. w0s0c0t0), see Fig. 
16a and Fig. 17a, and to the cracked reference (i.e. 
w15s0c0 and w30s0c0), see Fig. 16b and Fig. 17b. 
Significance thresholds (α) of 95, 85 and 75% for the 
alternative hypotheses (Ha) are considered, leading to 
p-values of 0.05, 0.15 and 0.25 for the null hypothesis 
(H0), displayed as dotted horizontal lines. For 
consistency, the term “significant” is reserved to refer 
to the statistical significance of the probability (p-
values) of the sample mean being higher or lower than 
the reference, compared to the significance (α) values 
described above, for example: p-values in the range 
0.25 – 0.75 correspond to non-significant variations 
in the mean. 

A more detailed analysis to the evolution of the 
toughness over time for the uncracked sample tested 
after 1-year (w0s0c0), showed that significant 
toughness variations over time were only registered 
at the first 0 – 0.1 mm CMOD, i.e. within elastic range 
and low deformations (Fig. 16a). The significant 

 
Fig. 15. Boxplot, total work for the uncracked reference and 
exposed samples for: a) bending test and b) uniaxial tension 
test. Sample names correspond to code names described in 

Table 2. 

 
Fig. 16. T-test, comparison of bending samples to: a) uncracked reference at 56 days, b) cracked reference exposed to limewater 

(S0C0). 
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increase in toughness was attributed to additional 
strength development of the uncracked matrix with 
time (i.e. the mean tensile strength increased approx. 
1.5%). Yet, such slight development of the tensile 
strength had no implications in the analysis of the 
residual structural performance of the cracked 
material, e.g. regarded as the performance at CMOD 
values in the range 0.5 – 4 mm in this paper. 

The samples cracked at 0.15 mm generally reached 
significantly higher toughness values through the 
whole CMOD range compared to the uncracked 
reference (Ref), see Fig. 16a and Fig. 17a. Except for 
the bending sample exposed to 7 -wt.% NaCl 
(w15s7c0), that showed non-significant variation of 
the work relative to the uncracked reference (Fig. 
16a). 

Comparison of the samples exposed to chlorides and 
carbonation cracked at 0.15 mm to their 
corresponding references exposed to limewater 
(w15s0c0) showed non-significant variation in the 
performance; except for the bending sample exposed 
to 7 -wt.% NaCl (w15s7c0) and the uniaxial tension 
sample exposed to 3.5 -wt.% NaCl (w15s3c0), that 
showed significantly lower values compared to their 
references (w15s0c0), see Fig. 16b and Fig. 17b. 

The bending samples cracked at 0.3 mm (see Fig. 
16a) generally showed non-significant toughness 
variations compared to the uncracked reference (Ref); 
except for the sample exposed to limewater 
(w30s0c0) and the one exposed to 3.5 -wt.% NaCl 
(w30s3c0) that respectively showed a significant 
increase and decrease of toughness, relative to the 
uncracked reference (Ref). Uniaxial tension samples 
cracked at 0.3 mm (Fig. 17a) generally showed a 
significant increase in the toughness at CMOD values 
in the range 1 – 3 mm, which decreased at larger 
CMOD values. 

Comparison of the bending samples exposed to 
chlorides and carbonation cracked at 0.3 mm to their 
corresponding references exposed to limewater 
(w30s0c0) showed significantly lower toughness 
values over the whole CMOD range (see Fig. 16); 
which may be attributed to fibre corrosion. While, 

uniaxial tension samples reached significantly higher 
toughness values over the whole CMOD range; which 
in this case is attributed to the unexpectedly low 
toughness measured in the uniaxial tension sample 
exposed to limewater (w30s0c0), already discussed. 

The discussion above indicates that there is a 
significant increase in the toughness of cracked SFRC 
exposed to wet-dry cycles; especially at small crack 
openings (i.e. CMOD < 2.5 mm) and for a small 
initial crack width (i.e. 0.15 mm CMOD). Whereas, 
there is no indication that fibre corrosion may lead to 
critical detriment to the residual performance of the 
material. These observations are in agreement with 
previous research investigating the performance of 
cracked SFRC exposed to chlorides [13,22–25] and 
carbon dioxide [14,22], that had identified increases 
in the residual performance of cracked SFRC at 
narrow cracks (i.e. crack width < 0.2 mm). Yet, some 
of these publications show a significant decrease in 
the toughness at larger deformations (i.e. equivalent 
CMOD > 2 – 2.5 mm) [18,22]. 

Visual inspection of the specimen surface during the 
tests revealed that, for 30 – 50% of the specimens 
composing the exposed samples, the original crack 
opened during the first 0.5 mm CMOD but additional 
branching and formation of new cracks at adjacent 
regions occurred at larger CMODs, as shown in Fig. 

 
Fig. 17. T-test, comparison of uniaxial tension samples to: a) uncracked reference at 56 days, b) cracked reference exposed to 

limewater (S0C0). 

 
Fig. 18. Typical crack path with additional branching for 

exposed specimens: a) bending, b) uniaxial tension. Dotted 
lines represent the additional cracks forming, describing the 

various crack patters observed. 
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18. The branching and additional cracking in the 
bending specimens appeared within a region of 20 – 
30 mm around the original crack, as shown in Fig. 
18a. Additional cracking in uniaxial tension 
specimens occurred in a region up to 10 – 20 mm 
from the original crack plane, see Fig. 18b. 

This phenomenon was not observed in uncracked 
reference samples and was more prominent in the 
bending samples cracked at 0.15 mm CMOD. This 
description correlates to the higher loads registered 
during the testing of cracked samples, see Fig. 9 and 
Fig. 12, and may explain the larger scatter in the 
results of the cracked samples relative to the 
uncracked references. Insight on the topic suggests an 
increase of the fibre-matrix bond, as described in [5], 
leading to localized stresses near the crack larger than 
the tensile strength of the adjacent uncracked matrix. 
Furthermore, the formation of new cracks 
complicates the analysis of the mechanical 
performance for larger deformations, i.e. at CMOD 
values > 1 – 2 mm, since the test measures a 
combination of the residual strength of the exposed 
crack and the uncracked material. Similar behaviour 
was reported for cracked round panels (i.e. crack 
width < 0.1 mm) immersed in seawater and exposed 
to rainwater for 2 years [18]. 

4.3 Impact of exposure on fibre damage 

The counting and classification of the fibres crossing 
the crack is presented as the percentage of fibres for 
each of the levels described in Fig. 5 relative to the 
depth inside the crack, calculated from the lower 
exposed edge of the processed data described in Fig. 
11 for the bending samples and Fig. 14 for the 
uniaxial tension samples. The mean values are plotted 

in Fig. 19 for the bending samples and in Fig. 20 for 
the uniaxial tension samples. The plots include a 
definition of two corrosion fronts: a) corrosion front, 
corresponding to any degree of fibre corrosion (levels 
2-4), b) severe corrosion front, related to moderate 
and major corrosion of fibres (levels 3-4). 

For the bending samples, Fig. 19, the outer 25 mm at 
the laterals of the crack are omitted from the analysis 
to consider just the corrosion extending from the 
crack mouth. Furthermore, the fibres located at the 
compression zone of the bending samples are not 
included in the analysis, i.e. from the position of the 
neutral axis described in Fig. 11. Therefore, the initial 
cross-section (150×125 mm), is reduced to an area of 
100×90 mm for samples cracked at 0.15 mm CMOD 
and 100×100 mm for samples cracked at 0.3 mm 
CMOD. The uncracked reference samples (Fig. 19a) 
are evaluated in an area of 150×100 mm. The whole 
cross-section of the crack was considered for the 
uniaxial tension samples (Fig. 20), comprising an 
area of 80×80 mm. 

The uncracked reference samples show a ratio of 
ruptured fibres in the range 10 – 20 %, varying 
through the depth of the crack (Fig. 19-20a). 
Similarly, there is no clear indication of increased 
fibre rupture at the outermost fibres of the cracked 
references exposed to limewater (Fig. 19-20b-c), 
being in the range 10 – 20 %; despite that up to 20 – 
80 % of the fibres presented minor corrosion (level 2) 
at the outermost 10 – 30 mm of the crack. 

For the exposed samples, fibre corrosion is only 
observed in the outer crack area, i.e. up to 20 – 40 mm 
from the crack mouth, see Fig. 19-20b-k. Severe fibre 
corrosion (i.e. levels 3 – 4) is observed at the outer 10 

 

Fig. 19. Fibre corrosion 
versus crack depth for 
bending samples: a) 
uncracked reference, w0s0c0; 
b,c) cracked reference, s0c0; 
d,e) 3.5%-wt. NaCl exposure, 
s3c0; f,g) 7.0%-wt. NaCl 
exposure, s7c0; h,i) carbon 
dioxide and fresh water 
exposure, s0c5; j,k) carbon 
dioxide and 3.5%-wt. NaCl 
exposure, s3c5. The position 
of the neutral axis has been 
marked as a vertical grey line 
in the plot, at 90 mm and 100 
mm from the surface for the 
samples cracked at 0.15 mm 
(w15) and 0.3 mm (w30), 
respectively. 
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– 20 mm of the crack, varying with the exposure and 
crack width. 

Generally, corrosion is more severe and is observed 
deeper inside the crack for samples exposed to 
chlorides (Fig. 19-20d-g and Fig. 19-20j-k), 
compared to the carbonation samples (Fig. 19-20h-i) 
and the cracked references exposed to limewater (Fig. 
19-20b-c). There is no clear increase in the number of 
fibres corroding when increasing the NaCl 
concentration of the solution from 3.5-wt.% NaCl 
(Fig. 19-20d-e) to 7-wt.% NaCl (Fig. 19-20f-g).  

There is a significant increase in the percentage and 
spread of corroded fibres for larger cracks, i.e.: 0.3 
mm cracks (Fig. 19-20c,e,g,i,k) over 0.15 mm cracks 
(Fig. 19-20b,d,f,h,j). While generally, fibre rupture 
tends to increase at depths where most fibres present 
severe corrosion (levels 3 – 4), i.e. the outer 10 – 20 
mm of the crack depending on the exposure and crack 
width. 

Generally, the results discussed in this section show 
that the extent and severity of fibre corrosion inside 
the crack increases both at larger initial crack width 
and for chloride exposures. Fibre corrosion was found 
at 10 – 40 mm inside the crack, with severely 
corroded fibres ranging 20 – 60 % of the total count, 
both increasing with crack width and the presence of 
chlorides. However, increase in fibre rupture was 
moderate and only evident up to approx. 10 mm 
inside the crack. Similar trends were found in 
previous research [14,22], yet former studies could 
not provide an accurate location and classification of 
the corroding and rupturing fibres. Furthermore, a 
large part of the literature did not provide a 
quantitative analysis of the extent and severity of 

fibre corrosion inside the crack [5], which does not 
allow further objective comparison of this data. 

4.4 Correlation of fibre corrosion and fibre rupture 

The detrimental effect of fibre corrosion on the 
residual mechanical performance of the SFRC is 
discussed in this section. In order to correlate 
corrosion damage of fibres bridging the crack to 
changes in the residual performance of the material, 
this section analyses the impact of corrosion on the 
quantity of fibres rupturing instead of pulling-out. 

The discussion is based on the hypothesis that fibre 
corrosion mainly affects the residual performance of 
the cracked material by leading to critical reductions 
of the cross-section of the fibres bridging the crack. A 
critical reduction of the fibre’s cross section would 
thus promote premature fibre rupture instead of a 
complete pull-out. Therefore, presuming that fibre 
corrosion does not have any significant impact on the 
residual mechanical performance of the cracked 
composite unless fibre corrosion leads to a premature 
rupture of the fibre during pull-out. 

The impact of fibre corrosion on the number of fibres 
rupturing is presented in Fig. 21. The figure 
describes: i) the ratio of fibres ruptured at each 
corrosion level (L1-L4) and combinations of them as 
a boxplot (Fig. 21a,c) and ii) the amount of ruptured 
fibres and total fibres of every specimen at each 
corrosion level (L1-L4), as a correlation plot in Fig. 
21b,d. The ratio of ruptured fibres is compared at 
each corrosion level to the uncorroded reference (L1) 
by a two-tailed Welch’s T-test with a 90% 
confidence, which shows a significantly higher 
number of samples marked in red in Fig. 21a,c. 

 

Fig. 20. Fibre corrosion 
versus crack depth for 
uniaxial tension samples: a) 
uncracked reference, w0s0c0; 
b,c) cracked reference, s0c0; 
d,e) 3.5%-wt. NaCl exposure, 
s3c0; f,g) 7.0%-wt. NaCl 
exposure, s7c0; h,i) carbon 
dioxide and fresh water 
exposure, s0c5; j,k) carbon 
dioxide and 3.5%-wt. NaCl 
exposure, s3c5. 
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The results presented in Fig. 21a,c, show that any 
degree of fibre corrosion, i.e. minor (L1), moderate 
(L2) or severe (L4), leads to a significant increase in 
fibre rupture. The ratio of fibres rupturing increases 
with larger corrosion damage of the fibre, reaching 
100% for the severe corrosion level (L4). However, 
increase of fibre corrosion does not lead to significant 
increases of fibre rupture if non-corroded fibres are 
included in the analysis (see L1,2, L1,3 and L1-3 in Fig. 
21a,c), since the proportion of fibres presenting 
corrosion is still low compared to the total number of 
fibres. This is not the case for severely corroded 
fibres, i.e. L4, which entail a significant increase in the 
fibre rupture ratio, see L1,4 and L1-4 in Fig. 21a,c. The 
correlation plots shown in Fig. 21b,d confirm that a 
higher corrosion level shifts the ratio of ruptured 
fibres towards the identity line, i.e. 1:1 ratio. 
However, the amount of fibres showing any corrosion 
level is almost one order of magnitude lower than the 
number of fibres showing no corrosion. The total 
number of fibres shows slightly higher ratios of 
ruptured fibres than the non-corroded ones, 
particularly for the uniaxial tension specimens Fig. 
21d. 

4.5 Impact of fibre behaviour on mechanical 
performance of cracked SFRC 

The impact of the fibre damage and crack width on 
the mechanical performance was evaluated based on 
a multiple linear regression analysis described in 

Section 2.5.2. The analysis covers the contribution of 
the fibre content, fibre damage (i.e. corrosion and 
rupture) and crack width on the toughness of the 
material. The linear predictors are presented in 
Wilkinson notation for the bending tests in Eq. 2 and 
for the uniaxial tension tests in Eq. 3. 

i + x1 + x2 + x3 + x4 + x5 + x6 + x1:x4 + 
x1:x5 Eq. 2 

i + x1 + x2 + x3 + x4 + x5 + x6 + x2:x6 Eq. 3 

The resulting coefficient estimates and p-values of the 
linear terms and correlation coefficients (R2 and 
adjusted R2) are presented in Table 5. 

Table 5. Multiple regression model results. Estimates and p-
values for regressors and coefficients of determination.  

Variable 
Bending Uniaxial tension 

Estimate p-value Estimate p-value 
i Intercept 0.081 0.226 0.087 0.212 

x1 Fibre count 0.936 0.000 0.760 0.000 
x2 Corr. L2 (%) -0.030 0.672 -0.017 0.838 
x3 Corr. L3 (%) -0.161 0.031 -0.064 0.439 
x4 Corr. L4 (%) -0.303 0.000 -0.122 0.161 
x5 Rupture (%) 0.466 0.000 0.040 0.661 
x6 Crack width -0.085 0.223 -0.299 0.000 
  R2 0.696 R2 0.633 
  R2 adj. 0.669 R2 adj. 0.607 

 

The coefficient-estimates and normalized residuals 
(i.e. Standardized and Pearson residuals) of the 
resulting models are presented in Fig. 22a-b for the 
bending and in Fig. 22c-d for the uniaxial tension 
tests. The adjusted correlation coefficients, in the 
range 0.6 to 0.7, indicate a modest fit; but the 

 

Fig. 21. Impact of fibre 
corrosion on fibre rupture for: 
a) boxplot for bending samples, 
b) correlation plot for bending 
specimens, c) boxplot for 
uniaxial tension samples, d) 
correlation plot for uniaxial 
tension specimens. The groups 
shown in “a)” and “c)” 
correspond to the corrosion 
levels described in Fig. 5. 
Group numbers separated by “,” 
(e.g. L1,3) represent discrete 
combinations (e.g. L1 + L3), and 
groups separated by “-” (e.g. L1-

3) represent full combinations 
(e.g. L1 + L2 + L3). 
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normalized residual plots, see Fig. 22b,d, show a fair 
distribution, despite reaching large normalized 
residual values, e.g. up to 2-times the standard 
deviation. 

The normalized coefficient estimates (z-scores) of the 
main predictors are presented in Fig. 22a,c and 
display the relative impact of each variable on the 
toughness of the material. Positive estimates indicate 
a positive effect of the variable on the toughness (i.e. 
increase) and negative values indicate a detrimental 
one. Non-significant estimate predictions, i.e. p-value 
larger than 0.05, are displayed in grey. 

The coefficient estimates show that the impact of the 
fibre content (x1) dominates over the rest of the 
variables with respect to changes on the toughness of 
the material, for both bending and uniaxial tension. 
Minor corrosion of fibres bridging the crack (x2), i.e. 
level 2, does not have a significant impact on the 
toughness; while moderate (x3), i.e. level 3, and 
major corrosion (x4), i.e. level 4, only show a 
significant negative impact on the performance of the 
bending specimens. On the contrary, fibre rupture 
(x5) shows a positive correlation with the toughness 
of the material, only significant for the bending 
specimens. The crack width (x6) shows a significant 
negative impact on the toughness for the uniaxial 
tension specimens. 

This analysis infers that, for bending and uniaxial 
tension specimens, the fibre content dominates over 
the rest of the variables studied and it is the main 
responsible for the changes in the residual 
performance of the material, which increases at 
higher fibre content. 

The impact of fibre corrosion on the residual 
performance of the material is only statistically 
significant for the bending specimens, which show a 
substantial detrimental effect from fibres showing 
severe signs of corrosion (i.e. corrosion levels 3-4). 
Whereas, fibres with minor corrosion (level 2) do not 
show a significant impact on the residual performance 
of the material. The crack width showed a significant 
detrimental impact on the residual performance of the 
uniaxial tension specimens but was limited for the 
specimens in bending. 

There was a positive correlation between a higher 
number of fibres rupturing and higher toughness 
values. Thus, suggesting that fibre rupture is not 
necessarily related to a decrease in toughness, i.e. 
described in this study as the total work; but may be 
the result of an increase of the fibre-matrix bond 
strength of the cracked composite during the 
exposure. Such increase of the fibre-matrix bond 
strength may be attributed to autogenous healing at 
the fibre-matrix interface, based on the discussion 
presented in [5], and corresponding to results from 

similar specimens under comparable exposure 
conditions [41]. 

Conversely, other studies have attributed such 
increase of the fibre-matrix bond strength to higher 
roughness of the fibre due to corrosion [13,42], yet 
with limited evidence. Whereas, in the authors’ 
opinion, additional friction is not expected to have a 
dominant role on the mechanical anchorage of 
deformed fibres at pull-out displacements below 4 
mm; which for the case of this study, is primarily 
governed by the plastic deformation of the steel wire 
at the hook bends, until reaching pull-out 
displacements in the range 4 – 5 mm [43,44]. 

Generally, this discussion presents evidence 
suggesting that variations observed in the mechanical 
performance of cracked SFRC under certain 
exposures may not be solely related to corrosion 
damage; so that the transport inside the crack and 
alteration of the matrix may have an important role to 
the mechanical performance of the cracked material. 

 
Fig. 22. Multiple regression for bending specimens and 

uniaxial tension specimens, showing: a) normalized 
coefficients for bending specimens, b) residuals for bending 
specimens, c) normalized coefficients for uniaxial tension 

specimens, d) residuals for uniaxial tension specimens. 

4.6 Summary and engineering application 

This study investigated the impact of fibre corrosion 
on the mechanical performance of cracked SFRC 
exposed to wet-dry cycles of various corrosive 
environments for one year. Table 6 shows a summary 
of the results for each of the exposures tested. 
Exposure conditions are classified according to EN 
206 as: limewater (XC1-XC4), 3.5%-wt. NaCl 
solution (XS3), 7.0%-wt. NaCl solution (XS3↑), fresh 

74 Department of Civil Engineering, Technical University of Denmark



water and CO2 drying cycles (XC4) and 3.5%-wt. 
NaCl solution and CO2 drying cycles (XS3 + XC4). 

The results show negligible changes in the 
mechanical performance of the exposed uncracked 
material tested in compression compared to the 
unexposed references, as discussed in section 4.1; in 
agreement with the conclusions of previous research. 
Strength ratios, calculated as the strength of the 
exposed samples relative to the unexposed references 
(w0s0c0), are given in Table 6. 

Conversely, substantial changes in the residual 
performance of the cracked material were observed 
after exposure, as discussed in section 4.2. There was 
a statistically significant increase in the toughness for 
smaller cracks (i.e. 0.15 mm) relative to the 
unexposed references. Whereas, a statistically 
significant drop in the toughness of the cracked 
material was only observed for a limited number of 
the samples with larger cracks (i.e. 0.3 mm). 
Toughness ratios, calculated as the total work up to 
CMOD = 4.0 mm for each of the exposures relative 
to the uncracked references, are given in Table 6. 
Additional cracking and branching during testing of 
the exposed specimens was attributed to changes of 
the fibre-matrix bond strength during exposure. 

Fibre corrosion was observed at the outer 10 – 40 mm 
of the crack (see section 4.3), depending on the 
exposure and crack width, and was more severe for 
chloride exposure than for carbon dioxide exposure, 
similar to what has been described in previous 
research [14,22,45]; for specific values refer to Table 
6. These observations suggest that the corrosion 
damage inside the crack is still governed by the ionic, 
moisture and gas transport inside the crack. 

Therefore, the composition of the solution inside the 
crack differs significantly from those at an external 
free surface, e.g. higher alkalinity and lower chloride 
concentration, similarly to what has been discussed 
for conventional steel in concrete in previous studies 
[46]. 

The analysis of the relative impact of the main 
experimental variables on the residual performance of 
the material (section 4.5), showed that the total 
number of fibres bridging the crack dominated over 
the rest of the experimental variables. However, this 
variable depends on the production and test method 
and it is accounted for in current test and design 
standards [30,47,48], for example: by enforcing a 
minimum amount of test replicates, i.e. from 6 – 12 
specimens, and using a probability distribution to 
calculate the safety factors and characteristic values 
of the material. 

Corrosion damage at the fibres bridging the crack had 
a secondary impact on the residual performance of the 
material, compared to the variations observed due to 
the fibre distribution at the cracks. Whereas, the 
contribution of corrosion to the total count of fibres 
rupturing was negligible. Since corroding fibres 
crossing the crack represented a moderate fraction of 
the total fibre count; and only fully corroded fibres 
had a statistically significant, yet limited, impact on 
the total amount of ruptured fibres. 

Therefore, fibre corrosion is only expected to have a 
negative impact on the residual performance of the 
material at the outer 10 – 25 mm of the specimen, 
provided that there is a significant reduction of the 
fibre cross-section and a large share of the fibres 
critically corrode. Thus, emphasizing the impact of 

Table 6. Summary of results 

Exposure 
(sample) 

Exposure 
Class 

[EN 206] 

Crack 
width  
[mm] 

Corrosion 
depth 
[mm] 

Severe corrosion 
depth  
[mm] 

Toughness 
variation 

[-] 

Strength 
variation 

[-] 
3PB UTT 3PB UTT 3PB UTT C 

w15s0c0 XC1 (XC4) 0.15 10 - - - 1.20* 1.19* 
1.02 

w30s0c0  0.30 10 - - - 1.20 0.81* 
w15s3c0 XS3 0.15 20 20 20 20 1.22* 1.08 

1.01 
w30s3c0  0.30 25 25 25 25 0.88* 0.92 
w15s7c0 XS3↑ 0.15 20 25 25 20 1.02 1.17* 

0.99 
w30s7c0  0.30 25 35 35 20 1.03 1.07 
w15s0c5 XC4 0.15 10 10 0 0 1.14 1.23* 

1.02 
w30s0c5  0.30 20 15 15 25 1.06 1.02 
w15s3c5 XC4 + XS3 0.15 20 10 15 20 1.10 1.21* 

1.00 
w30s3c5  0.30 25 20 25 25 1.08 0.92 

 

Abbreviations: (Exposure “sample”) codes of the experiment exposures according to Table 2, (Exposure class) corresponding 
exposure classes according to EN 206, (Crack width) crack width during the exposure expressed in mm, (Corrosion depth) depth of 
corrosion inside the crack measured from the exposed edges for any level of corrosion expressed in mm, (Severe corrosion depth) 
depth of severe corrosion “corrosion levels 3-4” inside the crack measured from the exposed edges expressed in mm, (Toughness 
variation) the ratio between the toughness of the cracked sample and the uncracked reference at 56 days, significant values are 
marked with “*”, (Strength variation) the ratio between the compressive strength of the exposed sample and the unexposed reference 
(w0s0c0), significant values are marked with “*”, (3PB) three-point bending specimens, (UTT) uniaxial tension test specimens, (C) 
compression specimens. 
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the specimen size in the deterioration observed. This 
may result in an overestimation of the exposure 
damage in very small specimens and would not be 
representative for the extrapolation to typical 
engineering applications: e.g. cross-section thickness 
of a prefabricated segmental lining is in the range 200 
– 400 mm [49].  

The positive correlation between the number of fibres 
rupturing and the toughness variation of the cracked 
material has been related to an increase of the fibre-
matrix bond strength during the exposure. Noting 
that, in this study, a significant share of the fibres (e.g. 
75 – 85 %) did not rupture during the experiments. In 
this regard, an adequate selection of the fibre is 
critical to avoid general rupture of the fibres bridging 
the crack due to changes in the fibre-matrix bond 
strength over time and during exposure, as reported in 
[20,21]. For example, by selecting an appropriate 
steel strength and dimensions of the steel fibre, 
experimentally verified to the expected long-term 
strength class of the concrete matrix [5]. 

The discussion above indicates that there may be 
additional damage mechanisms besides fibre 
corrosion that explain the changes in the residual 
performance or the composite material. For example, 
alteration of the cement paste at the fibre-matrix 
interface [5]. Therefore, fibre corrosion cannot be 
regarded as the main deterioration mechanism 
affecting the residual performance of cracked SFRC. 
Yet, the discussion herein is based on a limited 
number of experiments at the composite scale and 
cannot be generalized to every type of fibre, concrete 
mix-design or exposure. 

5. Conclusions 
This paper investigated the corrosion of carbon-steel 
fibres and the mechanical performance of cracked and 
uncracked Steel Fibre Reinforced Concrete (SFRC) 
exposed to wet-dry cycles of chlorides and carbon 
dioxide over a period of one year. 

The results presented in this paper confirm that there 
is a negligible detriment of the strength of uncracked 
SFRC exposed to chloride and carbon dioxide wet-
dry cycles. However, there were substantial changes 
in the residual performance of the cracked SFRC after 
exposure, which have been attributed to changes of 
the fibre-matrix bond. Yet, macroscale observations 
at the composite scale do not provide a clear 
explanation for those changes. 

Fibre corrosion in uncracked SFRC was limited to the 
concrete surface and produced aesthetical damage, 
i.e. forming rust stains, but did not cause cracking or 
spalling of the uncracked matrix. Whereas, fibre 
corrosion was only observed at 10 – 40 mm inside the 
crack, depending on the exposure and crack width 

(i.e. 0.15 mm and 0.3 mm). Furthermore, fibre 
corrosion had a secondary impact on the toughness 
variation of the material after exposure, compared to 
the variations observed due to the fibre distribution at 
the cracks. 

Results showed that fibre corrosion inside the crack 
increased the probability of fibre rupture; yet, it had a 
limited impact on the global count of ruptured fibres. 
Increase in the number of ruptured fibres after 
exposure did not have a detrimental impact on the 
toughness of the material and was attributed to an 
increase in the fibre-matrix bond after the exposure. 
Therefore, changes in the residual performance of 
cracked SFRC exposed to chlorides and carbon 
dioxide, are not exclusively a result of fibre damage 
due to corrosion and may be related to localized 
changes at the fibre-matrix interface due to the 
exposure. 

There is insight suggesting additional damage 
mechanisms, besides fibre damage, that explain the 
changes in the residual performance of the cracked 
SFRC and that those may be related to the dissolution 
and precipitation of solid phases at the fibre-matrix 
interface. Further research focusing on the pull-out 
performance of single fibres and the microstructural 
changes at the fibre-matrix interface exposed to wet-
dry cycles is needed. 
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3.2 Paper IV. The role of exposure time in the deterioration of 
cracked SFRC under wet-dry cycles 

The following publication, referred as “paper IV”, has been submitted to Journal of 
Sustainable Cement-Based Materials. 

Marcos-Meson, V., Fischer, G., Solgaard, A., Edvardsen, C., Michel, A., 2020. 
Development of the mechanical performance of steel fibre reinforced concrete exposed 
to wet-dry cycles of chlorides and carbon dioxide: results after two years (unpublished) 

Printed in this thesis as the original manuscript with the authors’ formatting. 
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Abstract 
This paper presents an experimental study investigating the evolution over time of corrosion damage of carbon-
steel fibre reinforced concrete (SFRC) exposed to wet-dry cycles of chlorides and carbon dioxide for two years, 
and its effects on the mechanical performance of the composite over time. The results presented confirmed 
that corrosion damage of steel fibres embedded in uncracked SFRC under these exposures does not entail any 
detriment to the mechanical performance of the uncracked concrete over time. There was a moderate increase 
in the extent of corroding fibres inside cracks over time, within an approximate depth of 40 mm inside the 
crack. There was no significant detriment to the overall performance of the cracked composite over the time-
scales investigated. Overall, the impact of fibre damage to the toughness variation of the cracked composite 
over time was still secondary compared to the toughness variation due to the fibre distribution. The impact of 
fibre corrosion to the performance of the cracked composite over time is subject to a size-effect and may only 
be significant for small cross-sections. 

Keywords 
Steel fibre reinforced concrete (SFRC), corrosion, chlorides, carbonation, cracks, wet-dry cycles, exposure 
time 

 

 

1. Introduction 
Steel fibre reinforced concrete (SFRC) is increasingly 
used in civil engineering as partial or total 
replacement of conventional reinforcing steel. 
Carbon-steel fibres (henceforth “steel fibres”) are 
being used, among others, for the construction of 
infrastructure exposed to corrosive environments [1–
3]. However, the total replacement of conventional 
reinforcement with steel fibres is still controversial 
when considering the durability of cracked SFRC 
under corrosive exposures [4]. 

Former studies investigating the performance of 
SFRC exposed to chlorides and carbon dioxide 
reported limited corrosion damage for uncracked 
SFRC [4], which occurred mainly at the steel fibres 
adjacent to the concrete surface, and led to negligible 

long-term detriment to the mechanical performance 
of the composite over exposure periods in the field up 
to 20 years to chloride [5–9] or carbonation exposure 
[7,10–12]. However, there is an open discussion 
regarding the corrosion of steel fibres bridging cracks 
in the range of 0.1 – 0.3 mm in SFRC under these 
exposures, and its impact on the residual mechanical 
performance of the cracked composite [4]. 

Field exposure of cracked SFRC to saltwater (i.e. 
exposure classes corresponding XS2-XS3 according 
to EN-206 classification) generally showed an early 
stabilization of the deterioration process during the 
first 2 – 3 years of exposure. Which entailed moderate 
corrosion damage during periods of 1 – 2 years 
[6,10,13], and even increased residual tensile strength 
over time for small crack widths [6,10,13–16]. 
Similarly, field exposure of cracked SFRC to 
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rainwater (i.e. XC4 exposure class) presents 
contradictory results: showing minor corrosion 
damage and limited strength loss [10], or else, critical 
corrosion damage [13] for short-term exposures (i.e. 
1 – 2 years). Longer exposure times (i.e. up to 5 years) 
to similar conditions resulted in limited corrosion 
damage for cracks in the abovementioned range [16]. 
Unfortunately, long-term exposure data (e.g. up to 20 
years) is scarce and mostly comprises qualitative 
results from visual inspection for both chloride [7,16] 
and carbonation exposure [11,17]. 

Alternatively, the use of laboratory exposure to wet-
dry cycles has been proven effective to accelerate the 
deterioration of cracked SFRC exposed to chlorides 
and carbon dioxide compared to field-exposure [4], 
by a factor of around 1:7 [11] to 1:50 [16] for the same 
exposure times. However, experimental studies under 
laboratory conditions often show contradictory 
results, which are reported to be very sensitive to 
variations in various parameters: the specimen 
dimensions [16,18], exposure conditions [8,16,19] 
and exposure time [4]. 

Accelerated exposure to chlorides under wet-dry 
cycles for short times (e.g. up to 6 months) generally 
resulted in negligible toughness loss for cracked 
SFRC [16,20]; yet, some studies show contradicting 
results [6,21,22]. While extended exposures (e.g. 1 – 
3 years) to corresponding conditions also showed 
discrepant results: entailing minor corrosion damage 
[19,23] or else a large deterioration [24,25]. 
Similarly, laboratory exposure of cracked SFRC (0.2 
– 0.5 mm cracks) to wet-dry cycles of freshwater and 
high CO2 concentrations during 18 months resulted in 
minor corrosion damage of the cracked composite 
[20], as also observed in pre-carbonated specimens 
under similar conditions [11]. 

To address those issues, a testing campaign was 
initiated were cracked SFRC exposed to wet-dry 
cycles involving chlorides and carbon dioxide during 
one year [26]. Results showed that fibre corrosion 
does not necessarily entail a substantial detriment to 
the residual performance of the composite. While the 
residual tensile strength over the exposure increased 
substantially, but was attributed to the alteration of 
the fibre-matrix bond strength over time instead [26–
28]. However, the evolution of these processes over 
time is not well understood, which leads to 
inconsistent predications of the durability of cracked 
SFRC exposed to wet-dry cycles [4]. 

This paper investigates the evolution of the corrosion 
damage on cracked SFRC exposed to wet-dry cycles 
of chlorides and carbon dioxide over time, and its 
impact on the mechanical performance of the 
uncracked and cracked composite. The investigation 
covers the exposure, mechanical testing and visual 

inspection of bending and uniaxial tension specimens 
cracked at 0.15 and 0.3 mm and exposed to wet-dry 
cycles for two years. The discussion presented in this 
paper focuses on describing the impact of the 
exposure time on the extent of fibre corrosion and its 
subsequent impact on the mechanical performance of 
the cracked and uncracked SFRC, comparing the 
results to corresponding data gathered after one year 
exposure [26], based on a statistical analysis of the 
test data. 

2. Methodology 
The investigation presented in this paper covers the 
preparation, exposure, mechanical testing and visual 
inspection of 220 SFRC specimens with induced 
crack widths of 0.15 and 0.3 mm and exposed to wet-
dry cycles for two years. The results presented in this 
study are compared to corresponding data for 
specimens tested after one year of exposure [26]. 

The exposures investigated comprise wet-dry cycles 
of saltwater, freshwater and carbon dioxide; where 
two types of specimens have been investigated: three-
point bending notched beams and single-notched 
coupon tests in uniaxial tension. The analysis of the 
mechanical performance of the material is made 
comparing the stress and work response for the 
investigated material in bending and uniaxial tension. 
Visual inspection of the crack surface and counting of 
fibres bridging the crack were used to determine the 
degree of fibre damage due to corrosion. 

Finally, discussions regarding the extent of fibre 
corrosion over time and its impact on the residual 
performance of the cracked SFRC are based on 
descriptive statistics of the fibre distribution and 
toughness data of the cracked composite. 
Furthermore, the relative impact of the main 
experimental variables on the mechanical 
performance of the cracked composite over time is 
discussed based on a regression analysis. 

The results and discussion section will use the 
following terminology: The word “specimen” refers 
to a single sampling unit (i.e. each of the tests 
executed); the word “sample” refers to a group of 
specimens exposed to the same environment and 
cracked at the same CMOD. Discussion will be 
primarily based on comparison of samples and 
individual specimens will not be discussed hereafter, 
unless specified. 

2.1 Preparation of specimens 

The mix design used was specified in compliance 
with the recommendations for minimum binder 
content and water-to-binder ratio for conventional 
reinforced concrete in DS/EN 206-1:2011 [29] for the 
exposure classes XC4 and XS3. The total binder 
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content was 426.3 kg/m3 with 31% fly ash 
replacement of the Portland cement (CEM I 52.5N), 
and the water to binder ratio  was (w/b = 0.34). 
Detailed mix-design proportions can be found in [26]. 
The steel fibre used was made of high-carbon cold-
drawn wire with hooked ends with a length of 60 mm 
and an aspect ratio l/d = 80 and were mixed in a 
proportion of 40 kg/m3.  

The production of the bending specimens was done in 
a prefabrication plant, using an industrial mixing 
plant, over an industrial vibration table. The 
specimens were cast in three separate batches on 
consecutive days, demoulded after one day and cured 
indoors, moist cured and covered with plastic for 56 
days at 20 °C. The dimensions of the three-point 
bending beam specimens were 600×150×150 mm, 
with a 25 mm deep and 5 mm wide notch cut at the 
centre, along the transversal direction, according to 
EN-14651:2007 [30]; with an effective cross-section 
at the notch location of 150x125 mm (Fig. 1a). 

The uniaxial tension specimens were prepared in a 
laboratory, mixed with a 300-l planetary mixer and 
cast over a vibration table. The specimens were cast 
in five separate batches on consecutive days, 
demoulded after one day and cured indoors, moist 
cured and covered with plastic for 56 days at 20 °C. 
The uniaxial tension specimens were 150 mm cubes, 
with a 35 mm deep and 5 mm wide notch cut along 
the central perimeter, leaving an effective cross-
section of 80×80 mm inside the notch, see Fig. 1b. 

The bending and uniaxial tension specimens were 
grouped in samples of nine and ten replicates, 
respectively. The specimens were distributed 
uniformly in the samples from the individual batches. 
Cubes for additional compression tests were cut off 
the last 150 mm of the bending beams after testing 
and twelve replicates were tested for every exposure. 

2.2 Exposure setup 

The exposure environments are described in Table 1 
and comprise wet-dry cycles of four days (i.e. two 

days each). The samples (i.e. test-groups) were coded 
as follows: (w) crack width; being 0.15 and 0.3 mm; 
(s) salinity of wet cycle, being 3.5% and 7.0%; and 
(c) carbon dioxide concentration, being 0.05 %vol. 
for ambient exposure and 0.5 %vol for accelerated 
carbonation exposure. The exposure time for the 
specimen was marked with a letter: (A) for one-year 
exposure and (B) for two-year exposure. 

Two reference scenarios were tested: i) uncracked 
samples that were kept covered (w0s0c0t0 and 
w0s0c0B), and ii) cracked samples that were exposed 
to wet-dry cycles of limewater and air (w15s0c0 and 
w30s0c0). The cracked samples exposed to corrosive 
environments were divided into four exposures, 
shown in Table 1. 

The exposure setup consisted of ten polyethylene 
containers connected in pairs, providing five different 
exposure conditions, further described in [26]. During 
the wet cycle the tanks were filled with 500 l of 

 
Fig. 1. Description of test specimens. After [26]. 

Table 1. Test samples and exposure conditions, after [26]. 

Code name 
(sample) 

Crack width (w) 
[mm] Wet cycle (s) Dry cycle (c) Age 

(A / B) 
w0 - s0 - c0t0 uncracked (w0) - - 56 days 
w0 - s0 - c0B uncracked (w0) - - 2 years 

w15 - s0 - c0 - A / B 
w30 - s0 - c0 - A / B 

0.15 (w15) 
0.30 (w30) Limewater (s0) Air (c0) 1 / 2 years (A / B) 

w15 - s3 - c0 - A / B 
w30 - s3 - c0 - A / B 

0.15 (w15) 
0.30 (w30) 3.5 wt.% NaCl (s3) Air (c0) 1 / 2 years (A / B) 

w15 - s7 - c0 - A / B 
w30 - s7 - c0 - A / B 

0.15 (w15) 
0.30 (w30) 7.0 wt.% NaCl (s7) Air (c0) 1 / 2 years (A / B) 

w15 - s0 - c5 - A / B 
w30 - s0 - c5 - A / B 

0.15 (w15) 
0.30 (w30) Fresh water (s0) 0.5 %-vol. CO2 (c5) 1 / 2 years (A / B) 

w15 - s3 - c5 - A / B 
w30 - s3 - c5 - A / B 

0.15 (w15) 
0.30 (w30) 3.5 wt.% NaCl (s3) 0.5 %-vol. CO2 (c5) 1 / 2 years (A / B) 
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solution; and during the drying cycle the tanks were 
emptied, and the specimens were dried with air 
circulating at nominal flow of 93 m3/h. The drying 
cycle of the carbon dioxide exposure ran through a 
closed loop and utilized a cooled heatsink to 
condensate moisture from the air flux before the inlet; 
while the air of the rest of the exposures was mixed 
with the laboratory air. 

The solution in the exposure tanks was replaced 
regularly, reducing the frequency with time, as 
described in [26]. The composition of the solution 
was checked weekly by means of total dissolved 
solids (TDS) from electrical conductivity 
measurements, and pH measurements. The solution 
of the limewater exposure was not replaced, and 0.3 l 
of a 20/80 mixture of saturated sodium and calcium 
hydroxide was added weekly, maintaining the pH 
value of the solution within the range of 10 – 13.5. 
Non-chlorinated fresh water (pH = 7.5 – 8.0, Cl- < 50 
mg/l, 13 – 15 °dH) was used as exposure media for 
the specimens subjected to carbon dioxide cycles and 
to prepare the saltwater brines. Furthermore, the 
temperature and relative humidity inside the room 
were monitored and fluctuated in the range 20±2 °C 
and 50±10 % respectively. The CO2 concentration in 
the room and inside the carbon dioxide loop was 
measured weekly as approx. 0.05±0.01 %-vol. for the 
room and 0.5±0.1%-vol. inside the carbon dioxide 
loop. 

2.3 Mechanical testing 

The workflow of the experiments comprised: i) 
testing of reference specimens at 56 days; ii) cracking 
of the specimens at 56 days and preparation for 
exposure; iii) exposure for one- and two-years; iv) 
testing after one year of exposure; v) testing after two 
years of exposure. The data presented in this paper 
covers the experimental results after two years of 
exposure for experiments corresponding to the ones 
done after one year [26]. 

The bending tests were done in a 100 kN flexural test 
frame, according to [30]. The Crack Mouth Opening 
Displacement at the end of the notch (CMODN) was 
measured at the centre of the notch with a clip-gage 
connected to two steel pins glued to the face of the 
notch. 

The testing of the uniaxial tension test specimens was 
done in a 500 kN capacity universal test frame. The 
uniaxial tension setup was described in [26], and is 
based on the design presented in [31]. The CMODN 
was measured by two clip gages clipped onto two 
steel pins glued to the centre of opposite faces of the 
specimen. 

The compression tests were executed in a 4000 kN 
capacity compression frame, according to the 
specifications of EN 12390-3:2012 [32]. 

The testing of the residual-flexural and residual -
tensile strength of the specimens was done in 
accordance with the displacement rates specified in 
[30], with a sampling frequency rate of 100 Hz. After 
reaching a crack width of 5 mm, the displacement rate 
was increased up to 1 mm/min, until the specimen 
was split open completely. 

The specimens were cracked before exposure with 
cracks of 0.15 and 0.3 mm calculated at the crack 
mouth (CMODM). After the target crack width was 
reached, the displacement of the crosshead was 
locked, and the crack was supported with HDPE 
inserts inside the notch. After the preparation tests, 
the opening at the crack mouth for the bending 
specimens was CMODM = 0.10±0.01 and 0.25±0.03 
mm for the specimens cracked at 0.15 mm and 0.3 
mm, respectively; and CMODN = 0.13±0.03 and 
0.25±0.04 mm for the uniaxial tension specimens 
cracked at 0.15 mm and 0.3 mm, respectively. For 
simplicity, crack widths will refer only to the target 
crack opening at the crack mouth hereafter, i.e. 0.15 
and 0.3 mm CMODM. 

The load – CMODN data from each specimen was 
first resampled to a resolution of 1 µm. Then, the data 
was filtered and smoothed, using a 1-dimensional 
median filter and a moving average filter. 

The calculation of the opening displacement at the 
crack mouth (CMODM) from the CMODN 
measurements for the bending and uniaxial tension 
specimens was done according to the following 
methods: i) inverse calculation of the neutral axis 
position, applying the cracked-hinge model [33] for 
the bending specimens; and ii) as the mean value from 
the two CMODN measurements for the uniaxial 
tension specimens. Hereafter, crack opening values 
discussed in this paper will only refer to the opening 
displacement at the crack mouth (i.e. CMODM  
CMOD). 

The residual -flexural and -tensile strengths were 
calculated for the bending and uniaxial tension tests, 
respectively. The calculation of the residual flexural 
strength was done according to [30], assuming a 
single crack that propagates from the notch 
perpendicular to the length of the beam and that 
covers the entire cross-section. The residual tensile 
strength of the uniaxial tension tests was calculated as 
the ratio of the load and cross-section, assuming a 
single crack with a uniform crack width. Finally, the 
total energy absorbed (work) was calculated for both 
bending and uniaxial tension specimens as the 
integral of the load – CMOD curve.  
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The final filtered data for each sample (i.e. a group of 
specimens) was fitted by a lognormal probability 
distribution and presented as the mean value of the 
load at each CMOD value with its upper and lower 
confidence bounds at a 90% confidence interval (CI). 

2.4 Visual inspection and fibre counting 

After finalizing the mechanical tests, the crack was 
opened completely and the fibres crossing the crack 
were inspected and counted by taking a high-
resolution image of the surface of the specimen, 
according to the method described in [26]. 

The fibres crossing the crack were classified 
according to the degree of corrosion observed (see 
Fig. 2), using the following categories: Level 1, for 
the uncorroded fibres (green); Level 2, for the fibres 
with minor corrosion (yellow), i.e. rust spots at the 
surface with no visible loss of cross-section; Level 3, 
for the fibres with moderate corrosion (magenta), i.e. 
presence of pits and small loss of cross-section; Level 
4, for the fibres presenting severe corrosion (red), i.e. 
presence of large pits and total or major loss of cross-
section. Additionally, fibres that ruptured instead of 
pulled-out were marked as “ruptured” (blue). 
Furthermore, fibre rupture was always assumed for 
fibres with major corrosion (Level 4). 

The fibre distribution was computed from the digital 
images taken of every specimen exposed and 
processed in batches using the image analysis 
algorithm described in [26]. The processed data is 
presented in Sections 3.2 and 3.3 as discrete contours 
of the total density of fibres for each sample, i.e. 
showing the average number of fibres per dm2 of each 
group of specimens, see Fig. 3. 

The contours represent the density of fibres, 
categorized according to the degree of corrosion 
damage observed: (Level 1, green) no corrosion, 
(Level 2, yellow) minor corrosion, (Level 3, magenta) 
moderate corrosion, (Level 4, red) major corrosion, 
and (blue) fibre rupture, shown in Fig. 3a-e. 
Furthermore, an additional contour: “severe 
corrosion” (black) shows the areas with a density of 
fibres with a significant level of corrosion (i.e. 
combination of levels 3 and 4), see Fig. 3f. 

For illustrative purposes, the contours of each group 
of fibres were combined into one figure for each 
sample. Therefore, only one representative contour is 

 
Fig. 2. Visual inspection, fibre classification: a) no corrosion 

(fibre rupture), b) minor corrosion, c) moderate corrosion 
(fibre rupture), d) major corrosion (fibre rupture). After [26]. 

 

Fig. 3. Representation example 
of fibre counting results for 
bending sample (w30s7c0B), 
displaying example of full data 
and discretized contours for 
representation: a) no corrosion 
(L1); b) minor corrosion (L2); 
c) moderate corrosion (L3); d) 
major corrosion (L4); e) fibre 
rupture; f) significant corrosion 
(L3-L4), g) combined plot. 
Corrosion levels correspond to 
the ones described in Fig. 2. 
After [26]. 
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plotted for each group (e.g. shown highlighted in Fig. 
3a-f) which is then combined in a single plot (see Fig. 
3g). The following thresholds were used to plot the 
contours: the non-corroded fibres (Level 1) are 
plotted for a density over 50 fibres/dm2, the fibres 
with corrosion (Level 2 to Level 4) are plotted for a 
density of 10 fibres/dm2, and the ruptured fibres are 
plotted for a density of 15 fibres/dm2 (see Fig. 3g). 

2.5 Statistical analyses 

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

2.5.1 Comparison of samples 

The comparison of samples, discussed in Sections 
4.1, 4.2 and 4.4, was performed by the Welch's 
approximation of the Student’s t-test for samples with 
unequal variance [34], after the methodology used in 
[26]. The test calculates the probability value (p-
value) for the null hypothesis (H0) being true; being 
(H0) the mean value for both distributions being 
equal. Therefore, p-values for the (H0) which are 
lower than the level of significance (α), indicate that 
the null hypothesis (H0) may be rejected; meaning 
that the alternative hypothesis (Ha) may be correct 
and the sample has a statistically-significant higher or 
lower mean value than the reference within a (1-α) 
confidence. 

In section 4.1, a two-tailed Welch’s t-test is used to 
test the following alternative hypotheses (Ha): i) the 
mean values of the compressive strength for the three 
batches tested after two years of exposure being 
different to the ones tested after one year, ii) the mean 
value of the compressive strength for each of the 
exposed samples tested after two years of exposure 
being different than their corresponding sample tested 
after one year of exposure. The statistical significance 
level was set to α = 10%. 

In section 4.2, the mean values of the work – CMOD 
curves for the bending and uniaxial tension samples 
are compared to the references by a one-tailed 
Welch’s t-test (i.e. for both the right and left tails). 
The following alternative hypotheses (Ha) were 
tested: the probability of the mean value of the sample 
tested after two years of exposure being greater (right 
tail) or smaller (left tail) than its corresponding 
sample tested after one year of exposure. The 
statistical significance level was set to various levels: 
i.e. α = 5, 15 and 25%. 

In section 4.4, the mean value of the ratio of ruptured 
fibres tested after two years of exposure is compared 
twofold by a one-tailed Welch’s t-test: i) to the mean 
value of the uncorroded reference (Level 1) after two-

years exposure; and ii) to the mean values of each 
group, calculated for the samples tested after one-year 
exposure. The statistical significance level was set to 
α = 10%. 

2.5.2 Regression model 

The effect of the main study variables on the 
mechanical performance of the cracked SFRC were 
evaluated based on Partial Least-Squares Regression 
(PLS) analysis and Multiple Linear Regression 
(MLR) analysis in section 4.5. 

First, the PLS analysis was used to identify the most 
dominant experimental variables (i.e. explanatory 
variables) in regard to explaining the variance 
observed in the toughness of the cracked composite 
after exposure during one and two years. The 
technique is a combination of Multiple Linear 
Regression (MLR) and Principal Component 
Analysis (PCA) techniques, described in [35]. The 
resulting model was used to identify the experimental 
variables that could have a dominant impact on the 
toughness of the material, i.e. expressed as the total 
work at a crack opening 0.5 – 4.0 mm in bending and 
tension. The following variables were investigated: 
the fibre content (v1), the ratio of fibres corroding (v2 
– v4), the ratio of fibres rupturing (v5), the crack 
width (v6), the chloride concentration  

 (v7), the carbon dioxide concentration (v8) and the 
exposure time (v9). 

Second, the MLR analysis was used to quantify the 
contribution of the main parameters to the variation 
in the toughness of the cracked SFRC tested after one- 
and two-years exposure, based on the results of the 
PLS analysis. Specifically, the model described the 
correlation of the fibre content, fibre damage (i.e. 
corrosion and rupture), crack width, exposure 
conditions and exposure time to the variation in 
toughness of the material, expressed as the total work 
at a crack opening 0.5 – 4.0 mm in bending and 
tension. The initial model is described in Eq. 1 in 
Wilkinson notation [36]: 

y ~ i + x1 : x2 : x3 : x4 : x5 : x6 : x7 Eq. 1 

The regression model covers the main effects and 2-
factor interactions of the following variables: fibre 
content (x1), ratio of corroding fibres for levels 2-4 
(x2-4), ratio of ruptured fibres (x5), the crack width 
(x6) and the exposure time (x7). The independent and 
response variables were standardized. The predictor 
coefficients were fitted to the data using robust 
regression, i.e. least trimmed squares (LTS) with a 
bisquare weight function for the residuals. The model 
was reduced iteratively by backwards component 
selection applied to the interaction terms (threshold α 
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= 10%); while the main terms of the models were not 
reduced. 

3. Experimental results 
The experimental results after two-year exposure are 
described in this section divided into compression 
tests, bending tests and uniaxial tension tests. The 
corresponding results after one year were presented 
and discussed in [26]. The results of the bending tests 
and uniaxial tension tests are divided into mechanical 
performance results and fibre counting results. 

3.1 Compression tests 

The results of the compression test after two years of 
exposure are presented in Fig. 4. The data is presented 
classified by the exposure in Fig. 4a, with the sample 
names described in Table 1 and the unexposed 
samples tested after two years (w0s0c0) presented in 
as “REF”. Furthermore, the data is also presented 
classified by the concrete batch from which the 
specimens were produced (batch A-C), see Fig. 4b. 

The results show a significant scatter within each 
sample (see Fig. 4a), corresponding to the results 
reported after one-year exposure [26], and related to 
production variations between the three batches 
(batch A-C), see Fig. 4b. The standard deviation for 
the whole population is around 7.5 MPa, i.e. approx. 
10% of the mean value). The mean values of the 
samples grouped by exposure are comparable to each 
other, see Fig. 4a; which indicates a negligible 
change of the compressive strength comparing the 
exposures. Yet, the median values tend to lie skewed 
from the mean values, which is attributed to strength 
variations between batches (see Fig. 4b). 

3.2 Bending tests 

3.2.1 Mechanical performance 

The results from the bending tests for uncracked and 
cracked samples are presented as the residual strength 
(i.e. stress – CMOD) in Fig. 5 and as toughness (i.e. 
work – CMOD) in Fig. 6. Solid lines present the mean 

 
Fig. 4. Results for compression tests, grouped by: a) 

exposure, b) batch. The median value is shown as “─”, the 
mean (arithmetic) value is shown as “X” and outliers are 
shown as “o”. Sample names correspond to code names 

described in Table 1. 

 
Fig. 5. Bending test after two-year exposure, Stress-CMOD 
plot for samples: a) cracked at 0.15 mm, b) cracked at 0.3 

mm. Full lines represent the log-mean value (µ) of the sample 
and dotted lines represent the upper- and lower- confidence 
bounds at 90% CI. Sample names correspond to code names 

described in Table 1. 

 

Fig. 6. Bending test after two-year exposure, Work-CMOD 
plot for samples: a) cracked at 0.15 mm, b) cracked at 0.30 

mm. Full lines represent the log-mean value (µ) of the sample 
and dotted lines represent the upper- and lower- confidence 
bounds at 90% CI. Sample names correspond to code names 

described in Table 1. 
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values (µ), while the dotted lines show the upper and 
lower bounds of the 90% confidence interval (CI) for 
the mean value, assuming a lognormal distribution. 
Results for one-year exposure are presented and 
discussed in [26]. 

The results for the beams cracked at CMOD = 0.15 
mm show that the exposed samples reach higher 
mean strength (Fig. 5a) and work values (Fig. 6a), 
relative to the uncracked reference samples tested at 
56 days, similarly to as reported after one-year 
exposure in [26]. The spread of the confidence 
bounds of the mean for the exposed samples is 
generally higher compared to the spread observed for 
the uncracked references, especially for the cracked 
samples exposed to carbonation (s0c5 and s3c5). 

The results for samples cracked at CMOD = 0.3 mm, 
show that the mean residual strength (Fig. 5b) and 
work curves (Fig. 6b) are generally similar to the 
uncracked references. However, the mean value of 
the samples exposed 3.5wt.% NaCl (w30s3c0) and 
7.0wt.% NaCl (w30s7c0) dropped relative to the 
uncracked references. The spread of the confidence 
bounds of the mean for the exposed samples is 
generally higher compared to the spread observed for 
the uncracked references. 

Generally, the mean value of the exposed cracked 
reference (s0c0) lies within the rest of the exposed 
samples for both crack widths, see Fig. 5 and Fig. 6, 
except for the 0.15 mm sample exposed to 7.0% NaCl 
(w15s7c0), which reaches significantly higher values 
relative to the cracked reference (w15s0c0), see Fig. 
5a and Fig. 6a. 

3.2.2 Visual inspection and fibre count 

The fibre count of the bending specimens is presented 
as discrete contours of the total density of fibres for 
each sample in Fig. 7, as described in Fig. 3. The 
contours represent the density of fibres, categorized 
according to the degree of corrosion damage 
observed: (Level 1, green) no corrosion, (Level 2, 
yellow) minor corrosion, (Level 3, magenta) 
moderate corrosion, (Level 4, red) major corrosion, 
(Levels 3-4, black) severe corrosion and (blue) fibre 
rupture. For illustrative purposes, the thresholds 
described in Fig. 3 were used to plot the contours. 

The surface of the crack (150×125 mm) has been 
divided by its vertical symmetry axis, showing an 
area of 75×125mm. The edges exposed to the solution 
are marked with a dotted red line (lower, left and 
upper edge); and the crack width of the cracked 
samples is plotted at the right axis. Finally, the 
position of the neutral axis of the cracked samples is 

Fig. 7. Fibre counting for 
bending tests, contour plots 
for: a) uncracked reference, 
w0s0c0; b,c) cracked 
reference, s0c0; d,e) 3.5 wt.% 
NaCl exposure, s3c0; f,g) 7.0 
wt.% NaCl exposure, s7c0; 
h,i) carbon dioxide and fresh-
water exposure, s0c5; j,k) 
carbon dioxide and 3.5 wt.% 
NaCl exposure, s3c5. Sample 
names correspond to code 
names described in Table 1. 
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shown as a black horizontal line, and was calculated 
at 35 mm and 25 mm for the 0.15 mm and 0.3 mm 
CMOD samples respectively, see Fig. 7b-k. 
Additionally, the uncracked reference (w0s0c0) is 
presented with the following thresholds for the total 
density of fibres (Level 1) and ruptured fibres: 50-100 
and 5-10 fibres/m2, respectively (see Fig. 7a). 

The uncracked reference sample (w0s0c0) presents a 
homogeneous fibre distribution, with a total density 
of fibres between 50 – 100 fibres/dm2 and a density 
of ruptured fibres in the range 5 – 10 fibres/dm2, see 
Fig. 7a. Whereas, the cracked reference samples 
exposed to limewater (w15s0c0 and w30s0c0) show 
fibres with minor signs of corrosion (level 2) at the 
outer 10 – 25 mm, increasing for the larger crack 
width, see Fig. 7b-c. But do not show a larger share 
of rupturing fibres at the outermost regions of the 
crack. 

The samples exposed to chlorides are presented in 
Fig. 7 for these exposures: i) 3.5wt.% NaCl solution 
(w15s3c0 and w30s3c0), shown in Fig. 7d-e;  ii) 
7.0wt.% NaCl solution (w15s7c0 and w30s7c0), 
shown in Fig. 7f-g; and iii) carbon dioxide and 
3.5wt.% NaCl solution (w15s3c5 and w30s3c5), 
shown in Fig. 7d-e. These show a similar spread of 
the contour of minor corrosion (Level 2) and the 
corrosion front (levels 3-4), that extend from the 
exposed edges up to 25 – 50 mm, decreasing both for 
smaller crack widths and lower NaCl concentrations. 

The samples exposed to carbon dioxide and fresh 
water (w15s0c5 and w30s0c5) displayed a limited 
extent of corrosion into the crack (Fig. 7h-i), for 
example: the corrosion front (Levels 3-4) penetrated 
at approximately 10 mm from the exposed edges, and  
minor corrosion (Level 2) was observed up to 25 mm 
inside the cracked area, regardless of the crack width. 
Finally, the data indicates a larger share of rupturing 
fibres at the outermost regions of the cracks, 
corresponding to the corroding areas. Further analysis 
and discussion are provided in Section 4.3. 

Additional results from visual inspection confirm the 
precipitate observed at the inner crack surface of the 
exposed samples reported in [26]; which changed its 
appearance and pH at the outer at the outer 10 – 25 
mm (i.e. pH < 9) compared to the whiter coloration 
and higher pH deeper inside the crack (i.e. pH > 11). 
Furthermore, free chlorides were found inside most 
of the crack surface for the samples cracked at 0.3 mm 
CMOD exposed to NaCl, but only penetrated approx. 
30 – 50 mm inside the crack for the specimens 
cracked at 0.15mm CMOD. 

 
Fig. 8. Uniaxial tension test, Stress-CMOD curves for 

samples: a) cracked at 0.15 mm, b) cracked at 0.30 mm. 
Full lines represent the log-mean value (µ) of the sample and 

dotted lines represent the upper- and lower- confidence 
bounds at 90% CI. Sample names correspond to code names 

described in Table 1. 

 

 
Fig. 9. Uniaxial tension test, Work-CMOD plot for samples: 

a) cracked at 0.15 mm, b) cracked at 0.30 mm. 
Full lines represent the log-mean value (µ) of the sample and 

dotted lines represent the upper- and lower- confidence 
bounds at 90% CI. Sample names correspond to code names 

described in Table 1. 
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3.3 Uniaxial tension tests 

3.3.1 Mechanical performance 

The results from the uniaxial tension tests for 
reference and cracked samples are shown as the 
residual strength (i.e. stress vs CMOD curves) (Fig. 
8) and toughness (i.e. work – CMOD curves) (Fig. 9). 
The reference values for the uncracked samples are 
plotted for the sample tested at 56 days (i.e. w0s0c0). 

Results presented in Fig. 8a and Fig. 9a for the 
samples cracked at 0.15 mm CMOD show higher 
mean strength values up to a CMOD of 2 – 3 mm and 
overall higher work values, relative to the uncracked 
reference samples (w0s0c0). Yet, showing similar 
confidence bounds of the mean observed to the 
uncracked references. 

The results for samples cracked at 0.3 mm CMOD, 
show an overall decrease of the mean strength (Fig. 
8b) and work responses (Fig. 9b) relative to the 
samples cracked at 0.15 mm CMOD (Fig. 8a and Fig. 
9a). The drop in residual strength and work is more 
pronounced at CMOD values larger than 1.5 – 2.5 
mm, where the mean strength of the samples cracked 
at 0.3 mm CMOD produce significantly lower values 
compared to the uncracked reference (w0s0c0), see 
Fig. 8b. Whereas, the slight increase in strength at 
CMOD ≈ 0.5 – 1.5 mm, relative to the uncracked 
reference (w0s0c0) compensates the drop at the end 
of the tail, and results in work curves for the exposed 
samples generally overlapping with the uncracked 
reference (Fig. 9b). 

In general. the mean value of the exposed cracked 
reference at 0.15 mm CMOD (w15s0c0) and 0.30 mm 

CMOD (w30s0c0) lie within the rest of the exposed 
samples for the same crack width, see Fig. 8 and Fig. 
9, considering the confidence interval of the mean, 
and there is no distinct variation on the residual 
performance that can be directly linked to corrosion 
damage in fibres.  

3.3.2 Visual inspection and fibre count 

The fibre count results of the uniaxial tension 
specimens are presented as contours of the mean 
density of fibres for the levels of fibre corrosion 
described in the previous section for the bending 
samples, see Fig. 10. The surface of the crack (80×80 
mm) was divided by its orthogonal symmetry axes, 
and the figure presents a crack surface of 40×40mm 
with a diagonal symmetry axis crossing the area from 
bottom-left to top-right; where the exposed edges are 
marked with dotted red lines (left and lower axis). 
The contours represent regions with a density of 
fibres over 10 fibres/dm2 for each group, except for 
the uncorroded fibres (level 1) that are plotted for a 
density of 50 fibres/dm2 and the ruptured fibres that 
are plotted for a density of 25 fibres/dm2. 

The uncracked reference sample presents a 
homogeneous fibre distribution, similar to the 
bending reference, with a fibre density between 50 – 
100 fibres/dm2, see Fig. 10a. The cracked reference 
samples exposed to limewater (w15s0c0 and 
w30s0c0) present mostly fibres with minor corrosion 
(level 2) at the outer 20 – 40 mm of the crack, 
respectively (see Fig. 10b-c). Furthermore, the 
sample cracked at 0.3 mm (w30s0c0) also showed 
some fibres with a significant level of corrosion 

Fig. 10. Fibre counting for 
uniaxial tension tests, 
contour plots for: a) 
uncracked reference, 
w0s0c0; b,c) cracked 
reference, s0c0; d,e) standard 
chloride exposure, s3c0; f,g) 
high chloride exposure, s7c0; 
h,i) carbon dioxide and 
fresh-water exposure, s0c5; 
j,k) carbon dioxide and 
standard chloride exposure, 
s3c5. Sample names 
correspond to code names 
described in Table 1. 
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(levels 3 – 4) and a larger share of ruptured fibres at 
the outer 10 – 15 mm of the crack. 

The samples exposed to chlorides are presented in 
Fig. 10 for these exposures: i) 3.5wt.% NaCl solution 
(w15s3c0 and w30s3c0), shown in Fig. 10d-e;  ii) 
7.0wt.% NaCl solution (w15s7c0 and w30s7c0), 
shown in Fig. 10f-g; and iii) carbon dioxide and 
3.5wt.% NaCl solution (w15s3c5 and w30s3c5), 
shown in Fig. 10d-e. These show a similar spread of 
the contour of minor corrosion (level 2) and the 
corrosion front (levels 3 – 4), that extend from the 
exposed edges from approx. 25 mm up to the full 
depth of the crack, decreasing both for smaller crack 
widths and lower NaCl concentrations.  

The samples exposed to carbon dioxide and fresh 
water (w15s0c5 and w30s0c5) displayed a smaller 
extent of corrosion into the crack (Fig. 10h-i), for 
example: the corrosion front (levels 3 – 4) penetrated 
at approximately 10 – 25 mm from the exposed edges, 
but  minor corrosion (level 1) was observed from 20 
mm (Fig. 10h) up to the whole crack area (Fig. 10i), 
depending on the crack width. The corroding areas 
show a slightly larger share of rupturing fibres. 
Further analysis and discussion are provided in 
Section 4.3. 

The visual inspection of the crack surface showed a 
precipitate at the inner crack faces of all the exposed 
samples, similar to that found in the bending samples, 
corresponding to the observations described in [26]. 

4. Discussion 
The discussion below focuses on describing the role 
of the exposure time in the main aspects that describe 
the deterioration of SFRC: i) the strength of exposed 
uncracked SFRC (Section 4.1); ii) the toughness of 
exposed cracked SFRC (Section 4.2); iii) the extent 
and severity of fibre corrosion (Section 4.3); iv) the 
ratio of fibres rupturing and its relation to fibre 
corrosion (Section 4.4); v) the relative impact of the 
exposure time compared to the main variables 
affecting the toughness of the cracked material 
(Section 4.5).  

The discussion finalizes in Section 4.6 with a closing 
remark of the implications of the results presented in 
this paper on the design of SFRC infrastructure 
exposed to corrosive environments and a summary of 
the results presented in Table 5. 

4.1 Variation of the strength of uncracked SFRC 
over time 

This section discusses the variation of the strength of 
the uncracked composite over time. The results 
presented in Section 3.1 show that there is no 
substantial variation in the compressive strength of 

the bulk concrete when comparing the exposures 
investigated (see Fig. 4b), and overall agree with the 
results presented in [26] for the specimens tested after 
one-year exposure. 

Second, the variations of the mean (Δx̅) and median 
(Δx̃) values over time (i.e. comparing results tested 
after one  and two years of exposure) for each 
exposure and batch are presented in Table 2, 
including the probability value for the null hypothesis 
(H0) for a two-tailed Welch’s t-test. The results 
presented in Table 2, show a negligible variation of 
the mean values over time, when comparing one and 
two years of exposure, supported by the moderately 
high p-values of the t-test. Similarly, the variation of 
the compressive strength with time when comparing 
batches “A” and “B” with their counterparts tested at 
one year was statistically non-significant at α=10%. 
Batch “C” showed a statistically significant increase 
in the mean compressive strength over time of 
approximately 5%, which may be related to the still 
limited number of replicates tested (i.e. 12 replicates). 

These results substantiate that under these exposure 
conditions, neither corrosion of fibres in uncracked 
concrete nor microstructural changes in the matrix at 
the surface due to exposure (e.g. chloride ingress, 
carbonation and leaching) may have a significant 
impact on the strength of the bulk concrete matrix 
over time, as discussed in [26] and in agreement with 
former studies [37–39]. 

Table 2. Comparison of compressive strength after two-year 
exposure, compared to results after one year. 

Sample 
Mean 

(x̅) 
Δ. Mean 

(Δx̅) 
Δ. Median 

(Δx̃) 
p-value  

(H0) 
 (MPa) (MPa) (MPa) (-) 

REF 73,3 1,5 3,3 0,619 
s0c0B 74,0 1,0 -3,9 0,742 
s3c0B 72,8 -0,7 5,4 0,870 
s7c0B 74,1 1,5 -1,9 0,624 
s0c5B 75,5 1,3 -3,8 0,718 
s3c5B 75,5 2,4 5,5 0,514 

A 80,0 -1,4 1,5 0,435 
B 74,2 0,7 -1,1 0,719 
C 69,1 3,7 2,3 0,035 

 

 
Notes: The mean value (x̅) corresponds to the value for the 
results at two-years. The corresponding samples exposed for 
one year are used for calculation of Δx̅, Δx̃ and p-value for each 
of the samples at two years. Data for samples exposed for one 
year was presented in [26]. 

4.2 Variation of the residual mechanical 
performance of cracked SFRC over time 

The results presented in Sections 3.2.1 and 3.3.1 
show that there are changes over time in the residual 
mechanical performance of cracked SFRC due to the 
different exposure conditions, relative to the 
uncracked reference sample, as shown in Fig. 5-6 and 
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Fig. 8-9 for the bending and uniaxial tension samples, 
respectively. The variations of the toughness of the 
cracked composite over time (i.e. after two years 
exposure), compared to the data after one-year 
exposure [26], are discussed in this section. 

The toughness of the cracked material was described 
by the total energy released during the tests (i.e. 
work); and was calculated below as the integral of the 
load-CMOD curve in the range of CMOD = 0.5 – 4.0 
mm. The work values at 4 mm CMOD after one- and 
two-years exposure are presented as a boxplot in Fig. 
11. The samples exposed for two years which show 
values significantly lower than their counterparts 
exposed for one year are highlighted in red, and the 
ones showing significantly higher values are 
highlighted in blue. The comparison was done by a 
one-tailed Welch’s t-test, considering a significance 
level of α=10%. 

The analysis of the data presented in Fig. 11 shows 
that there is a generally large scatter of the toughness 
values, regardless of the crack width, exposure or age. 
There is no indication of a significant increase or 
decrease of the material toughness over time in 
bending or uniaxial tension when comparing data 
after one and two years of exposure to wet-dry cycles. 

Except for two cases: i) the bending sample cracked 
at 0.15 mm and exposed to 7 wt.% NaCl, which 
showed a statistically significant increase in the 
toughness after two years exposure relative to one-
year exposure (see w15s7c0B in Fig. 11a); and ii) the 
uniaxial tension sample cracked at 0.3 mm and 
exposed to 7 wt.% NaCl, which showed a statistically 
significant decrease in the toughness after two years 
exposure relative to one-year exposure (see 
w30s7c0B in Fig. 11b).  

In the first case, i.e. w15s7c0B shown in Fig. 11a, the 
significant increase in performance may be related to 
the particularly low toughness of the sample tested 
after one year of exposure (w15s7c0B), as discussed 
in [26]. In the latter case, i.e. w30s7c0B shown in Fig. 
11b, the significant decrease in toughness may be 
related to deterioration of the composite performance 
due to fibre corrosion, as observed in the large 
amount of fibres presenting moderate and major 
corrosion (levels 3-4) shown in Fig. 10. Further 
discussion on this issue is given in the following 
sections, see Sections 4.3-4.5. 

The significance of the changes in the material 
toughness as a function of CMOD values was 
evaluated comparing the mean values of the work-
CMOD curves for the bending and uniaxial tension 
samples to various references by means of a one-
tailed Welch’s t-test, as shown in Fig. 12. The figures 
show the probability (p-value) of: a) the mean value 
of the sample being smaller than the reference (left 
tail); b) the mean value of the sample being greater 
than the reference (right tail). 

 
Fig. 11. Boxplot, total work at 4 mm CMOD for the 

uncracked reference and exposed samples after one year (A) 
and two years (B) for: a) bending test and b) uniaxial tension 
test. Sample names correspond to code names described in 

Table 1. Significant variations in work (at α=0.1) for samples 
exposed for two years compared to counterparts exposed for 

one year are highlighted in red (increase) and blue (decrease). 

 
Fig. 12. T-test, comparison of samples after two years of 

exposure to cracked specimens exposed for one year, for: a) 
bending samples, and b) uniaxial tension samples. Sample 

names correspond to code names described in Table 1. 
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The distribution of the work-CMOD curves of the 
bending and uniaxial tension samples exposed during 
two years are compared to their corresponding 
samples exposed during one year, see Fig. 12. The 
significance thresholds (Alpha) considered for the 
alternative hypotheses (Ha) are: 95, 85 and 75%, 
which lead to p-values of 0.05, 0.15 and 0.25 for the 
null hypothesis (H0), which are displayed as dotted 
horizontal lines. 

Results show generally a non-significant variation on 
the toughness with time for most of the bending 
samples (see Fig. 12a), except for the sample cracked 
at 0.15 mm and exposed to 7 wt.% NaCl (w15s7c0), 
which presented a significant increase in the 
toughness over the whole CMOD range, see Fig. 11a. 
Uniaxial tension samples showed a trend of higher 
toughness values with time for CMOD < 2 mm which 
decreased at the end of the tail (i.e. at CMOD = 4 
mm), see Fig. 12b; yet this was the case mostly for 
samples cracked at 0.15 mm. As discussed before, the 
uniaxial tension sample cracked at 0.3 mm and 
exposed to 7 wt.% NaCl (w30s7c0) showed a 
significantly lower toughness over the whole CMOD 
range. 

These results show trends in toughness similar to as 
described in the data presented after one-year 
exposure in [26], presenting a general increase in 
toughness of cracked SFRC exposed to wet-dry 
cycles compared to uncracked SFRC at CMOD < 2.5 
mm. Including additional branching and formation of 
new cracks in a region adjacent to the original crack 
(i.e. 10 – 30 mm around the crack) at CMODs larger 
than 0.5 mm. 

Only the exposure to 7 wt.% NaCl resulted on a 
statistically significant decrease in work at larger 
deformations over time for the uniaxial tension 
samples cracked at 0.3 mm; though, bending samples 
under the same exposure and crack width did not 
show such a clear detriment to the performance over 
time. Which corroborates that there may be a “size-
effect” to the deterioration of performance over time 
due to fibre corrosion, as discussed in[26] for 
corresponding data after 1 year exposure and in 
former studies [18,25]. 

4.3 Fibre corrosion over time 

The results from the fibre counting described in 
Sections 3.2.2 and 3.3.2 are discussed below, 
presented as the percentage of fibres classified by the 
deterioration levels described in Fig. 2 (Levels 1-4 
and rupture), relative to the depth inside the crack. 
Results are shown for the bending samples in Fig. 13 
and uniaxial tension samples in Fig. 14. An additional 
profile represents all fibres with severe corrosion: e.g. 
the combination of fibres with moderate and major 
corrosion (Levels 3-4). Finally, the profiles of 
uncorroded fibres (Level 1) and fibres with severe 
corrosion (Levels 3-4) from the samples tested after 
one year, see [26], have been included as reference. 

Furthermore, the outer 25 mm at the laterals of the 
crack and the fibres located at the compression zone 
of the cracked bending samples are omitted from the 
analysis in Fig. 13, to consider just the corrosion 
extending from the crack mouth. So that the initial 
cross-section (150×125 mm) is reduced to an area of 
100×90 mm for samples cracked at 0.15 mm CMOD 

 

Fig. 13. Fibre corrosion 
versus crack depth for 
bending samples: a) 
uncracked reference, 
w0s0c0; b,c) cracked 
reference, s0c0; d,e) 3.5wt.% 
NaCl exposure, s3c0; f,g) 
7.0wt.% NaCl exposure, 
s7c0; h,i) carbon dioxide and 
fresh water exposure, s0c5; 
j,k) carbon dioxide and 
3.5wt.% NaCl exposure, 
s3c5. Sample names 
correspond to code names 
described in Table 1. 
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and 100×100 mm for samples cracked at 0.30 mm 
CMOD. 

Fibre corrosion extends from the outer crack area, the 
ratio of corroding fibres and degree of corrosion 
decrease gradually up to approx. 20 – 40 mm from the 
crack mouth, see Fig. 13-14b-k. The extent and 
severity of fibre corrosion is generally larger for 
samples cracked at 0.3 mm (see Fig. 13-14c,e,g,i,k) 
compared to those cracked at 0.15 mm (see Fig. 13-
14b,d,f,h,j). Exposure to chlorides mainly entails an 
increase in the severity of corrosion relative to the 
other exposed samples, i.e. larger share of fibres 
presenting moderate and major corrosion (Levels 3-
4), see Fig. 13-14d-g and Fig. 13-14j-k. In general, 
fibre rupture tends to increase at depths where most 
fibres present severe corrosion (Levels 3-4), i.e. the 
outer 10 – 20 mm of the crack depending on the 
exposure and crack width. There is some trend of 
increase in the extent of fibre corrosion over time, 
when comparing the results presented in Fig. 13-14 
with the data after one year, discussed in [26]. 

Comparison of results from samples tested after one- 
and two-years exposure generally showed a 
negligible progress of the extent of fibre corrosion 
over time for the samples cracked at 0.15 mm, for 
both bending (see Fig. 13 b,d,f,h,j) and uniaxial 
tension samples (see Fig. 14 b,d,f,h,j). Whereas, the 
extent of fibre corrosion only increased over time for 
samples cracked at 0.3 mm exposed to: 7 wt.% NaCl 
(w30s7c0), see Fig. 13-14c; 0.5 vol.% CO2 
(w30s0c5), see Fig. 13-14I; and the reference sample 
exposed to limewater cycles (w30s0c0), see Fig. 13-
14c. The additional corrosion damage was negligible 
in the two last ones (i.e. only related to fibres with 
minor corrosion).  

Besides the aforementioned exceptions, the exposed 
samples showed corrosion damage agreeing with the 
data gathered after one-year exposure [26], for 
example: the extent of fibre corrosion inside the crack 
increased mainly with larger initial crack width and 
when exposed to carbon dioxide; while the presence 
of chlorides mainly increases the severity of fibre 
corrosion. The results suggest that fibre corrosion 
does not extend into the crack substantially with time, 
whereas the severity of fibre corrosion progresses 
gradually with time. Similar trends were found in 
previous research [11,16], but former studies do not 
provide an accurate location and classification of the 
corroding and rupturing fibres. The analysis of the 
extent and severity of fibre corrosion inside the crack 
is qualitative [4], which does not allow further 
objective comparison of this data. 

4.4 Correlation of fibre corrosion and fibre rupture 
over time 

The correlation of corrosion damage of fibres 
bridging the crack to changes in the residual 
performance of the material over time was 
investigated by quantifying the impact of fibre 
corrosion on the quantity of fibres rupturing instead 
of pulling out. 

The relation of fibre corrosion to the number of fibres 
rupturing is presented in Fig. 15, as a boxplot 
showing the ratio of fibres ruptured at each corrosion 
level (L1 – L4) and combinations of them. The ratio of 
ruptured fibres is compared at each corrosion level to 
a reference by a two-tailed Welch’s t-test with 
α=10%, which shows a significantly larger number of 
samples marked in red. The figure describes the 
following analyses: i) the percentage of fibres 

 

Fig. 14. Fibre corrosion versus 
crack depth for uniaxial 
tension samples: a) uncracked 
reference, w0s0c0; b,c) 
cracked reference, s0c0; d,e) 
3.5wt.% NaCl exposure, s3c0; 
f,g) 7.0wt.% NaCl exposure, 
s7c0; h,i) carbon dioxide and 
fresh water exposure, s0c5; j,k) 
carbon dioxide and 3.5wt.% 
NaCl exposure, s3c5. Sample 
names correspond to code 
names described in Table 1. 
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rupturing depending on their degree of corrosion in 
the samples tested after two-years exposure for 
bending (Fig. 15a) and uniaxial tension samples (Fig. 
15b), using the values measured for non-corroded 
fibres (L1) as reference in the t-test; ii) the total 
percentage of fibres rupturing depending on their 
degree of corrosion for the samples tested after one- 
and two-year exposure for bending (Fig. 15c) and 
uniaxial tension samples (Fig. 15d), indicating if 
there is a statistically significant increase in the ratio 
of ruptured fibres over time (i.e. using the data after 
one year of exposure as reference [26]). 

The first analysis, see Fig. 15a-b, shows that for any 
degree of fibre corrosion (i.e. L2 to L4) there is a 
trend towards a significant increase in fibre rupture as 
corrosion is more severe; which corresponds well to 
the observations reported after one-year exposure 
[26]. The contribution of fibres rupturing due to 
corrosion to the total count of fibres was significant 
for some cases, i.e. see (L1,4 and L1-4) in Fig. 15a and 
(L1,2, L1,3, L1,4, L1-3 and L1-4) in Fig. 15b. 

The second analysis, see Fig. 15c-d, shows that there 
is no significant increase in the ratios of fibres 
rupturing due to corrosion over time (see L1,2, L1,3 and 
L1,4 in Fig. 15c-d). There is a statistically significant 
increase in the contribution of corroding fibres to the 
total amount of rupturing fibres over time for the 
uniaxial tension samples (L1,2, L1,3, L1,4, L1-3 and L1-4 
in Fig. 15d); yet, this increase in the contribution over 
time was not observed for the bending samples, as 
shown in (L1,2, L1,3, L1,4, L1-3 and L1-4) in Fig. 15c. 

The discussion above corroborates that there must be 
a differentiation in the cause of fibre rupture in 
cracked SFRC, as presented in [26]; fibres crossing 

the crack may rupture due to: i) a critical reduction of 
the cross-section due to corrosion; or ii) an apparent 
increase in the fibre-matrix bond strength over the 
exposure. The data presented shows a slight increase 
over time in the first group for specimens with a small 
cross-section. Whereas, there does not seem to be an 
increase over time of the ruptured fibres belonging to 
the second group for the specimens tested in this 
study. 

Consequently, it is inferred that the impact of the 
exposure time on the total number of fibres rupturing 
due to corrosion is strongly influenced by the size and 
shape of the specimen, since fibres corrode mostly at 
the outer 20 – 40 mm of the crack. For example, 
corroding fibres were found at 75 – 100% of the of 
the cross-section of uniaxial tension test samples 
(80x80 mm exposed at all edges) but comprised only 
30 – 45 % of the cross-section of bending samples 
(150x125 mm exposed at three edges). 

4.5 The contribution of exposure time to the 
mechanical performance of cracked SFRC 

The relative impact of the exposure time on the 
mechanical performance of the cracked SFRC is 
discussed below by means of Partial least-squares 
(PLS) regression and multiple linear regression 
(MLR). The first analysis, based on the PLS 
technique, was utilized to identify the main variables 
affecting the mechanical performance of the 
composite measured in bending and uniaxial tension 
tests. Whereas, the second analysis, based on the 
MLR technique, was used to describe and quantify 
the contribution of these variables to the performance 
of the composite over time, based on the model 
described in Section 2.5 and [26].  

 

Fig. 15. Impact of fibre 
corrosion on fibre rupture over 
time for: a) bending samples 
after two years, b) uniaxial 
tension samples after two 
years, c) bending samples after 
one- and two-years d) uniaxial 
tension samples after one and 
two years. 
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4.5.1 Partial least-squares regression (PLS) 

The PLS method is applied to the two datasets (i.e. 
bending and uniaxial tension data) in separate 
models. The models cover the quantification of the 
contribution of the following variables to the 
toughness of the composite, integrated at a CMOD 
range 0.5 – 4 mm (y), being: the fibre content (v1), 
the ratio of fibres corroding (v2 – v4), the ratio of 
fibres rupturing (v5), the crack width (v6), the 
chloride concentration (v7), the carbon dioxide 
concentration (v8) and the exposure time (v9). The 
model was initially calculated for 8 principal 
components, and was subsequently reduced to 3 
components, results are presented in Table 3; but for 
illustrative purposes the models presented in Fig. 16-
17 are shown for 5 principal components. 

The resulting coefficient estimates (β) and 
normalized weights of the explanatory variables and 
coefficient of determination (R2) are presented in 
Table 3 for the two models. Furthermore, the 
variance explained by the first 5 principal 
components for the two models is presented in Fig. 
16-17a, the plot of explained vs predicted variance is 
presented in Fig. 16-17b, and the cumulative 
normalized weights for the explanatory variables vs 
the first 5 components is presented in Fig. 16-17c. 

The coefficients of determination (R2) and the 
adjusted coefficients of determination are in the range 
0.6 to 0.8, being slightly higher for the bending data. 
The coefficients of determination correspond well to 
the overall large scatter in the data observed in Fig. 
16-17b. However, besides some signs of 
heteroskedasticity in Fig. 16b and a slightly uneven 

distribution observed in Fig. 17b, the fit may be 
sufficient for identifying the dominant variables in the 
study. 

The results presented in Fig. 16-17c present the 
normalized weight of the variables in the principal 
components. The figures show, that for both sets of 
data, the fibre content (v1) dominates over the rest of 
the variables; comprising 30 – 40 % of the explained 
variance within the first 2 – 3 components. Whereas, 
other variables such as the number of ruptured fibres 
(v5), the crack width (v6) or the ratios of corroding 
fibres (v2 – v4) have a secondary impact. Finally, the 
exposure time (v9) or the exposure conditions (v7 – 
v8) had a negligible normalized weight; which 
indicates that would have a non-significant 
contribution to the toughness of the cracked 
composite. 

 
Fig. 16. Results from PLS regression for the bending data, 

showing: a) explained variance for main PLS components, b) 
predicted variance versus observed variance, c) cumulative 

normalized weight of variables trough PLS components. 

Table 3. Partial least-squares regression model results for 3 
principal components for the bending and uniaxial tension 

data. Normalized weights for explanatory variables, 
regression coefficients (β) and coefficients of determination 

(R2). 

Variables Bending Tension 
Weight β Weight β 

i intercept - 0.000 - 0.000 
v1 Fibre count 0.457 0.819 0.294 0.528 
v2 Corr. L2 (%) 0.084 -0.054 0.104 -0.053 
v3 Corr. L3 (%) 0.121 -0.230 0.104 -0.104 
v4 Corr. L4 (%) 0.102 -0.179 0.087 -0.084 
v5 Rupture (%) 0.127 0.402 0.160 -0.096 
v6 Crack width 0.093 -0.067 0.174 -0.242 
v7 Chlorides 0.002 -0.008 0.020 0.071 
v8 Carbon dioxide 0.009 0.026 0.051 0.118 
v9 Exposure cycles 0.005 -0.068 0.005 0.025 
  R2 0.728 R2 0.632 

 

 
Fig. 17. Results from PLS regression for the uniaxial tension 

data, showing: a) explained variance for main PLS 
components, b) predicted variance versus observed variance, 

c) cumulative normalized weight of variables trough PLS 
components. 
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Therefore, this analysis confirms the discussion 
presented in [26], which showed a dominant role of 
the fibre content relative to the rest of the variables, 
when explaining the variations after exposure. 
Whereas, this study also suggests, that the exposure 
time may not have a substantial contribution to 
variations of the composite toughness at the time-
scales investigated. 

4.5.2 Multiple linear regression (MLR) 

The previous analysis showed an indication of the 
relative impact of those variables in the toughness, 
but it did not provide a clear quantification of the 
correlation. Therefore, multiple linear regression 
analysis (MLR) was used to describe the contribution 
of those variables to the variations in toughness, by 
extending the model presented in [26] in order to 
include the contribution of the exposure time. 

The model covers the quantification of the 
contribution of the following variables on the 
toughness of the composite up to a CMOD of 4 mm 
(y), being: the fibre content (x1), the ratio of fibres 
corroding (x2 – x4), the ratio of fibres rupturing (x5), 
the crack width (x6) and the exposure time (x7). The 
linear predictors for the main variables and two-factor 
interactions are presented in Wilkinson notation for 
the bending tests in Eq. 2 and for the uniaxial tension 
tests in Eq. 3; where the non-statistically significant 
variables are presented between apostrophes ‘’ and 
non-significant interactions are omitted (i.e. 
considering α = 0.1). 

y ~ ‘i’ + x1 +  ‘x2’ + x3 + x4 + x5 + x6 + 
‘x7’ + x2:x6 + x5:x6 Eq. 2 

y ~ ‘i’ + x1 + ‘x2’ + ‘x3’ + x4 + ‘x5’ + x6 
+  ‘x7’ + x1:x4 + x4:x6 + x5:x6 + x6:x7 Eq. 3 

The resulting coefficient estimates and p-values of the 
linear terms and coefficients of determination (R2 and 
adjusted R2) are presented in Table 4. Furthermore, 
the coefficient-estimates and normalized residuals 
(i.e. Standardized and Pearson residuals) of the 
resulting models are presented in Fig. 18a-b for the 
bending tests and in Fig. 18c-d for the uniaxial 
tension tests. 

The coefficients of determination (R2) and the 
adjusted coefficients of determination are in the range 
0.6 to 0.8, being slightly higher for the bending data. 
These values indicate an overall moderate fit of the 
data; yet, the normalized residual plots, see Fig. 
18b,d, show a fair distribution with no signs of self-
correlation, but with large normalized residual values. 

The normalized coefficient estimates (z-scores) for 
the main predictors are presented in Fig. 18a,c, which 
displays the relative impact of each variable on the 
toughness of the material. Positive estimates indicate 
an increase of the toughness when the variable 
increases. Non-significant estimate predictions, i.e. at 
α=10%, are displayed in grey. 

The coefficient estimates presented in Fig. 18a,c 
agree with the results of the PLS model and show that 
the overall impact of the fibre content (x1) in the 
toughness of the cracked composite dominates over 
the relative impact of the other variables for both test 
methods. 

The relative impact of fibre corrosion (x2-x4) on the 
toughness of the composite estimated by the model 
shows a non-statistically significant positive impact 
of the fibres with minor corrosion (x2) and a negative 
impact of fibres presenting moderate and major 
corrosion (x3-x4), which was statistically significant 
for both groups in the bending samples (see Fig. 18a) 
but only for the fibres presenting major corrosion (x4) 
for the uniaxial tension test (see Fig. 18c). 

The ratio of ruptured fibres had a statistically 
significant positive relation to higher toughness 

 
Fig. 18. First multiple regression model for bending 

specimens and uniaxial tension specimens, showing: a) 
normalized coefficients for bending specimens, b) residuals 

for bending specimens, c) normalized coefficients for 
uniaxial tension specimens, d) residuals for uniaxial tension 

specimens. 

Table 4. Multiple regression model results. Estimates and p-
values for regressors and coefficients of determination.  

Variable 
Bending Uniaxial tension 

Estimate p-value Estimate p-value 
i Intercept 0.061 0.123 0.062 0.198 

x1 Fibre count 0.859 0.000 0.674 0.000 
x2 Corr. L2 (%) 0.062 0.157 0.049 0.367 
x3 Corr. L3 (%) -0.154 0.001 -0.060 0.348 
x4 Corr. L4 (%) -0.250 0.000 -0.139 0.027 
x5 Rupture (%) 0.502 0.000 -0.004 0.952 
x6 Crack width -0.136 0.001 -0.270 0.000 
x7 Exposure cycles -0.012 0.784 -0.010 0.834 

  R2 0.788 R2 0.633 
  R2 adj. 0.776 R2 adj. 0.607 
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values for the bending samples (see Fig. 18a), but had 
a negligible impact on the uniaxial tension samples 
(see Fig. 18b). The crack width (x6) had a statistically 
significant negative impact on the toughness of the 
cracked composite for both datasets, see Fig. 18a,c. 
Finally, the number of cycles (x7) did not have a 
statistically significant contribution in the residual 
toughness for none of the datasets see Fig. 18a,c. 
Thus, suggesting some inconsistency in the expected 
negative contribution of the exposure time to the 
toughness of the cracked composite, which may be 
negligible at the scales investigated (i.e. comparing 
one and two years of exposure). 

The analysis presented above generally agrees with 
the discussion presented in [26] for the experiments 
done after one year of exposure. Overall, the 
variability in the fibre distribution inherent to the 
production and test methods used have a dominant 
role over the rest of parameters when explaining 
changes in the residual mechanical performance of 
the exposed cracked composite over time. 

4.6 Summary and design implications 

This study investigated the impact of fibre corrosion 
on the mechanical performance of cracked SFRC 
exposed to wet-dry cycles of various corrosive 
environments over a period of two years. A summary 
of the results after two years of exposure to various 
environments is presented in Table 5, classified 
according to EN 206 as: limewater (XC0-1), 3.5wt.% 
NaCl solution (XS3), 7.0wt.% NaCl solution (XS3↑), 
fresh water and CO2 drying cycles (XC4) and 
3.5wt.% NaCl solution and CO2 drying cycles (XS3 
+ XC4). Toughness ratios calculated as the mean total 

work up to CMOD = 4.0 mm for each of the 
exposures relative to the samples tested after one-year 
exposure are given in Table 5. 

The discussion presented in Section 4.1 indicates 
negligible changes in the elastic performance of the 
exposed uncracked material tested in compression 
over two years of exposure, for specific values refer 
to Table 5. 

The residual mechanical performance of the cracked 
composite did not vary significantly with time for the 
time-scale studied, except for the samples cracked at 
0.3 mm and exposed to 7wt.% NaCl, which showed a 
significant drop in toughness over time, see Section 
4.2. In general, the changes in the residual mechanical 
behaviour of the cracked composite observed after 
one year of exposure in [26], were also observed after 
two years. 

There was a minor increase in the extent and severity 
of fibre corrosion inside the crack over time, as 
discussed in Section 4.3, which was only significant 
for some of the specimens cracked at 0.3 mm. 
Anyhow, fibre corrosion was only observed at the 
outer 20 – 40 mm of the crack, depending on the 
exposure and crack width (for specific values refer to 
Table 5). The trends observed in fibre corrosion over 
time suggest that the corrosion damage inside the 
crack is governed by the transport of moisture and 
species through the crack. 

The analysis of the contribution of fibre corrosion to 
the number of fibres that ruptured instead of pull-out 
of the matrix presented in Section 4.4 showed that the 
ratio of ruptured fibres relative to the corrosion 
damage did not vary significantly over time. The total 

Table 5. Summary of results 

Exposure 
(sample) 

Exposure 
Class 

[EN 206] 

Crack 
width  
[mm] 

Corrosion 
front depth 

[mm] 

Severe corrosion 
front depth  

[mm] 

Toughness 
variation 

[-] 

Strength 
variation 

[-] 
3PB UTT 3PB C 3PB UTT C 

w15s0c0 XC1 (XC4) 0.15 20 20 - 10 0.960 1.054 
1.003 

w30s0c0 0.30 30 >40 10 10 0.937 1.119 
w15s3c0 XS3 0.15 30 30 20 20 0.933 1.057 

1.006 
w30s3c0 0.30 40 40 30 20 1.153 0.969 
w15s7c0 XS3↑ 0.15 30 30 30 20 1.378 0.990 

1.004 
w30s7c0 0.30 40 40 30 30 0.878* 0.779* 
w15s0c5 XC4 0.15 20 20 10 10 1.046 0.977 

0.999 
w30s0c5 0.30 30 >40 20 30 0.971 0.967 
w15s3c5 XC4 + 

XS3 
0.15 30 30 20 20 1.105 0.981 

1.033 
w30s3c5 0.30 40 >40 30 20 1.012 1.024 

 

Abbreviations: (Exposure “sample”) codes of the experiment exposures according to Table 1, (Exposure class) corresponding 
exposure classes according to EN 206, (Crack width) crack width during the exposure expressed in mm, (Corrosion front depth) 
depth of corrosion inside the crack measured from the exposed edges for any level of corrosion expressed in mm, (Severe corrosion 
front depth) depth of severe corrosion “corrosion levels 3-4” inside the crack measured from the exposed edges expressed in mm, 
(Toughness variation) the ratio between the toughness of the sample tested after two-year exposure and the sample tested after one-
year exposure, statistically-significant values (α = 0.2) are marked with “*”, (Strength variation) the ratio between the compressive 
strength of the exposed sample and the unexposed reference (w0s0c0), significant values are marked with “*”, (3PB) three-point 
bending specimens, (UTT) uniaxial tension test specimens, (C) compression specimens. 
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count of rupturing fibres only increased significantly 
with time for the uniaxial tension samples; indicating 
that the percentage of fibres rupturing increase 
gradually as fibre corrosion proceeds, but it may be 
negligible in larger cross-sections. 

Finally, the analysis presented in Section 4.5 
indicates that the contribution of the variation of the 
total number of fibres crossing the crack generally 
dominates over the rest of the experimental variables; 
including the exposure time, which showed a 
negligible impact on the toughness of the cracked 
composite for the time-scale investigated. 

The discussion in this paper indicates minor 
deterioration over time of the toughness of the 
cracked composite due to fibre corrosion, i.e. 
disregarding the contribution of the outermost fibres 
(e.g. at approx. at the outer 10 – 40 mm of the crack), 
which could critically corrode, but may not 
compromise the long-term integrity of cross-sections 
larger than e.g. 150 mm. These observations 
correspond well to some of the results reported in 
field exposure of cracked SFRC exposed to chlorides 
(i.e. EN-206 classes XS2 and XS3) [6,10,13–16] and 
carbonation (i.e. EN-206 classes XC4) [10,16] during 
periods of 1 – 5 year. However, results presented 
herein still disagree with conclusions from former 
studies, that predicted substantial decrease in residual 
performance over time in cracked SFRC due to fibre 
corrosion [11] or that measured a substantial decrease 
in toughness attributed to an excessive increase in the 
fibre-matrix bond strength, described as 
“embrittlement” [13,40]. 

Based on this discussion, there is no indication 
suggesting that fibre corrosion may have a critical 
impact over time (i.e. for the timescales investigated) 
on the residual performance of SFRC cracked up to 
0.3 mm exposed to wet-dry cycles for typical 
engineering applications. Considering for example 
that: the cross-section thickness of a prefabricated 
segmental lining is in the range 200 – 400 mm [2,41], 
or is approx. 400 – 600 mm for a slab-on-grade [42]. 
Yet, the time-scale investigated in this study is 
substantially shorter compared to the typical aims for 
service life of such infrastructure, i.e. the design 
service life of a bored tunnel may be as long as 100 – 
120 years [2,43,44]. 

There is still limited data available from long-term 
studies that can be used to corroborate these 
observations, for example: inspection of SFRC 
infrastructure exposed to XS3 and XC4 environments 
during 20 years did not show substantial corrosion 
damage in steel fibres bridging small cracks, but did 
not provide any measure of the mechanical 
performance of the cracked composite [16].  

Therefore, recommendations given in this paper may 
not be extrapolated to any design scenario or 
exposure time, since the discussion herein is still 
based on a limited number of experiments for short 
timescales and cannot be generalized to every type of 
fibre, concrete mix-design or exposure conditions. 

5. Conclusions 
The results presented in this study confirm that there 
is no substantial damage to uncracked SFRC exposed 
to wet-dry cycles of chloride and carbon dioxide, over 
the time-scale investigated. Fibres corroded primarily 
at the surface of the uncracked concrete and only 
produced aesthetical damage. 

Corrosion of steel fibres bridging cracks did not 
progress substantially inside the crack over time after 
one-year exposure; and only entailed moderate 
reductions in the total toughness in small specimens 
cracked at 0.3 mm and exposed to large chloride 
concentrations. The moderate increase in the residual 
performance of the cracked SFRC at small 
deformations has been related to an increase of the 
fibre-matrix bond strength over time. 

There is no indication of a larger probability of fibre 
rupture due to fibre corrosion over time. And there 
was only a statistically significant increase in the 
contribution of fibre corrosion to the global count of 
ruptured fibres over time for small cross-sections. 
Concluding that there was no clear detrimental 
relation between the number of ruptured fibres and 
the toughness of the material. 

Fibre corrosion had a subordinate, yet statistically 
significant impact on the changes in toughness over 
time, relative to the toughness variation observed due 
to the fibre distribution; while the impact of the 
exposure time was negligible, considering the time-
scales investigated. 

The results presented in this paper do not indicate that 
fibre corrosion has a critical impact on the bulk 
toughness of cracked SFRC over time for typical 
engineering applications. Nonetheless, the 
extrapolation of these results to general design 
scenarios is still questionable, since the discussion 
herein is still based on a limited number of 
experiments under controlled conditions for a 
relatively short period of time compared to the 
expected service life of typical infrastructure. Further 
research focusing on the long-term chemical stability 
of cracked SFRC based on inspection of existing 
infrastructure is needed. 
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The study presented in Chapter 3 concluded that there were significant changes in the 
residual performance of cracked SFRC specimens after exposure. There was insight 
suggesting that the increase on the residual strength measured at small deformations 
may be due to an alteration of the fibre-matrix bond strength during the exposure. 
However, macroscopic observations at the composite level provide a limited 
understanding of the nature of such changes in the residual performance of the cracked 
composite, and investigations at the single-fibre level are needed. 

This chapter presents an experimental campaign that investigated the pull-out 
behaviour of four types of hooked-end fibres subjected to wet-dry cycles of freshwater 
and saltwater for six months. Single-fibre pull-out tests were performed on partially 
pulled fibres bridging an artificial crack. Results from the investigation are discussed 
in Paper V. The paper focuses on quantifying the variations of the fibre-matrix bond 
strength after the exposure to wet-dry cycles and relates these variations to the pull-out 
mechanisms of the fibre. 
The results confirmed the hypotheses presented in Chapter 3, and showed that the 
exposure of partially pulled fibres to wet-dry cycles resulted in a significant increase of 
the pull-out forces transferred; which in some cases led to a substantial increase in the 
number of fibres rupturing after the exposure. Corrosion damage was mainly observed 
at the exposed steel surface for both freshwater and saltwater exposure, but there was 
only a noticeable cross-section reduction of the steel for the latter. 
The variations in the fibre-matrix bond strength after the exposure affected both the 
adhesive and the mechanical bond. The adhesive bond was partially restored after the 
exposure, and a “new” deboning peak was observed in most experiments. There was an 
increase in the forces transferred during the mechanical bond phase, i.e. for slip values 
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in the range of 0.5 – 1 mm. Such increase in the mechanical bond strength, led in some 
cases to premature fibre rupture, which reduced significantly the total work transferred 
during pull-out. However, it was observed that fibre rupture did not necessarily occur 
at the highest force in the ascending branch of the curve, e.g. by exceeding the tensile 
capacity of the steel. In some cases, fibre rupture occurred at the hook during the 
descending branch of the test, e.g. at slip values of 2 – 3 mm, which corresponded to 
the last phase of the straightening process of the hook. It was found that increasing the 
steel strength for the same concrete strength was effective on reducing substantially the 
amount of fibres rupturing; ideally enabling cross-section reduction allowances due to 
corrosion of 10 – 30% in some cases. 

The findings of this investigation support the hypothesis that a considerable share of 
the changes in the mechanical behaviour of cracked SFRC subject to wet-dry cyclic 
exposure, reported in former studies (Chapter 2) and in the experiments presented in 
Chapter 3, may be due to an increase of the fibre-matrix bond strength over the 
exposure, and not solely due to corrosion of the steel fibres. Thus, additional damage 
mechanisms, besides fibre corrosion, might explain the changes in the residual 
performance of the cracked SFRC. Former investigations and current observations 
propose that the alteration of the cement matrix surrounding the fibre during exposure 
to wet-dry cycles, e.g. due to autogenous healing, may be responsible for such changes. 
The investigation reported in this chapter covered a detailed, yet limited, discussion of 
the effects of wet-dry exposure to the pull-out behaviour of steel fibres. The 
investigation presented covered the pull-out response of hooked-end fibres aligned with 
the pull-out direction with a fixed embedment length. Additional parameters 
influencing the pull-out behaviour of these fibres, such as: fibre inclination (Mois and 
Chiriac, 2017), concrete matrix maturity (Kragh et al., 2019; Kragh and Carlsen, 2017; 
Thorsen and Christensen, 2018) or sustained load conditions, such as creep (Havlik and 
Galik, 2017), were explored during the project through BSc and MSc theses. It was 
found that these parameters may play a critical role as well on the pull-out behaviour 
of hooked-end fibres under long-term exposure. Further experimental work and 
modelling are needed in order to extend these conclusions to general applications. 
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4.1 Paper V. Pull-out behaviour of hooked-end fibres in cracked 
concrete under corrosive exposures 

The following publication, referred as “paper V”, has been published in Construction 
and Building Materials. 

Marcos-Meson, V., Fischer, G., Edvardsen, C., Solgaard, A., Michel, A., 2020. Pull-
out behaviour of hooked-end steel fibres in cracked concrete exposed to wet-dry cycles 
of chlorides and carbon dioxide – mechanical performance. Constr. Build. Mater. 240 
(2020) 117764. doi:10.1016/j.conbuildmat.2019.117764. 

Reprinted in this thesis with permission from Elsevier. 
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h i g h l i g h t s

� Exposure to wet-dry cycles increased the fibre-matrix bond strength of steel fibres.
� The bond of partially pulled fibres was restored after exposure to wet-dry cycles.
� Corrosion damage mainly occurred at the steel exposed to the artificial crack.
� Fibre rupture occurred due to corrosion damage and increase in the bond strength.

a r t i c l e i n f o

Article history:
Received 19 June 2019
Received in revised form 28 November 2019
Accepted 29 November 2019

Keywords:
Steel fibre reinforced concrete (SFRC)
Durability
Corrosion
Chlorides
Carbonation
Cracks
Wet-dry cycles
Single fibre pull-out

a b s t r a c t

This paper presents an experimental study investigating the pull-out behaviour of hooked-end carbon-
steel fibres exposed to wet-dry cycles of freshwater and saltwater for six months. Experimental results
from single-fibre pull-out tests of partially pulled fibres in a simulated crack were used to quantify the
impact of corrosion damage at the fibre and alteration of fibre-matrix interface on the fibre-matrix bond
strength after the exposure.
The results presented in this paper show that the maximum pull-out force and total work transferred

by the fibres during pull-out increased both with increasing steel strength and matrix strength. Exposure
of partially pulled steel fibres also resulted in an increase of the fibre-matrix bond strength over time.
Thus, generally leading to higher maximum pull-out forces and moderate increase in toughness after
exposure, provided that fibre rupture did not occur. Fibre rupture during pull-out occurred due to both
the increase of the fibre-matrix bond strength after exposure and the reduction of the effective cross-
section of the fibre as a result of corrosion. Overall, increasing the steel strength and reducing the
bond-strength of the fibre was effective in reducing substantially the amount of fibres rupturing during
pull-out.
This investigation substantiates ongoing discussion that proposes additional damage mechanisms,

besides fibre corrosion, that explain the changes in the residual performance of the cracked Steel Fibre
Reinforced Concrete (SFRC) exposed to wet-dry cycles of freshwater and saltwater.

� 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Hooked-end carbon-steel fibres are widely used in the con-
struction industry as structural reinforcement in Steel Fibre Rein-
forced Concrete (SFRC) exposed to corrosive environments, such
as saltwater, freshwater and carbon dioxide. To date, there is an

open discussion regarding the long-term durability of cracked SFRC
under these exposures due to fibre corrosion, particularly when
involving wet-dry conditions [1].

Studies have reported substantial variations in the residual
strength of the cracked composite, attributed in some cases to an
increase in the fibre-matrix bond strength due to corrosion [2].
Or else, a substantial decrease in the toughness after exposure
due to rupture of the fibres crossing the crack over time, yet not
solely due to fibre corrosion [3,4]. There is scientific insight
suggesting additional damage mechanisms to fibre corrosion that
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may explain such changes in the fibre-matrix bond over the dura-
tion of the exposure [1].

Experimental results presented in [5] showed a moderate
increase in the strength and toughness over the exposure, despite
that some fibres ruptured due to corrosion. The study suggested
that there is a twofold mechanism describing the changes in the
performance of the cracked composite over time. First, the expo-
sure of the cracked composite to wet-dry cycles may promote
autogenous healing at the damaged matrix around the fibre which
alters the fibre-matrix bond strength. Second, critical reductions in
the cross-section of the fibres due to corrosion may reduce the
load-bearing capacity of the cracked composite. However, these
discussions are based on macroscopic observations, which cannot
fully describe the changes in the pull-out behaviour of fibres due
to exposure, nor the cause and mechanism of fibre rupture during
pull-out [1].

Other test methods, such as the single-fibre pull-out test, may
be used to describe variations to the fibre–matrix bond over time
due to exposure. Among these, the use of single-sided pull-out
experiments provide an accurate description of the forces trans-
ferred during the whole pull-out process of hooked-end fibres:
during the debonding phase, the activation of the hook and the
frictional phase [6,7]. The pull-out behaviour of the fibre through
these phases is known to be partly governed by the degree of dam-
age at the cement matrix that surrounds the steel fibre, e.g. at the
‘‘fibre–matrix interface”; comprising mostly crushing of the matrix
around the hook [8–11], which facilitates the pull-out process of
the fibre. However, the relation of this damage and corrosion to
the pull-out performance of steel fibres in cracked SFRC is not well
understood [1].

Studies investigating the pull-out behaviour of fibres exposed to
wet-dry cycles of saltwater have reported increases in the maxi-
mum pull-out force and energy release after the exposure
[12,13]. These changes were attributed to fibre corrosion, which
increased the frictional resistance by: a localized expansion of cor-
rosion products at the hook after three months of exposure [13], or
the increase of the fibre roughness due to uniform corrosion of the
steel over ten days [12]. The latter hypothesis was also suggested
in studies using pre-corroded fibres embedded in mortar [14];
which observed an increase in the peak forces for fibres with an
average reduction of 12% in the cross-section due to corrosion,
but only reported fibre rupture during pull-out at reductions of
the fibre cross-section of approx. 30 – 50%.

These studies generally suggest that the increase observed in
the fibre–matrix bond strength after exposure is primarily
explained by increase of friction due to corrosion. However, this
hypothesis is not consistent with the increases observed in the
fibre–matrix bond strength of de-bonded steel fibres reloaded after
being cured in water [15] or for pre-pulled polymer fibres (PE and
PVA) cured similarly [16,17], which did not entail corrosion dam-
age. Further, these hypotheses do not explain some of the
increased performance of cracked FRC exposed to non-corrosive
environments, otherwise attributed to autogenous healing [18].

This investigation focuses on describing changes in the pull-out
behaviour of partially pulled steel fibres from concrete exposed to
wet-dry cycles of freshwater and saltwater for six months, under
simulated crack conditions. Thus, quantifying the role of corrosion
damage in the pull-out performance of hooked-end steel fibres in
cracked concrete.

2. Methodology

The investigation presented in this paper covers the prepara-
tion, exposure and mechanical testing of approx. 180 single fibre
pull-out specimens, partially pulled-out to induce mechanical

damage equivalent to crack widths in the range of 0.2–0.3 mm
and exposed to wet-dry cycles for six months. The exposures
investigated comprise wet-dry cycles of saltwater and freshwater
with a high carbon dioxide concentration.

Single-fibre specimens were investigated in a single-sided test,
based on the setup described and tested in [19,20]. The analysis of
the pull-out performance of the fibres was made by comparison of
the force-slip and work-slip response for the investigated speci-
mens. Visual inspection of the fibres after pull-out was used to
determine the extent of fibre damage due to corrosion. Further,
the discussion regarding the alteration of the fibre–matrix bond
is based on descriptive statistics.

The results and discussion section use statistical terminology:
hereafter, the word ‘‘specimen” refers to a single sampling unit
(i.e. each of the tests executed), and the word ‘‘sample” refers to
a group of specimens exposed to the same environment. Discus-
sion will be primarily based on comparison of samples and individ-
ual specimens will not be discussed hereafter, unless specified
otherwise.

2.1. Preparation of specimens

The pull-out specimens were cast using a mix-design based on
the one utilized in [5], but reducing the maximum aggregate size
from 24 to 8 mm. The total binder content was 426.3 kg/m3 with
31-wt.% fly ash replacement of the Portland cement, and the water
to binder ratio was 0.34, see Table 1. The superplasticizer content
was adjusted in the subsequent mixes to reach a flow diameter
of 120 ± 20 mm, measured according to EN 1015–3:1999 [21];
and the air-entrainer content was adjusted to reach two levels of
entrained air: (A) 3.0 ± 0.5 vol% and (B) 6.0 ± 0.5 vol%, measured
according to EN 413–2:2016 [22].

The steel fibres used were made of cold-drawn carbon-steel
wire, with hooked ends (type 1 according to EN 14889–1:2006
[23]); with a length of 60 mm and a diameter of 0.75 mm. Four dif-
ferent fibres with the same length and aspect ratio, but different
steel strength and hook shape were used in the study, see Table 2
and Fig. 1a.

The single-hook fibres used (Low (L), Medium (M) and High (H))
were distributed as loose fibres. Whereas, the double-hook fibres
(D) were picked from glued fibre bundles; which were dissolved
in limewater and dried with a paper cloth before the selection.
The fibres used for the pull-out test were selected one by one,
rejecting any fibre showing deformations or damage due to manu-
facture. The hook that was not embedded was clipped-off.

The specimens were cast using a 60 L planetary mixer, over a
vibration table, using six PVC formworks that accommodated ten
cubic specimens of 70 mm each, as used in [19,20,25]. The fibres
were held to the bottom plate of the PVC formwork using a perfo-
rated rubber plug inserted into a conic gap at the centre of the bot-
tom surface of the form, maintaining a 90� angle with the bottom
of the formwork. Additionally, twelve 60 � 120 mm cylinders were
casted for compression testing on each batch. Each fibre and matrix
type were cast in a separate batch of 60 specimens in consecutive

Table 1
Mix-design.

Component Quantity (kg/m3)

Mix 1 Mix 2

Cement (CEM I 52.5 N) 326.3 326.3
Fly Ash 100 100
Water 145 145
Sand 00/02 787.4 752.3
Sea gravel 04/08 1036.5 990.3
Entrained air 3% 6%

2 V. Marcos-Meson et al. / Construction and Building Materials 240 (2020) 117764
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days, demoulded after one day and cured immersed in limewater
for 56 days at 20 �C.

The specimens exposed to saltwater and freshwater were par-
tially pulled up to a slip value of 0.15 mm before the exposure; cor-
responding to the beginning of the mechanical anchorage phase of
the fibre hook. Afterwards, the load was released, and the upper
surface of the specimen was covered with a 50 � 50 mm acetate
film, 0.05 mm thick; punching the fibre through and leaving a min-
imum separation between the film and the concrete surface of
approx. 0.3 ± 0.1 mm, which simulated the crack. Finally, the part
of the fibre exposed to the surface out was painted with two layers
of heavy-duty marine-grade epoxy paint overlapping approx.
10 mm over the acetate film, see Fig. 1c.

2.2. Exposure setup

The exposure environments are described in Table 3 and com-
prise wet-dry cycles (i.e. two days each) of partially pulled speci-
mens exposed to saltwater and freshwater. Furthermore, one
sample of companion specimens (R) was tested after curing
immersed in limewater for 56 days for each of the investigated
groups of samples.

The pull-out samples (i.e. test-groups) were coded as fol-
lows: the fibre type according to Table 2 (i.e. L-M-H-D), the
mix ID (i.e. 1 or 2), the age of the specimen in months (i.e. 2
or 6); and the exposure environment, being: immersed curing
in limewater (R) and wet-dry cycle exposure to 7.5 -wt.% NaCl
solution (S) and freshwater with 0.5%-vol. CO2 exposure (C).
Specimens exposed to saltwater (S) and freshwater (C) were
exposed pre-pulled and specimens cured in limewater (R) were
tested un-pulled.

The specimens cured in limewater were immersed in the solu-
tion at all times. The wet-dry exposure setup consisted of two rect-
angular polyethylene containers of approx. 200 L each, one used for
each exposure. The specimens were stacked with the steel fibre in
horizontal position.

The execution of the wet-dry cycles for the freshwater and salt-
water exposure (S and C) was set automatically from a controller.
During the wet cycle, the tanks were filled with approx. 120 L of
solution, covering the specimens by at least 10 cm of solution.

The drying cycle for the air exposed specimens was provided
by two fans placed at opposite ends of the upper side of the tank,
with a nominal flow of 50 m3/h each, and two outlets of 100 mm
diameter placed at the top centre of the tank. The air was mixed
with the laboratory air and was kept at stable temperature and
humidity by the ventilation system of the building. The drying
cycle of the carbon dioxide exposure had a nominal flow of
approx. 90 m3/h, provided by four fans in series running through
a closed loop and utilized a heat exchanger to condense moisture
from the air flux before the inlet, using three Peltier modules with
a total cooling output of 90 W. The overall configuration of the
exposure setups is based on the one described in [5], but at a
smaller scale.

The solution of the wet-dry exposures was replaced regularly,
every two weeks during the first two months of exposure and then
monthly up to 6 months. The composition of the solution was
checked weekly by means of total dissolved solids (TDS) and pH
measurements. The solution of specimens cured in limewater
was not replaced, and approx. 25 cl of saturated solution of calcium
hydroxide was added every two weeks, keeping the pH value in the
solution in the range of 10–13. Non-chlorinated fresh water (pH =
7.5–8.0, Cl� < 100 mg/l, 16–17 �dH) was used as exposure media
for the specimens subjected to freshwater cycles (e.g. exposure
C) and to prepare the saltwater brine.

The temperature and relative humidity inside the room were
monitored, varying in the range 20 ± 2 �C and 50 ± 10% respec-
tively. The CO2 concentration in the room and inside the carbon
dioxide loop were measured weekly and were approx. 0.05 ± 0.0
1-vol.% for the room and 0.5 ± 0.1-vol.% inside the carbon dioxide
loop.

Table 2
Fibre specifications.

Code Hook
type

Ultimate tensile strength Steel grade*3 Length*2 (L) Free length*2 (L’) Hook length*2 (h’) Diameter*1 (d) Angle*2 (a)

Characteristic
(Rk,m) [MPa]

Mean Ru,m)
[MPa]

ISO
Grade

Carbon content
[%-.wt]

[mm] [mm] [mm] [mm] [ � ]

Low (L) Single 1200*1 1120 ± 7%*2 C7D 0.07 60 47 6.5 0.75 42
Medium (M) Single 1500 1772 ± 3% C18D 0.19 60 48 6.0 0.75 35
High (H) Single 1900 2189 ± 3% C38D 0.375 60 45 7.5 0.75 43
Double (D) Double 1800 1825 ± 5% C20D 0.205 60 49 5.5 0.75 25

*1Characteristic ultimate tensile strength of the cold-drawn steel wire (Rk,m), as given by the producer, from [24]. Measured according to (EN ISO 6892–1:2016) and specified
according to (EN 14889–1:2006).
*2Mean ultimate tensile strength, measured at the fibre stem in a sample of 10 fibres, according to (EN ISO 6892–1:2016). Including the coefficient of variation (CV) for
normally distributed values, expressed as a percentage.
*3Grade and mean carbon content of the carbon-steel rod used to produce the cold-drawn steel wire, from [24]. Specified according to (EN ISO 16120–2:2017).
*4Geometry given as rounded mean values, measured in a sample of 10 fibres.
*5Characteristic values of the wire diameter, as given by the producer

Fig. 1. Dimensions of specimens: a) fibre dimensions, b) formwork and fibre
placement, c) pull-out specimen. Dimensions are expressed in mm.
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2.3. Mechanical testing

The workflow of the experiments comprised: i) full testing of
reference specimens at 56 days; ii) partial pull-out of the speci-
mens at 56 days and preparation for exposure; iii) exposure for
six months; iv) testing of exposed specimens after six months of
exposure.

The single-sided pull-out tests were performed on a 25 kN uni-
versal test frame, equipped with a 10 kN load-cell. The steel fibre
was gripped with an ER-16 collet chuck holder designed for CNC
milling, using a 1/3200 spring collet with a grip range of Ø � 0.4
1–0.79 mm. The concrete cube was gripped by a tailored steel
frame, as shown in Fig. 2. The experimental setup was designed
in such a way that the fibre did not slip from the grip during the
experiments.

The pull-out displacement of the fibre was measured as the dis-
placement of the chuck holder relative to the surface of the con-
crete cube; assuming a firm connection between the collet chuck
and the fibre. The displacement was measured with three LVDT-
type extensometers with a total measurable travel length of
12.5 mm. These were attached around the holder at a 120� spacing
and were aligned vertically to the chuck holder, as shown in Fig. 2.

The travel length of the extensometers was calibrated as installed
in the abovementioned configuration to a calculated precision of
0.2‰.

The pull-out tests were executed based on the test methodology
described in [19,20], with similar displacement rates to the ones
specified in EN 14889–1:2006 [23] for three-point bending tests;
using a sampling frequency rate of 100 Hz. The test was controlled
by the displacement of the cross-head, measured with an inte-
grated LVDT, and the average signal of the three extensometers
was used to determine the end of each test-step, as described in
Table 4. After reaching a pull-out displacement of 5.5 mm, the dis-
placement rate was increased up to 1 mm/min, until the steel fibre
was pulled-out completely.

The compression tests were performed on the pull-out cubes
(70 mm) after the complete pull-out of the fibre. The test was exe-
cuted in a 4000 kN capacity compression frame, according to the
specifications of EN 12390–3:2012 [26]. Whereas, measurement
of elastic modulus in compression and compressive strength of
companion cylinders were executed in a 2000 kN capacity com-
pression frame, after eight months of curing in limewater, accord-
ing to the specifications of EN 12390–13:2012 [27] and [26],
respectively.

The specimens exposed to chlorides and carbonation (i.e.
groups S and C) were pre-pulled before the exposure at a slip value
of 0.15 mm, calculated as the average of the value recorded by the
three extensometers. After the target slip value was reached, the
displacement of the crosshead was locked for two minutes and
then released, measuring the recovery curve until the force
reached a value in the range 0–5 N. The final slip value was
recorded, reaching values of approx. 90 ± 10 mm. Afterwards, the
specimens were prepared as described in Section 2.1.

2.4. Processing of data from experiments

The load – displacement data from each specimen was first
resampled to a resolution of 1 mm. Then, the data was filtered

Table 3
Test samples and exposure conditions.

Code name (sample) Fibre type Mix Age [mo.] Pull [mo.] Wet cycle (s) Dry cycle (c)

L1 – 2 – R L 1 2 – Limewater –
L1 – 6 – C 6 0.15 Fresh water 0.5 -vol.% CO2

L1 – 6 – S 6 0.15 7 -wt.% NaCl Air
M1 – 2 – R M 1 2 – Limewater -
M1 – 6 – C 6 0.15 Fresh water 0.5 -vol.% CO2

M1 – 6 – S 6 0.15 7 -wt.% NaCl Air
H1 – 2 – R H 1 2 – Limewater –
H1 – 6 – C 6 0.15 Fresh water 0.5 -vol.% CO2

H1 – 6 – S 6 0.15 7 -wt.% NaCl Air
D1 – 2 – R D 1 2 – Limewater –
D1 – 6 – C 6 0.15 Fresh water 0.5 -vol.% CO2

D1 – 6 – S 6 0.15 7 -wt.% NaCl Air
H2 – 2 – R H 2 2 – Limewater –
H2 – 6 – C 6 0.15 Fresh water 0.5 -vol.% CO2

H2 – 6 – S 6 0.15 7 -wt.% NaCl Air
D2 – 2 – R D 2 2 – Limewater –
D2 – 6 – C 6 0.15 Fresh water 0.5 -vol.% CO2

D2 – 6 – S 6 0.15 7 -wt.% NaCl Air

Fig. 2. Single-fibre pull-out setup: a) overall setup, b) connection of the grip and the
fibre, c) front view of the spring collet and chuck holder.

Table 4
Load rates for pull-out test.

Step Displacement rate (mm/min) Range

1 Preload 0.10 0–10 N
2 Debond 0.05 0–0.1 mm
3 Pull-out 0.25 0.1–5.5 mm
4 Finish 1.00 5.5–35 mm
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and smoothed, using a 1-dimensional median filter and a moving
average filter, following a similar scheme as described in [5].

The pull-out slip of the fibre was calculated as the average dis-
placement of the three extensometers. Hereafter, pull-out slip val-
ues discussed in this paper will only refer to this value as ‘‘slip”.
The results presented hereafter are based on load – slip data and
work-slip data, the latter calculated as the integration of the area
below the load – slip curve.

The processed data for each sample (i.e. a group of specimens)
was fitted to a lognormal probability distribution and is presented
as the mean value of the load at each slip value with its upper and
lower confidence bounds at 90% confidence interval.

2.5. Visual inspection and fibre counting

After finalizing each pull-out test, the fibre was inspected with a
magnifying glass and classified according to the degree of corro-
sion observed and the failure mode (i.e. pull-out or fibre rupture),
according to the classification described in [5]. The fibres were
classified according to the degree of corrosion observed (see
Fig. 3) as follows:

- Level 1: for uncorroded fibres, which do not present any kind of
corrosion damage. Only applicable to unexposed fibres in this
study.

- Level 2: for fibres with minor corrosion, which present rust
spots at the surface with no visible loss of cross-section, i.e.
local loss of cross-section is below 5%.

- Level 3: for fibres with moderate corrosion, which present
active corrosion with pits and a moderate loss of cross-
section, i.e. approx. 5–30%.

- Level 4: for fibres with major corrosion, which present large pits
and total or major loss of cross-section, i.e. larger than approx.
30%.

Furthermore, fibres that ruptured instead of pull-out during the
test were inspected and counted. The location of the rupture was
classified according to the categories shown in Fig. 3e: rupture
occurring at the interface with the grip (1), at the intersection of
the fibre and the concrete (2), at the embedded part of the fibre
shaft (3), or at the hook (4).

2.6. Statistical analyses

The comparison of samples discussed in sections 4.1 and 4.3,
was performed by the Welch’s approximation of the Student’s t-
test for samples with unequal variance [28]. The test was used to

calculate the probability value (p-value) for the null hypothesis
(H0) being true, i.e. the mean value for both distributions being
equal. If the p-values for the H0 are lower than the level of signif-
icance (a), there is an indication that the alternative hypothesis
(Ha) might be correct, i.e. the sample reaching significantly higher
or lower values than the reference.

In section 4.1, a one-tailedWelch’s T-test is used to compare the
mean values of the equivalent shear modulus of the fibre–matrix
bond, testing the following alternative hypotheses (Ha): i) the
mean value of the shear-modulus of the exposed samples being
higher than the reference samples tested at 56 days, ii) the mean
value of the shear-modulus of the exposed samples being lower
than the reference samples tested at 56 days. The statistical signif-
icance level was set to a = 10%.

The equivalent shear modulus of the fibre–matrix bond at the
elastic region was calculated as the mean of the derivative of the
(shear) stress–strain relation of the experimental results in the slip
range 0–15 mm. The shear stress was calculated assuming an ide-
alised cylindrical fibre with a length equal to the embedded length,
and the strain was calculated considering a unitary initial length.

In section 4.3, a one-tailedWelch’s T-test is used to compare the
mean values of the maximum pull-out force as well as the total
work of reference and exposed samples, testing the following alter-
native hypotheses (Ha): i) the mean values of the exposed samples
being higher than the reference samples tested at 56 days, ii) the
mean values of the exposed samples being lower than the refer-
ence samples tested at 56 days. The statistical significance level
was set to a = 10%.

Also, in section 4.3, the mean values of the work – slip curves for
the exposed pull-out samples are compared to the references by a
one-tailed Welch’s T-test. The following alternative hypotheses
(Ha) were tested: i) the probability of the mean value of the sample
being smaller than the reference and ii) the probability of the mean
value of the sample being greater than the reference. The statistical
significance level was set to various levels: i.e. a = 5, 15 and 25%.

Finally, in section 4.4, the maximum pull-out forces measured
in the experiments are compared to the characteristic idealised
tensile capacity of the steel fibres (f tk). Calculated as the equivalent
tensile force on a circular cross-section of 0.75 mm and a charac-
teristic tensile strength of the steel in the range 1000–2000 MPa.

The maximum pull-out forces with varying steel strength was
estimated by linear regression of the maximum pull-out force data
presented in section 4.3. Approximated to a linear function with
non-zero intercept: f pmax ¼ mxþ b. The upper- and lower- predic-
tion intervals at a = 2% and 10% were also calculated for compar-
ison with the idealized tensile capacity of the fibre calculated
above.

The excess of cross-section (henceforth ‘‘cross-section
allowance”) with increasing steel strength, was calculated as min-
imum cross-section variation, expressed as a percentage, that sat-
isfied the relation: f tk > f pmax. If the initial cross-section did not
satisfy the relation above, the cross-section variation was calcu-
lated as the one satisfying f tk ¼ f pmax, writen as a negative value.

3. Experimental results

The experimental results described in this section are separated
into compression and single-fibre pull-out tests. This second group
of results is divided into mechanical performance results and fibre
counting results.

3.1. Elastic properties

The results from the compression tests for each group are pre-
sented in Fig. 4. The figure shows the results of the compression

Fig. 3. Visual inspection, fibre classification after [5]: a) no corrosion (fibre rupture),
b) minor corrosion, c) moderate corrosion (fibre rupture), d) major corrosion (fibre
rupture); and e) locations of fibre rupture (1 to 4).
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tests for each test sample in Fig. 4a. As well as, the results grouped
by the type of concrete mix used Fig. 4b and grouped by the age of
the concrete in Fig. 4c.

The results show that the compressive strength of the matrix
varies substantially between samples, see Fig. 4a. Overall varia-
tions due to the level of entrained air of the two mixes used
(Fig. 4b), are consistent with the expected drop in strength due

to an increase from 3 to 6 -vol.% in the entrained air content. Fur-
thermore, the variation in compressive strength measured over
time in Fig. 4c shows an increase of approx. 10% over the six
months of exposure.

The mean values and standard deviation of the stabilized elastic
modulus in compression of the two mixes, tested after eight
months of curing in limewater were: 45 ± 2 GPa (Mix 1) and
41 ± 1.5 GPa (Mix 2), calculated according to [27]. And the mean
values and standard deviation of the cylinder compressive strength
were 92 ± 9 MPa (Mix 1) and 80 ± 6 MPa (Mix 2).

3.2. Single fibre pull-out tests

The results of the single-fibre pull-out tests are presented in
this section, divided into the results of mechanical performance
and the counting and inspection of the fibres after complete pull-
out.

3.2.1. Mechanical performance
The results from the pull-out tests of reference specimens

tested after 56 days of curing in limewater and the pre-pulled
specimens exposed to wet-dry cycles for 6-months are presented
as the pull-out force (i.e. force – slip) in Fig. 5 and as toughness
(i.e. work – slip) in Fig. 6.

The results presented in Fig. 5 generally show an increase of the
pull-out force at small slip values (i.e. at slip < 1 mm) for the sam-
ples exposed to freshwater and saltwater, relative to the reference
specimens (R), which tend to approach the tail of the reference
sample (R) at slip � 4 mm. Whereas, the comparison of results
from corresponding tests varying the concrete matrix, i.e. with a
3 and 6 -vol.% entrained air (Fig. 5c-d and Fig. 5e-f), showed a sub-
stantial drop on the pull-out forces of the reference specimens (R)
and exposed specimens (S and C).

Furthermore, there are no clear differences in the pull-out beha-
viour of samples exposed to saltwater or freshwater. Except for an
unexpected drop in the force at 0.5 – 2 mm slip of the double-hook

Fig. 4. Results for compression tests in pull-out samples, grouped by: a) the
exposure, b) the concrete mix, and c) the age. The median value is shown as ‘‘─”,
the mean (arithmetic) value is shown as ‘‘X” and outliers are shown as ‘‘o”.

Fig. 5. Single fibre pull-out tests, Load-slip plot for samples: a) Low-strength fibre with mix 1 (L1), b) Medium-strength fibre with mix 1 (M1), c) High-strength fibre with mix
1 (H1), d) Double-hooked fibre with mix 1 (D1), e) High-strength fibre with mix 2 (H2), f) Double-hooked fibre with mix 2 (D2). Solid lines represent the log-mean value (m) of
the sample and dotted lines represent the upper- and lower- confidence bounds at 90% CI, for lognormal distribution. Sample names correspond to code names described in
Table 3: (R) Limewater references, (S) Chloride exposure, (C) Carbonation exposure. The maximum force transferred by the specimens rupturing during pull-out (i.e. at slip
values below 4 mm) are shown as marker points.
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sample (D2) exposed to saltwater cycles, see Fig. 5f. Such a drop in
the force was explained by the limited number of replicates that
pulled-out completely during re-testing (i.e. the five rupturing
specimens are not included in the calculation of the mean), which
increased the impact of two specimens that pulled-out defectively,
thus reducing the mean value and increasing the scatter. The mean
value calculated for the three specimens left is shown as a red
dashed line in Fig. 5f. Further discussion regarding the issue are
given in Section 4.3.

Additionally, a number of fibres ruptured during pull-out of the
exposed specimens for both saltwater (S) and freshwater (C) expo-
sure; with the exception of the high-strength fibre samples (H1
and H2), that did not show any fibre rupturing during the tests,
see Fig. 5c,e. The maximum force of these tests is marked as single
points in Fig. 5 and reflects that, in some cases, fibre rupture occurs
at loads higher than the upper confidence interval (90% CI). Further
discussion is given in Section 4.3.

The work-slip diagrams, shown in Fig. 6 are presented following
the same code as described above. Except for the representation of
the specimens where the fibres ruptured, which show the work at
4 mm slip.

The results presented in Fig. 6 reflect the aforementioned
increase of the pull-out loads at small slip values in the samples
exposed to freshwater and saltwater (S and C), relative to the ref-
erence specimens (R). This increase in the force transferred at small
slip values resulted in a progressive increase in the total work
transferred during pull-out; which in most cases results on higher
work values at 4 mm slip. However, the double-hook fibre sample
embedded in the low entrained air content matrix (D1) only
showed that increase in toughness at approx. 2–2.5 mm slip, see
Fig. 6d.

Additionally, the results generally show an increase in the total
toughness up to 4 mm for the reference samples tested after
56 days (R) with increasing steel strength (see Fig. 6a-c) and with
lower entrained air content (see Fig. 6c,e and Fig. 6d,f). Whereas,

the double hook samples (D1 and D2) showed a different beha-
viour compared to the single hooked fibres with similar strength
(i.e. H1 and H2), with a smaller gradient at the tail after approx.
2 mm slip, see Fig. 6c,e and Fig. 6d,f. Which instead, reached tough-
ness values at 4 mm slip similar to the medium strength fibres
(M1), see Fig. 6b and Fig. 6d.

3.2.2. Visual inspection
The specimens were inspected before and after being pulled-

out. The visual inspection focused on determining the corrosion
damage of the fibre, as well as the location and occurrence of fibre
rupture during the pull-out process.

Corrosion damage was mostly observed at three main locations
of the fibre but may be classified in two groups as shown in Fig. 7.
First, corrosion at the exposed surfaces of the steel (‘‘location I” in
Fig. 7a) that propagates into the concrete matrix and slightly
through the interface of the steel and the epoxy coating. This dam-
age entailed most of the cross-section reduction; which was more
severe under chloride exposure.

Second, corrosion spots at the hook bends and at some locations
of the fibre stem (‘‘locations IIa and IIb” in Fig. 7a). These com-
prised minor rust and small pits smaller than a few micrometers,
that did not entail a measurable reduction of the cross-section.

Similarly, there are various types of fibre failure that can be
classified in three main types, as described in Fig. 7b. Type 1, which
corresponds to tensile failure of the undamaged steel during pull-
out (types 1 and 10 in Fig. 7b). This failure generally occurred at
large slip values (i.e. slip > 4 mm), mostly on the fibres with lower
tensile strength (Types L and M), but regardless of the exposure or
corrosion damage.

Type 2, mainly due to tensile failure of the steel at the corroded
section, in some cases in combination with shear (types 2-20 in
Fig. 7b). This failure occurred primarily at small slip values (i.e.
slip < 1 mm) during the ascending branch of the test and mostly
affected fibres exposed to saltwater, which presented a moderate

Fig. 6. Single fibre pull-out tests, Work-slip plot for samples: a) Low-strength fibre with mix 1 (L1), b) Medium-strength fibre with mix 1 (M1), c) High-strength fibre with
mix 1 (H1), d) Double-hooked fibre with mix 1 (D1), e) High-strength fibre with mix 2 (H2), f) Double-hooked fibre with mix 2 (D2). Full lines represent the log-mean value (m)
of the sample and dotted lines represent the upper- and lower- confidence bounds at 90% CI, for lognormal distribution. Sample names correspond to code names described in
Table 3: (R) Limewater references, (S) Chloride exposure, (C) Carbonation exposure. The total work transferred by the specimens rupturing during pull-out (i.e. at slip values
below 4 mm) are shown as marker points at the 4 mm coordinate.
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or major reduction of the cross-section due to corrosion. This type
of failure was more pronounced in fibres with lower tensile
strength.

Type 3, which is related to tensile or shear failure at the hook
bends (types 3-30 in Fig. 7b). This failure occurred regardless of
the exposure type or degree of corrosion damage, mainly at slip
values in the range 1–3 mm, corresponding to the utilization of
the mechanical bond. Mostly fibres with double hook embedded
in the low-porosity matrix (Mix 1) showed this type of failure.

The results from the visual inspection of individual fibres after
complete pull-out are presented in Fig. 8. The relative count of
fibres classified according to: i) the location of the rupture at the
fibre; ii) the occurrence of the rupture during the pull-out process,
expressed as the slip value in mm; and iii) the severity of corrosion
at the exposed part of the steel, classified according to the descrip-
tion given in Section 2.4.

The results presented in Fig. 8a-b show that, there is an overall
decrease of the total amount of rupturing fibres with increasing
fibre strength. Whereas, an increase in the entrained air content
resulted on a moderate decrease in the number of rupturing fibres
exposed to freshwater cycles (see H1 vs H2 and D1 vs D2). Further-
more, the total amount of fibres rupturing in the exposed samples
(groups S and C) was substantially higher than for the reference
samples (group R). Correspondingly, exposure to saltwater cycles
(S) led to a higher percentage of rupturing fibres compared to
freshwater cycles (C).

Comparison of the locations of fibre rupture (see Fig. 8a)
showed that, rupture at the corroding regions (locations 2-20 in
Fig. 7b) only occurred at fibres exposed to saltwater cycles (S).
Whereas, rupture of fibres cured in limewater (R) or exposed to
freshwater cycles (C) mainly occurred at the fibre stem (locations
1 and 4 in Fig. 7b) and at the hook (locations 3-30 in Fig. 7b). The
slip range where rupture occurred during the pull-out process of
each fibre is presented in Fig. 8b, expressed in mm. The results pre-
sented show that, fibres of reference samples cured in limewater
(R) only ruptured at slip values over 4 mm (e.g. occurring mostly
in the range 6–10 mm). Whereas, fibre rupture at fibres exposed
to freshwater (C) and saltwater (S) cycles occurred at slip values
below 2 mm in approx. 40% and 60% of the cases, respectively.

Finally, results classifying the severity of fibre corrosion on each
sample are shown in Fig. 8c. The results show that there is no
corrosion damage on samples cured in limewater (R). Whereas,

samples exposed to freshwater (C) and saltwater (S) cycles present
fibres with minor (Lv.2) and moderate-to-major (Lv.3 – Lv.4) corro-
sion damage, respectively.

4. Discussion

The pull-out results presented in section 3.2.1 showed that,
after exposure to wet-dry cycles, there is an increase in the forces
transferred by the fibre during pull-out, particularly at slip values
below 1 mm. The following discussion aims at describing the
changes in the pull-out behaviour of single fibres that were pre-
pulled and exposed to wet-dry cycles. The discussion focuses on
three main stages of the pull-out process of hooked-end fibres, as
described in Fig. 9: i) the elastic phase, comprising the adhesive
bond (see A in Fig. 9) and elastic reloading curve (A’ in Fig. 9); ii)
the process phase, comprising the fracture of the adhesive bond
(see B-C in Fig. 9) and corresponding reloading curve during re-
testing (B’-C’ in Fig. 9); and iii) the pull-out phase, comprising
the mechanical bond and load transfer through the hook (see D-E
in and D’-E’ Fig. 9). Whereas, the variations on the residual fric-
tional bond after straightening of the hook (see F in Fig. 9) will
not be fully covered in this discussion, since this stage corresponds
to relatively large slip values (i.e. approx. 6 – 7 mm of slip)

Fig. 8. Visual inspection of steel fibres after fibre pull-out tests, showing percentage
of fibres classified by: a) the part of the fibre where rupture occurred (according to
Fig. 7); b) the slip value at the moment of fibre rupture (expressed in mm); c) the
degree of corrosion observed at the exposed part of the fibre (according to the
corrosion levels described in Section 2.3.1).

Fig. 7. Location and description of damage at fibres, showing: a) locations of
corrosion damage; and b) types of fibre rupture.
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compared to the range of interest for typical engineering applica-
tions (e.g. in the range 2.5–3.5 mm [29,30]), which are covered in
this paper.

4.1. The elastic phase: The adhesive bond

The first phase of the pull-out process is expected to be gov-
erned by the strength and stiffness of the adhesive bond between
the fibre and the matrix, see stage ‘‘A” in Fig. 9. Therefore, varia-
tions in the behaviour of this bond are expected to be closely
related to variations in the elastic properties of the fibre–matrix
interface. Fibre rupture was not observed at this phase in any of
the specimens investigated.

The pull-out behaviour in the debonding phase of reference and
re-tested fibres is presented in Fig. 10, as the mean force vs slip val-
ues at the initial 50 mm of the pull-out process of the reference
samples (R) and exposed samples (S and C). The figure also shows
the 90% CI of the mean as dotted lines. To ease the discussion, the
representation of the reloading force-slip curve of the exposed
samples (S and C) is shifted to the origin and is compared directly
to the de-bonding force-slip curve of the reference samples (R).
Results presented in Fig. 10 indicate a tendency towards an
increase in the stiffness at the first 10 – 20 mm of slip for some of
the exposed samples, see for example, the low- and medium-
strength fibres (see L1 add M1 in Fig. 10a,b) and the double-hook
fibres (see D1 and D2 in Fig. 10d,f). Whereas, the high-strength
samples (H1 and H2) did not show a significant change in the ini-
tial stiffness after re-loading, see Fig. 10c,e.

The data presented indicate a general trend of a stiffer response
of the fibre after reloading, which seems to diminish with increas-
ing fibre strength for the single-hooked fibres. Specifically, com-
paring the stiffer response of the exposed samples (C and S) in L1
compared to the reference (R) in Fig. 10a with the progressive
decrease in the stiffness gain observed for the medium-strength
fibre (M1) Fig. 10b and the negligible change in the reloading stiff-
ness measured in the high-strength fibre (H1 and H2) shown in
Fig. 10c-e. Furthermore, it is observed that the change in the re-
loading stiffness of double-hook samples (D1 and D2) exposed to
wet-dry cycles (S and C samples) was more pronounced when
increasing the entrained air content of the mix, see Fig. 10d,f.

Furthermore, the equivalent shear modulus at the elastic region
was calculated for the abovementioned data in the slip range 0–
15 mm and is presented as a boxplot in Fig. 11. The plot also com-
pares the shear modulus of the exposed samples (S and C) with the
reference samples (R), where values significantly lower than the
reference are highlighted in red and significantly higher values
are highlighted in blue. The analysis was done by a one-tailed
Welch’s t-test, considering a significance level of a = 10%. The anal-
ysis presented in Fig. 11 confirms the aforementioned observa-
tions; i.e. a significantly stiffer bond for the some of the exposed
samples, specifically the low-strength fibres (L1) and the double-
hook fibres (D1 and D2). Whereas, the high-strength fibres (H1
and H2) showed a negligible increase or even a decrease in the
re-loading stiffness.

The aforementioned observations indicate a tendency to a stiff-
ening of the fibre–matrix bond after debonding and re-loading for
some fibres. These observations agree with former investigations
that observed an increase in the ‘‘interfacial bond” of pre-pulled
straight steel fibres in mortar after curing in water [15] or for
pre-pulled polymer fibres (PE and PVA) cured similarly for 28 days
[16,17]; and attributed it to autogenous healing of the matrix sur-
rounding the steel fibre. Although, such alteration of the fibre–ma-
trix bond-strength has been also attributed to an increase of the
frictional resistance due to fibre corrosion [12,13].”

Whereas, the extent of this recovery seems to depend on the
fibre strength as well as on the fibre geometry; indicating that
the recovery of the initial bond behaviour may be related to the
damage of the fibre–matrix interface during the de-bonding pro-
cess. Noting that, there is considerable damage occurring at the
fibre–matrix interface during the de-bonding phase and the first
50 – 100 mm of the pull-out process, as described graphically in
Fig. 9b (see stages ‘‘B” and ‘‘C”) and reported in [8–11].

4.2. The process phase: Debonding and activation of the mechanical
bond

The second phase of the pull-out process corresponds to the
gradual breakage of the adhesive bond and the activation of the
mechanical bond (i.e. loading of the hook), see stages ‘‘B” and ‘‘C”
in Fig. 9. During the first part of this phase (Stage ‘‘B” in Fig. 9),

Fig. 9. Indicative description of the pull-out process of hooked-end fibres from concrete, showing: a) an indicative force-slip diagram of a hooked-end fibre with annotations
of indicative slip values, and b) the corresponding load-transfer mechanisms at the hooked-end of the fibre. For illustrative purposes, the diagram in ‘‘a)” is not at scale and the
images in ‘‘b)” describe a single-hook fibre.
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the fibre–matrix interface ruptures progressively from the inter-
section of the fibre and the crack towards the hook. Once the frac-
tured interface reaches the hook, the fibre is displaced towards the
adjacent matrix, and the deformed parts of the hook load against
the adjacent matrix, crushing it (Stage ‘‘C” in Fig. 9). At this stage,
variations in the pull-out behaviour are expected to be related to
variations in the strength and stiffness of the matrix adjacent to
the fibre (e.g. due to densification). Fibre rupture was only
observed at this phase in the case of major reductions of the fibre
cross-section for the low-strength fibres exposed to saltwater (i.e.
L1-6-S).

The pull-out behaviour at this phase is presented in Fig. 12, as
the gradient of the mean force vs slip (i.e. dF=de) of the initial
250 mm of the pull-out process of the reference samples (R) and
exposed samples (S and C). For comparative purposes, the gradient
to the re-tested specimens (S and C) is plotted both as tested
(shown as red and blue full-lines in Fig. 12) and shifted to origin
(shown as red and blue dashed-lines in Fig. 12). The data presented
in Fig. 12 shows a higher gradient for exposed samples (S and C) at

Fig. 11. Boxplot showing the equivalent shear modulus for debonding phase.
Sample names correspond to code names described in Table 3: (R) Limewater
references, (S) Chloride exposure, (C) Carbonation exposure. Significant variations
in the shear modulus for exposed samples (S and C) compared to reference samples
(R) are marked in red if lower and in blue if higher (a = 10%). Outliers are marked
with a ‘‘+” symbol in the graph. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 10. Load-slip plot of the debonding phase, for samples: a) Low-strength fibre
with mix 1 (L1), b) Medium-strength fibre with mix 1 (M1), c) High-strength fibre
with mix 1 (H1), d) Double-hooked fibre with mix 1 (D1), e) High-strength fibre
with mix 2 (H2), f) Double-hooked fibre with mix 2 (D2). Full lines represent the
log-mean value (m) of the sample and dotted lines represent the upper- and lower-
confidence bounds at 90% CI, for lognormal distribution. Sample names correspond
to code names described in Table 3: (R) Limewater references, (S) Chloride
exposure, (C) Carbonation exposure.

Fig. 12. Force-gradient vs slip plot in the debonding and mechanical loading phase,
for samples: a) Low-strength fibre with mix 1 (L1), b) Medium-strength fibre with
mix 1 (M1), c) High-strength fibre with mix 1 (H1), d) Double-hooked fibre with
mix 1 (D1), e) High-strength fibre with mix 2 (H2), f) Double-hooked fibre with mix
2 (D2). Full lines represent the log-mean value (m) of the sample and dotted lines
represent the upper- and lower- confidence bounds at 90% CI, for lognormal
distribution. Sample names correspond to code names described in Table 3: (R)
Limewater references, (S) Chloride exposure, (C) Carbonation exposure.
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smaller slip values (i.e. slip < 25 mm), compared to the reference
samples (R); corresponding to the increase in the stiffness modulus
after exposure discussed in Section 4.1.

After the elastic phase (i.e. the 10–20 mm of slip), the load gra-
dient decreases gradually for all samples, reaching zero- or
negative- values at a slip in the range 50–100 mm; where the adhe-
sive bond breaks completely and the fibre fully de-bonds, see
Fig. 12. At this stage, the reference samples show a clear drop in
the gradient and a later stabilization (i.e. at slip > 80–100 mm),
which marks the activation of the mechanical bond, see black
full- lines in Fig. 12. Whereas, some of the exposed samples show
a second failure zone after re-testing at similar slip values, i.e. fluc-
tuations in the gradient at 50–100 mm of slip (Fig. 12a-b), which
suggest additional fracture at the matrix after re-loading. This
effect was evident in the fibres with lower strength (i.e. see L1
and M1 in Fig. 12a-b) but was faint in higher strength fibres (see
H1-H2 and D1-D2 in Fig. 12c-f).

Finally, after the activation of the mechanical bond (i.e. at a slip
a100–120 mm), the force gradient of the exposed samples (i.e.
shifted S and C) and reference samples (R) tend to reach similar
values, see Fig. 12. Whereas, comparing the gradient of the force-
slip curves as measured (i.e. starting at slip �90 mm) for the
exposed samples (S and C) with the references (R), shows that in
any case the pull-out response of these follow a similar trend after
a slip of 200–250 mm.

These observations correspond to the discussion initiated in
Section 4.1, which suggests that there is a partial recovery of the
original fibre–matrix bond on the re-tested samples (S and C) after
exposure to wet-dry cycles of freshwater and saltwater during six
months of exposure. Noting that, the exposed fibres were pre-
pulled up to a slip value of 150 mm, where the adhesive bond
was completely broken, and the mechanical bond was active for
any of the samples tested.

The trends in the recovery of the stiffness discussed in Sec-
tion 4.1, agree with the observations presented in Fig. 12. These
suggest that the recovery and increase of the adhesive bond
observed in Figs. 10–11 for the low- and medium-strength fibres
(L1 and M1) may be related to a lower amount of damage at the
fibre–matrix interface during the first stages of the pull-out. The
authors expect that less damage may have facilitated the autoge-
nous healing of the surrounding areas; similarly to as discussed
at the single-fibre scale for analogous [31] and similar specimens
[11,15,16], and also shown for cracked full-scale specimens
exposed to analogous conditions during two years in [32]. Yet,
other studies have indicated that such recovery may be due to
increased friction due to expansion of corrosion products, as inves-
tigated at the single-fibre [12] and composite [2] scale.

4.3. The pull-out phase: Utilization of the mechanical bond

The last phase of the pull-out process described in this paper
corresponds to the gradual utilisation of the mechanical bond
(i.e. straightening of the hook), see stages ‘‘D” and ‘‘E” in Fig. 9. Dur-
ing the first part of this phase (phase ‘‘D” in Fig. 9), both bends of
the hook are loading against the adjacent matrix and the load
transferred increases with the slip, until reaching the maximum
pull-out force (i.e. at a slip value of approx. 0.5–1 mm). After that
point, the forces transferred decrease gradually as the hook-
bends straighten; until reaching the frictional phase (i.e. at a slip
value of approx. 5–6 mm), which is not covered in this discussion.

In the mechanical phase, the pull-out behaviour may be charac-
terized by the maximum pull-out force and the energy-release
capacity of the fibre along its slip (i.e. described as work). These
are expected to be related to the properties and geometry of the
steel wire as well as the mechanical properties of the matrix adja-
cent to the fibre. These two indicators are presented in Fig. 13 as a

boxplot, showing the maximum pull-out force for each sample
tested in Fig. 13a; and the total work of each sample in Fig. 13b,
calculated in the slip range 0.2–4 mm. Furthermore, the exposed
samples (S and C) are compared to the references (R) by means
of a one-tailed Welch’s t-test, which shows values significantly
lower than reference samples (R) highlighted in red, and the ones
showing significantly higher values highlighted in blue, consider-
ing a significance level of a = 10%.

The results presented in Fig. 13a show a general increase in the
maximum pull-out force of exposed samples (S and C) relative to
the corresponding references (R). However, this increase in the
maximum force is not statistically significant in all cases and there
is a trend of larger scatter in the exposed samples compared to the
references. Furthermore, there is no statistically significant
decrease in the maximum pull-out force in any of the cases,
regardless of the exposure media, degree of corrosion damage or
presence of rupturing fibres (see Fig. 8).

Likewise, the results discussed in Fig. 13b show an overall
increase in the total work for some of the samples, particularly:
the high-strength fibres (H1 and H2), as well as some other sam-
ples exposed to freshwater cycles (M1-6-C and D2-6-C). However,
in this case, some samples showed a much larger scatter in the
work as well as substantial drop of the total work, e.g. L1, M1
and D2 samples. Such a decrease in the total work corresponds
to the contribution of fibres rupturing during the pull-out process
(i.e. typically at slip values in the range 0–1 mm). This drop occurs
mostly in the samples with the lower-strength steel types tested
(L1 and M1); which otherwise correspond to the aforementioned
increases in the maximum pull-out forces. Thus, suggesting that
fibre rupture may occur due to the combination of two factors: i)

Fig. 13. Boxplot showing dispersion of the pull-out performance indicators: a)
maximum pull-out force, and b) total pull-out work in the range (0.2 – 4 mm of
slip). Sample names correspond to code names described in Table 3: (R) Limewater
references, (S) Chloride exposure, (C) Carbonation exposure. Significant variations
in the indicators for exposed samples (S and C) compared to reference samples (R)
are marked in red if lower and in blue if higher (a = 10%). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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the reduction of the fibre cross-section due to corrosion, and ii) the
increase of the load transferred by the fibre during pull-out.

Fibre rupture during pull-out, resulted in some cases in a diver-
gence of the pull-out toughness of the samples tested; where spec-
imens in which the fibre ruptured generally transfer substantially
less work than the ones where the fibre pulled-out satisfactorily.
In order to investigate this aspect, the work transferred during
pull-out of exposed and reference samples is compared in Fig. 14,
investigating each sample in two groups: the specimens with fibres
not rupturing (solid lines), and all the specimens of the sample
(dashed lines). The figure compares the mean accumulated energy
released over the slip (i.e. the work-slip curves) of the exposed sam-
ples (S and C) to the corresponding reference samples (R) by means
of a one-tailed Welch’s t-test. The figure shows the probability (p-
value) of the null hypothesis (H0) for the alternative hypotheses
(Ha): a) the probability of themean value of the sample being smal-
ler than the reference (left tail); b) the probability of themean value
of the sample being greater than the reference (right tail).

The results presented in Fig. 14 illustrate clearly the abovemen-
tioned divergence in the behaviour of the samples due to fibre
rupture; particularly in the samples comprising low- and
medium-strength fibres (L1 and M1), see Fig. 14a-b, as well as
the double-hook fibres (D1 and D2), see Fig. 14d-f. In these cases,
the exposed samples including non-rupturing fibres showed a
significantly higher pull-out toughness over the whole slip range
(0 – 4 mm) compared to the corresponding references. Whereas,
fibre rupture led to a substantial drop in toughness over the slip,
which depended on the location of the rupture (see Fig. 8a) and
the slip value when the fibre ruptured during the test, (see
Fig. 8b). Conversely, there was no detriment to the work of the
exposed samples with high-strength fibres (H1 and H2) and only
one fibre, corresponding to the low entrained-air content exposed
to freshwater cycles, ruptured during the test (H1-6-C).

4.4. Corrosion damage and fibre rupture

The discussion above presents two main parameters that gov-
ern the rupture of fibres during pull-out: i) the tensile capacity of
the fibre, and ii) the strength of the fibre–matrix bond. Fibre rup-
ture occurs when the maximum force transferred exceeds the
tensile- or shear-capacity of the steel wire. This may occur due
to: a reduction of the load-bearing capacity of the fibre (i.e. reduc-
tion of the cross-section due to corrosion) and/or an increase of the
forces transferred (i.e. an increase of the fibre–matrix bond
strength).

The data presented in Fig. 15 shows the variation of the ide-
alised tensile capacity of a fibre with a uniform reduction of its
cross-section, assuming parameters corresponding to the ones
studied in this paper: a fibre diameter of 0.75 mm and a character-
istic steel strength in the range 1000–2000 MPa. The idealised ten-
sile capacity is compared to the maximum pull-out forces
measured in the experiments (shown in Fig. 13a); which were esti-
mated by linear regression of the maximum pull-out force vs the
steel strength, estimated to: f pmax ¼ 0:270xþ 79, with an adjusted
coefficient of determination of R2

adj = 0.6.
The diagram shows the variation of the ideal tensile capacity of

the fibre with varying steel strength in Fig. 15a at various percent-
ages of cross-section reduction (0% to 60%). The predicted maxi-
mum pull-out force is plotted in red, as the mean as well as
upper- and lower- prediction intervals at a = 10%. The second dia-
gram (Fig. 15b) shows the ratio of cross-section that could be lost
to corrosion, while maintaining a tensile capacity higher than the
maximum pull-out force calculated for the maximum forces shown
in Fig. 15a (henceforth ‘‘cross-section allowance”) versus the char-
acteristic strength of the steel. Negative values indicate an insuffi-
cient cross-section for the corresponding steel strength and
predicted maximum pull-out force, therefore tensile rupture of

Fig. 14. T-test, comparison of work values for pull-out tests of exposed specimens (S and C) vs unexposed specimens (R), for: a) Low-strength fibre with mix 1 (L1), b)
Medium-strength fibre with mix 1 (M1), c) High-strength fibre with mix 1 (H1), d) Double-hooked fibre with mix 1 (D1), e) High-strength fibre with mix 2 (H2), f) Double-
hooked fibre with mix 2 (D2). Full lines represent the group containing specimens with non-rupturing fibres and dashed lines represent the group comprising all the
specimens of the sample. Sample names correspond to code names described in Table 3: (S) Chloride exposure, (C) Carbonation exposure.
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the fibre. While positive values indicate that additional cross-
section could be lost due to, e.g. corrosion, without leading to ten-
sile rupture of the fibre.

The data indicates that, the fibres tested would have an average
corrosion allowance of 20–30% to result in tensile failure of the
fibre at its maximum pull-out force (see Fig. 15b). Whereas, the
upper prediction interval of the maximum pull-out forces regis-
tered would result in a steeper variation of the corrosion allowance
in the range 0–20%, implying a tensile rupture of the lower-
strength fibres regardless of the cross-section reduction. Thus,
partly explaining the absence of fibre rupture in unexposed sam-
ples, which showed overall lower peak forces compared to their
exposed counterparts.

Whereas, tensile rupture of the fibre (i.e. at the stem) would be
expected for steel strengths above 1200 MPa, regardless of the
cross-section reduction for 2–10% of the cases (see Fig. 15b). The
measured increase in the cross-section allowance with increasing
steel strength would explain the tensile failure observed in
lower-strength fibres (types L and M) exposed to chlorides while
higher-strength fibres (type H) did not show such behaviour. Yet,
this analysis above is partly biased by the experimental nature of
the data; since pull-out forces larger than the tensile capacity of
the fibre cannot be measured as the steel would rupture, but sub-
stantially lower pull-out forces can be measured.

Furthermore, the discussion cannot explain the failure observed
in most fibres under freshwater exposure, which did not present a
significant loss of cross-section at the exposed steel; and often rup-
tured at the hook, at slip values much larger than the ones corre-
sponding to the maximum pull-out force and regardless of the
negligible cross-section reduction at the embedded steel due to
corrosion. Therefore, it is expected that additional failure mecha-
nisms may be affecting the pull-out process of hooked-end fibres
at larger deformations, yet these are not fully described in the lit-
erature [33–35].

The discussion presented in this paper supports the hypotheses
presented in [1,5], that suggest a twofold mechanism explaining
the increase in toughness and the number of fibres rupturing
observed in cracked SFRC: i) the fibre matrix-bond is altered after
exposure of cracked SFRC to e.g. wet-dry cycles, disrupting the
expected pull-out behaviour when the hook straightens; and ii)
corrosion damage at the exposed fibres may reduce the tensile
capacity of the steel at certain locations (i.e. at the intersection of
the fibre with the crack). Noting that these mechanisms are not
exclusive, and the overall pull-out behaviour is governed by both
in the case of significant fibre corrosion.

Previous studies investigating the pull-out behaviour of fibres
exposed under similar environments have shown corresponding
increases in the maximum pull-out force and energy release to
the ones reported in this paper [12,13]. Whereas, in both cases
these changes were attributed to fibre corrosion. However, these
assertions were based on limited data and, in the authors’ opinion
may not fully explain the increase in the fibre–matrix bond during
the mechanical-bond phase, where forces are mainly transferred
through yielding of the steel and crushing of the matrix adjacent
to the hooks, as described in [11,15,16].

Additional mechanisms, such as the hydration of the binder
over time, are expected to have a contribution to the increase
observed in the fibre–matrix bond strength. The compressive
strength data presented, indicated a development in the mechani-
cal performance of the matrix over the exposure time, e.g. approx.
10% increase, yet the pull-out data included in this study could not
provide sufficient data to isolate such effect. Variations in the pull-
out strength over concrete maturity have been discussed in recent
studies; showing a limited development of the pull-out force after
28 days in similar single-fibre specimens [20,36], also as reported
in [13] for other matrix types. Yet, studies at the composite level
have reported still substantial development in the residual
strength of SFRC between 28 and 180 days in [3].

Similarly, cross-section reductions due to corrosion leading to
fibre rupture agree partly with values estimated in former studies,
i.e. at approx. 30–50% reduction [14], which would correspond to
the fibres presenting major corrosion (Level 4), as described in
Fig. 8c.

The discussion presented in this study complements former
hypotheses that suggest a potential loss of toughness after expo-
sure of cracked SFRC for some fibre types, yet not solely due to fibre
corrosion [3,4]. Although, still agreeing with the discussion pre-
sented in [5], which suggest that an appropriate fibre type (i.e.
steel strength and dimensions) may lead to a net increase in duc-
tility over time, regardless of moderate corrosion damage at the
fibres bridging the crack.

Generally, the investigation presented in this paper showed
clear trends of variation of the fibre–matrix bond strength of
straight fibres bridging cracks in SFRC exposed to wet-dry cycles.
However, the results presented only cover a minor share of the
variables that govern the pull-out behaviour of steel fibres embed-
ded in cracked concrete. Parameters such as the fibre orientation,
the type and strength of the matrix, the fibre shape or the level
of damage at the interface were not investigated. Yet, these are
expected to have a substantial impact on the pull-out behaviour
of deformed fibres (e.g. hooked-end fibres) in cracked concrete
exposed to similar environments.

5. Conclusions

This paper investigated the pull-out behaviour of hooked-end
steel fibres in cracked concrete exposed to wet-dry cycles of corro-
sive environments. The results showed that the exposure to such
environments entailed significant variations to the pull-out forces
transferred during pull-out, while there was a substantial increase
in the number of fibres rupturing after the exposure. Corrosion
damage at the exposed steel surface was observed for both fresh-
water and saltwater exposure, while there was only a noticeable
cross-section reduction at the steel for the latter.

There was an increase in the pull-out force transferred after the
exposure during both the adhesive and the mechanical bond
phase; which in some cases led to a premature rupture of the fibre
during pull-out and a reduction of the work transferred during
pull-out.

The amount of fibres rupturing during the test was governed by
the reduction of the fibre’s cross-section due to corrosion and the

Fig. 15. Impact of cross-section reduction on the tensile capacity of the fibre during
pull-out, depending of: a) the steel strength (cross-section reduction of 0–60%); and
b) the cross-section reduction allowance due to e.g. corrosion (i.e. cross-section
allowance) for the mean- upper- and lower- prediction intervals of the estimated
maximum forces in the experiments at (a = 2% and 10%). The mean- upper- and
lower-prediction intervals (a = 10%) of the maximum pull-out forces measured in
the experiments (‘‘pull”) are plotted as red lines in ‘‘a)”. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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increase of the fibre–matrix bond strength during exposure.
Increasing the steel strength for the same concrete type was effec-
tive for reducing substantially the amount of fibres rupturing.

The findings of this investigation support current hypotheses
that suggest additional damage mechanisms, besides fibre corro-
sion, that may contribute to the changes in the residual perfor-
mance of the cracked SFRC. These additional mechanisms are
related to an alteration of the matrix surrounding the fibre during
exposure to wet-dry cycles.

This investigation provided a detailed discussion of the effects
of wet-dry exposure to the pull-out behaviour of steel fibres bridg-
ing cracks and its governing damage mechanisms. Yet, the experi-
mental variables investigated only covered a small share of the
parameters governing the pull-out behaviour of steel fibres
embedded in cracked concrete. Further experimental work and
modelling are needed in order to extend these conclusions to gen-
eral applications.
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Investigations presented in Chapter 3 and Chapter 4 showed that the exposure of 
cracked SFRC to wet-dry cycles leads to significant changes in the residual 
performance of the cracked composite over time (Chapter 3), which were mainly related 
to an alteration of the fibre-matrix bond strength during the exposure (Chapter 4). 
Former studies have reported a similar behaviour, which was attributed in some cases 
to an increase of roughness due to fibre corrosion or to autogenous healing at the fibre-
matrix interface in others. A conceptual deterioration model was proposed in Chapter 
2 based on these arguments. However, there is limited data available to fully discuss 
these hypotheses. 

The studies presented in this chapter cover the description of the microstructural and 
chemical changes occurring in cracked SFRC subject to wet-dry cycles. Two studies 
were conducted that covered macroscopic and microscopic investigations at the 
composite and single-fibre levels: the study presented in Paper VI investigated the 
multiscale deterioration phenomena at the composite level, the study presented in Paper 
VII was focused at the single-fibre level. 

The study presented in Paper VI covers a multiscale chemical and petrographic study 
of SFRC bending specimens, exposed under the same conditions as the ones 
investigated in Chapter 3. The investigation focused on describing the transport 
processes inside the crack, the resulting changes in the microstructure at the concrete 
matrix adjacent to the crack and at the fibre-matrix interface; and the relation between 
these conditions and corrosion of the steel fibres crossing the crack. 

The study presented in Paper VII investigated single-fibre pull-out specimens, exposed 
under the same conditions as the ones investigated in Chapter 4. The investigation 
focused on describing the contribution of fibre corrosion and alteration of the cement 
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matrix surrounding the fibre to the changes of the pull-out behaviour of single fibres 
reported in Chapter 4. The investigation comprised 3D optical profiles of single steel 
fibres extracted from pull-out specimens and a petrographic study of partially-pulled 
fibres embedded in the cracked matrix. 

Results at the composite level (Paper VI) showed that corrosion of the steel fibres 
occurred mainly at the outer regions of the crack, for crack widths smaller than 0.3 mm, 
where the pH inside the crack dropped below values of 9 – 10; while the presence of 
chlorides was found to mainly affect the extent of corrosion damage. At the single-fibre 
level (Paper VII), corrosion damage was found to be mainly localized at the steel 
exposed to the solution inside the crack, as well as few rust spots around voids and 
cracks in the matrix. Corrosion products primarily accumulated around the exposed 
steel inside the crack, and a few millimetres inside the damaged fibre-matrix interface 
next to the crack, but were only related to a small part of the recovery of the adhesive 
bond between the fibre and the matrix. 

Concurrently, exposure to wet-dry cycles led to substantial changes in the 
microstructure of the crack and surrounding cement matrix, as well as at the fibre-
matrix interface of fibres crossing the crack. Results at the composite level (Paper VI) 
showed that the reactivity of the cement matrix surrounding the crack plays a dominant 
role in controlling deterioration reactions and promoting recovery processes inside 
cracks and at localized damage around fibres. Precipitation of secondary phases at the 
fibre-matrix interface of fibres bridging cracks was observed at the composite level 
(Paper VI) and at the single-fibre level (Paper VII). Investigations at the single-fibre 
level showed that the pull-out process is tightly related to damage of the cement matrix 
surrounding the hooked-end of the fibre. Autogenous healing processes of mechanical 
damage of the cement matrix around the hook were related to the alteration of the pull-
out behaviour of single fibres observed in Chapter 4; and so these may explain the 
variations of the tensile performance of cracked SFRC reported in Chapter 3. 
This chapter concluded that the deterioration mechanisms concurring in cracked SFRC 
exposed to wet-dry cycles are closely connected, and do not involve solely corrosion 
damage of the steel fibres bridging the crack. A conceptual deterioration model based 
on the model described in Paper II was presented in Paper VI. The model updates the 
hypotheses proposed in Chapter 2, and extends the description of the diverse 
mechanisms concurring inside the crack, which cause deterioration and/or recovery of 
the mechanical and transport properties of the cracked SFRC over time.  

The finding presented in this chapter represent a step forward towards the estimation of 
the durability of the cracked SFRC over time. However, predictions rely on a precise 
understanding and accurate prediction of the aforementioned deterioration and recovery 
processes. Challenges arise when addressing such complex problems, which often 
require the use of advanced modelling techniques, such as reactive mass transport 
modelling (Addassi et al., 2019; Michel et al., 2019, 2018). 
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5.1 Paper VI. A conceptual deterioration model for cracked 
SFRC under wet-dry exposure conditions 

The following publication, referred as “paper VI”, is under review in Cement and 
Concrete Research. 

Marcos-Meson, V., Fischer, G., Solgaard, A., Edvardsen, C., Geiker, M., Danner, T., 
Jakobsen, U.H., Skovhus, T.L., Michel, A., 2020. Durability of cracked SFRC exposed 
to wet-dry cycles of chlorides and carbon dioxide – multiscale deterioration phenomena 
(Manuscript under review). Cem. Concr. Res. 

Printed in this thesis as the original manuscript with the authors’ formatting. 
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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. 

Keywords 
Steel Fibre Reinforced Concrete (SFRC), cracks, chlorides, carbonation, corrosion, petrography, healing 

 

 

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 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 
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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, [O2], [Cl-]) 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 of the functionality 
of the cracked composite during exposure: e.g. 
structural and/or pervious; does not comprise a single 
progressive process that can be predicted based on 
macroscopic observations. Instead, 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 results section (Section 4) presents data from five 
experimental studies on analogous specimens, 
covering: i) the quantification of fibre corrosion at the 
composite scale by means of fibre counting (Section 
4.1); ii) ingress of chloride ions and decrease of pH 
inside the crack based on colorimetric profiles and 
water-soluble chloride measurements (Section 4.1 
and 4.2); iii) modification of the elemental 
composition of the matrix surrounding the crack after 
exposure based on X-ray fluorescence spectrometry 
mapping (Section 4.3); and iv) investigation of 
changes in microstructure around the crack due to 
exposure based on a petrographic study (Section 4.4). 

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 data 
presented in (Section 4) and results from former 
studies. The main deterioration and recovery 
mechanisms are described indicatively in a 
conceptual model presented in Section 5.1, which 
reviews and updates the conceptual deterioration 
model proposed in [1]. The model is discussed 
afterwards covering the abovementioned processes at 
multiple scales: i) the deterioration of the matrix and 
fibre-matrix bond due to transport of species through 
the crack and alteration of the cement paste 
surrounding the crack (Section 5.2); ii) the 
deterioration of the steel fibres due to corrosion 
(Section 5.3); and iii) the recovery of the matrix due 
to transport of species through the bulk matrix, 
reactions with the matrix surrounding the crack and 
precipitation of secondary phases (Section 5.4). 

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 
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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. The first section of the results chapter 
(Sections 4.1) presents data grouped in samples, 
individual specimens are evaluated in the following 
sections (Sections 4.2, 4.3 and 4.4). 

3.1 Preparation of specimens 

The specimens were prepared with mixture 
proportions in compliance with the recommendations 
for minimum binder content and water-to-binder 
(w/b) ratio specified in DS/EN 206-1:2011 [26] for 
the exposure classes XC4 – XS3 for conventional 
reinforced concrete. The total binder content was 
426.3 kg/m3, CEM-I was replaced by 31wt.% fly ash 
and the water-to-binder ratio (w/b) was 0.34, see 
Table 2. The superplasticizer and air entrainer 
content were adjusted in the subsequent mixes to 
reach a slump of 100±20 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 [27]), made of cold-drawn high-carbon 
steel, with a length of 60 mm and a diameter of 0.75 
mm. 

The production of the specimens was done in a 
prefabrication plant, using an industrial mixing plant. 
The casting was made by direct pumping of the 
concrete from a truck into coated plywood forms on 
an industrial vibration table. 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 [4]. 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 EN-14651:2007 [28]. 

Table 2. Mix-design 

Component Quantity 
(kg/m3) 

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 m3, 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 CO2 (0.07 and 
0.5 vol.% CO2), named “air-exposure” and 

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. Crack width (w) 
[mm] Wet cycle (s) Dry cycle (c) Age 

(A / B) 
Characterization 

Profiles XRF TS 
w15 s0 c0 A  
w30 s0 c0 A 

0.15 (w15) 
0.30 (w30) Limewater (s0) Air (c0) 1 year (A) pH - 

- 
- 
- 

w15 s0 c0 B 
w30 s0 c0 B 

0.15 (w15) 
0.30 (w30) Limewater (s0) Air (c0) 2 years (B) pH - 

- 
- 
X 

w15 s3 c0 A 
w30 s3 c0 A 

0.15 (w15) 
0.30 (w30) 3.5 wt.% NaCl (s3) Air (c0) 1 year (A) pH, AgNO3, 

Cl-ws 
- 
- 

- 
- 

w15 s3 c0 B 
w30 s3 c0 B 

0.15 (w15) 
0.30 (w30) 3.5 wt.% NaCl (s3) Air (c0) 2 years (B) pH, AgNO3, 

Cl-ws 
X 
- 

- 
- 

w15 s7 c0 A 
w30 s7 c0 A 

0.15 (w15) 
0.30 (w30) 7.0 wt.% NaCl (s7) Air  (c0) 1 year (A) pH, AgNO3, 

Cl-ws 
- 
- 

- 
- 

w15 s7 c0 B 
w30 s7 c0 B 

0.15 (w15) 
0.30 (w30) 7.0 wt.% NaCl (s7) Air  (c0) 2 years (B) pH, AgNO3, 

Cl-ws 
- 
X 

- 
X 

w15 s0 c5 A 
w30 s0 c5 A 

0.15 (w15) 
0.30 (w30) Fresh water (s0) 0.5 vol.% CO2 (c5) 1 year (A) pH - 

X 
- 
X 

w15 s0 c5 B 
w30 s0 c5 B 

0.15 (w15) 
0.30 (w30) Fresh water (s0) 0.5 vol.% CO2 (c5) 2 years (B) pH - 

X 
- 
X 

w15 s3 c5 A 
w30 s3 c5 A 

0.15 (w15) 
0.30 (w30) 3.5 wt.% NaCl (s3) 0.5 vol.% CO2 (c5) 1 year (A) pH, AgNO3, 

Cl-ws 
- 
- 

- 
- 

w15 s3 c5 B 
w30 s3 c5 B 

0.15 (w15) 
0.30 (w30) 3.5 wt.% NaCl (s3) 0.5 vol.% CO2 (c5) 2 years (B) pH, AgNO3, 

Cl-ws 
- 
- 

- 
- 

 

 
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. 
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“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 m3/h. The 
drying cycle of the carbonation exposure ran through 
a closed loop with nominal air flow of 93 m3/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 CO2 
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 surface of the sample, as shown 
in Fig. 2b. The fibres were marked using oil-based 
modelling clay with the following colour code: 

• 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 2× magnification. 

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

• 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. 

• 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 AgNO3 [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. 

 
Fig. 1. Visual inspection, fibre classification: a) no corrosion 

(Level 1), b) minor corrosion (Level 2), c) moderate 
corrosion (Level 3), d) major corrosion (Level 4). After [4]. 
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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 
150±50 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 distilled water 
were added; ii) the suspension was stirred for 24 h at 
20 ºC; iii) the suspension was filtered and 0.5 ml of 
the filtrate were analysed by means of Ion 
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 σ = 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 (µXRF), 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 

 
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); c) colorimetric indicators AgNO3 for chloride 
detection (left) and e.g. the phenolphthalein for pH indication 

(right), and discrete profiles; and d) fibre counting and 
classification. After [4]. 
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µm and a silicon drift detector energy dispersive 
spectrometer (SDD-EDS). The elemental mapping 
was done at a current density of 600 µA 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 µm 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 µXRF 
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 R2 = 
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: i) 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. 

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 discussion 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 5.1) is based on the numerical interpolation 
to calculate the pH and Cl- profiles for each specimen. 
The pH and water-soluble Cl- concentration inside the 
cracks were calculated for every specimen using the 
profiles presented in Section 4.1 and water-soluble 
Cl- data presented in Section 4.2. 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 Cl- profiles discussed in Section 5.3.1 
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 5.2. 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. Experimental results 

4.1 Fibre counting, chloride and pH profiles 

The results from the fibre counting after one- and 
two-year exposure are presented in Fig. 3, as discrete 
points for each fibre of each sample, classified by 
colour according to the degree of damage (see Fig. 1). 
The figure shows a surface of 75 x 125mm, 
corresponding to the original surface of the crack 
(150 x 125 mm) divided by its vertical symmetry axis. 
The edges exposed to the solution are marked in red 
(lower, left and upper edges). Furthermore, the crack 
width is shown at the right axis, including an 
estimation of the position of the neutral axis at 35 mm 
and 25 mm from the upper face for the 0.15 mm and 
0.30 mm samples respectively, which was calculated 
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based on [4], see Fig. 3. Profiles are presented by a 
closed polygon corresponding to the 95% confidence 
interval of the boundary for each sample for the 
following colorimetric tests: a) free chloride profiles, 
based on the AgNO3 spray test, i.e. free Cl- ⪅ 70 - 140 
mmol/l [40,41], shown in brown; b) pH profiles from 
the phenolphthalein spray test, i.e. pH > 9, shown in 
purple for the samples exposed to chlorides; and c) 
pH profiles from universal indicator spray test, for pH 
> 11, shown in blue for the samples not exposed to 
chlorides. 

In general, fibre corrosion occurs at zones near the 
exposed edges and extends deeper into the crack, up 
to the position of the Phenolphthalein front (i.e. pH < 
9). The spread and intensity of fibres corroding 
increases for larger crack widths and for longer 

exposure times, see Fig. 3. Furthermore, fibre 
corrosion is more severe in the case of chloride 
exposure (Fig. 3b,c,e,g,h,j and Fig. 3b,c,e,g,h,j), 
compared to the reference (Fig. 3a,f and Fig. 3k,p) 
and carbonation exposure (Fig. 3d,i and Fig. 3n,s). 

4.1.1 Limewater exposure (s0c0) 
The samples exposed to limewater, cracked at 0.15 
mm (w15s0c0) and 0.30 mm (w30s0c0) show fibres 
with minor corrosion (level 2) at the outer 10 – 20 mm 
of the samples cracked at 0.15 and 0.3 mm exposed 
for one year (Fig. 3a,f); and 15 – 25 mm for the 
samples exposed for 2 years (Fig. 3p,k). Fibre 
corrosion did not progress significantly with exposure 
time for the samples cracked at 0.15 mm (Fig. 3a,k). 
In contrast, the samples cracked at 0.3 mm show a 

 
Fig. 3.  Location of fibres and colorimetric profiles after one-year exposure for: a,f) cracked reference, s0c0; b,g) 3.5% NaCl 

exposure, s3c0; c,h) 7.0% NaCl exposure, s7c0; d,i) CO2 exposure, s0c5; e,j) 3.5% NaCl and CO2 exposure, s3c5. And results after 
two-years exposure for: k,p) cracked reference, s0c0; l,q) 3.5% NaCl exposure, s3c0; m,r) 7.0% NaCl exposure, s7c0; n,s) CO2 

exposure, s0c5; o,t) 3.5% NaCl and CO2 exposure, s3c5. The fibres are classified according to corrosion level (levels 1 – 4), and 
the profiles plotted correspond to the mean value at 95% confidence (i.e. normal distribution). 

128 Department of Civil Engineering, Technical University of Denmark



significant increase in the extent of fibre corrosion 
with time, leading to moderate corrosion damage 
(level 3) for some fibres after two-years exposure 
(Fig. 3f,p). Fibre corrosion primarily occurs at pH < 
9 and extends deeper into the crack for larger crack 
widths and progressed significantly with time, see 
Fig. 3f,p. 

4.1.2 Chloride exposure (s3c0 and s7c0) 

The samples exposed to chlorides are presented for: 
3.5 wt.% NaCl cracked at 0.15 mm (w15s3c0) and 0.3 
mm (w30s3c0), see Fig. 3b,g and Fig. 3l,q; and 7 
wt.% NaCl cracked at 0.15 mm (w15s7c0) and 0.3 
mm (w30s7c0), see Fig. 3c,h and Fig. 3m,r. Fibre 
corrosion within those samples comprise mainly 
fibres with minor corrosion (level 2) up to major 
corrosion (level 4) at the outer 15 – 25 mm; extending 
deeper into the crack for the 0.3 mm crack width and 
at higher NaCl concentration, but not progressing 
substantially with exposure time. The level of 
corrosion damage is higher at the outer regions of the 
crack (i.e. at the outer 10 mm).  

Corroding fibres are primarily located at the zone 
where the pH falls below the Phenolphthalein 
threshold (i.e. pH < 9) for 0.15 mm cracks, see Fig. 
3b,g and Fig. 3l,q. Whereas, for 0.3 mm cracks, there 
are also few fibres indicating minor and moderate 
corrosion (levels 2-3) in the zone with pH > 9, see  
Fig. 3l,q and Fig. 3m,r. Free chlorides measured by 
the AgNO3 method, i.e. brown profile in Fig. 3 b,g,l,q 
and Fig. 3c,h,m,r, penetrated deeper into the samples 
cracked at 0.3 mm, relative to the samples cracked at 
0.15 mm. However, free Cl- penetration front did not 
progress significantly with time regardless of the 

crack width, since it already reached the neutral axis 
of the crack after one year (i.e. crack width < 0.05 
mm). Corroding fibres are found inside the zone 
contaminated with chlorides, but close to the zone 
with pH < 9. 

4.1.3 Carbon-dioxide exposure (s0c5 and s3c5) 
The samples exposed to carbon dioxide and fresh 
water, cracked at 0.15 mm (w15s0c5) and 0.30 mm 
(w30s0c5) show a limited extent of corroding fibres 
inside the crack (Fig. 3d,i and Fig. 3n,s), 
approximately 10 – 20 mm for samples cracked at 
0.15 and 0.30 mm, respectively. There seems to be an 
increase of the number of corroding fibres and 
severity of corrosion with time, but not in the spread 
of corroding fibres into the crack, see Fig. 3n,s. In 
general, most of the corroding fibres present minor 
corrosion (level 2), while moderate and major 
corrosion (levels 3 and 4) were found for fibres close 
to the surface. Fibre corrosion is mainly observed 
near the pH < 9 front and covers the outer 10 – 20 mm 
of the crack; whereas, there are limited cases of 
corrosion inside the pH > 11 front, only evident at the 
external regions of the compression zone. 

The samples exposed to carbon dioxide and 3.5 wt.% 
NaCl, cracked at 0.15 mm (w15s3c5) and 0.30 mm 
(w30s3c5), see Fig. 3e-j and Fig. 3o-t, show a similar 
amount and extent of corroding fibres compared to 
the samples exposed to 3.5 wt.% NaCl (s3c0). 
Corroding fibres are found within the region where 
the pH falls below 9. The free chloride fronts are 
comparable to the ones measured for samples 
exposed to 3.5 wt.% NaCl, but do not reach as deep 
into the crack. There is no clear variation in the 

 
Fig. 4. Contour plots of water-soluble chloride profiles (mg/g) at the crack surface after one-year for: a,b) 3.5 wt.% NaCl exposure 

cracked at 0.15 and 0.3 mm, w15s3c0A and w30s3c0A; c,d) 7 wt.% NaCl exposure cracked at 0.15 and 0.3 mm, w15s7c0A and 
w30s7c0A; e,f) 3.5 wt.% NaCl and CO2 exposure cracked at 0.15 and 0.3 mm, w15s3c5A and w30s3c5A. And contours after two-

years exposure, for: g,h) 3.5 wt.% NaCl exposure cracked at 0.15 and 0.3 mm, w15s3c0B and w30s3c0B; i,j) 7 wt.% NaCl exposure 
cracked at 0.15 and 0.3 mm, w15s7c0B and w30s7c0B; k,l) 3.5 wt.% NaCl and CO2 exposure cracked at 0.15 and 0.3 mm, 

w15s3c5B and w30s3c5B. Locations of extraction points are given in Fig. 2b. 
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penetration depth of the fronts with exposure time, 
which seem to stabilize and even recede at two years, 
see Fig. 3e-j. Corroding fibres found inside the zone 
contaminated with chlorides are still further from the 
AgNO3 front relative to the Phenolphthalein profile, 
corresponding to the observations from the samples 
exposed at 3.5 wt.% and 7 wt.% NaCl. 

4.2 Water soluble chloride profiles 

The concentration of water-soluble chlorides ([Cl-]ws) 
measured after one- and two-years of exposure are 
presented in Fig. 4, as contours of water-soluble 
chlorides expressed as the relative weight to the 
hardened binder (i.e. mg/g). The figure shows the face 
of the crack split by its vertical symmetry axis, i.e. 75 
x 125 mm, displaying on the horizontal axis the 
distance to the centre of the crack and on the left-
vertical axis the depth inside the crack (i.e. the height 
of the specimen). Additionally, the right-vertical axis 
shows the crack width, expressed in µm, calculated 
according to [4]; whereas, the neutral axis, where the 
crack width is zero, is represented as a dotted 
horizontal line. The exposed edges (i.e. top, bottom 
and right) are marked in a red dotted line. 

The results show that there is an overall increase in 
the extent and concentration of chlorides inside 0.3 
mm cracks (Fig. 4b,d,e,h,j,k) compared to 0.15 mm 
ones (Fig. 4a,c,e,g,i,k). The increase in the extent of 

the chlorides inside larger cracks agrees with the 
results presented in Fig. 3b,c,e and Fig. 3g,h,j, for 
0.15- and 0.3-mm cracks, respectively. 

The impact of the exposure time on the concentration 
of [Cl-]ws is well noticed in the specimens cracked at 
0.3 mm, where there is a substantial increase of the 
water-soluble Cl- concentration at deeper regions 
inside the crack; e.g. note the two- to three-fold 
increase in [Cl-]ws concentration at 80 mm inside the 
crack for the specimens cracked at 0.3 mm exposed 
to 7 wt.% NaCl for one- and two-years (Fig. 4d,j). 
Specimens cracked at 0.15 mm do not show a clear 
increase in the water-soluble [Cl-]ws concentration 
inside the crack after one-year exposure; e.g. note the 
negligible changes in the  [Cl-]ws concentration in any 
of the specimens tested after two years (Fig. 4g,i,k) 
relative to their counterparts tested after one-year 
(Fig. 4a,c,e). 

4.3 Elemental chlorine profiles transversal to the 
crack 

The total elemental chlorine (Cl) present in the 
cement matrix was measured by µ-XRF spectroscopy 
mapping, as described in Section 3.5. The results 
presented in Fig. 5 show the total Cl content in the 
cement paste (expressed in wt.%) on a cut-section 
transverse to the crack (i.e. along the x-y axis of the 
beam according to Fig. 2a), for a specimen cracked at 

 

Fig. 5. Total chlorine 
concentration maps and 
segmented crack profiles for 
specimen cracked at 0.3mm 
exposed to 3.5 wt.% NaCl 
during one-year (w30s3c0A), 
at: a) cross-section at centre 
(75 mm from surface); b) 
cross-section at surface (10 
mm from surface). And cross-
section at centre for specimens 
cracked at 0.3mm exposed to 
7 wt.% NaCl (w30s7c0) 
during: c) one-year 
(w30s7c0A); and d) two-years 
(w30s7c0B). The filled 
contours were plotted in Cl 
wt.%, with thresholds at: 0, 
0.1, 0.25 and 0.5 wt.% 

130 Department of Civil Engineering, Technical University of Denmark



0.3 mm and exposed to wet-dry cycles of 3.5 wt.% 
NaCl for one year. The specimen was analysed at two 
locations: i) at the central cross-section, i.e. at 75 mm 
from the exposed sides of the beam (Fig. 5a); and ii) 
at the surface of the specimen, i.e. at 15 mm from the 
exposed side of the beam (Fig. 5b). 

The distribution of chlorine at the centre of the 
specimen, see Fig. 5a, show a significant contribution 
of the matrix surrounding the crack to the transport of 
chloride ions inside the crack. The 5 – 10 mm of the 
paste adjacent to the crack at the vicinity of the notch 
(i.e. outer 20 mm) present a large Cl content (i.e. 
above 0.5 wt.%-cem), which agree with the  [Cl-]ws 
values presented in Section 4.2 for its corresponding 
specimen (i.e. approx. 3 – 5 mg/g), but are much 
lower compared to the values expected in the solution 
(i.e. [Cl-] ≈ 14 mg/g). There is substantial chloride 
ingress transverse to the crack into the bulk cement 
matrix. Chlorine content up to 0.25 wt.%-cem was 
found primarily up to 60 mm inside the crack; which 
coincides with the depth that could be reached by the 
epoxy impregnation under vacuum, noting that the 
viscosity of the epoxy resin was higher than water 
(i.e. approx. 550 cP at 20° C [42]). Whereas, the 
chlorine content deeper inside the crack was in the 
range 0.1 – 0.2  wt.%-cem. 

The Cl profile describing the ingress at the edge of the 
specimen, see Fig. 5b, showed a significantly larger 

Cl- penetration compared to the central section. Total 
Cl concentrations above 0.5 wt.%-cem were 
registered following the crack pattern, on a band of 
approx. 10 – 20 mm of cement paste transversal to the 
crack. Additionally, there is substantial ingress in the 
bulk matrix around aggregates, e.g. see locations at 
“x,y” coordinates: (-40, 40),  (40, 60), (10,40), due to 
out-of-plane ingress in the bulk matrix from the 
uncracked surface. Results at the first 20 mm inside 
the crack show significantly larger chloride 
penetration compared to the central section, 
indicating a clear influence of the exposure from two 
orthogonal directions to the chloride ingress inside 
the crack, viz. “corner effect” [43]. Furthermore, 
there seems to be a very small variation in the Cl 
content regardless of the crack width at shallow 
depths, i.e. the outer 10 – 20 mm of the crack. 

The impact of the exposure time on the ingress is 
presented in Fig. 5c-d. The figures show the Cl 
profiles at the centre of the specimens exposed to wet-
dry cycles at 7 wt.% NaCl during one- (Fig. 5c) and 
two-years (Fig. 5d) respectively. The depth of the [Cl-

]ws profile into the uncracked exposed surface (e.g. at 
the matrix around the notch) progresses substantially 
with time, and Cl content as high as 1 – 2 wt.%-cem 
are measured at the outer 10 – 15 mm over two years. 
The evolution of the Cl profile of the specimen 
exposed during two-years (Fig. 5d) compared to the 
one exposed for one year (Fig. 5c) shows that the 

 

Fig. 6. Overview of thin-
sections with study regions: a) 
schematic of location of thin-
section at the crack; b) cracked 
specimen exposed to 
limewater cycles for one year, 
w30s0c0A; c) cracked 
specimen exposed to cycles of 
7 wt.% NaCl for one year, 
w30s7c0A; d) cracked 
specimen exposed to cycles of 
fresh water and CO2 for two 
years, w30s0c5B; e) cracked 
specimen exposed to cycles of 
7 wt.% NaCl for two years, 
w30s7c0B; f) uncracked 
specimen exposed to 
limewater cycles for two 
years, w0s0c0B. The location 
of steel fibres is marked with a 
red circle, the areas 
investigated in the discussion 
section are marked in magenta 
and numbered and the depth of 
carbonation inside the crack is 
marked as a blue dashed line. 
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matrix surrounding the crack could absorb as well a 
substantial amount of Cl within one-year of exposure, 
and that transport of Cl- transversal to the crack into 
the bulk matrix plays a leading role in the overall 
transport of Cl- through the crack, i.e. the bulk matrix 
surrounding the crack acts as a buffer where the Cl- 
that ingresses into the crack is transported and bound. 

4.4 Petrographic study 

A petrographic study was carried out to assess the 
extent of deterioration of the cracked specimens 
exposed to wet-dry cycles, focusing on the state of the 
matrix and fibres in the outer region of the crack. The 
study comprised the inspection of four specimens 
cracked at 0.3 mm and exposed to wet-dry cycles 
during one and two years. The specimens were 
extracted at the central section of the beam and 
covered the outer 40 mm of the crack, see Fig. 6a. 
The specimens are presented as a scanned image of 
the thin-section under polarized light, being: i) a 
specimen exposed to wet-dry cycles of limewater for 
one year, w30s0c0A (Fig. 6b); ii) a specimen exposed 
to wet-dry cycles of 7 wt.% of NaCl for one year, 
w30s7c0A (Fig. 6c); iii) a specimen exposed to wet-
dry cycles of fresh water and CO2 for two years, 
s0c5B (Fig. 6d); and iv) a specimen exposed to wet-
dry cycles of 7 wt.% of NaCl for two years, 
w30s7c0B (Fig. 6e). Additionally, a specimen was 
extracted at the centre (i.e. at approx. 60mm from the 
exposed faces) of an uncracked beam, exposed to 
wet-dry cycles of limewater for two years, w0s0c0B 
(Fig. 6f). 

The images presented in Fig. 6 have been 
complemented with annotations regarding the 
location of areas which are examined and discussed 
in Section 5, see squares and text in magenta. The 
boundary where the precipitate inside the main crack 
does not comprise mostly carbonates, but it is instead 
composed of ettringite, portlandite and alkali-silica 
(ASR) gel has been marked with a blue line. 
Additionally, the position of the steel fibres 
intersecting the thin-section have been marked with a 
red circumference and the estimated orientation of 
fibres inclined relative to the crack has been marked 
with a dotted red line. 

The cracked specimen exposed to wet-dry cycles of 
limewater for one year, i.e. w30s0c0A, is shown in 
Fig. 6b. The investigated section shows precipitation 
of secondary phases in the outer 30 mm of the main 
crack, primarily ettringite and calcite that does not 
close the crack mouth at the notch. Deeper inside the 
crack, precipitation of secondary phases occurs at 
discrete spots and comprises mostly ettringite. There 
is a fibre intercepting the crack at 15 mm inside the 
crack and the matrix surrounding the crack presents 
multiple cracking and branching. Additional 

branching is observed at 30 mm inside the crack, 
which disconnects the crack and is partly closed by 
secondary phases. Furthermore, there are two fibres 
intercepting the notch that are directly exposed to the 
surface. Corrosion is observed at the exposed areas of 
the steel. 

The cracked specimen exposed to wet-dry cycles of 
7% NaCl for one year, i.e. w30s7c0A, is shown in 
Fig. 6c. The analysis of the section indicates 
substantial precipitation of secondary phases up to 25 
mm inside the crack, comprising mostly ettringite and 
calcite; the precipitate covers only a few µm inside 
the crack but closes almost fully the crack mouth, 
which is partially blocked with debris. Secondary 
phases precipitate locally deeper inside the crack, 
comprising mostly ettringite. The crack runs almost 
continuous through the whole section, up to 40 mm, 
where it is partially disconnected due to branching. 
There is a cluster of four fibres at the bottom-left 
corner, i.e. at 10 – 15 mm from the notch; three of 
these fibres were crossing the crack at a different 
plane from the sectioned, as observed in the 
counterparts resulting from the preparation of the thin 
section. 

The cracked specimen exposed to wet-dry cycles of 
fresh water and CO2 for two years, i.e. w30s0c5B, is 
shown in Fig. 6d. The studied section shows 
precipitation of secondary phases (e.g. mainly 
ettringite and calcite) at the crack faces within the 
outer 25 mm of the crack, not covering the cracked 
section (i.e. approx. 10 µm inside the crack), but fully 
closing the crack mouth. There is a fibre intersecting 
the crack at a depth of approx. 15 mm, which results 
in branching of the crack upstream and multiple 
cracking of the surrounding matrix. A second fibre, 
inclined relative to the crack, is located at the upper-
left side of the section, i.e. at approx. 40 mm into the 
crack; which corresponds to the branching and 
multiple cracking observed at the main crack, near the 
estimated interception region with the main crack. 

The cracked specimen exposed to wet-dry cycles of 
7% NaCl for two years, i.e. w30s7c0B, is presented 
in Fig. 6e. The section shows that at this location the 
crack mouth does not fully connect to the external 
environment in this case. Precipitation of secondary 
phases inside the crack is similar to the previous 
cases. There is a cluster of four fibres at approx. 15 
mm inside the crack. Two of the fibres are inclined 
relative to the crack and are expected to intersect the 
crack at other planes; contributing to the crack-
branching observed at 15 – 20 mm inside the crack. 
A fibre inclined with respect to the crack, is located 
at the upper-left side of the section; corresponding to 
the branching and micro-cracking observed at approx. 
30 mm inside the crack, which follows the expected 
trajectory of the fibre. 
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The uncracked specimen exposed to wet-dry cycles 
of limewater for two years, i.e. w0s0c0B, is presented 
in Fig. 6f. The section is used as a reference to 
evaluate the state of the cement paste and compare 
changes due to exposure. The analysis shows that 
there is a significant change in the coloration of the 
cement paste of the cracked specimens relative to this 
reference. The reference specimen shows a clear 
identification of primary phases under cross-
polarized light and a substantial content of 
portlandite, which is not apparent in the previous 
ones.  

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 
[2,44,45]. 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 the main mechanisms that affect the 
chemical and microstructural integrity of the 
composite. The discussion is divided into the 
formulation of a conceptual deterioration model 
(section 5.1), which is correlated afterwards (sections 
5.2-5.4) to the macroscopic and microscopic 
observations presented above. 

5.1 Deterioration model 
The conceptual model presented indicatively on a 
time-scale in Fig. 7, describes the overall damage at 
the composite “global deterioration”, as the 
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: i) 
ingress of external aggressive agents into the crack 
and adjacent matrix, e.g. Cl- or CO2; ii) transport of 
ions from the pore solution to the exterior, e.g. OH- 
and Ca++; iii) alteration of the cement paste matrix due 
to non-equilibrium between solids and pore solution; 
and iv) corrosion of the steel fibres bridging the crack. 

The recovery processes affecting the performance of 
the steel fibres 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; 
ii) the dissolution of primary cement phases, which 
maintains equilibrium conditions inside the crack 
releasing e.g. OH and Ca++; iii) the binding of 
aggressive species by the surrounding cement paste, 
e.g. chloride binding or neutralization of carbonic 
acid; and iv) the precipitation of secondary phases 
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Fig. 7. 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 
Fig. 8. 

Department of Civil Engineering, Technical University of Denmark 133



inside cracks and voids, which restrains transport 
inside the crack. 

Following this conceptual model, individual 
processes (i.e. represented as linear trends in Fig. 7) 
that can be 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 resulting contribution of the deterioration and 
recovery mechanisms described in the time-scale in 
Fig. 7 are presented spatially in Fig. 8. The figure 
describes the main processes observed inside the 
crack at the macroscopic level, see Fig. 8a, and 
discusses the deterioration observed at the single-
fibre level in Fig. 8b-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 and in Sections 5.1-
5.4 show that deterioration and recovery processes 
are tightly related and occur both at the composite 
scale and at the fibre scale, comprising: 

i) 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. 

ii) Transport of ions and moisture through 
the matrix surrounding the crack that 
leads to dissolution of primary phases 
and formation/precipitation of secondary 
phases. 

iii) Variation of the conditions at the steel 
surface (i.e. pH, concentration of Cl-, O2, 
etc.) that may lead to corrosion of the 
steel fibres. 

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. 8a, 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. 

Transport of moisture, gas and ions through the 
uncracked concrete matrix is limited and leads to a 

slow deterioration of the composite. However, when 
the composite is subjected to large deformations, the 
matrix cracks and preferential paths for transport are 
formed. The observations reported in this paper and 
corresponding publications of this study [4], indicate 
that steel fibres restrain the formation of large cracks 
and increase the overall tortuosity of the crack, i.e. 
promoting the generation of crack branches and 
multiple cracking instead of a single crack, as 
described in section 5.2.1 and shown schematically in 
Fig. 8a. 

Ingress of extrinsic ions (e.g. Cl-) or gasses (e.g. CO2) 
and egress of intrinsic ions (e.g. OH-, Ca2+) as well as 
transport of moisture occur both along and transversal 
to the main crack, as described in Fig. 8a. Whereas, 
the bulk cement matrix provides a buffer of intrinsic 
ions and is able to accumulate a large amount of 
extrinsic ions, as discussed in Sections 5.2.1 and 
5.4.1. Transport inside the crack may be partially 
impeded at the crack mouth and at deeper regions of 
the crack, where cracks are either: i) 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, see Fig. 8a. 

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 discussed 
in sections 5.2.2 and 5.4.2 and depicted in Fig. 8a. 
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. Ca2+ or 
OH-). Whereas, ingress of CO2 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 Cl- 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, as described in section 5.4.3. 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. 8a. 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 
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during the wetting and drying cycles, which alters the 
ionic concentration in the crack and matrix 
periodically, Fig. 8a. 

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, as reported in former 
studies after 20 years of marine exposure [46]. 
Corrosion of fibres bridging cracks occurred 
primarily at the exposed steel surface and adjacent to 
the crack. The discussion presented in section 5.3 
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. 8b-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, as discussed in sections 5.2.2, 5.3.2 
and 5.4.3. 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 expected to be partially 
connected to the main crack through the damaged 
interface along the stem of the fibre, as described 
schematically in Fig. 8c.  

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. 8c. The discussion presented 
in section 5.2.2 shows carbonation and leaching of 
the cement paste surrounding the regions of the fibre 
crossing the crack, as shown schematically in Fig. 8c-
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 at the 
investigated sections, as discussed in section 5.4.3. 

Precipitation of secondary phases, i.e. healing, at the 
fibre-matrix interface (i.e. small cracks 1-5 µm) was 
expected to seal leaching and ingress paths, see Fig. 
8d-e. Based on previous studies and results reported 
in [1] and the discussion published in [4], part of this 
healing may be responsible for substantial increase in 
the residual performance of the cracked 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 µm 

 
Fig. 8. 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- II”, (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. 7. 
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around the fibre presented larger porosity compared 
to the bulk matrix. The discussion presented in 
section 5.4.3 did not show a clear sign of substantial 
precipitation in these; which comprised a narrow 
band of approx. 2 – 5 µm composed mainly of CH 
around the fibre. Results provide limited evidence 
supporting whether this may have some contribution 
to the mechanical performance of the cracked 
composite after exposure. 

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 Cl- 
concentrations concur, as described in section 5.3.2. 
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. 8b. 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. 8d-e. However, there were 
no clear signs of corrosion at the hook region of fibres 
embedded in the matrix, as described in previous 
research [44] and reported in [1]. 

5.2 Deterioration: Ingress, leaching and 
carbonation inside crack 

The processes described in this section comprise 
alteration of the matrix surrounding the steel fibres, 
which are affected by: i) 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; 
and ii) the alteration of the microstructure and 
composition of the cement solid matrix. 

5.2.1 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 (i.e. by convection). 

During the wetting-cycle, moisture flows inwards 
through the crack, transporting extrinsic ions (e.g. Cl-

) through advection into the crack and the adjacent 
matrix. As the crack reaches full moisture saturation, 
transport of dissolved species inwards and outwards 
would occur mainly by diffusion, and gas transport 
(i.e. water vapour, oxygen or CO2) would be limited. 

During the drying cycle, moisture flows as liquid 
outwards through the crack, which transports part of 
the dissolved species towards the exterior. However, 

as the moisture saturation decreases, moisture 
transport gradually also takes place in the gas phase 
causing ions to accumulate at the evaporation front. 
The increased concentration of dissolved species 
inside the crack is compensated by transport into the 
adjacent matrix. Once the RH inside the crack is low, 
transport of dissolved species is hindered and 
transport of species through the crack is dominated by 
gaseous species, e.g. water vapour, oxygen and CO2. 

As a result, concentration of extrinsic species 
localizes at the outer regions of the crack. For 
example, the Cl- and total Cl profiles (see Fig. 4 and 
Fig. 5, respectively), show a tendency for large Cl 
contents at the outer 20 mm of the crack, i.e. 
approximate values of [Cl-]ws ≈ 0.6 wt.%-cem and 
total Cl ≈ 2 wt.%-cem; which fall progressively at 
deeper zones of the crack. Additionally, precipitation 
of carbonates inside the crack at the outer 20 – 40 mm 
suggest that transport of gaseous species may be 
limited along the depth of the crack, see Fig. 6. 

Egress of intrinsic species is well observed in the pH 
profiles presented in Fig. 3, which show a 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), as well as corresponding leaching of the paste 
discussed in Section 5.2.2. 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 a clear drop of these 
elements along the crack (see Fig. 5). 

 
Fig. 9. Precipitate inside crack (on the crack faces), detail of 

coloration at outer edge. a) schematic view; and image for: b) 
0.3 mm crack exposed to limewater cycles for two years 

(w30s0c0); c) 0.3 mm crack exposed to 7% NaCl cycles for 
two years (w30s7c0); d) 0.3 mm crack exposed to fresh water 

and CO2 cycles for two years (w30s0c5). 
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The main implications of these processes to the 
overall performance of the cracked composite are 
related to: i) changes in the concentrations of [OH-] 
and/or [Cl-] 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. 

5.2.2 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. 9. 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. 9b-d. This region 
also comprises the area where fibre corrosion is 
typically observed. The area increases with longer 
exposure time and for larger crack widths. These 
macroscopic observations indicate changes in the 
matrix surrounding the crack, particularly at the 
outermost regions.  

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, shown in 
Fig. 6 using luminance values. The cement paste in 
the thin-section of the uncracked specimen exposed 
to limewater cycles for two years (s0c0B shown in 

Fig. 6f), has been used as reference, see Fig. 11. The 
reference cement matrix presents a grey, opaline 
shine under cross-polarized light, with abundant 
portlandite (i.e. white specs) visible, see Fig. 11a. 
Luminance values at inspected magnifications are 
presented in Fig. 11b for reference. 

The results presented in Fig. 10 correspond to the 
case of leaching and carbonation inside the crack for 
the specimen exposed to wet-dry cycles of limewater, 
s0c0. Results are presented at three locations inside 
the crack: i) at the crack mouth in Fig. 10a, ii) at 10 
mm inside the crack in Fig. 10b. The exact locations 
of the inspection areas are given in Fig. 6. 

There is minimal leaching and carbonation of the 
paste at the crack mouth, which extends approx. 10 – 
20 µm inside the paste adjacent to the crack, and only 
a thin layer of carbonate precipitate, i.e. approx. 2 – 5 
µm, formed at the crack face, see Fig. 10a. There is 
no significant difference in the volume of capillary 
porosity (characterized by luminance value) relative 
to the reference paste at the same magnification, see 
Fig. 11b. Deeper inside the crack, the precipitation of 
calcite gradually stops and there is mainly 
precipitation of ettringite and discrete carbonate 
crystals forming inside the crack, see Fig. 10b. At this 
area, there is negligible increase in porosity of the 
bulk cement paste, except for local defects 
corresponding to bleeding areas, see value at x50 in 
Fig. 11b. 

The results presented in Fig. 12 show the 
deterioration of the cement paste of the specimen 
exposed to 7 wt.% NaCl for one year, s7c0A. Results 
are presented at three locations inside the crack: i) at 
the crack mouth in Fig. 12a, ii) at 10 mm inside the 
crack in Fig. 12b, and iii) at 30 mm inside the crack 
in Fig. 12c. 

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. 12a. 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 µm around the 

 

Fig. 10. Leaching and carbonation 
of cracked specimen exposed to 
limewater, w30s0c0A, inspection 
images at: a) crack mouth under 
cross-polarized light and UV 
fluorescent light; b) 30 mm inside 
crack under cross-polarized light 
and UV fluorescent light. Mean 
luminance values under 
fluorescent light (L̅RGB) for 
selected areas shown as numbers 
in brackets. 

  
Fig. 11. Reference cement, uncracked specimen cured in 

limewater (w0s0c0A), at x400 magnification, viewed under: 
a) x-polarized light and b) UV-fluorescent light. Mean 

luminance values (L̅RGB) at inspected magnifications are 
shown in brackets for reference. 
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crack at 10 mm depth, see Fig. 12b. Whereas, at 
approx. 30 mm depth inside the crack, the cement 
paste surrounding the crack does not show significant 
deterioration due to leaching, see coloration of paste 
in cross-polarized light and UV luminance in Fig. 
12c. 

The deterioration observed at the fibre-matrix 
interface and areas surrounding steel fibres are 
presented in Fig. 13. 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. 13a, and ii) at 40 mm inside 
the crack, at approx. 5 mm from the crack face Fig. 
13b-d. Exact locations are given in Fig. 6. 

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. 13a,b; 
in particular at the hooked-ends of the fibre, see Fig. 
13b. Such damage is expected to increase 
significantly the connectivity of the matrix 
surrounding the fibre through the micro-cracks (i.e. 

approx. 1 – 5 µm) to the main crack, as shown in the 
local changes of luminance following the fibre path 
in Fig. 13b. The aspect of the cracks presented in this 
paper corresponds well to observations on single-
fibres reported in [21–23,47]. 

The damaged volume around the steel fibres may 
represent a preferential path for leaching of ions (e.g. 
Ca2+ and OH-), as well as ingress of aggressive agents 
(e.g. Cl- and CO2) at the fibre matrix interface. Which 
would have two main implications: i) increasing the 
spread and degree of fibre corrosion and so reducing 
the cross-section of the steel fibre, i.e. promoting fibre 
rupture during the pull-out; ii) decreasing the overall 
integrity of the matrix around the fibre hook due to 
leaching and dissolution of primary phases (e.g. 
portlandite) which reduces the strength of the fibre-
matrix bond. 

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 

 
Fig. 12. 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; 
c) 30 mm inside crack under cross-polarized light and UV fluorescent light. Mean luminance values under fluorescent light (L̅RGB) 

for selected areas shown as numbers in brackets. 

 

Fig. 13. Damage and leaching at 
fibre-matrix interface for: a) steel 
fibre bridging crack of specimen 
w30s7c0B, under cross-polarized 
and UV fluorescent light; b-c) 
steel fibre bridging crack of 
specimen w30s0c5B, under UV-
fluorescent light; and d) detail of 
lower part of corresponding fibre 
presented in “c” under cross-
polarized light and UV-fluorescent 
light. Mean luminance values 
under fluorescent light (L̅RGB) for 
selected areas shown as numbers 
in brackets. 
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and pores where there was a significant increase in 
porosity, see UV luminance values in Fig. 13a. 
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. 13c). 
Despite that there was a narrow zone directly in 
contact to the steel surface, i.e. approx. 1 – 5 µm, rich 
in portlandite that showed in some cases a higher 
porosity compared to the bulk paste, see UV 
luminance values in Fig. 13d. 

5.3 Deterioration, fibre corrosion inside the crack 

This section covers the comparison of macroscopic 
results describing the relation between fibre corrosion 
and ingress profiles, the comparison of corrosion 
thresholds with former studies and the discussion of 
the local conditions leading to corrosion of steel 
fibres in concrete. 

5.3.1 Corrosion threshold values 

The conditions inside the crack leading to fibre 
corrosion have been plotted in Fig. 14 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 data presented in section 4.2. 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 [48] 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. 14 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 
[48], i.e. [Cl-]/[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. 

Discrepancies between corrosion threshold values 
measured for fibres in artificial pore solution and 
embedded in concrete have been discussed in the 
literature [5], presenting total [Cl-] threshold values 
for steel fibres embedded in concrete larger than 5-6 
wt.%-cem; compared to equivalent values of approx. 
2 wt.%-cem in artificial pore solution. A recent 
discussion proposed that the cement matrix 
surrounding the fibres plays an important role on 
preventing fibre corrosion, primarily by limiting 
oxygen and ionic mobility around the fibre and 
maintaining a high [OH-] at the steel surface [1]; 
similarly to as discussed for reinforcing steel bars 
[49]. 

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. 14. 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. 

 
Fig. 14. 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 [48] 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. 

5.3.2 Local conditions influencing fibre corrosion 

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. 15a. No signs of 
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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 [46,50]. 

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 [51] and cracked SFRC [44]. 
Whereas, the deterioration phenomena reported in 
this paper still agrees with the corrosion initiation and 
propagation mechanisms described at smaller scales 
in [5]; which described that corrosion of the steel 
fibres would initiate at the drawing trenches of the 
cold-drawn steel wire, i.e. due to lower potentials and 
imperfect passivation state relative to the rest of the 
steel surface. 

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. 15b). 
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 [50]. 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. 18a-d 
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. 

All in all, there is evidence suggesting that the local 
conditions provided by the cement matrix at the steel-
matrix interface (e.g. high pH, limited access to 
water, low oxygen concentrations and low ionic 
diffusion) play a critical role in preventing and 
controlling fibre corrosion, as discussed in [1]. It was 
observed that alteration of these conditions led to 
corrosion initiation of steel fibres embedded in 
chloride-contaminated concrete; by observing signs 
of active corrosion at steel fibres after a few hours 

after splitting the specimens and exposing the fibres 
to the laboratory air, corresponding to observations in 
former studies [48]. 

5.4 Recovery: secondary reactions and 
precipitation inside the crack 

Based on the conceptual deterioration model 
proposed in section 5.1, 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: i) 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 
ii) 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; iii) precipitation of secondary phases in 
pores and cracks that reduce moisture and ionic 
transport in the micro-cracked matrix. 

5.4.1 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 5.4.1, 
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 

 

Fig. 15. 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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over a larger paste volume. Elemental Cl maps 
presented in Fig. 5 show this effect, as 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. A 
similar but inverse effect is expected to take place for 
intrinsic ions, e.g. OH- or Ca2+, which are transported 
outwards. 

The aforementioned transport processes are generally 
competing with the bulk transport processes inside 
the crack, described in Section 5.2.1. 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. Cl-) and maintains stable 
concentrations of intrinsic species (e.g. OH-).  

5.4.2 Reactivity of the matrix: binding of Cl- 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 dissolved Cl- that ingresses through the 
crack is bound by the surrounding cement paste 
through the mechanisms described in [7]. 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, see Fig. 4. Whereas, corresponding values 
for total Cl reached values in the range 1.5 – 2.5 wt.%-
cem, reaching still moderate Cl content in the cement 
paste adjacent to the crack at deeper regions after two-
years exposure (i.e. Cl ≈ 0.1 – 0.2 wt.%-cem), as 
shown in Fig. 5. Equivalent regions of the cement 
paste inspected in thin-sections, see Fig. 12, showed 
changes in the coloration under cross-polarized light, 
that indicate transformation of the microstructure and 
composition of the cement-paste. 

The comparison of the water-soluble Cl- profiles 
presented in Section 4.2 and elemental Cl maps 
presented in Section 4.3, shows that the total 
chlorine-to-water soluble chloride ratio ([Cl]/[Cl-]) 
reaches values in the range [Cl]/[Cl-] ≈ 2 – 4 at the 
outermost 10 mm of the concrete, whereas these 
values decrease down to [Cl]/[Cl-] ≈ 1 – 1.5 deeper 
inside the crack. There is therefore still substantial 
capacity for binding of Cl- 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 5.2.2; 
which result in the release of intrinsic ions (e.g. OH- 
and Ca2+) that enforce equilibrium conditions inside 
the matrix and at the crack. There is insight of this 
behaviour in the data presented in Fig. 10-12, 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 5.2.1. Ultimately, these may 
contribute to prevent corrosion of the steel fibres 
inside the crack. Yet, understanding and predicting 
the evolution of these processes over time require the 
use of complex modelling techniques, involving 
reactive mass-transport models. 

5.4.3 Precipitation of secondary phases 

The ingress of extrinsic species (e.g. Cl- or CO2) 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. 9 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 (see Section 5.2). 

The structure of the precipitate did not close entirely 
the crack throughout the whole section under any of 
the investigated exposures. The precipitate blocked 
the outer crack path of specimens under wet-dry cycle 
exposure to chlorides and to freshwater, see Fig. 16a-
b; but not of specimens exposed to limewater cycles, 
see Fig. 16c. The profile where the pH drops below 
pH 9 – 10 into the crack of specimens exposed to wet-
dry cycles of chlorides and freshwater did not 
progress with exposure time and showed a gradual 
drop over the depth of the crack (see Fig. 16d). While, 
the pH profile progressively decreased over time for 
specimens exposed to limewater cycles (see Fig. 3). 

This contradictory behaviour may be explained by the 
role of leaching at the matrix surrounding the crack in 
specimens exposed to freshwater or saltwater; which 
facilitates precipitation of carbonates, as described in 
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[18,52]. Instead, under saturated limewater exposure 
Ca2+ may be stable in solution as Ca(OH)2(aq) or as 
CaCO3(s) in suspension if carbonating. 

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. 17a; as well as due to blocking of the crack 
locally with debris from the cracking process, see Fig. 
17b. During exposure, both narrow cracks and debris 
tend to be preferential locations for precipitation of 
calcite and ettringite, as shown in Fig. 17a-b; 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. 12c) and 
fresh-water exposure (see Fig. 17d), and blocked 
almost completely the access of moisture and ions to 
the crack; but it was minimum for specimens exposed 
to limewater, see Fig. 10a. 

Deeper inside the crack mostly ettringite formed (see 
Fig. 17c), which did not seem to impede transport of 
moisture and ions (Fig. 17a); but served as a 
preferential location for the precipitation of 
portlandite and calcite, which may limit transport 
inside the crack (Fig. 17c). 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. 17b. Yet, 
this is not expected to have any significant impact on 
the transport through the crack or in the overall 
integrity of the cracked composite.  

These observations at the meso-scale complement the 
results presented in Section 4.3, which showed that 
ionic and fluid ingress (i.e. based on Cl profiles and 
resin impregnation respectively) at the central section 
of the crack (see Fig. 5a) were substantially lower 
compared to the values registered at the specimen 
surface (see Fig. 5b). Similar macroscopic 
observations were reported in [53] for comparable 
crack widths, i.e. 0.05 – 0.2 mm, where ingress of 
moisture and dissolved species trough non-coalesced 
or disconnected cracks was delayed at 40 – 50 mm 
inside the crack. 

Precipitation of secondary phases also occurred 
around fibres crossing the crack, shown in Fig. 18, 
which covered partially the exposed surface of the 
fibre, but did not fully isolate the steel surface from 

 
Fig. 16. Precipitate at crack edge for: a) chloride exposure, 
s7c0; b) carbon dioxide exposure, s0c5; and c) limewater 

exposure, s0c0. 

 

Fig. 17. Recovery phenomena 
inside cracks, showing 
precipitation of secondary 
phases at selected locations: a) 
crack branching and 
precipitation of calcite and 
ettringite inside crack 
observed under UV-
fluorescent light, for specimen 
w30s7c0B; b) calcite 
precipitation and carbonation 
at debris blocking partially the 
crack at 7mm depth observed 
under cross-polarized light, for 
specimen w30s0c0A; c) 
formation of ettringite needles 
at 28 mm inside the crack 
observed under polarized 
light, for specimen w30s7c0B; 
d) precipitation of calcite at 
crack mouth under cross-
polarized light, for specimen 
w30s0c5B. 
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the solution inside the crack, as shown in Fig. 
18a,b,e,f. Observations presented in Fig. 18c showed 
that fibre corrosion might occur preferentially at the 
exposed steel surfaces, which would be gradually 
covered by corrosion products and calcite; whereas, 
the rest of the steel would be isolated from the 
solution inside the crack. 

Leaching from the adjacent matrix is expected to 
provide sufficient Ca2+ 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. 
18c. Furthermore, precipitation of calcite is expected 
to seal with time the main crack at discrete locations 
around the fibre, as observed in Fig. 18d, therefore 
reducing substantially the transport around the steel 
surface and maintaining a high pH value at these 
locations. Similarly, studies investigating corrosion 
of steel in seawater have shown that calcareous 
deposits at cathodic sites reduce substantially 
corrosion rates at anodic sites [54], yet there is limited 
research available for cement-based materials [55]. 

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 (i.e. described in Section 5.2.2), yet the 
composition and formation mechanisms are not clear, 
see Fig. 19. 

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 µm, as shown in 
Fig. 19a, contrarily to what was reported in former 
research [4]. Nevertheless, the interface is not 
homogeneous, and local defects, such as voids, are 
expected as shown in Fig. 15a for the same fibre. 
Whereas, the fibre-matrix interface of steel fibres 
bridging cracks show a distinct structure, see Fig. 
13d, characterized by significant mechanical damage, 
i.e. multiple cracking, and seemingly crushing at the 
interface, as shown in Fig. 13a.  

For most of the partially-pulled fibres, there is a band 
of 5 – 10 µm of matrix adjacent to the fibre rich in 

 
Fig. 18. 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 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, w30s0c0A, under cross-polarized light. 

 

Fig. 19. 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. 
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fine-grained CH, which was surrounded by approx. 
50 µm of cement paste that presented a larger porosity 
compared to the bulk matrix (see Fig. 19c and Fig. 
13d). In other cases, this region was filled with a fine-
grained layer of calcite instead, as shown in Fig. 19d, 
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 not well understood, and there is 
insufficient data to allow a discussion on the topic. 
Yet, finely grained portlandite and calcite precipitated 
inside micro-cracks has been reported in some studies 
investigating self-healing phenomena in cracked 
lime-based mortar specimens  [56,57]. As well as at 
the fibre-matrix interface of glass-fibre strands in 
uncracked aged Glass-fibre Reinforced Concrete 
(GRC) [58]. 

However, based on the limited data available, there is 
no definite insight to suggest which is the nature and 
composition of the phases found at the damaged 
fibre-matrix interface after exposure. And whether 
these phases may be related to the increase in residual 
performance observed in cracked SFRC exposed to 
wet-dry cycles discussed in [1] and recently observed 
in companion specimens of this study [4]. 

6. Conclusion 
This paper investigates the main processes taking 
place during the exposure of cracked SFRC to wet-
dry cycles involving chloride and/or CO2 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 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 proposes that 
concurring dissolution and precipitation processes at 
the crack and at the matrix surrounding it may have a 
strong influence on the chemical composition of the 
solution inside the crack and may reduce transport of 
moisture and ions 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.  

Further research focusing on quantifying the 
correlation of those transport and chemical processes 
inside cracks is needed to understand the long-term 
impact of corrosive exposures on the performance of 
cracked fibre reinforced composites. 
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5.2 Paper VII. Deterioration phenomena of steel fibres in 
cracked concrete under wet-dry exposure conditions 

The following publication, referred as “paper VII”, in in press in Magazine of Concrete 
Research. 

 
Marcos-Meson, V., Solgaard, A., Skovhus, T.L., Jakobsen, U.H., Fischer, G., 
Edvardsen, C., Michel, A. 2020. Pull-out behaviour of steel fibres in cracked concrete 
under wet-dry cycles – deterioration phenomena. Mag. Concr. Res. (2020) 1–32. 
doi:10.1680/jmacr.19.00448. 
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Abstract 
This paper presents observations and results of an experimental investigation on the mechanisms altering the 
pull-out behaviour of partially pulled hooked-end steel fibres inside an artificial crack exposed to wet-dry 
cycles for six months. Mechanical and corrosion damage at the surface of the steel fibre were investigated by 
3D optical interferometric profiling and petrographic analyses to describe mechanical damage and healing 
processes at the matrix surrounding the fibre. Mechanical damage observed in the cementitious matrix and at 
the fibre confirmed that, after debonding, the pull-out process was governed by yielding of the fibre hook, 
fracture of the adjacent matrix and friction between the hook and the matrix. The partial restoration of the 
adhesive bond after exposure was attributed to a combination of autogenous healing around the fractured fibre-
matrix interface and accumulation of corrosion products around the intersection of the fibre with the crack. 
The increase of the mechanical bond strength was ascribed to autogenous healing processes at the mechanically 
damaged matrix around the fibre hook. Results of this study support the hypothesis that the increase of the 
pull-out force transferred by hooked-end steel fibres bridging cracks in concrete exposed to wet-dry cycles is 
mainly related to autogenous healing and carbonation of the damaged matrix around the fibre than corrosion 
damage of the steel. 

Keywords 
Steel Fibre Reinforced Concrete (SFRC); cracks; chlorides; carbonation; corrosion; petrography; autogenous  
healing; pull-out 

 

 

1. Introduction 
There is disagreement regarding the role of fibre 
corrosion in the long-term mechanical performance 
of cracked Steel Fibre Reinforced Concrete (SFRC) 
under exposures involving wet-dry conditions [1]. 
Studies investigating the mechanical performance of 
SFRC reinforced with hooked-end fibres have 
reported considerable alteration of the residual tensile 
strength of the cracked SFRC, which was generally 
attributed to an increase of the fibre-matrix bond 
strength due to corrosion [2] or to additional 

hydration of the cement matrix [3,4]. Yet, recent 
investigations suggest that increases of the residual 
tensile strength of cracked SFRC may be related 
instead to autogenous healing of damage in the 
cement matrix around partially-pulled fibres [5,6]. 

Investigation of the cause for such variations of the 
residual tensile strength of the cracked SFRC require 
a detailed understanding of the pull-out behaviour of 
hooked-end fibres in concrete, i.e. the fibre matrix 
bond. The bond of an aligned hooked-end fibre 
embedded in a cementitious matrix is ascribed to 
three bond mechanisms, that partly overlap during the 
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pull-out process of hooked-end fibres: the adhesive 
bond, and the mechanical and frictional bond [7,8]. 
After the utilization of the adhesive bond, at 
displacement values of approx. 20 – 30 µm [9], the 
pull-out behaviour of the fibre is primarily governed 
by the mechanical and frictional anchorage 
transferred trough the hook. These result in 
substantial mechanical damage to the cement matrix 
surrounding the hook [10–13], which facilitates the 
pull-out process of the fibre. 

Studies investigating the pull-out behaviour of 
aligned fibres bridging an artificial crack in a 
cementitious matrix exposed to wet-dry cycles of 
saltwater have reported increases in the maximum 
pull-out force after the exposure [14,15]. A recent 
investigation on partially-pulled fibres exposed to 
wet-dry cycles of saltwater and freshwater described 
a partial recovery of the adhesive bond between the 
fibre and the matrix, and a significant increase of the 
mechanical bond strength [9]. 

Former studies ascribed the increase of the fibre-
matrix bond strength after exposure to an increase of 
the frictional resistance due to fibre corrosion, i.e. due 
to localized expansion of corrosion products at the 
hook [15] or an increase of the fibre roughness over 
the whole fibre surface [14]. The latter hypothesis 
was also suggested in a study investigating pre-
corroded fibres embedded in mortar [16]. However, 
these hypotheses are not fully consistent with the 
increases of the fibre-matrix bond strength shown in 
experiments that did not involve corrosion damage, 
such as for de-bonded steel and polymer fibres cured 
in freshwater [17–19]. Other studies propose instead 
that the increase of the fibre-matrix bond strength is 
governed by an alteration of the microstructure of the 
damaged matrix around the fibre, referred to as 
autogenous healing processes [9,17]. 

This investigation aims at describing the deterioration 
processes that govern the changes in the pull-out 
behaviour of partially pulled steel fibres from 
concrete exposed to wet-dry cycles reported in [9], 
testing the compatibility and validity of the 
aforementioned hypotheses. The studies herein 
describe the alteration of the surface of the steel fibre 
due to mechanical and corrosion damage and the 
mechanical damage and microstructural changes at 
the matrix surrounding the fibre. 

2. Methodology 
The investigations covered the preparation, exposure 
and inspection of single fibre pull-out specimens, 
partially pulled-out to induce mechanical damage 
equivalent to crack widths in the range of 0.2 – 0.3 
mm and exposed to wet-dry cycles for six months. 
The exposures investigated comprise wet-dry cycles 

of saltwater and freshwater with a high carbon 
dioxide concentration. Single-fibre specimens were 
investigated in a single-sided test, based on the setup 
described in [9,20]. The specimens inspected in this 
study corresponded to companion specimens to the 
ones investigated in [9]. Inspection of damage in the 
matrix was undertaken by means of petrographic 
analysis, whereas measurement of the extent of 
corrosion damage and accumulation of corrosion 
products was done by 3D optical interferometric 
profiling. 

Table 1. Mix-design. After [9]. 

Component Quantity 
(kg/m3) 

Cement (CEM I 52.5N) 326.3 
Fly Ash 100 
Water 145 

Sand 00/02 787.4 
Sea gravel 04/08 1036.5 

Entrained air 3% 
 

2.1 Preparation of specimens 

The pull-out specimens investigated were cast using 
the mix-design presented in [9]. The total binder 
content was 426.3 kg/m3 with 31 -wt.% fly ash 
replacement of the Portland cement, and the water to 
binder ratio was 0.34, see Table 1. The 
superplasticizer content was adjusted in the 
subsequent mixes to reach a flow diameter of 120±20 
mm, measured according to EN 1015-3:1999 [21] and 
the air-entrainer content was adjusted to reach a level 
of entrained air of 3.0±0.5 vol.%, measured according 
to EN 413-2:2016 [22]. The steel fibre investigated 
was made of cold-drawn carbon-steel wire with a 
characteristic tensile strength of 1800 MPa, hooked 
ends (type 1 according to EN 14889-1:2006 [23]), a 
length of 60 mm and a diameter of 0.75 mm, see Fig. 
1a. 

The specimens were mixed using a 60 L planetary 
mixer, cast using PVC formworks over a vibration 
table. The fibres were held to the bottom plate of the 
PVC formwork using a perforated rubber plug 

  
Fig. 1. Dimensions of a) steel fibre and b) pull-out specimen. 

Dimensions are expressed in mm. After [9]. 
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inserted into a conic gap at the centre of the bottom 
surface of the form, maintaining a 90° angle with the 
bottom of the formwork. 

The specimens exposed to saltwater and freshwater 
were partially pulled-out up to a slip value of 0.15 mm 
before the exposure. The upper surface of the 
specimens was covered with a 50×50 mm acetate 
film, leaving a separation between the film and the 
concrete surface of approx. 0.3±0.1 mm, mimicking 
exposure of a single fibre in cracked concrete 
environment. The part of the fibre exposed to the 
surface out was covered with heavy-duty marine-
grade epoxy paint, see Fig. 1b. 

2.2 Exposure setup 

The investigated specimens were coded according to 
the number of sample (from 1 to 4) and the type of 
study including thin-sections (T), polished sections 
(P) and 3D optical profiles (O). The exposure 
environments are described in Table 2 and comprised 
wet-dry cycles exposure of partially pulled specimens 
exposed to saltwater and freshwater. Reference 
specimens were also tested after curing immersed in 
limewater for 56 days. 

The specimens cured in limewater were immersed in 
the solution at all times. The wet-dry exposure setup 
consisted of two rectangular polyethylene containers 
of approx. 200 L each, one used for each exposure. 
The wet-dry cycles for the freshwater and saltwater 
exposure were controlled automatically, with a total 
cycle length of four days, as described in [9]. 

During the wet cycle (two days), the specimens were 
covered completely with the solution. The solution 
was replaced every two weeks during the first two 
months of exposure and every month up to 6 months, 
and was checked weekly by means of electrical 
resistivity and pH measurements. Non-chlorinated 
water (pH = 7.5 – 8.0, Cl- < 100 mg/l, 16 – 17 °dH) 
was used as exposure media for the specimens 
subjected to freshwater cycles and to prepare the 

saltwater brine. The solution of specimens cured in 
limewater was not replaced, and the pH value in the 
solution was kept in the range of 10 – 13 by addition 
of approx. 25 cl of saturated solution of calcium 
hydroxide every two weeks. 

The drying cycle for the specimens exposed to 
laboratory air was provided by two inlet fans with a 
total nominal flow of 100 m3/h and two outlets placed 
at opposite ends at the top of the tank. The air was 
kept at stable temperature, humidity and CO2 
concentration by the ventilation system of the 
building and was monitored weekly, being 20±2 °C, 
50±10 % and 0.05±0.01 -vol.% respectively. The 
drying cycle of the carbon dioxide exposure had a 
nominal flow of approx. 90 m3/h, running through a 
closed loop and utilized a cooled heat exchanger to 
condensate moisture from the air flux. The CO2 
concentration inside the carbon dioxide loop was 
measured weekly and was approx. 0.5±0.1 -vol.%. 

2.3 Experimental studies 

2.3.1 Optical inspection of fibres 

The surface of pulled-out steel fibres from selected 
specimens was inspected using a 3D optical 

Table 2. Test samples and exposure conditions. After [9]. 

Sample Study Presented Pull 
(mm) 

Wet cycle Dry cycle 

1 
T 
P 
O 

Thin-section 
Polished-section 

3D profile 

x 
x 
x 

0.15 7 -wt.% NaCl 0.05 -vol.% CO2 

2 
T 
P 
O 

Thin-section 
Polished-section 

3D profile 

x 
 

x 
0.15 Freshwater 0.5 -vol.% CO2 

3 
T 
P 
O 

Thin-section 
Polished-section 

3D profile 

x 
 

x 
0.15 Limewater - 

4 T 
O 

Thin-section 
3D profile * 

x 
x 0 Limewater - 

 

Note: Each sample corresponds to a separate specimen, prepared and tested as the others. Except for (5S): 
* The fibre scanned was tested as supplied, before being embedded in the matrix. 

 
Fig. 2. Location of inspection areas of specimens: a) 

inspection areas for 3D optical profiles, after [9], and b) 
location of thin-sections and inspection area of polished 

sections. 
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interferometry profiler (Keyence VR-3000 G2) with 
a resolution of 0.1 µm. The inspection was done on 
three locations of the fibre, shown in Fig. 2a: I) the 
steel exposed to the solution inside the artificial crack, 
II) the central part of the fibre stem, III) the 
intermediate part of the hook. 

The analysis focused on describing the roughness and 
volume of corrosion products to determine whether 
an alteration of the steel surface due to corrosion 
damage may have an impact on the pull-out 
behaviour of the fibre. The analysis of the corrosion 
damage and accumulation of corrosion products on 
the exposed steel surface (Location I in Fig. 2a) was 
done on a 3D reconstruction of approx. 1/3 of the 
fibre’s cross-section, due to limitations in the 
maximum scan area. The analysis of the surface 
roughness of the steel at the embedded parts of the 
fibre (Locations II and III in Fig. 2a) was done on a 
flattened surface profile, reconstructed from a 3D 
scan, as shown Fig. 3.  The analysis of the surface 
roughness was done on an average surface of 1.5 x 
0.5 mm, characterized according to selected 
parameters described in ISO 25178-2: 2012: 

i) The arithmetical mean height (Sa) that 
describes an absolute value of the sum of the 
height difference of each point to the 
arithmetical mean of the surface. 

ii) The maximum height (Sz) that represents the 
sum of the largest peak height value and the 
largest pit depth. 

iii) The root mean square height (Sq) that 
corresponds to the root mean square value of 
the absolute height values within the area, 
comparable to the standard deviation of the 
heights. 

iv) The density of peaks (Spd) that describes the 
average number of peaks per unit area. 

2.3.2 Petrographic study 

The preparation techniques for the petrographic 
specimens corresponded to those described in 
[24,25]. The stabilization and initial preparation 
process comprised the following: i) drying of pull-out 
specimens in laboratory air for 2 weeks, ii) vacuum 
resin impregnation of the pull-out specimens to 
stabilize the fibre, iii) sawing of the specimen at the 
central section surrounding the embedded fibre (i.e. 
10 x 10 x 40 mm prism) and drying in oven at 35°C 
for approx. 10 hours. After this process, two types of 
specimens were prepared, i.e. polished sections 
longitudinal to the fibre axis and thin-sections 
transversal to the fibre axis, respectively. 

Polished sections were prepared on a plane parallel to 
the longitudinal axis of the fibre, from the intersection 
of the fibre with the artificial crack to the hooked-end, 

shown as a shaded area in Fig. 2b. The preparation 
process comprised: i) sawing of the specimen 
longitudinal to the fibre, at approx. 1 mm to the 
surface of the fibre, ii) vacuum resin impregnation, 
iii) grinding of the specimen surface until reaching 
the steel fibre, iv) vacuum resin impregnation, v) 
lapping and polishing until reaching the central axis 
of the fibre. 

Thin-sections were prepared on four consecutive 
slices, perpendicular to the direction of the fibre, at 
the locations shown in Fig. 2b. The preparation 
process consisted on: i) sawing off four slices 
perpendicular to the direction of the fibre, ii) vacuum 
resin impregnation, iii) mounting of four slices into 
one section, iii) subsequent grinding, lapping and 
polishing to prepare the thin-section. 

The polished sections were photographed under UV 
light at 50 MP resolution using a 65mm f/2.8 1-5x 
macro lens. The thin-sections were analysed by 
optical polarizing microscopy, using a Leica 
DM2500P optical polarizing microscope equipped 
with a UV fluorescent light source. The fluorescent 
filter combination used was a BG12 excitation filter 
and a K530 yellow blocking filter, as utilized in [26].  

3. Experimental results 

3.1 Inspection of fibre surface 

Selected steel fibres were inspected after pull-out and 
before being embedded in the matrix. The results 
presented comprise two groups of measurements: i) 
characterization of the variation of the cross-section 
of the fibre at the area where the fibre intersects with 
the crack due to corrosion, and ii) characterization of 
surface roughness of the steel embedded in the 
matrix. 

Accumulation of corrosion products was observed 
around the intersection between the fibre and the 
artificial crack, extending approximately 1 – 2 mm 

 
Fig. 3. 3D scans of fibre surface embedded in concrete, at the 
fibre stem, showing: a) original 3D scan with height profile, 

b) flattened surface with roughness profile. 
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inside the matrix. Formation of corrosion products 
(i.e. rust) in this area for the specimen exposed to 
saltwater, led to an effective increase of the fibre 
cross-section (i.e. up to ≈ 70% increase in cross-
section), see Fig. 4a. Alongside, there was a 
substantial reduction of the fibre’s cross-section 
exposed inside the crack (i.e. up to ≈ 40% reduction 
of cross-section), which spread slightly into the 
matrix and the epoxy coating. This was not the case 
for specimens exposed to freshwater, see Fig. 4b, 
which showed a minor variation in the fibre cross-
section due to corrosion. 

Inspection of the surface roughness of the embedded 
fibre parts was done on a flattened profile, levelled to 
the mean profile of the 3D scan (as shown in Fig. 3). 
The analysis was done on two representative 
locations of the steel fibre: at the fibre stem (see Fig. 
5a-b) and at the straightened part of the hook after 
pull-out (see Fig. 5c). Surface roughness parameters 
calculated according to (ISO 25178-2: 2012) are 
presented in Table 3. 

The steel surface showed a generally uniform 
distribution of peaks and pits at the steel surface, see 
Fig. 5a. Localized areas presenting rust stains were 
found in exposed and unexposed specimens, in the 
latter these were attributed to oxygen corrosion 
during storage, handling and preparation of the 
specimens. Yet, the presence of rust spots did not alter 
substantially the average roughness measured of the 
inspected surface, slight decrease of roughness was 
observed instead (see Fig. 5b). Conversely, there was 
a clear difference in roughness of the fibres after pull-
out in the hook region, as shown in Fig. 5c. The steel 
presented deep longitudinal “trenches” at the 
straightened hook, which can be attributed to the 
friction between the steel surface and the surrounding 
matrix during the pull-out process. Thus, indicating 
that this area transferred most of the friction during 
pull-out. The roughness parameters presented in 
Table 3 confirm that, at the fibre stem, fibres are 
similar to each other, regardless of the exposure 
conditions; while major increase in roughness was 
measured at the hook region of pulled-out fibres, 
regardless of the exposure conditions as well. 

3.2 Petrographic study 

A petrographic study was carried out to assess the 
extent of mechanical damage and microstructural 
alteration of the matrix surrounding the partially-
pulled steel fibres before and after exposure. Focus 
was set on connecting macro- and micro-structural 
damage in the matrix surrounding the fibre and the 
pull-out mechanisms of the fibre. Selected results 
from one specimen exposed to freshwater cycles 
(specimen 2P in Table 2) are presented below. The 
extent and nature of the mechanical damage along a 

 
Fig. 4. 3D scan of fibre exposed to saltwater at the 

intersection with the crack for: a) specimen exposed to 
saltwater wet-dry cycles, and b) specimen exposed to 

freshwater wet-dry cycles. The colour map shows the relative 
height of the surface. The scanned cross-section at three 

locations was calculated in mm2 (the cross-section inspected 
was approx. 1/3 of the total cross-section of the fibre). 

Table 3. Roughness parameters from flattened of 3D scans at 
the embedded parts of the fibre, calculated according to ISO 

25178. 

Specimen 
Sa Sz Sq Spd 
µm µm µm 1/mm² 

1S I 0.98 11.7 1.25 1245 
1S II 1.07 23.9 1.49 1269 
2S I 1.03 13.0 1.30 1387 
2S II 1.26 18.1 1.62 1294 
3S I 0.93 12.1 1.19 1442 
4S I 1.06 16.2 1.37 1449 

 

Abbreviations: (Sa) arithmetical mean height, (Sz) maximum 
height, (Sq) root mean square height, and (Spd) density of peaks. 

 
Fig. 5. 3D scans of fibre surface embedded in concrete: a) 

surface roughness at the stem of an exposed fibre (2S-I); b) 
surface roughness around a rust spot at the stem of an 

unexposed fibre (4S-I), c) surface roughness at the 
straightened section of the hook of a pulled-out fibre (2S-II). 
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partially-pulled fibre is shown in Fig. 6 as the relative 
luminance values of a micrograph under UV 
fluorescent light. The results show areas with voids, 
higher porosity or mechanical damage in light 
green/yellow colour and denser areas in darker blue 
colour.  

The results presented in Fig. 6a show that there is an 
increase in porosity at the outermost 2 – 3 mm of the 
specimen, inside the artificial crack, which are 
attributed to leaching and carbonation of the matrix 
during the exposure. In this case, there is 
accumulation of corrosion products at the outermost 
2 mm of the fibre, which block separation damage 
and pores in the matrix around this part of the fibre, 
see Fig. 6b. There is substantial porosity and damage 
along the stem of the fibre, yet the damage does not 
seem to form a continuous path along the fibre stem, 
see Fig. 6a. Most of the mechanically-induced 
damage to the matrix concentrates around the fibre 
hook, see Fig. 6a. The side of the hook that faces the 
pull-out direction generally presents crushing 
damage, while the opposite side is separated a few 
micrometres from the matrix, as shown in Fig. 6 c,d. 
This damage is localized around the hook bends, see 
Fig. 6c,d. There was no indication of additional 
transformation of the matrix around the fibre due to 
exposure at this scale, e.g. autogenous healing or 
carbonation of the cement paste. 

Results from the inspection of thin-sections are 
presented for selected cross-sections of the fibre in 
one specimen exposed to wet-dry cycles of saltwater 
(see Fig. 7), and selected features of various exposed 
and unexposed specimens (see Fig. 8). The 
micrographs presented comprise overlays of the 
inspected areas under cross-polarized and UV-
fluorescent light, denoted in the figures as “x-pol” and 
“fluo”, respectively. 

The inspection of the specimen exposed to wet-dry 
cycles of saltwater was done at the locations 
described in Fig. 2: I) at approximately 2 mm from 

the intersection of the fibre with the artificial crack 
(Fig. 7a), II) at the end of the stem, close to the first 
bend of the hook (Fig. 7b), III) at the second bend of 
the hook (Fig. 7c), IV) at the straight end of the hook 
(Fig. 7d). 

The micrographs taken under UV fluorescent light 
show substantial mechanical damage at the matrix 
adjacent to the fibre, particularly at the hook bends 
(Fig. 7b,c) and at the intersection of the fibre with the 
crack (Fig. 7a). This damage generally comprises 
well-defined radial cracks smaller than 10 µm (Fig. 
7a), and overall increase in porosity (Fig. 7b,c). The 
latter may be related to crushing of the matrix around 
the fibre, which appears smeared in the thin-section 
and cannot be fully investigated at the scales observed 

 

Fig. 6. Polished section of 
partially pulled-out steel 
fibre, exposed to freshwater 
wet-dry cycles (specimen 
2P), showing relative UV 
luminance values for:  a) 
overview of the fibre with 
indication of local damage; 
b) intersection of the fibre 
with the artificial crack; c) 
first bend of the hook; d) 
second bend of the hook. 
The annotations in red 
indicate damage and features 
observed in the section 
under visible and UV light 
up to x5 magnification. 

 
Fig. 7. Thin-section of partially pulled-out fibre exposed to 

saltwater (specimen 1T), under cross-polarized and UV 
fluorescent light, at selected locations: a) at the intersection of 
the fibre with the simulated crack (location I); b) at the stem 

of the fibre (location II); c) at the centre of the fibre hook 
(location III); and d) at the end of the fibre hook (location IV). 

Locations correspond to the ones described in Fig. 2. 
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with this method. Part of the additional porosity 
observed at the outermost section (Fig. 7a), may be 
as well linked to leaching processes in the matrix 
adjacent to the crack, as shown in Fig. 6a. 

Corrosion products were found at the intersection of 
the fibre with the crack (Fig. 7a), filling porosity and 
damage around the fibre. There is also smaller 
accumulation of rust at some locations in the hook 
region, filling as well separation between the matrix 
around the steel, see Fig. 7b,c. Portlandite and calcite 
were observed at the interface between the matrix and 
the fibre, which correspond to dissolution and 
precipitation and of calcium-based phases (i.e. 
reprecipitation), that eventually carbonated. 

A closer inspection of the damage and reprecipitation 
processes at the interface between the fibre and the 
matrix is presented in Fig. 8. The interface of an 
unexposed fibre, see Fig. 8a, generally did not show 
a distinctive microstructure compared to the bulk 
paste or the interface of an aggregate; nonetheless, 
local defects such a pores or mechanical damage were 
also found. There was limited mechanical damage to 
the matrix around the stem of the fibre (Fig. 8a), 
which presented minor re-precipitation of 
cryptocrystalline portlandite in some cases. In the 
case of the exposed specimens, most of the voids 
generated along the fibre surface during pull-out were 
generally lined with either cryptocrystalline 
portlandite (see Fig. 8b), and corrosion products (iron 
oxides) in fewer cases (Fig. 8c). Some locations 

showed carbonation of the matrix around the fibre at 
damaged areas, where the interface and surrounding 
voids were filled by a combination of corrosion 
products and calcite (Fig. 8d). 

4. Discussion 
The observations presented in the results section 
described the global and local damage observed at the 
steel fibre and in the matrix surrounding the fibre. The 
results are discussed below in order to clarify whether 
variations in the pull-out behaviour of partially-pulled 
fibres exposed to wet-dry cycles may be due to 
accumulation of corrosion products [2,14,27] or 
healing processes in the matrix around the fibres 
[9,17]. Results from pull-out experiments on 
specimens re-tested after exposure to freshwater or 
saltwater cycles performed in [9] were used as 
reference, see Fig. 9. There were three main aspects 
that indicated an alteration of the pull-out behaviour 
of corresponding specimens: i) a partial restoration of 
the adhesive bond after exposure, ii) an increase of 
the maximum pull-out force at a slip of approximately 
0.5 mm (i.e. an increase in the range of 50 – 100 N), 
and iii) the unexpected rupture of some fibres at slip 
values much larger than the one corresponding to the 
maximum force. 

4.1 Pull-out behaviour and mechanical damage 

The observations presented in the results section 
show that most of the load transfer in the fibres 
investigated occurred at the hook. Most of the 
mechanical damage in the matrix were also observed 
at the hook region; corresponding to crushing of the 
matrix at one side of the hook, and separation at the 

 
Fig. 8. Thin-section of steel partially pulled-out fibre under 

cross-polarized and UV fluorescent light, for selected 
exposures: a) unexposed specimen (specimen 3T at location 

II); b) specimen exposed to freshwater (specimen 2T at 
location III); c) specimen exposed to saltwater (specimen 1T 

at location II); and d) specimen exposed to saltwater 
(specimen 1T at location III). 

 
Fig. 9. Representation of changes in the pull-out forces 

transferred in partially pulled steel fibres exposed to wet-dry 
cycles, after [9]. 
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opposite side. There was substantial abrasion of the 
steel at the straightened hook after the pull-out 
process; while the surface roughness at the stem did 
not vary regardless of presence of rust spots or 
compared to the original fibre (e.g. non-embedded).  

These arguments support that most of the pull-out 
process of hooked-end steel fibres is actually 
governed by yielding of steel at the hook, fracture of 
the matrix around the hook and friction between the 
hook and the matrix, which is in agreement with 
former studies [12,28]. 

4.2 Deterioration processes 

Accumulation of corrosion products occurred mainly 
at the intersection of the fibre with the crack 
extending approximately 1 – 2 mm into the matrix. 
Rust filled adjacent voids/damage and pores and was 
more abundant under chloride exposure. Small 
accumulation of corrosion products was observed in 
the hook region, which partly filled some of the 
voids/damage around the hook. 

There were no signs of alteration of the bulk fibre 
roughness due to corrosion, for the exposures 
investigated in this study. Alteration of the matrix 
around the fibre and re-precipitation processes were 
found along the whole fibre but were more 
pronounced at the intersection of the fibre and the 
crack and at the hook. Sings of re-precipitation inside 
cracks, voids and separation damage around the fibre, 
comprising portlandite and calcite, indicate initial 
stages of autogenous healing of damage around the 
fibre, as also discussed in [29] at the composite scale.  

Additionally, signs of carbonation of the cement paste 
surrounding the fibre were found, which may alter the 
mechanical properties of the adjacent matrix over 
time, e.g. stiffness, hardness and strength [30]. 

4.3 Relating deterioration processes and pull-out 
behaviour 

Based on the observations discussed above, the pull-
out process of hooked-end fibres in concrete 
described in [9] and the deterioration processes 
discussed in [29,31] may be connected, as shown in 
Fig. 10. The pull-out path of an unexposed fibre may 
follow the steps shown in Fig. 10a-b, while, exposure 
of the fibre and matrix after partial pull-out (Fig. 10a) 
may lead to variations in the pull-out process, as 
shown in (Fig. 10c-d) and discussed hereafter. 

The partial restoration of the adhesive bond reported 
after exposure may be explained by a combination of 
precipitation of portlandite and formation of calcite 
around the fractured fibre-matrix interface and 
formation (and localized expansion) of corrosion 
products at the intersection of the fibre with the 
matrix, see Fig. 10c. Subsequent strain and fracture 
of these under axial re-loading of the fibre may 
provide sufficient bond at small slip values, e.g. 
below 30 µm. In this aspect, accumulation of rust at 
the intersection with the crack could have an 
important role, considering that for example an 
increase in the pull-out force of up to 10 N distributed 
along approx. 2 mm of the fibre investigated would 
be equivalent to an average additional shear stress 
localized in this region of approx. 2 MPa. That is in 
agreement with values presented for corroded 
reinforcement bars (approx. 2 – 4 MPa) [32,33], also 
measured at small slip values during the de-bonding 
phase. 

The increase of the mechanical bond strength, e.g. 
observed by an increase of the pull-out force by 50 – 
100 N at slip values up to approx. 0.5 mm, is expected 
to be governed by the accumulation of solid phases 
(e.g. portlandite, calcite and iron oxides) at voids and 
cracks around the fibre (Fig. 10d). Filling up of voids 

 

Fig. 10. Conceptual 
representation of the pull-out 
process of a fibre at various 
stages: a) initial damage after 
debonding, b) utilization of 
mechanical bond under normal 
conditions, c) reactivation of 
the adhesive bond after 
exposure, d) utilization of 
mechanical bond after 
exposure. 
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and damage around the fibre alters the pull-out path 
of the fibre, leaving a narrower channel for the hook 
to bend afterwards. Carbonation of the cement matrix 
around the fibre and the precipitated portlandite may 
increase the hardness of the paste around the fibre, 
thus increasing friction. In this case, the hypothesis 
suggesting that the increase of the maximum pull-out 
force was due to additional friction caused by 
accumulation of rust at the outermost 2 mm of the 
fibre was discarded. Such an increase in the force 
would be equivalent to an additional frictional stress 
over that area in the range 10 – 20 MPa, that should 
lead instead to failure of the matrix. Yet, the 
contribution of accumulation of rust at voids and 
separation damage around the hook, despite minor, 
may have a contribution to the increase of pull-out 
forces transferred. 

Rupture of the fibre at the hook in the descending 
branch of the pull out process, e.g. at 2.5 – 4 mm slip, 
could be explained as well by the mechanisms 
governing the increase of the mechanical bond 
strength. The alteration of the pull-out path of the 
fibre increases the frictional forces transferred 
through the hook, which leads to accumulation of 
additional yield strain at the hook bends and exceeds 
the local tensile limit of the steel at the deforming 
regions of the fibre. Corrosion damage at the hook 
could contribute to an early rupture of the fibres at the 
hook, but the extent of this contribution is not clear 
from the data available. Small corrosion spots, of 
approx. 1 mm2, were observed at the hook, but these 
did not entail a measurable reduction of the cross-
section at the steel surface with the methods used. 

5. Conclusion 
This paper investigated the governing processes 
taking place during the exposure of partially pulled-
out steel fibres to wet-dry cycles of chlorides and 
CO2. The discussion described the processes that 
altered the pull-out behaviour of hooked-end steel 
fibres in companion specimens, which did not solely 
comprise corrosion damage of the fibre, and led to the 
following conclusions: 

• Corrosion damage occurred mainly in the 
fibre region exposed directly to the crack and 
corrosion products precipitated in the matrix 
surrounding the fibre and adjacent to the 
crack. Limited corrosion damage was 
observed in the fibre region embedded in the 
matrix, which did not alter the surface 
roughness of the fibre. 

• Mechanical damage observed in the matrix 
and at the fibre confirmed that the pull-out 
process is governed by yielding of the hook 
and fracture of the adjacent matrix. Most of 

the friction between the fibre and matrix was 
transferred through the hook. 

• The partial restoration of the adhesive bond 
reported in companion specimens was 
attributed to a combination of autogenous 
healing around the fractured fibre-matrix 
interface and accumulation of corrosion 
products around the intersection of the fibre 
with the matrix. 

• The increase of the mechanical bond strength 
reported in companion specimens was 
ascribed to the precipitation of solid phases, 
e.g. portlandite, calcite and to a lesser extent 
iron oxides, in voids and cracks of the matrix 
around the fibre hook. The accumulation of 
these phases reduced the free-space available 
for the fibre hook to yield, and led in some 
cases to premature rupture of the fibre at the 
hook bends. 

These conclusions support recent hypotheses, which 
suggest that corrosion damage may not dominate the 
deterioration of the residual tensile strength of 
cracked SFRC exposed to wet-dry cycles, contrary to 
what was reported in former studies. However, 
further experimental and numerical investigations are 
needed in order to quantify the role of healing and 
deterioration processes at the fibre-matrix interface 
on the variations of the pull-out performance of 
hooked-end fibres in cracked concrete. 
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The discussion initiated in Chapter 3 and Chapter 4, indicated that there are significant 
changes in the mechanical performance of cracked SFRC over time when exposed to 
wet-dry cycles (Chapter 3). These changes in the mechanical performance have been 
related both to corrosion damage of the steel fibres and changes in the fibre-matrix bond 
strength over time (Chapter 4). However, a link between these investigations is still 
missing. 
Results at the single-fibre level provide a detailed description of the actual pull-out 
mechanisms of the fibre, including the eventual rupture of fibres when the tensile 
capacity of the steel is exceeded, either due to corrosion damage or an increase of the 
bond strength. Yet, interactions inside the crack at the composite level are complex, and 
involve considerable number of fibres with different orientations, degrees of corrosion 
damage and embedment lengths. Therefore, extrapolation of the pull-out behaviour 
from the single-fibre level to residual forces at the composite level is needed in order 
to provide an explanation for the changes in mechanical performance observed on the 
cracked SFRC specimens. 

In Paper VII, experimental results from single-fibre pull-out tests (Chapter 4) were used 
to discretize the pull-out behaviour of single fibres as a spring-slider model, which were 
up-scaled to the composite level based on a probabilistic approach of the fibre bundle 
model. Model predictions were then compared to results from uniaxial tension tests of 
cracked SFRC exposed to wet-dry cycles of saltwater (Chapter 3). 
The model output showed comparable trends with respect to the experimental 
observations. Modelled and experimental results concurred that measured increases in 
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the fibre-matrix bond strength of partially pulled fibres after exposure to wet-dry cycles 
corresponded to the measured increases of the tensile stress observed in uniaxial tensile 
samples. Limitations in the model regarding the description of the fibre rupture process 
and the pull-out behaviour of inclined fibres were identified and discussed. The 
discussion confirmed that both the increase of the fibre-matrix bond strength and the 
reduction of fibre cross-section due to corrosion, may lead to a decrease in the residual 
tensile strength of the composite at larger crack openings. The model was capable of 
describing the non-linear relationship between the aforementioned parameters and 
variations in the toughness of cracked SFRC. 
These conclusions support the hypotheses discussed in the previous chapters of this 
thesis, confirming that corrosion damage of the steel fibres may not be the only 
mechanism responsible for the deterioration reported in cracked SFRC exposed to 
chlorides and carbon dioxide in former studies. In particular, an unaccounted increase 
of the fibre-matrix bond strength during the exposure, likely due to alteration of the 
cement matrix around the fibre, may lead to either an increase of the toughness or a 
dramatic reduction of it due to rupture of most fibres crossing the crack. 
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6.1 Paper VIII. A multiscale mechanical model for SFRC 
The following publication, referred as “paper VIII”, has been published in Construction 
and Building Materials. 

 
Marcos-Meson, V., Fischer, G., Edvardsen, C., Solgaard, A., Michel, A., 2020. 
Mechanical performance of cracked SFRC exposed to corrosive environments – a 
multiscale modelling approach. Constr. Build. Mater. 234 (2020) 
117847.doi:10.1016/j.conbuildmat.2019.117847. 
 

Reprinted in this thesis with permission from Elsevier. 
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h i g h l i g h t s

� Fibre bundle models can describe variations in the toughness of cracked SFRC.
� The tensile strength of SFRC increased due to an increase of fibre bond strength.
� Corrosion damage of steel fibres is not the only deterioration mechanism of SFRC.
� Excessive increase of the fibre bond strength result in toughness loss of SFRC.
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a b s t r a c t

This paper investigates variations in the tensile toughness of cracked steel fibre reinforced concrete
(SFRC) subjected to corrosion damage, by means of a multiscale modelling framework. Experimental
results were used to discretise the pull-out behaviour of single fibres using a spring-slider model, which
were then upscaled to the composite level by means of a probabilistic fibre bundle approach. The model
described the alteration of the residual tensile performance of the composite due to variations of the
fibre-matrix bond strength and corrosion damage of the steel fibres, observed experimentally. This inves-
tigation supports recent hypotheses suggesting that corrosion damage of the steel fibres may not be the
only mechanism responsible for the deterioration reported in cracked SFRC exposed to corrosive environ-
ments. The strengthening of the fibre-matrix bond over time may entail a decrease of the tensile tough-
ness of the composite due to fibre rupture.

� 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The effects of corrosion of carbon-steel fibres on the residual
tensile performance of cracked steel fibre reinforced concrete
(SFRC) are in focus and under discussion both at the technical
and scientific level [1]. There is discrepancy among studies that
suggest that the variations in the tensile toughness observed for
the cracked composite are solely due to corrosion damage at the
steel fibres [2,3] or else that additional mechanisms are responsi-
ble for variations in the fibre-matrix bond strength over time [4,5].

Most of the discussion regarding corrosion damage of steel
fibres is based on experiments at the composite scale, where
cracked SFRC was exposed to corrosive environments (e.g. saltwa-
ter, freshwater or CO2) under field or laboratory conditions and

tested afterwards [1]. However, the interpretation of the nature
of the changes in the residual tensile performance of the composite
by means of macroscopic investigations is limited. Alternatively,
investigations at the single-fibre scale provided more detailed
hypotheses for the nature of the changes in the residual tensile
performance of cracked SFRC over time [6,7]. A number of studies
have approached the modelling of the pull-out behaviour of single
fibres in concrete, as critically discussed in [8,9]. These approaches
used generally comprise: i) semi-analytical solutions [10–13],
numerical methods [14,15] or mixed approaches [9]. Investigations
have mainly focused in aspects such as the role of fibre inclination
[10,16–19], embedment length [9,16,18], geometry [11,13,20] or
mechanical failure at the fibre and surrounding matrix [12,14].
Yet, extrapolation of results at the single-fibre scale to the perfor-
mance of the cracked composite is hindered by the still limited
development of multiscale models.

Most of the current model approaches that describe the tensile
behaviour of SFRC at the composite scale are either based on:
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multilinear stress-opening laws adjusted to the composite
response by means of inverse analysis [21–23]; or else the discrete
modelling of fibres in finite element formulations [9,13,24,25] and
lattice models [15,26,27]. The first group of models provides a
computationally efficient solution to model the tensile behaviour
of the material, but it lacks upscaling capabilities; while the second
group of models allows the upscaling but entails a large computa-
tional demand. Other upscaling methods, based on the fibre bundle
model approach, have been used in the literature to model failure
of cementitious [9,18,28] fibre reinforced composites. These meth-
ods provide a computationally efficient method to upscale the per-
formance of single fibres to the composite level. Yet, there is room
for development of such modelling approaches for the prediction
of the stress-opening relation in tension of concrete reinforced
with mechanically anchored fibres (e.g. hooked-end fibres), to date
only described analytically in [9].

This paper presents the implementation of a semi-empirical
model framework based on the fibre bundle model approach and
plasticity theory that describes the traction-opening behaviour of
cracked and uncracked SFRC based on the pull-out behaviour of
single fibres. The model framework is used to investigate the rela-
tion between fibre rupture, fibre corrosion and variations in the
mechanical performance at the composite and single-fibre scale.

2. Methodology

The investigation presented in this paper covers the development and verifica-
tion of a semi-analytical model to describe the tensile behaviour of uncracked and
cracked SFRC in tension at the composite scale based on the pull-out behaviour at
the single-fibre scale. The methodology hereafter covers the description of the
experimental methods used and the modelling framework developed.

2.1. Experimental

2.1.1. Materials
The mix design used for the uniaxial tension specimens was specified in com-

pliance with the recommendations of [29] for the exposure classes XC4 and XS3.
The total binder content was 426.3 kg/m3 with 31% fly ash replacement of the Port-
land cement (CEM I 52.5 N). Chemical and physical properties of the binders used
are given in [30] as: (K1) for the cement and (V) for the fly ash. The water to binder
ratio (w/b) was 0.34 and the equivalent water to cement ratio (w/ceq) was 0.40. The
pull-out specimens were cast following the same mix-design as the one used for the
uniaxial tension specimens, but adjusting the maximum aggregate size to 8 mm,
see Table 1. The characteristic compressive strength at 28 days of the concrete

mixes used was equivalent to a strength class C70/85 [31]. Average values and Coef-
ficient of Variation (COV) of selected mechanical properties of the hardened con-
crete mixes, tested at the end of the curing period (i.e. 56 days) are included in
Table 1.

The steel fibres used were made of high-carbon cold-drawn wire with hooked
ends (type 1 according to EN 14889-1:2006 [34]); with a length of 60 mm and a
diameter of 0.75 mm and were mixed in a proportion of 40 kg/m3. One of the fibres
had a single hook and a characteristic tensile strength of 1900 MPa and the other
fibre had a double hook and a characteristic tensile strength of 1800 MPa, see
Fig. 1a. The single-hooked fibre was specified for a concrete strength class superior
to the one used, and the double-hooked fibre was specified for a strength class no
larger than the one used in the study. Additional information about the geometry
and properties of the steel fibres used can be found in [6].

The pull-out specimens were cast in the laboratory with a 60-l planetary mixer
over a vibration table, using tailored PVC formworks, as used in [6]. The fibres were
held at the bottom plate of the PVC formwork using a perforated rubber plug
inserted into a conic gap at the centre of the bottom surface of the form. The
pull-out specimens were 70 mm cubes with a single fibre embedded 30 mm, see
Fig. 2a.

The uniaxial tension specimens were prepared in a laboratory, mixed with a
300-l planetary mixer and cast over a vibration table. The specimens were
150 mm cubes, with a 35 mm deep and 5 mm wide notch cut along the central
perimeter, leaving an effective cross-section of 80 � 80 mm inside the notch, see
Fig. 2b.

The uniaxial tension and pull-out specimens were grouped in samples of ten
replicates. The specimens were distributed uniformly in the samples from the indi-
vidual batches.

2.1.2. Mechanical tests
The workflow of the experiments comprised: i) testing of reference specimens

at 56 days; ii) cracking of the specimens at 56 days and preparation for exposure;
iii) exposure; iv) testing after exposure. The data presented in this paper covers
the experimental results after one-year exposure for the uniaxial tension specimens
and six-months exposure for the single-fibre pull-out specimens [5].

The testing of the uniaxial tension test specimens was done in a 500 kN capacity
universal test frame. The uniaxial tension setup was described in [5], and is based
on the design presented in [35], see Fig. 1b. The opening displacement at the notch
(CMODN) was measured by two clip gages placed onto two steel pins glued to the
centre of opposite faces of the specimen.

Single-fibre-pull-out tests were performed on a 25 kN universal test frame,
equipped with a 10 kN load-cell, using a tailored clamping setup and following
the test methodology described in [6]. The pull-out displacement of the fibre was
measured as the displacement of the clamp relative to the surface of the concrete
cube with three extensometers.

The displacement rates used for the experiments are shown in Table 2, and
were based on the ones specified in EN 14889-1:2006 for 3-point bending tests;
using a sampling frequency rate of 100 Hz. The test was controlled by the displace-
ment of the crosshead.

Upon testing, the load – CMOD and load – slip data from each specimen was
first resampled to a resolution of 1 mm. Then, the data was filtered and smoothed,
using a 1-dimensional median filter and a moving average filter, following a similar
scheme as described in [5]. The opening displacement at the crack mouth (CMODM)
for the uniaxial tension specimens was calculated as the mean value from the two
CMODN measurements. Hereafter, crack opening values discussed in this paper will
only refer to the opening displacement at the crack mouth (i.e. CMODM ? CMOD).
The pull-out slip of the fibre was calculated as the average displacement of the

Table 1
Mix-design and mechanical properties.

Component Quantity (kg/m3)

Composite Pull-out

Aalborg Rapid Cement (CEM I 52.5 N) 326.3 326.3
Emineral Fly Ash 100 100
Water 145 145
Sand (00/02 mm) 626.5 752.3
Gravel (04/08 mm) 175.1 990.3
Gravel (08/16 mm) 933.6 –
Steel fibre 40.0 –
Entrained air 4.5% 3%

Mechanical properties *1

Compressive strength (MPa) *2 87 (11%) 85 (8%)
Tensile strength (MPa) *3 2.6 (18%) –
Young’s modulus (GPa) *4 44.0 (8%) 45.0 (6%)

*1 Mechanical properties measured at the end of the curing period (i.e. 56 days).
COV values calculated assuming normally distributed values, and reported as a
percentage rounded to nearest integer, in brackets.
*2 Compressive-strength values (from 6 test-replicates), measured and reported as
per EN 12390-3 [32].
*3 Tensile-strength values calculated as the limit of proportionality from uniaxial-
tension results (from 10 test-replicates), tested according to [5].
*4 Stabilised elastic modulus in compression (from 6 test-replicates), measured and
reported according to EN 12390-13 [33].

DH

Buffer
tank ExposureExposure

Dry-loop

Exposure
(dry)

Exposure
(wet)

Uniaxial tension

Fibre pull-out

Uniaxial tension

Fibre pull-out

Fig. 1. Description of experiments: a) steel fibres used, b) mechanical tests for
uniaxial-tension specimens and single-fibre specimens, after [5,6], and c) exposure
setups after [5,6].
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three extensometers, hereafter referred to as ‘‘slip”. The final filtered data for each
sample (i.e. a group of specimens) was fitted by a lognormal probability distribution
and presented as the mean value of the load at each CMOD value with its upper and
lower confidence bounds at a 90% confidence interval (CI).

2.1.3. Exposure tests
The exposure environments comprised wet-dry cycles (i.e. two days each) of

cracked specimens (uniaxial tension) and partially pulled specimens (single-fibre
pull-out) to a saltwater (7 wt-% NaCl) solution. The exposure setups are described
in [5,6], see Fig. 1c. The uniaxial-tension samples were exposed pre-cracked at
0.3 mm, holding the crack open by means of 4 polyethylene inserts in the notch.
The single-fibre pull-out specimens were partially pulled-out up to a slip value of
0.15 mm, corresponding to the beginning of the mechanical anchorage phase of
the fibre hook. The crack was simulated by covering the upper surface of the spec-
imen with a rigid plastic film, leaving a separation between the film and the con-
crete surface of approx. 0.3 ± 0.1 mm, and coating the rest of the steel surface
with epoxy.

2.2. Numerical model

The numerical model presented in this paper was constructed as a semi-
empirical model, combining plasticity theory and a probabilistic implementation
of the fibre bundle model. The single fibre pull-out was modelled based on plastic-
ity theory, discretised as two spring-slider systems connected in series, which repli-
cated the data from single-sided single-fibre pull-out tests and upscaled it to a
double-sided pull-out. The fibre pull-out model was upscaled to the composite level
by means of the fibre bundle model. A probabilistic approach to the fibre bundle
model was used to generate synthetic data at the composite scale, based on the
single-fibre pull-out experiments.

2.2.1. Single-sided fibre pull-out model
The data from the single-sided single-fibre pull-out tests was fitted to a multi-

linear elastic-plastic model, discretised as a linear elastic spring element (elastic
law) with a stiffness ‘‘ka” connected in series to a frictional block element with a
variable stiffness ‘‘ra” (residual law), following a similar approach to [22], see
Fig. 3a. The constitutive law of the elastic-plastic force-slip relation F c; uð Þ is given
by Eq. (1):

F c;uð Þ ¼
F cð Þ ¼ R l

0
Gc2prdl Ið Þ elastic term

Fe uð Þ ¼ s uð ÞFs IIð Þ residual term

8<
: ð1Þ

where F cð Þ describes the force-deformation relationship of the linear-elastic term (I),
being G the effective shear modulus of the fibre-matrix bond, c is the shear strain,
and l is the embedded length; Fu uð Þ describes the force-slip relationship of the resid-
ual term (II), whose shape is defined by a function s uð Þ of the pull-out displacement
u normalised to the limit shear force Fs of the elastic law. In this case, the residual
term of the model (II) is described by a multi-linear law F uð Þ, written as:

F uð Þ ¼ bi � aiu ¼ b1 �m1u; 0 � u < u1

bi �miu; ui�1 � u < ui

�
ð2Þ

where b1 � 1, m1 and mi are the slopes of the segments, and the limits u1 and ui are
given by the intersection of the adjacent line segments, and the intersection of the
second line segment and the abscissa, respectively, as shown in Fig. 3b.

The constitutive law of the fibres, in this example a linear elastic law (I) and a 5-
linear residual law (II) was considered, were calibrated to experimental data by
least-square minimisation, as shown in Fig. 4.

The terms G; c of the elastic term F cð Þ of the function and the limit of propor-
tionality Fs were calibrated to the initial branch of the force-slip diagram of the
experiments. The fit was done assuming that the end of linear-elastic branch of
the force-slip diagram corresponds to the coordinate F cð Þ where the deviation of
the local stiffness G is larger than 10% of the average stiffness.

For example, the terms ai and bi of the 5-linear residual law F uð Þwere calibrated
in Fig. 4 to: i) the peak debonding force, ii) the full debonding, iii) the ascending
branch, iv) the maximum pull-out force, and v) the end of the tail at 4 mm.

Fig. 2. Description of test specimens: a) single-fibre pull-out specimen and
exposure configuration, after [6]; and b) uniaxial tension specimen, after [5].

Table 2
Load rates for uniaxial tension and fibre pull-out tests.

Uniaxial tension Fibre pull-out

Step Displacement rate (mm/min) Range (kN)/(mm) Displacement rate (mm/min) Range (N)/(mm)

1 Preload 0.10 0–10 kN 0.10 0–10 N
2 Initial 0.05 0–0.1 mm 0.05 0–0.1 mm
3 Residual 0.20 0.1–5 mm 0.25 0.1–5.5 mm
4 Finish 1.00 >5 mm 1.00 5.5–>35 mm

Fig. 3. Single-fibre single-sided pull-out model: a) equivalent spring-slider model
system; and b) definition of parameters of the n-linear force-slip (F-u) relationship
of the friction-slider.

Fig. 4. Example of single-sided elastic-plastic law, compared to experimental data:
a) up to slip values of 0.5 mm, b) up to a slip value of 4 mm.
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2.2.2. Double-sided fibre pull-out model
The single-sided fibre pull-out model was upscaled to a double-sided case by

calculating the equivalent Force-Crack Opening Displacement (henceforth ‘‘Force-
COD”) relation of the system’s traction-opening law Fc c;xð Þ. The system considered
consists of two sets of the serial spring-slider model described above connected in
series, see Fig. 5. So that the following relation is satisfied:

Fab c;xð Þ ¼ Fa c;uð Þ ¼ Fb c; uð Þ ð3Þ

where Fa c;uð Þ and Fb c;uð Þ are the constitutive laws of each of the sides. So that the
elastic term of the traction-opening law Fab cð Þ is the equivalent stiffness of both
springs in series and the residual term Fab xð Þ is the combination of the residual term
of the two models Fa uð Þ and Fb uð Þ.

The equivalent elastic stiffness (elastic term), e.g. kab in Fig. 5, is calculated ana-
lytically as the equivalent spring constant from Hooke’s law, see Eq. (4). And the

slopes of the residual term for the frictional block, e.g. rijab in Fig. 5, are calculated
stepwise considering the frictional component as a non-reversible process, accord-
ing to Eq. (5).

kab ¼ kakb=ðka þ kbÞ ð4Þ

rijab ¼ riar
j
b=ðria þ rjbÞ ð5Þ

where ka and kb are the stiffness of the two fibre laws, according to Eq. (2); and the

terms ria and rjb correspond to the slopes of the ith and jth segments of the residual
term for the two fibre laws.

For example, the resulting constitutive law Fc c;xð Þ of the combination of the
example above with a second fibre, results in a linear-elastic law (I) and an 8-
linear residual law (II), according to Eq. (1), since the last two branches of the tail
in the first law were not activated in this case, see Fig. 6.

2.2.3. Pull-out parameters
The double-sided pull-out law described above by the model is based on the

semi-empirical law described in (Eq. (1)), which is based on a limited number of
experiments. Therefore, extrapolation of the model to general conditions at the
composite scale is done by means of corrections of the force-slip law. These com-
prise: i) the fibre orientation, ii) the embedment length, iii) the load bearing capac-
ity of the fibre and matrix and iv) variations in the fibre-matrix bond-strength.

2.2.3.1. Fibre orientation. The variation of the force-slip relation due to the orienta-
tion of the fibre was accounted for by the decomposition of the force F c;xð Þ and slip
c;xð Þ vectors into a 2-dimensional Cartesian components (i.e. disregarding the ori-

entation of the fibre within the crack plane): F xy c;xð Þ and cxy;xxy

� �
, according to:

Fx c;xð Þ ¼ sinaFab c;xð Þ; Fy c;xð Þ ¼ cosaFab c;xð Þ ð6Þ

cx;xxð Þ ¼ sina c;xð Þ; cy;xy

� �
¼ cosa c;xð Þ ð7Þ

where a is the deviation of the angle perpendicular to the crack plane, and the com-
ponents x and y represent the horizontal and vertical components of the vectors,
respectively (Fig. 7).

This approach disregards additional variations in the force-slip relation of
inclined fibres, attributed to localised deformations at the fibre-crack intersection
in [36]. Being the authors are aware of the additional bond-slip mechanisms affect-
ing inclined fibres, i.e. the ‘‘snubbing effect” as modelled in [10,12,18,36]; those
were not included due to limitations of current test-methods describing those in
deformed fibres [37].

2.2.3.2. Embedment length. The shear bond strength Fs cð Þ of the fibre during the de-
bonding phase was expected to vary linearly with the embedment length of the
fibre e, as discussed in [38,39]. Therefore, the equivalent shear bond strength term
F 0
s cð Þ described in the force-slip relation (Eq. (1)) is re-calculated as follows:

F 0
s cð Þ ¼ e

e0
Fs cð Þ ð8Þ

where e is the embedment length of the fibre, and Fs cð Þ is the shear bond strength of
the law measured at an embedment e0, which is equal to 30 mm in this study.

Variations of the frictional bond strength in the residual term of the constitutive
law (Eq. (1)) due to the embedment length are neglected in this model, assuming
that the contribution of the straight part of the fibre to the frictional forces is trivial
compared to the mechanical anchorage at the slip values investigated (e.g. up to
4 mm). Whereas, semi-analytical models can be used to describe such variation
[10].

2.2.3.3. The load-bearing capacity of the fibre and the matrix. The pull-out process of
the fibre relies on the ultimate strength of the fibre and the matrix transferring the
forces to the adjacent composite. Exceeding these leads to: i) tensile failure of the
steel fibre (i.e. fibre rupture), or ii) fracture of the matrix where the fibre is embed-
ded (i.e. matrix spalling). This model accounts for these failure types by means of a
simplification, where the model assumes that the resulting force-COD relation

F
0
ab c;xð Þ of the fibre remains unaltered, unless the equivalent pull-out force

Fab c;xð Þ at the slip value i exceeds either of the load-bearing capacity of the steel
or the matrix, as follows:

F
0
ab ið Þ ¼ Fab ið Þ; if Fab ið Þ < Fs

t ^ Fm
t

0; if Fab ið Þ � Fs
t ^ Fm

t

(
ð9Þ

where Fs
t is the load bearing capacity of the steel fibre and f ct is the equivalent load-

bearing capacity of the matrix surrounding the fibre. The load bearing capacity of the
steel fibre Fs

t was calculated as the tensile capacity of a circular cross-section in
tension:

Fs
t ¼ KcA

s
kf

s
tk ð10Þ

where f stk is the characteristic tensile strength of the steel fibre and ðKcA
s
kÞ represents

the effective cross-section of the fibre; which is calculated as the product of the char-
acteristic cross-section As

k and a damage coefficient Kc (that satisfies 0 < Kc < 1) that
accounts for e.g. corrosion damage. The load bearing capacity of the matrix sur-
rounding the fibre Fm

t was calculated based on the approach described in [12], as:

Fm
t ¼ pe2 tanUf ct ð11Þ

Fig. 5. Two-sided mechanical model, showing the equivalent system (ab) of two
serial spring-slider model in series (a and b).

Fig. 6. Example of single-sided to double-sided law: a) up to slip values of 0.5 mm,
b) up to slip values of 4 mm. Fig. 7. Inclination of the fibre relative to the crack plane.
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where f ct is the average tensile strength of the matrix; and (pe2tanU) represents the
lateral surface of a right cone with a height equal to the embedment length e of the
fibre and a radius equal to (e tanU), where U is the internal friction angle of the
matrix, assumed as 45� in this paper.

2.2.3.4. Variations in the fibre-matrix bond-strength. Variations in the fibre-matrix
bond strength, e.g. increases due to hydration of the matrix or else deterioration
due to weakening of the matrix, have been accounted for in the model as a variation
of the maximum pull-out force F uð Þmax , which is calculated as:

F uð Þmax ¼ khF uð Þ0max ð12Þ

where F uð Þ0max is the maximum pull-out force of the original law for the single-side
fibre and kh is a coefficient that can be experimentally determined based on single-
fibre pull-out tests.

2.2.4. Fibre composite model
The single-fibre model was upscaled to the composite level by means of the

fibre bundle model approach [40], where n fibres are combined into a single com-
posite; calculated as a system of ‘‘n” spring-slider elements (Eq. (3)) aligned in par-
allel connected to a perfectly rigid body, as shown in Fig. 8.

The physical model assumes that there is a single crack with a uniform COD (x);
and that the matrix adjacent to the crack is an infinitely stiff body, only subject to a
uniform COD x, longitudinal to the spring-slider elements.

The equivalent total force transferred by the system of fibres F 0 c;xð Þ depending
of the number of fibres crossing the crack is calculated according to the principle of
superposition, as follows:

F 0 c;xð Þ ¼
X
n

F 0
y cy;xy

� �
n

ð13Þ

where n is the number of spring-slider elements and Fy c;xð Þn is the traction-crack
opening relationship of the n-element, calculated according to Eq. (3). The resulting
equivalent systemmay be represented once again, as a spring-slider element with an
equivalent stiffness in the elastic term and a higher order of non-linearity in the
residual term.

An example of the average force transferred by a system of two spring-slider
elements connected in parallel is given in Fig. 9. The model assumes that the hor-
izontal component of the force in the individual fibres counteract each other and
maintain equilibrium of forces and moments in the cross-section, thus neglecting
them.

Finally, the equivalent stress-COD relation of the composite r e;xð Þ was calcu-
lated by superposition of the equivalent stress-COD of the fibre bundle model and
the corresponding stress-COD relation of the matrix, assuming compliant strains
and COD values e;xð Þ within the composite:

r e;xð Þ ¼ 1� Af

� �
rm e;xð Þ þ 1

A
F 0 c;xð Þ ð14Þ

where A is the total crack area, Af is the fraction of the total area covered by the
fibres, F 0 c;xð Þ is the equivalent force-COD relation of the bundle of fibres and
rm e;xð Þ is the stress-COD relation of the plain matrix, calculated based on the
approach described in Eq. (1), as follows:

rm e;xð Þ ¼ r eð Þ ¼ Ee Ið Þelastic term

rx xð Þ ¼ g xð Þf ct IIð Þresidual term

�
ð15Þ

where r eð Þ is the equivalent stress-strain relation under the elastic term (I), E is the
elastic modulus of the uncracked concrete and e is the equivalent tensile strain at the
crack plane; rx xð Þ is the equivalent stress-COD relation of the residual term (II),
described by the stress-COD relation g xð Þ, which is normalised to the limit tensile
strength f ct of the elastic term:

g xð Þ ¼ b1 �mix ¼ b1 �m1x; if 0 � x < x1

bi �mix; if xi�1 � x < xi

�
ð16Þ

where bi � 1, m1 and mi are the slopes of the segments, and the limits x1 and xi are
given by the intersection of adjacent line segments, and the intersection of the sec-
ond line segment and the abscissa, e.g. see Fig. 10.

2.2.5. Probabilistic model
The model described above was used to generate random synthetic stress-COD

relations for a steel-fibre reinforced composite, utilising the Monte-Carlo method
[41]. The main parameters describing the performance of the composite material
were described as probability distributions, approximated based on experimental
results and former studies.

The fibre pull-out laws were calculated from single-fibre pull-out test experi-
ments and were adjusted to a two-dimensional mixture-Gaussian distribution,
which accounted for self-correlation at the force-slip dimensions but assumed that
the pull-out parameters were uncorrelated. The example shown in Fig. 11 shows
the probability distribution functions of a penta-linear residual law, where the first
four terms are two-dimensional Gaussian distributions, and the last term is a one-
dimensional normal distribution function, at a slip value equal to 4 mm.

The parameters involved in the model described above where also modelled as
discrete distributions that were assumed uncorrelated and normally distributed.
The distributions considered for the examples presented in the paper are given in
Table 3. The distributions chosen were truncated to an upper and lower limit to pro-
duce random values within a reasonable range.

The synthetic stress-COD data was generated with 50 runs, which were fitted by
a lognormal distribution and presented as the mean value with its upper and lower
confidence bounds at a 90% CI, following the procedure described in Section 2.1.2
for the experimental data, e.g. see Fig. 12.

Fig. 8. Fibre bundle model, with n spring-slider elements.

Fig. 9. Example of fibre bundle model, combination of two laws into an average
law: a) up to displacement values of 0.5 mm, b) up to displacement values of 4 mm.

Fig. 10. Bilinear Stress-COD relation for plain concrete in uniaxial tension.

Fig. 11. Example of probability distributions for fibre law, for a penta-linear
residual law, at: a) a slip range of 0–0.15 mm; and b) a slip range of 0–4 mm.
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2.2.6. Model cases
The model was compared to experimental data by means of four examples,

where a set of 50 synthetic laws on an 80 mm square section was generated based
on the model parameters given in Table 4. The fibre pull-out laws used for each case
were calculated from the experimental data provided in [6]. The matrix strength
law was described by the tensile strength of the concrete and a tri-linear residual
law, where stress values were allowed to vary but strain and opening values were
kept constant, being: 0.005, 0.03, 0.3 and 0.5 mm for the elastic deformation and the
three residual terms respectively (being stress in the last term zero). Specific values
for the stress levels are given in Table 4.

3. Results

The results described in this section are separated into experi-
mental and model results. Experimental results are given at the
single-fibre scale and at the composite scale. The numerical results
are given at the composite scale, as a stress-COD law.

3.1. Experimental results

The results of the single-fibre pull-out tests are presented in
Fig. 13 for unexposed reference specimens (Ref) and exposed

pre-pulled specimens (Exp), after the experimental data presented
in [6]. The results show a moderate increase in the pull-out forces
at small slip values up to the maximum pull-out force (e.g. at
approx. 1 mm slip) of the exposed samples (Exp) compared to their
corresponding reference sample (Ref). While the pull-out forces at
the end of the tail are similar for the exposed (Exp) and reference
(Ref) samples. None of the single-hooked fibres rupture during
pull-out, despite of corrosion damage; while 50% of the double-
hooked fibres exposed to wet-dry cycles (Exp) ruptured during
the pull-out process.

The results of the uniaxial tension tests are presented in Fig. 14
for unexposed reference specimens (Ref) and exposed pre-pulled
specimens (Exp), after the experimental data presented in [5].
The results show a moderate increase in the residual tensile stress
of the exposed samples (Exp) for CMOD values in the range 0.5–
1.5 mm, relative to the uncracked reference samples (Ref). There
is a progressive decrease of the residual stress of the exposed sam-
ples (Exp) at CMOD values larger than approx. 1.5 mm, which cor-
responds to rupture of the fibres bridging the cracks. The decrease
in the residual strength is gradual in the case of the single-hooked
fibre (Fig. 14a) and much sharper in the case of the double-hooked
fibre (Fig. 14b).

3.2. Numerical results

The numerical results for the stress-COD response of the com-
posite for the two fibre types modelled under uncracked and
exposed cracked conditions are shown in Fig. 15. The synthetic
data presented shows similar trends to the ones described in
Fig. 14 for the reference and the exposed cracked composite; while
discrepancies between the experimental and the synthetic data are
noticeable.

Comparison of the synthetic stress-COD law of the uncracked
reference (Ref) to the stress-CMOD results of the experimental
data, shows that the simulated data (Fig. 15) does not fully

Table 3
Distributions assumed for model variables and limits (truncation).

Parameter Units Distribution Limits

Lower Upper

1 Fibre content 1/m2 Normal -inf +inf
2 Fibre orientation � Normal 0 90
3 Embedment length mm Normal 0 30
4 Fibre bond strength – Normal 0 +inf
5 Matrix strength MPa Normal 0 +inf
6 Corrosion damage * – Mixture normal (4) 0 1

* Gaussian mixture distribution parameter weights (p) vary depending on the amount of corrosion damage simulated, e.g. p = (0.5, 0.2, 0.2, 0.1).

Fig. 12. Example of synthetic stress-CMOD data, for 50 runs and calculation of
mean value and 90% CI for lognormal distribution.

Table 4
Model parameters for probability distributions.

Parameter Units Mean Sd p

Ref Exp Ref Exp Ref Exp

1 Fibre content 1/m2 10,000 500
2 Fibre orientation deg 45 15
3 Embedment length mm 15 5
4 Fibre bond strength – 1 1.2 0.1 0.2
5 Matrix strength law *1 MPa (–) 2.5 0.25

(1.1) 0.1
(0.2) 0.02

6 Corrosion damage *2 – 1 0.01 0.4 1
0.95 0.05 0.3 0
0.7 0.1 0.2 0
0.3 0.1 0.1 0

Notes:
*1 Strength law for the matrix strength component is given as the elastic term as a tensile stress of the concrete at the limit of proportionality and the residual law as a
proportion of the tensile strength ‘‘()”. Values correspond to displacements: 0.005, 0.03 and 0.3 mm.
*2 Gaussian mixture distribution parameter weights (p) described for each exposure based on results presented in [5].
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describe the smoother decrease in stress at the transition between
the uncracked and cracked state, observed in the experimental
data at CMOD up to 0.5 mm (Fig. 14). Correspondingly, the slope
of the reloading branch of the stress-COD curve of the synthetic
data corresponding to the exposed samples (Exp) appears to be
smaller compared to the experimental data.

Discrepancies were also observed in the tail of the stress-CMOD
curve, since the model was not fully capable of capturing the pro-
gressive rupture of the fibres during the crack opening observed
e.g. in Fig. 14a. The decrease in the stress due to fibre rupture is
modelled instead as a sharper process that occurs at the maximum
pull-out forces, see Fig. 15, which is in better agreement with the
data presented in Fig. 14b.

4. Discussion

The results presented above showed that there is an increase in
the pull-out forces of partially pulled fibres after exposure to wet-
dry cycles at slip values below 1 mm; which corresponds well to
the increase of the tensile stress observed in uniaxial tensile sam-
ples within the CMOD range 0.5–1.5 mm. Whereas, both an exces-
sive increase in the pull-out forces transferred by the fibres and a
reduction of the fibres’ cross-section due to corrosion may lead
to a decrease in the residual tensile strength of the composite at
CMOD values larger than 1.5–2 mm.

4.1. Model validation and limitations

Results from the numerical model shown in Fig. 15 are gener-
ally in agreement with the experimental observations presented
in Fig. 14. Both sets of data showed corresponding increase after

Exp

a)

b)

Fig. 13. Single fibre pull-out tests, load-slip plot for samples: a) Single-hooked fibre,
b) Double-hooked fibre. Full lines represent the log-mean value (m) of the sample
and dotted lines represent the upper- and lower- confidence bounds at 90% CI, for
lognormal distribution. Sample names correspond to code names described in: (Ref)
Un-pulled reference specimens, (Exp) Pre-pulled exposed specimens. The maxi-
mum force of the specimens that ruptured during the pull-out test were marked
with ‘o’ in the plots. After [6].

Fig. 14. Uniaxial tension tests, stress-CMOD plot for samples: a) Single-hooked
fibre, b) Double-hooked fibre. Full lines represent the log-mean value (m) of the
sample and dotted lines represent the upper- and lower-confidence bounds at 90%
CI, for lognormal distribution. Sample names correspond to code names described
in: (Ref) Uncracked reference specimens, (Exp) Cracked exposed specimens. After
[5].

Fig. 15. Modelled stress-COD response for samples: a) Single-hooked fibre, b)
Double-hooked fibre. Full lines represent the log-mean value (m) of the sample and
dotted lines represent the upper- and lower- confidence bounds at 90% CI, for
lognormal distribution. Sample names correspond to code names: (Ref) Uncracked
reference specimens, (Exp) Cracked exposed specimens.

V. Marcos-Meson et al. / Construction and Building Materials 234 (2020) 117847 7

168 Department of Civil Engineering, Technical University of Denmark



exposure in the maximum residual tensile stresses transferred at
the crack for CMOD values in the range 0.5–1.5 mm, followed by
a decrease in the stresses transferred up to 4 mm CMOD. However,
the predicted behaviour at the composite scale still shows some
discrepancy with the experimental data; which may be explained
by current limitations of the model when describing the average
stress transferred through the crack at small deformations and
the occurrence of fibre rupture.

First, the results produced by the model showed a sharper tran-
sition between the uncracked and the cracked composite states
compared to the experimental data. Such discrepancy is expected
to be dominated by limitations in the experimental methods used
and a lack of understanding of the pull-out process of inclined steel
fibres in concrete.

i) Corresponding experiments in uniaxial tension specimens
presented branching, multiple cracking, and substantial
rotation as the crack formed progressively over the cross-
section [42,43]; which were expected to smooth sudden
drops in the tensile forces transferred through the crack, as
also discussed for similar SFRC specimens in [44]. Yet, a sud-
den drop in the stiffness of the composite was still observed
after cracking, leading to a rapid increase of the CMOD over
time during the first 0.2 mm of opening. Otherwise, the
model was capable of describing the drop of stiffness after
cracking; since it describes a single and uniform crack, per-
pendicular to the applied forces and opening monotonously.

ii) The contribution of fibre inclination to the pull-out forces
transferred by the fibres is currently accounted for in the
model as a geometrical transformation of the force and dis-
placement vectors; which is a limited simplification of the
actual pull-out behaviour of the fibre, otherwise subject to
large lateral forces, additional yielding of the steel and crack-
ing of the matrix around the fibre [36,45]. There is discrep-
ancy within literature regarding the impact of fibre
inclination in the force-slip behaviour of steel fibres, partic-
ularly at low slip values [10,36,37,45], since experiments
cannot reproduce the actual lateral stiffness at the compos-
ite scale. Inclined fibres statistically comprise the vast
majority of the fibres bridging cracks in specimens with uni-
formly distributed fibres [46].

Second, the stress-CMOD data generated by the model showed
fibre rupture occurring at the ascending branch and maximum
stress region of the uniaxial law, at CMOD < 1.5 mm. Whereas,
the experimental data showed that fibre rupture may also occur
at much larger CMOD values, e.g. up to CMOD = 4 mm in Fig. 14a.

This discrepancy corresponds to the still limited understanding
of the fibre rupture process; which in this case was modelled as a
deterministic process, based on the characteristic yield strength of
the material. Available data has shown that fibres may not neces-
sarily rupture at the highest pull-out force (e.g. due to loss of ten-
sile capacity), but can also rupture at the descending branch of the
pull-out curve, as reported in [6,47]. Such failure corresponded to
the rupture observed at the deformed parts of the hooked-end
fibres, which are expected to perform above the yielding point to
allow pull-out. Rupture under such conditions could be simulated
by more advanced failure models that account for the accumulated
damage during the pull-out process, based on e.g. cumulative dam-
age theory [48]; yet additional data is needed to better understand
the failure process.

Additional development of the pull-out models utilised in this
paper may be based on alternative approaches, critically discussed
in [8,9]; in order to further describe the role of fibre inclination
[10,16–19] or failure of the matrix and fibre [12,14]. The simulated
results at the composite scale (e.g. stress-COD response) may be
then discretised and implemented as a non-linear traction-
separation (e.g. multilinear) relation in numerical solutions, for
example based on: fictitious crack propagation models [22], dam-
age plasticity models [49] or cohesive models in FEM formulations
[50].

4.2. Model capabilities

In spite of the abovementioned limitations and discrepancy
with the experimental data, the modelling approach described in
this paper facilitates the evaluation of the combined effects on
the mechanical performance at the composite scale of a number
of parameters affecting the pull-out performance of steel fibres
in concrete, among them: the fibre content, fibre orientation, the
fibre dimensions, fibre damage and the fibre matrix bond strength.
Within these, the impact of the fibre damage and alteration of the
fibre matrix bond on the residual toughness of cracked SFRC sub-
ject to corrosive environments is currently in focus [1].

Results from a parametric study are presented in Fig. 16 for the
two types of fibres investigated under exposed conditions on a
cross-section of 1 m2, where the parameters described in Table 4
were fixed and two parameters were swept: i) the extent of corro-
sion damage and ii) the increase of the maximum pull-out force.
The plot shows the variation of the composite toughness (i.e.
described as the integration of the area below the stress-CMOD
curve in the CMOD range 0.3–4 mm) relative to the toughness
value at the coordinates (1,0), plotted as ‘‘toughness ratio” in the
z-axis of the plot. The predicted ratio of fibres rupturing in the

Fig. 16. Variation of the mean toughness (i.e. work) with increase in the maximum pull-out force and corrosion damage, relative to value at coordinates [10] and ratio of
fibres rupturing for: a) Single-hooked fibre in cracked concrete, b) Double-hooked fibre in cracked concrete, and c) Single-hooked fibre in cracked concrete assuming a
characteristic steel strength of 2200 MPa. The toughness ratio is plotted as a coloured filled contour and the ratio of fibres rupturing is plotted as black contours.
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composite (in the range 0–1) is also plotted as an overlay contour
in black.

The data presented in Fig. 16 highlights the importance of
understanding the evolution of the fibre-matrix bond strength over
time due to e.g. exposure to wet-dry cycles. Results are calculated
for three scenarios: i) the single hooked fibre of the experimental
study, see Fig. 16a, ii) the double-hooked fibre of the experimental
study, see Fig. 16b, and iii) the single hooked fibre with a character-
istic strength of 2200 MPa, see Fig. 16c. Results indicate that vari-
ations in the type and strength of the steel fibre may result in a
limited decrease of the residual strength of the composite despite
that e.g. 20% of the fibres would corrode (Fig. 16a), or else a rapid
decrease in the toughness of the cracked composite over time
despite of the number of fibres corroding (Fig. 16b). Extrapolation
of the data to a higher tensile strength of the steel would yield a
larger allowance for increase to the bond-strength without affect-
ing the toughness of the composite.

These predictions correspond well to observations at the com-
posite scale [5] and at the single-fibre scale [6]; which suggest that
fibre corrosion does not necessarily play a dominant role in the
mechanical performance of cracked SFRC, provided that: i) an ade-
quate steel fibre (e.g. fibre strength and bond strength) is selected
for the application, ii) increases in the fibre-matrix bond strength
over time are foreseen at the design phase, and iii) the extent of
fibre corrosion through the total cross-section of the crack is mod-
erate, such as observed in cracks below 0.3 mm for cross-sections
larger than 100 mm subject to wet-dry cycles [5].

Overall, this discussion supports the argumentation given in [1],
which suggested that a share of the deterioration reported for
cracked SFRC exposed to chlorides and carbon dioxide in former
studies could correspond to an increase in the fibre-matrix bond
strength over time, rather than solely corrosion damage; as exper-
imentally also presented in [51,52].

5. Conclusions

This paper investigated the tensile performance of uncracked
and cracked SFRC at the single-fibre and composite scale. A semi-
empirical multiscale modelling framework was developed to
describe the stress-opening behaviour of cracked and uncracked
SFRC at the composite scale, from the force-slip behaviour of single
steel fibres calibrated to experimental data.

The modelling framework developed was based a discretisation
of the single-fibre pull-out behaviour based on a serial
spring-slider model with a multilinear plastic law. Results at the
single-fibre level were upscaled to the composite level based on
a probabilistic approach to Daniels model in combination with
the Monte-Carlo method. The model was used to generate sets of
synthetic stress-COD data, based on probability distribution
functions of experimentally measured input model parameters.

Results confirmed that measured increases of the tensile stress
observed in cracked uniaxial tensile samples exposed to wet-dry
cycles corresponded to an increase of the fibre-matrix bond
strength of the fibres bridging the crack.

Decrease in the residual tensile strength of cracked SFRC at
large crack openings may correspond to both an excessive increase
of the fibre-matrix bond strength and to the reduction of the fibres’
cross-section due to corrosion. The model was capable of describ-
ing the non-linear relationship between the aforementioned
parameters and variations in the toughness of cracked SFRC.

The results presented in this paper support recent hypotheses,
which suggest that corrosion damage of the steel fibres may not
be the only mechanism responsible for the deterioration reported
in cracked SFRC exposed to chlorides and carbon dioxide in former
studies. Unpredicted increase of the fibre-matrix bond strength

over time and exposure due to various alterations of the matrix
around the fibre may lead to either an increase of the toughness
or a dramatic reduction of it due to fibre rupture.

Modelled results corresponded well to the experimental results,
showing comparable trends. Nonetheless, there were limitations in
the model regarding the description of the fibre rupture process
and the pull-out behaviour of inclined fibres. Further work focus-
ing on a better understanding of the fibre pull-out process of
hooked-end fibres in concrete is needed to improve the proposed
modelling approach.
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[50] S. Tarasovs, J. Kr�umin�š, V. Tamužs, Modelling of the fracture toughness
anisotropy in fiber reinforced concrete, Frat. Ed Integrità Strutt. 35 (2016)
271–277, https://doi.org/10.3221/IGF-ESIS.35.31.

[51] E.S. Bernard, Durability of cracked fibre reinforced shotcrete, in: E.S. Bernard
(Ed.), Shotcrete More Eng. Dev. Proc. Second Int. Conf. Eng. Dev. Shotcrete, A.A.
Balkema Publishers, Sydney, Australia, 2004: pp. 59–66.

[52] E.S. Bernard, Age-dependent changes in post-crack performance of fibre
reinforced shotcrete linings, Tunn. Undergr. Sp. Technol. 49 (2015) 241–248,
https://doi.org/10.1016/j.tust.2015.05.006.

10 V. Marcos-Meson et al. / Construction and Building Materials 234 (2020) 117847

Department of Civil Engineering, Technical University of Denmark 171

https://doi.org/10.1016/j.conbuildmat.2014.09.093
https://doi.org/10.1016/j.conbuildmat.2013.01.034
https://doi.org/10.1016/j.conbuildmat.2013.01.034
https://doi.org/10.1016/S0008-8846(99)00081-2
https://doi.org/10.3151/jact.5.247
https://doi.org/10.1016/j.cemconres.2012.10.014
https://doi.org/10.1016/j.cemconres.2012.10.014
https://doi.org/10.1016/j.conbuildmat.2010.06.007
https://doi.org/10.1016/j.conbuildmat.2010.06.007
https://doi.org/10.1016/S0266-3538(02)00045-3
https://doi.org/10.1016/j.mechmat.2004.02.001
https://doi.org/10.1016/j.mechmat.2004.02.001
https://doi.org/10.1016/0022-5096(91)90043-N
https://doi.org/10.1016/0022-5096(91)90043-N
https://doi.org/10.1617/s11527-009-9553-4
https://doi.org/10.1617/s11527-009-9553-4
http://rilem.net/gene/main.php%3fbase%3d600026%26id_publication%3d391%26id_papier%3d7278
http://rilem.net/gene/main.php%3fbase%3d600026%26id_publication%3d391%26id_papier%3d7278
https://doi.org/10.1617/s11527-005-9010-y
https://doi.org/10.1617/s11527-005-9010-y
https://doi.org/10.1016/j.cemconres.2018.01.010
https://doi.org/10.1016/j.cemconres.2018.01.010
https://doi.org/10.1016/J.COMPSTRUC.2011.12.005
https://doi.org/10.3390/ma10020207
https://doi.org/10.1016/j.ijsolstr.2014.02.006
https://doi.org/10.1061/(asce)0733-9399(1995)121:8(903)
https://doi.org/10.1061/(asce)0733-9399(1995)121:8(903)
http://refhub.elsevier.com/S0950-0618(19)33300-8/h0150
http://refhub.elsevier.com/S0950-0618(19)33300-8/h0150
http://refhub.elsevier.com/S0950-0618(19)33300-8/h0150
https://doi.org/10.1016/j.cemconcomp.2016.06.012
https://doi.org/10.1002/suco.201300058
https://doi.org/10.1016/1359-835X(95)00069-E
https://doi.org/10.1016/1359-835X(95)00069-E
https://doi.org/10.1007/BF00563066
https://doi.org/10.1080/01621459.1949.10483310
https://doi.org/10.1016/j.conbuildmat.2015.09.034
https://doi.org/10.1016/j.conbuildmat.2015.09.034
https://doi.org/10.1007/s10853-012-6882-4
https://doi.org/10.1007/s10853-012-6882-4
https://doi.org/10.1533/9780857095583.2.95
https://doi.org/10.1533/9780857095583.2.95
https://doi.org/10.1520/JTE11978J
https://doi.org/10.1520/JTE11978J
https://doi.org/10.1016/J.CONBUILDMAT.2013.07.061
https://doi.org/10.1016/J.CONBUILDMAT.2013.07.061
https://doi.org/10.3221/IGF-ESIS.35.31
https://doi.org/10.1016/j.tust.2015.05.006


172 Department of Civil Engineering, Technical University of Denmark



The investigations presented in this thesis were initiated to address discrepancies 
observed within design guidelines regarding the applicability of cracked SFRC in 
corrosive exposure conditions. These discrepancies appeared to be motivated by 
inconsistencies within former research in the case of chloride (e.g. XD and XS exposure 
classes in EN-206) and carbonation exposure classes (XC exposure class), and to a 
general lack of research in the case of chemical attack (e.g. XA exposure class). 
The specification of a critical crack width for SFRC exposed to wet-dry cycles 
involving chlorides and carbon dioxide was of particular interest to practitioners, but 
was also the main subject of concern and disagreement among academics.  Strong 
disagreement was found among researchers when describing variations in the 
performance of SFRC with cracks in the range of 0.1 – 0.3 mm subject to wet-dry cycles 
involving chlorides and carbon dioxide. Studies reported either a substantial increase 
of the residual tensile strength of the cracked SFRC or else a dramatic drop of it. Yet, 
some studies pointed out that part of these changes may be due to an excessive 
development of the fibre-matrix bond strength during exposure. 

An experimental campaign exposing cracked SFRC and single-fibre specimens was 
carried out within this thesis in order to investigate the extent of damage and 
deterioration mechanisms inside cracks in the range of 0.15 – 0.3 mm under such wet-
dry conditions involving chloride and carbon dioxide exposure. The exposure time was 
limited to a maximum of two years under laboratory conditions, yet the investigations 
identified key deterioration mechanisms affecting the long-term performance of 
cracked SFRC. 
The discussion below begins with a critical comparison of the findings of this study 
with the background presented in Chapter 1 and Chapter 2. Final remarks about the 
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implications of these findings on the design of uncracked and cracked SFRC are given 
as a closing discussion. 

7.1 Deterioration phenomena and mechanical performance of 
SFRC 

The discussion presented in Chapter 1 and Chapter 2 of this thesis showed that 
traditional deterioration models proposed for corrosion deterioration of steel 
reinforcement in concrete (Tuutti, 1982), (shown indicatively in Figure 1) may not be 
fully applicable to SFRC. The model assumes corrosion damage as the governing 
deterioration mechanism affecting the performance of SFRC. However, these 
assumptions are not fully coherent with the increases of the mechanical performance 
reported in former studies (Chapter 2) and presented in this thesis at the composite level 
(Chapter 3). 
The discussion below describes and connects the experimental observations presented 
at the composite level and at the single-fibre level in Chapter 3 and Chapter 4, 
respectively, with the deterioration model proposed in Chapter 5. Observations at the 
single-fibre level and composite level were connected by the multiscale mechanical 
model presented in Chapter 6. 

7.1.1 A conceptual deterioration model for SFRC 
A simplified representation of the conceptual deterioration model described in Chapter 
5 of this thesis is presented in Figure 3. The model describes two types of mechanisms 
affecting the durability of the SFRC under these exposures: deterioration and recovery 
mechanisms. These mainly affect two elements in the fibre reinforced composite: i) the 
steel fibre, that can be damaged due to corrosion, and ii) the porous cement matrix, 
where the transport of species and moisture occur, and thus alter microstructure and 
chemical composition of the matrix. The combination of these processes leads, for 
example, to variations of the tensile performance of the SFRC, that are identified in 
Figure 3 as “global deterioration”. 
The model considers that alterations of the mechanical performance of SFRC reported 
in Chapter 3 (mainly in the cracked state) can be related to changes in the pull-out 
performance of the individual fibres crossing the crack (Chapter 4).  

The connection of the pull-out performance at the single-fibre level and the tensile 
performance at the composite level was done in Chapter 6 by means of a semi-empirical 
multiscale model based on the fibre-bundle approach. This model framework explained 
alterations of the tensile strength and toughness measured at the composite level 
(Chapter 3) to reductions of the tensile capacity of the fibre and variations of the fibre-
matrix bond strength reported in Chapter 4.  

The two main features that governed the variations of the pull-out behaviour of the 
fibres were the tensile capacity of the steel fibre and the fibre-matrix bond strength. So 
that, a critical decrease of the first, or an excessive increase of the second can lead to a 
premature rupture of the fibre, as discussed in Chapter 4. The tensile capacity of the 
fibre is governed by the reduction of the cross-section of the fibre due to corrosion. 
Variations of the fibre-matrix bond strength are related to microstructural changes of 
the cement matrix around the steel fibres. Thus, the three groups of processes shown in 
Figure 3 govern the changes in the pull-out behaviour and thus the tensile performance 
of the exposed SFRC. 
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i) Ingress and transport of species and moisture leads to changes in the composition 
of the pore solution inside the cement matrix and the crack. Transport processes 
inside the cement matrix and cracks did not have a direct impact on the 
mechanical performance of the SFRC in this study, but promoted the alteration 
of the matrix composition and microstructure (e.g. carbonation, leaching, healing) 
and eventually the corrosion of the steel fibres. 

ii) Dissolution and formation of new phases of the cement matrix around the fibres 
alters the fibre-matrix bond, for example leading to a stronger fibre-matrix bond 
in the experiments carried out in this thesis. This “autogenous healing” process 
was attributed in this work to precipitation and subsequent carbonation of 
portlandite in cracks and damage in the cement matrix around the steel fibre due 
to exposure. An excessive increase of the strength of this bond leads to rupture of 
the fibre during pull-out or fracture of the concrete matrix. 

iii) Critical changes in the composition of the solution in contact with the surface of 
the steel fibres (e.g. pH or Cl-) promote the depassivation of the steel and the 
reduction of the cross-section due to corrosion. Corrosion of fibres embedded in 
uncracked SFRC was found at voids and local defects in the cement matrix around 
the fibre, while corrosion of fibres crossing cracks occurred at an area of approx. 
2 – 4 mm around the intersection between the fibre and the crack. A critical 
reduction of the fibre cross-section due to corrosion leads to premature rupture. 

7.1.2 Corrosion damage and mechanical performance of SFRC 
The relative contribution of the processes described above to the global deterioration of 
the mechanical performance of the composite is expected to vary depending on a 
number of parameters, for example: presence and size of cracks, dimensions and 
geometry of the cross-section, exposure conditions or matrix and type of fibre. The 

 
Figure 3 Updated 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. Indicative points of the “global 
deterioration” function are shown in roman numbers. After (Marcos-Meson et al., 2019). 
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impact of these parameters on the corrosion damage and mechanical performance of 
SFRC are discussed briefly below in the context of this study and former research. 

Presence of cracks and crack width 
According to the deterioration model described above, the presence and width of cracks 
in SFRC contributes to the deterioration and recovery processes occurring at the 
composite and fibre level:   

At the composite level, cracks facilitate the access of species trough the cross-section 
of the SFRC. Transport processes in uncracked concrete are hindered by the tortuosity 
of the pore microstructure, and thus corrosion damage of the fibres only occurs at the 
surface, where the cement matrix is altered by the exposure. Larger crack widths extend 
the transport of species inside the crack leading to alteration of the matrix and 
eventually corrosion of the steel fibres. Autogenous healing processes at the crack can 
block the access of species and moisture, but its effectiveness decreases, among others, 
with increasing crack width. 

At the single-fibre level, there is limited porosity and voids at the matrix surrounding 
the fibres in uncracked concrete, and thus limited access of species to induce corrosion 
of the steel and alter the fibre-matrix bond. As the concrete cracks, this interface is 
damaged allowing access of species. Larger crack widths entail larger mechanical 
damage to the fibre-matrix interface, thus higher probability of corrosion damage 
around the fibre and lower probability of autogenous healing at the interface and 
surrounding matrix. 
Exposure of uncracked SFRC in this study resulted in limited corrosion damage and 
moderate alteration of the uncracked concrete matrix, e.g. within a few centimetres 
from the exposed surface, as also reported in former studies (O’Neil and Devlin, 1999). 
These conditions led to negligible changes in the performance of the SFRC, see “I” in 
Figure 3. The presence of cracks resulted in a substantial increase of corrosion damage 
through the cross-section of the specimens, but also to large variations of the fibre-
matrix bond strength regardless of the exposure conditions, see “III” or “IV” in Figure 
3. Similar variations in the deterioration trends in the presence of cracks were reported 
in former research, leading in some cases to an increase of the tensile performance over 
time (Granju and Balouch, 2005) or a decrease (Roque et al., 2009) relative to 
uncracked SFRC. 

As described above, the crack width is expected to have a critical impact on the 
deterioration and performance of SFRC. Experimental investigations of this study 
showed a clear detriment in tensile performance with increasing crack width when 
comparing cracks of 0.15 and 0.3 mm, but being still larger than for uncracked reference 
specimens, e.g. equivalent to “III” or “IV” in Figure 3. Similar conclusions were drawn 
in the literature review (Chapter 2), which showed general agreement regarding critical 
deterioration during exposure when cracks were wider than approx. 0.5 mm. 
Summarising, the presence of cracks in SFRC is expected to “stimulate” most of the 
deterioration and recovery processes described in Figure 3. Larger crack widths will 
reduce the effectiveness of the healing processes occurring at the cement matrix and at 
the crack while increasing the impact of the deterioration processes occurring at the 
fibre and cement matrix. 
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Dimensions and geometry of the cross-section 
The contribution of the deterioration processes described by the model varies depending 
on the transport processes inside the pore structure of the cement matrix or inside 
cracks. So that, reductions of the tensile capacity of the fibres and variation of the fibre-
matrix bond strength are not necessarily uniform throughout the cross-section of the 
exposed elements. 

Results from this study (Chapter 3) showed that corrosion damage inside uncracked 
SFRC was limited to fibres located at the surface of the specimen, e.g. within the 
carbonated concrete matrix at a distance of approx. less than 5 mm to the surface. 
Former research generally showed similar results for cross-sections comparable to the 
ones investigated here, e.g. in the order of 100 cm2 (Balouch et al., 2010; O’Neil and 
Devlin, 1999). Studies investigating much smaller cross-sections, e.g. in the order of 
10 cm2 (Kosa and Naaman, 1990), showed a substantial drop of the tensile performance 
(e.g. “II” in Figure 3). 

Corrosion damage of steel fibres inside the cracks investigated in this study was 
observed within the outer 20 – 40 mm of the crack (Chapter 3), generally corresponding 
to the fibres located within the carbonated zones of the crack, the presence of chlorides 
increased the degree of corrosion damage (Chapter 5). The depth inside the crack where 
corrosion was found mainly varied with the crack width and type of exposure, but not 
substantially over time. Similar conclusions were drawn in former studies that 
investigated comparable cross-sections and crack widths (Granju and Balouch, 2005; 
Mangat and Gurusamy, 1988; Nemegeer et al., 2000; Nordström, 2005). Investigations 
of SFRC with smaller cross-sections, e.g. up to one order of magnitude smaller showed 
critical corrosion damage and substantial decrease of the tensile performance of the 
cracked SFRC (Kosa and Naaman, 1990). 
Therefore, both the reduction of the tensile capacity of the fibres due to corrosion and 
the variations of the fibre-matrix bond strength must be addressed as a size-dependent 
phenomena that affects the outermost fibres crossing cracks or embedded in the 
uncracked concrete matrix. The depth inside the cross-section where these alterations 
occur is directly linked to transport and reaction processes inside the cement matrix and 
cracks, so that its progress can be estimated over time based on interpolation of 
experimental data or predicted by means of mechanistic models (e.g. reactive mass 
transport models). This appreciation has a critical implication in traditional design 
approaches: the concept of a critical crack width cannot be strictly applied to SFRC, 
since any “critical crack width” would necessarily imply a “critical crack depth” that 
increases over time, where deterioration and recovery processes concur. 

The size-dependency of these phenomena explain some of the divergence reported in 
former studies, which generally showed much larger deterioration of the tensile 
performance of the cracked or uncracked SFRC when smaller cross-sections were 
investigated, as discussed above. The implications of such size-dependency to the 
structural behaviour of typical structural applications, for example: comprising 
hyperstatic structural elements with cross-sections of 300 – 600 mm (e.g. tunnel 
segments or ground-supported slabs), are still not fully described. However, limited 
damage is expected in such an element when negligible detriment in the bending 
strength is for example observed on a three-point bending notched element with a cross-
section depth of 150 mm. 
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Exposure conditions 
The exposure conditions define the chemical composition and saturation degree of the 
solution inside pores and cracks. These conditions govern the alteration processes 
occurring at the cement matrix (e.g. carbonation, leaching and healing) and ultimately 
the initiation and propagation of corrosion of steel fibres. The relative contribution of 
the deterioration and recovery processes on the global deterioration of the mechanical 
performance of the SFRC varies depending on the exposure conditions. 
Exposure to wet-dry cycles of cracked SFRC investigated in this study resulted in 
considerable corrosion damage at the outer cross-section of the specimens (Chapter 3). 
The exposure led to substantial alteration of the cement matrix adjacent to the crack and 
around fibres, e.g. involving leaching and carbonation of the cement matrix, but also 
autogenous healing of cracks and damage. These processes occurring in the cement 
matrix resulted in a substantial increase of the fibre-matrix bond strength, see “III” in 
Figure 3. The residual tensile strength of the SFRC specimens tested varied similarly, 
regardless of the exposure conditions tested (e.g. chloride or freshwater exposure). 
However, it changed consistently when increasing the crack width. This showed, that 
under the exposure conditions investigated in this thesis, deterioration and healing at 
the matrix dominated over corrosion damage; yet this is not necessarily true for every 
exposure scenario. 
Other exposure factors, such as the cycle length of the wet-dry cycles, the relative 
humidity or the temperature were discussed in Chapter 2, but were not experimentally 
investigated in this thesis. Changes in the exposure conditions, for example involving 
a different degree of saturation, a significant flow velocity of the solution or a much 
lower pH encompass large variations in the performance, not solely due to corrosion 
damage. 
Exposures involving stable moisture conditions at the specimen surface or inside cracks 
have been linked to minor corrosion damage and alteration of the cement matrix. These 
entailed small variations of the tensile performance of cracked SFRC, for example, 
under exposure to chlorides under fully immersed conditions (Roque et al., 2009), or 
airborne chlorides (Bernard, 2015b) see “I” in Figure 3. 

Percolation of saltwater solution through cracks resulted in substantial ingress of 
chlorides and leaching damage of the cement matrix, which led to both substantial 
corrosion damage and deterioration of the cement matrix around the fibres (Hagelia, 
2011b), and entailed critical reductions of the tensile performance in some studies 
(Batson, 1977; Rider and Heidersbach, 1978), see “II” in Figure 3. 
Exposure to agents aggressive to the cement matrix, such as exposure of cracked SFRC 
to acetic acid (Roque et al., 2009) or sulphuric acid (Kaufmann, 2014), promoted large 
deterioration of the concrete matrix as well as corrosion damage, which resulted in a 
strong decrease of the tensile performance, even for uncracked SFRC (Roque et al., 
2009), corresponding to “II” in Figure 3. 

These examples show that, deterioration modelling approaches cannot only consider 
corrosion of the steel, e.g. described by the concentration of chlorides or the pH in pore 
solution, as the governing factor for deterioration of the mechanical performance of the 
SFRC in all cases. Under some exposures, deterioration and recovery processes 
occurring at the cement matrix and inside cracks (e.g. leaching, carbonation or 
autogenous healing) may dominate over corrosion damage. Additional understanding 
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of these processes is needed to identify the governing deterioration mechanism in 
different exposure scenarios. 

Matrix and fibre type 
The tensile performance of SFRC reinforced with hooked-end fibres is governed by the 
balance between the tensile capacity of the fibre and the strength of the bond between 
the fibre and the cement matrix. The combination of these parameters is optimized 
during the design of the SFRC mix (Vandewalle, 1999). However, these parameters 
may change over time due to the exposure, which can lead to either increase or decrease 
of the tensile performance of the SFRC. 
From current understanding, the tensile capacity of the fibre can only be reduced due 
to corrosion, but this reduction is not necessarily critical. Accordingly, fibre corrosion 
can only be related to a reduction of the maximum pull-out force and tensile strength 
of SFRC. The study presented in Chapter 3 showed a correlation between fibre 
corrosion and rupture of fibres during pull-out, but still having a negligible impact on 
the total count of fibres rupturing during the experiment. 
Conversely, the fibre-matrix bond strength can either increase or decrease due to 
exposure. Deterioration of the cement matrix around the fibre (e.g. due to leaching or 
mechanical damage) leads to a decrease of the bond strength; while hydration processes 
or healing processes may increase it. Under the exposure conditions and mix-design 
variables covered in this study, rupture of fibres was correlated with measured increases 
of the residual tensile strength and tensile toughness of the SFRC, see “III” in Figure 
3. These observations were explained by the strengthening of the mechanical bond 
between the fibre and the concrete matrix in Chapter 4. 
The discussion presented in Chapter 4 and Chapter 6 confirmed that an insufficient 
tensile capacity of the steel fibre, e.g. that cannot accommodate moderate increases of 
the fibre-matrix bond strength over time, may result in critical reductions of the tensile 
toughness of SFRC over time, e.g. leading to “IV” in Figure 3. This behaviour would 
be characterized by an increase of the maximum tensile strength of the SFRC followed 
by a steep decrease of it afterwards. 
This argument may explain some of the inconsistency in the literature that investigated 
corrosion damage and performance in cracks in the range 0.1 – 0.3 mm, as discussed in 
Chapter 2. However, few authors reported clearly these effects (Bernard, 2015b, 2004). 
It is not fully clear, which is the share of the literature that might have misinterpreted 
corrosion damage with variations of the fibre-matrix bond strength. Yet, based on the 
insight presented in this thesis, a share of the decrease of toughness in studies reporting 
increases of the peak strength are likely to be related to increases of the fibre-matrix 
bond strength during the exposure. 

7.2 Design implications 
In most aspects, traditional models may produce conservative estimations that do not 
compromise the service-life of the structure due to corrosion damage of the steel fibre; 
but some aspects such as variations of the fibre-matrix bond strength during exposure 
time are not addressed. The approach of most design guidelines was to specify a crack 
width limitation similar to conventional reinforcement (e.g. wk,crit = 0.1 – 0.3 mm) or 
else enforce uncracked conditions in service. Additional recommendations such as 
sacrificial layers in the range of Δh = 10 – 40 mm, or special measures (e.g. use of non-
corroding steel alloys or design by testing) were specified in few guidelines. 
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7.2.1 Uncracked SFRC 
The discussion presented above confirm the conclusions of former research and support 
the current design approach for uncracked SFRC, where a nil or minimal sacrificial 
layer to account for fibre corrosion is considered in the design of SFRC under chloride 
(e.g. XS and XD exposure classes) or carbonation (e.g. XC exposure class) exposure. 
A sacrificial design layer of, e.g. up to one-half of the fibre length could be prescribed 
for deemed-to-satisfy design approaches, to disregard the mechanical contribution of 
fibres in contact with the surface that would corrode. Performance-based service-life 
design approaches may consider the depth of carbonation as the governing factor for 
estimation of corrosion initiation of embedded fibres, yet it is not clear whether 
corroding fibres embedded in uncracked SFRC may reach a critical loss of their tensile 
capacity.  

For other corrosive exposures, such as in the case of acid attack, design criteria are 
imprecise or not specified. Based on the literature review in Paper II, fibre corrosion is 
not expected to dominate the deterioration of the mechanical performance of the 
composite. Consideration of a sacrificial layer for uncracked SFRC exposed to acids 
(e.g. XA exposure class) would mainly depend on the degradation of the concrete 
matrix that could be calculated as for plain concrete, e.g. disregarding the contribution 
of the steel fibres. Yet, experiments were not performed in this aspect and the discussion 
is based on conclusions from former research. Alternatively, the use of advanced 
modelling tools such as reactive-mass transport models may provide a more detailed 
description of the deterioration of the concrete matrix (e.g. pH, porosity) over time, yet 
research is needed to develop these further. 

7.2.2 Cracked SFRC 
The experimental observations and discussion presented in this thesis indicates that, 
design approaches based solely on disregarding the contribution of the outermost fibres 
crossing the crack, selecting a critical crack width or enforcing the use of non-corroding 
steel alloys, may only approach the corrosion damage issue. In this regard, increases in 
the fibre-matrix bond strength could eventually lead to critical reductions of the material 
toughness if the tensile capacity of the fibre is not correctly selected (e.g. steel strength, 
fibre cross-section and bond strength). A simplified design strategy may entail, for 
example, the overestimation of the concrete strength class when selecting the steel fibre 
in the pre-design phase; but still disregarding the contribution of the additional strength 
gained during exposure, which would result in a conservative approach. 
Calculation of a critical crack width and sacrificial layer for carbon-steel fibres could 
be approached by means of extrapolation of experiments in cracked SFRC or plain 
concrete or by comparing carbonation/chloride ingress depths of plain concrete 
structures. In this regard, chloride threshold values have been proposed in former 
studies, yet [Cl-] or [Cl-]/[OH-] thresholds would vary within one order of magnitude. 
Results in this study indicate that specification of these parameters (e.g. critical crack 
width and sacrificial layer) based on the expected pH in the solution of the crack may 
provide a more reliable estimation instead, considering either the presence or absence 
of chlorides as a factor leading to critical fibre corrosion or not. 
Under other corrosive exposures, such as acids (e.g. XA exposure class), fibre corrosion 
may be as well a secondary source of damage, yet hypotheses and conclusions from 
former studies were not tested in this investigation. Fibre corrosion may be addressed 
as in the case of carbonation induced corrosion, where a critical crack width and 
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sacrificial layer accounting for fibre corrosion may be estimated based on the decrease 
of the pH inside the crack below a specific threshold (e.g. pH < 9). The penetration 
depth of this front over time may be predicted based on, for example: experience in 
plain cracked concrete, semi-empirical modes or advanced modelling approaches such 
as reactive mass transport models. Again, in this case the main source of performance 
loss is expected to be related to the alteration of the cement matrix surrounding the 
fibres that bridge the crack; but specifying design recommendations in this regard is 
limited by the lack of data available. 

7.3 Perspective for development and final remarks 
A more advanced approach for specifying the long-term mechanical performance of the 
cracked or uncracked composite under these conditions may comprise the estimation of 
a constitutive law based on the predicted performance at the single-fibre level, as 
presented in Chapter 6. This approach may result in a unique constitutive law for each 
part of the material analysed, depending on the level of damage estimated from fibre 
corrosion and variations in the fibre-matrix bond strength due to exposure. Corrosion 
damage may be estimated based on the chemical composition of the pore solution or 
inside the crack (e.g. pH or [Cl-]), which could be predicted based on semi-empirical 
models or reactive mass transport models. Thus, providing a holistic modelling 
approach to the mechanical performance of SFRC under corrosive exposures. Despite 
the completeness and predictive capabilities of this approach, practical implementation 
of such model would require a large amount of development and additional data, in 
addition to a large computational demand. 
Finally, it must be emphasised that the discussion presented herein covered results from 
a limited share of the types of steel fibres and alloys, as well as mix-designs available. 
Parameters such as the duration of the exposure or the length of the wet-dry cycles 
could not be fully investigated, nor validated to field exposure tests. Other exposure 
scenarios, such as the case of fully immersed elements, spray/atmospheric exposure to 
chlorides or percolation through cracks were not covered in this study and were only 
discussed based on former literature. 

Among these, the case of percolation of water through cracks (e.g. neutral, acidic or 
saline) is lightly covered in the literature; yet it represents a critical exposure scenario 
for e.g. the design of tunnel linings, that must be investigated in depth before providing 
guidance. Despite these limitations, conditions inside the crack may be as well studied 
based on results from plain concrete, as suggested above. 
All things considered, the results and design implications discussed above must not be 
considered as a design guideline or design recommendations. The discussion herein is 
based on a limited number of experiments under controlled conditions, for a relatively 
short period of time compared to the expected service life of typical infrastructure. The 
results and discussion presented in this thesis are not intended to be used for 
extrapolation to structural applications, but to serve as a basis for a better understanding 
of the material performance under these exposures. 
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In Chapter 2, the literature review revealed inconsistencies in design guidelines and 
former studies regarding the durability of cracked SFRC under corrosive exposures. A 
conceptual deterioration model was proposed to clarify the deterioration mechanisms 
affecting cracked SRFC. 

• There is no general concern regarding durability of uncracked SFRC under
corrosive exposures. Chloride and carbonation induced corrosion of steel fibres
resulted in aesthetical damage at the surface. Corrosion damage of the steel
fibres under acidic exposure is expected secondary compared to deterioration of
the cement matrix. General agreement was found in design guidelines.

• There is disagreement in former studies regarding the performance of cracked
SFRC under wet-dry exposure to chlorides and carbon dioxide. There is limited
research covering the performance of cracked SFRC under acidic exposures.
Inconsistent recommendations in design guidelines were attributed to
discrepancy in research.

In Chapter 3, investigation of the performance of SFRC under wet-dry cycles of 
chlorides and carbon dioxide determined that fibre corrosion may not be the dominant 
deterioration mechanism affecting the mechanical performance of cracked SFRC 
during exposure. 

• Corrosion damage of steel fibres in uncracked SFRC affected the outermost
fibres, directly exposed to the solution or embedded within few mm from the
surface, where the concrete matrix was carbonated. The presence of chlorides
only increase the corrosion damage at the surface. There was no measurable
variation of the compressive strength of the uncracked SFRC within the time-
span investigated.

• Corrosion damage only affected the fibres located at the outermost area of the
crack, close to the surface of the specimen. The depth inside the crack where
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corroding fibres were found increased for larger crack widths but did not vary 
significantly over time comparing one- and two-year exposure. 

• Corrosion damage of fibres inside cracks had a moderate impact on the residual 
strength of the specimens tested. There was a clear size-dependency to the 
detriment of the mechanical performance of cracked SFRC over time. 

• Variations of the fibre distribution in the cross-section of the specimens 
investigated had a dominant impact on the toughness of the cracked composite 
compared to corrosion damage of the fibres or the exposure time.  

• Fibre rupture was generally related to an increase of the residual tensile capacity 
of the cracked SFRC. The impact of corrosion damage on the amount of fibres 
rupturing during pull-out was secondary compared to the increase in the fibre-
matrix bond strength over the exposure. 

In Chapter 3 and Chapter 4, investigations of the damage mechanisms involved in the 
deterioration of cracked SFRC under wet-dry cycles indicated that the alteration of the 
cement matrix surrounding the fibres may account for most of the changes of the 
mechanical performance of the cracked SFRC. 

• Investigations at the single-fibre level confirmed that, a large share of the fibres 
rupture due to an increase of the fibre-matrix bond strength during the exposure 
to wet-dry cycles. Corrosion damage at the exposed surface of the steel had a 
considerable, but secondary, contribution to the rupture of fibres during pull-
out. 

• Corrosion of fibres crossing the crack mainly occurred at the steel exposed in 
the crack and was dominated by the pH inside the crack, also in the presence of 
chlorides. Data regarding the chloride concentration and pH in the solution 
around the fibres crossing the crack showed partial agreement with the threshold 
values proposed in the literature. 

• The conceptual deterioration model proposed in the literature review, was 
compared and extended according to experimental observations. The model 
suggests that concurring dissolution and precipitation processes inside the crack 
and at the adjacent cement matrix have a dominant influence on the overall 
deterioration process. 

• The increase of the fibre-matrix bond strength was attributed to an alteration of 
the cement matrix surrounding the fibres during the exposure. Autogenous 
healing at the fibre-matrix interface was proposed as the main mechanism 
responsible. 

In Chapter 6, a multi-scale modelling approach was used to correlate results at the 
single-fibre and composite level; confirming that increase of the fibre-matrix bond 
strength was responsible for a large share of the variations observed in the toughness of 
the cracked SFRC. 

• The model confirmed that measured increases of the toughness of the cracked 
composite are due to an increase in the fibre-matrix bond strength of partially 
pulled fibres during exposure. 

• The study supports that corrosion of the steel fibres is not the only mechanism 
that may decrease the toughness of cracked SFRC under corrosive exposures. 
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An increase of the fibre-matrix bond strength over the exposure time may result 
as well in a critical decrease of the toughness of the cracked SFRC. 

• The study concludes that design recommendations shall address the issue of 
deterioration of cracked SFRC under wet-dry exposure by considering both the 
corrosion damage of the outermost fibres crossing cracks and by accounting for 
increases in the fibre-matrix bond strength during the exposure time. 

8.1 Future work 
Investigations presented in this thesis focused on describing the global picture 
concerning the deterioration of cracked SFRC under corrosive exposures. The study 
could not fully cover all aspects of the issue, such as: 

Understanding and predicting the transport and reaction processes inside cracks. 
Prediction of the transport of aggressive species inside cracks over periods 
corresponding to service-life prescriptions of large infrastructure (e.g. over 100 years) 
are limited by current modelling approaches, which in many aspects are based on 
experience with conventional structures. Development in the following areas is needed: 

• Inspection of existing infrastructure built of SFRC under aggressive 
environments, and public reporting of the results is key to correlate observations 
in SFRC to the data available for plain and reinforced concrete. To date, few 
studies are available (Hagelia, 2011a; Nordström, 2005). Development of long-
term laboratory and field experiments including non-destructive monitoring 
techniques is key to further development in the field. 

• Development of more advanced modelling techniques, such as reactive mass 
transport modelling approaches (Michel et al., 2019, 2018), will contribute to a 
better understanding of the deterioration and (in many cases) healing processes 
concurring inside cracked concrete subject to aggressive exposures. Tailored 
experiments are also needed to verify and calibrate such models, as discussed 
in (Michel et al., 2019). 

Describing the mechanisms involved in the corrosion of steel fibres crossing cracks. 
Observations in this study and former research have highlighted the limited corrosion 
damage of carbon-steel fibres in cracked SFRC. However, discussion of the corrosion 
mechanisms involved is scarce and, to date, mainly covers steel fibres in artificial pore 
solution with added chlorides (Dauberschmidt, 2006). 

• Future experimental studies must focus on describing the relation between 
corrosion rates of steel fibres and: the chemical conditions at the steel surface, 
precipitation processes taking place at the exposed steel surface and the 
microstructural damage and healing at the fibre-matrix interface. Continuation 
of the development in these techniques presented at the composite level (Mangat 
and Gurusamy, 1988; Raupach et al., 2004) and in single fibres (Beglarigale and 
Yazıcı, 2017; Frazão et al., 2016) is needed. 

• Development of tools for monitoring the electrochemical state of steel fibres 
embedded in cracked and uncracked SFRC are needed. Such tools could be used 
to instrument coupons and structures exposed under laboratory or field 
conditions over long time-spans. Development of such corrosion sensors was 
initiated in former studies (Nemegeer et al., 2000). 
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Describing variations in the pull-out performance of steel fibres in cracked SFRC. 
This study has shown the impact of alterations of the cement matrix surrounding fibres 
in the pull-out behaviour of these over time. However, results presented in this study 
only covered a small share of the parameters that could be investigated. Parameters 
such as the type and material of the fibre, the fibre orientation or the concrete 
composition must be covered. 

• Experimental investigations covering other types of cold-drawn wire fibre (e.g. 
straight, crimped or helicoidal fibres), other fibre materials (e.g. glass, polymer 
or composite) as well as other design parameters (e.g. fibre orientation or 
concrete composition); are key for further understanding of the long-term 
performance of Fibre Reinforced Concrete (FRC) infrastructure. 

• Development of multi-scale modelling approaches may facilitate the 
extrapolation of results at the single-fibre level to the tensile performance of the 
FRC composite. Such tools are key to the development of optimized fibre 
solutions that may overcome some of the issues presented in this study, e.g. 
premature fibre rupture due to an increase of the fibre-matrix bond strength. 
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