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A B S T R A C T   

This paper presents an investigation on steel fibre surface corrosion from a quantitative standpoint and its in
fluence on the mechanical behaviour of uncracked high-performance fibre reinforced cementitious composites. 
Short straight steel fibres were used at 90, 140 and 190 kg/m3 in three different mixtures. Prismatic specimens 
were subjected to 125 wetting–drying cycles in a 5% NaCl solution. Specimen and fibre surfaces were analysed 
using Scanning Electron Microscopy-Energy Dispersive Spectroscopy, while mechanical behaviour was evaluated 
by 3-point bending tests. Results showed the formation of corrosion spots on specimen surface, but no significant 
reduction on the post-cracking response.   

1. Introduction 

High-performance fibre reinforced cementitious composites 
(HPFRCCs) are produced by a combination of a high strength cementi
tious matrix and high fibre contents [1–3]. Their remarkable mechanical 
properties allow their application in several structural elements, such as 
in hot-water storage tanks, bridges reinforcement, pre-cast elements 
with large spans, slender box girders with less stirrups, and low-rise 
walls with enhanced seismic performance [4–8]. The high steel fibre 
content employed in the manufacturing of these elements may raise 
concerns regarding its resistance to corrosion and durability. 

Chloride-induced corrosion is the greatest threat to the durability 
and integrity of steel-reinforced concrete structures [9]. Chloride 
transport properties in uncracked steel fibre reinforced concretes have 
been proven similar to the properties of unreinforced concrete [10]. 
Chloride penetration and diffusion into the matrix depend majorly on 
the microstructure of the cementitious composite, considering the bulk 
matrix and paste-aggregate and fibre–matrix interfaces. Fibre corrosion 
may affect the properties of the fibre–matrix interface, resulting in 
detrimental processes that impair the mechanical performance of rein
forced composites [11]. 

Some authors [12–14] highlighted a limited corrosion on uncracked 
steel fibre reinforced concretes (SFRC) subjected to chloride ingress due 
to the discontinuous nature of discrete steel fibres. SFRCs and HPFRCCs 
subjected to accelerated chloride exposure indicated no sign of corrosion 
or limited superficial oxidation [15–18]. Uncracked SFRC subjected to 
wetting–drying cycles in chloride solutions were damaged slightly and 
presents stains on the specimen surface, suggesting an early stabilization 
of the steel fibre deterioration [15,19–25]. 

In general, the exposure of uncracked SFRC specimens to chloride 
solutions leads to negligible effects on the mechanical performance of 
the composites. SFRCs under prolonged cyclic marine exposure [26], 
wetting–drying cycles in chloride solutions [20,27], and immersed in 
salt-water [28] showed slight reductions of the residual strength due to 
fibre corrosion. Exposure of SFRC to wetting–drying cycles with chloride 
[22] and immersion in salt solution [15] presented no changes on the 
post-cracking behaviour. Similar outcomes have also been observed 
with HPFRCCs [17–18,26–27]. 

Table 1 summarizes recent works conducted on the evaluation of 
fibre corrosion in uncracked steel fibre reinforced concretes and the 
main tests performed in each work. Note that most studies focus on the 
mechanical characterization of the composite and on the evaluation of 
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the specimen surface corrosion. However, only a few of them assess the 
chloride penetration depth and the evaluation of corrosion by micro
scopy analysis. In addition, no studies present a model to quantify the 
specimen corrosion surface by image analysis, which may be considered 
an important contribution of this paper. 

Despite the remarkable results from the previous researches, the 
main mechanisms governing fibre corrosion have not been completely 
elucidated. Moreover, the damage level and the detrimental processes 
occurring in composites characterised by dense matrices and high fibre 
contents still need to be evaluated. Therefore, continued research on this 
subject is required to enhance the performance of these materials. 

In this context, the objective of this paper is to investigate the fibre 
surface corrosion in uncracked HPFRCC specimens from a quantitative 
point of view and its influence on the mechanical behaviour of the 
composite. HPFRCCs specimens were produced with fibre contents 
equal to 90, 140 and 190 kg/m3 and subjected to 125 wetting–drying 
cycles in a NaCl solution. After a determined number of wetting–drying 
cycles, the mechanical properties of specimens were evaluated by 3- 
point bending tests. After that, chloride penetration rate and depth 

were determined and the cross-section of the specimens was analysed by 
optical microscopy and scanning electron microscopy. Results obtained 
may lead to a more comprehensive analysis on the quantification of fibre 
corrosion of HPFRCCs. 

2. Experimental methodology 

This study was conducted at the Laboratory of Technology of 
Structures Luis Agulló at Universitat Politècnica de Catalunya (UPC) and 
the Scientific and Technological Center from Universitat de Barcelona 
(CCIT-UB). Fig. 1 presents the scheme adopted for the experimental 
programme conducted in this study. 

2.1. Materials 

A CEM I 52.5R Portland cement was employed to produce all the 
mixes. In addition, a silica sand with particle size distribution between 
0.3 and 0.4 mm was used as aggregate. Ultrafine calcium carbonate 
(Betoflow, d50 < 5 µm) and a suspension of nano-silica (MasterRoc® MS 
685, solid content: 40%; specific weight: 1.13 g/cm3) were used to 
improve the packing density and mechanical properties of the mixture. 

A polycarboxylate superplasticizer (Glenium ACE 425, solid content: 
24.2%; specific weight: 1.04 g/cm3) was added to ensure a proper 
workability and to keep the water/cement ratio at 0.23 for all com
posites. Copper-coated short straight steel fibres (Dramix® OL13/0.20) 

Table 1 
Summary of recent studies on the evaluation of fibre corrosion in uncracked steel fibre reinforced concretes.  

Reference 
Composites analysed Tests conducted Quantification of specimen corrosion  

surface by image analysis SFRC HPSFRC UHSFRC Surface corrosion Chloride depth Microscopy analysis Mechanical behaviour 

[19,22,26,29] • • •

[30] • • • •

[20] • •

[31]   • • •

[32] • •

[14] • •

[24,33] • •

[17]  • • •

[34] • • •

[35]   • • • •

[36]   • • • •

[27–28] • •

This study  • • • • • •

Fig. 1. Scheme of the experimental programme conducted in this study.  

Table 2 
Properties and characteristics of steel fibres.  

Property Average results 

Length (mm) 13 
Diameter (mm) 0.2 
Aspect ratio 62 
Tensile strength (MPa) 2600 
Modulus of elasticity (GPa) 200  

Table 3 
Mix composition of HPFRCCs.  

Constituent M_90 M_140 M_190 

Cement (kg/m3) 800 800 800 
Silica sand (kg/m3) 1131 1108 1098 
Water (kg/m3) 129 129 129 
Superplasticizer (L/m3) 32 32 32 
Nano-silica (L/m3) 40 40 40 
Calcium carbonate (kg/m3) 200 200 200 
Steel fibre (kg/m3) 90 140 190 
w/c 0.23 0.23 0.23  
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were used as a reinforcement of the specimens. The properties and 
characteristics of fibres are summarized in Table 2. 

2.2. Composition and preparation of specimens 

Table 3 presents the mix composition of each HPFRCC produced in 
this study. Fibres were used at 90 kg/m3, 140 kg/m3 and 190 kg/m3, 
replacing sand volume with the corresponding volume of fibres. The 
superplasticizer dosage was kept constant at 32 L/m3 for all mixtures. 
The nomenclature adopted to identify each mix is ‘M_fibre content’. 

The preparation of HPFRCC consisted in 4 steps. Initially, cement, 
silica sand and calcium carbonate were added to a 1000 L vertical axis 
mixer and homogenized for 60 s. Then, water was added and mixed for 
60 s. After that, superplasticizer and the suspension of nano silica were 
added and mixed for 120 s. To finish, steel fibres were added manually 
and mixed for 240 s. The consistency of the fresh mixtures was assessed 
using a flow table, according to UNE EN 12350-5 [37]. The test was 
adapted since no strokes were applied to the table. The spread diameters 
of M_90, M_140 and M_190 were 215 mm, 205 mm and 240 mm, 
respectively, with no bleeding nor segregation. 

For each mixture listed on Table 3, 5 cylindrical specimens 
measuring 100 mm × 200 mm (diameter × height) and 40 prismatic 
specimens measuring 40 mm × 40 mm × 160 mm (width × height ×
length) were cast according to UNE EN 12350–1 [38]. After casting, 
surface was finished and a curing film (MasterKure 215 WB) was 
sprayed over the samples to avoid water loss. Specimens were demoul
ded 24 h after casting. Once demoulded, specimens were stored at 
ambient temperature and humidity for 6 months until the date of tests. 

2.3. Quality control of the HPFRCC 

Compressive strength, dry density and water accessible porosity 
were used for quality control of the production process. Compressive 
strength was performed in an Ibertest universal testing machine model 
MEH-3000 according to the standard UNE EN 12390–3 [39]. 4 cylin
drical specimens measuring 100 mm × 200 mm (diameter × height) 
were tested at 28 days at a pressure application rate equal to 0.45 MPa/s. 
One cylinder of each mixture was cut in four slices to determine dry 
density and water accessible porosity, according to UNE EN 83980 [40]. 

Table 4 depicts the average values of compressive strength, dry 
density and water accessible porosity for each group of specimens. It 
may be observed that M_90, M_140 and M_190 presented similar 
compressive strength results. This is corroborated by the uniform results 
obtained in the determination of dry density and water accessible 
porosity. 

A discrete increase in water accessible porosity is observed when 
fibre content increases, indicating that consolidation in M_190 was more 
difficult than in the other composites. In spite of that, it may be 
concluded that specimens were properly consolidated, independently of 
the fibre content employed. This is an important requirement to analyse 
and compare the results of chloride penetration and flexural strength. 

2.4. Preparation of prismatic specimens for wetting–drying cycles 

Prismatic specimens underwent a determined preparation before the 
beginning of the wetting–drying cycles. The preparation consisted in 3 
steps, described in items 2.4.1 to 2.4.3. 

2.4.1. Inductive method 
The inductive method was used to assess the amount and the 

orientation of steel fibres in the specimens [24,32,41]. The apparatus for 
the test consists of a coil acting as a sensor (Fig. 2a) and an inductance 
measurer. When the specimen is placed inside the coil, the magnetic 
field is affected by fibres and the inductance value changes. The sum of 
the measurements in three directions (Fig. 2b) provides information 
about the fibre content in the specimen. On the other hand, the relative 
values in each axis provide information about fibre orientation in the 
specimen. 

The highest inductance value was observed along the x-axis of the 
specimen due to the preferential fibre alignment caused by the casting 
procedure and wall-effect of the moulds. Therefore, the inductance in 
the x-axis was considered for the analysis of fibre content and orienta
tion. For each mix, a standard normal distribution regarding the 
inductance in the x-axis was obtained. The average inductance values 
for M_90, M_140 and M_190, were 932 H, 1251 H and 1745 H, 
respectively. 

Specimens whose inductance values fell outside the limit of ±25% of 
the average value were considered outliers and, then, discarded. Spec
imens presenting inductance values within the limits were grouped in 
subsets according to the x-axis inductance result. This grouping aimed to 
guarantee that each set presented nearly the same inductance, to reduce 
the influence of the scatter related to fibre content and distribution on 
the results of the mechanical characterization. 

2.4.2. Notching 
All HPFRCC prismatic specimens were notched at midspan using a 

dry saw. Notches measured 2 mm in width and 6.5 mm in depth and 

Table 4 
Average results of compressive strength, dry density and water accessible 
porosity for M_90, M_140 and M_190 at 28 days.  

Test M_90 M_140 M_190 

Compressive strength (MPa) 109.7 ± 2.7 110.5 ± 1.0 112.8 ± 1.1 
Dry density (g/cm3) 2.31 ± 0.03 2.33 ± 0.01 2.37 ± 0.01 
Water accessible porosity (%) 13.2 ± 0.1 13.4 ± 0.3 13.6 ± 0.4  

Table 5 
Average results of flexural and residual strength after wetting–drying cycles for M_90, M_140 and M_190.  

Composite Strength Before cycles After 5 cycles After 35 cycles After 65 cycles After 95 cycles After 125 cycles 

M_90 fLOP (MPa) 15.7 ± 1.1 12.8 ± 1.4 14.1 ± 4.2 14.1 ± 5.4 15.0 ± 4.1 13.0 ± 2.3 
fR1 (MPa) 15.6 ± 1.1 12.7 ± 1.1 14.0 ± 4.4 13.7 ± 5.2 14.7 ± 4.0 12.9 ± 2.4 
fR2 (MPa) 13.9 ± 1.0 11.3 ± 1.1 12.5 ± 3.7 12.2 ± 4.7 12.9 ± 2.9 11.5 ± 2.3 
fR3 (MPa) 11.8 ± 1.0 9.7 ± 1.6 10.9 ± 3.2 10.5 ± 3.9 10.8 ± 2.3 9.7 ± 2.0 
fR4 (MPa) 10.0 ± 1.0 8.1 ± 1.7 9.3 ± 2.4 8.8 ± 3.2 8.9 ± 1.9 8.1 ± 1.7 

M_140 fLOP (MPa) 17.0 ± 1.9 15.0 ± 4.7 17.0 ± 6.1 15.4 ± 2.8 16.7 ± 1.8 14.7 ± 3.3 
fR1 (MPa) 16.6 ± 2.5 15.0 ± 4.6 16.5 ± 6.2 15.3 ± 2.2 16.5 ± 2.0 14.6 ± 3.6 
fR2 (MPa) 13.9 ± 2.6 13.1 ± 3.9 14.6 ± 6.1 13.3 ± 1.5 13.3 ± 1.7 12.7 ± 4.6 
fR3 (MPa) 10.9 ± 2.1 10.8 ± 3.1 12.0 ± 5.2 10.5 ± 1.0 10.5 ± 1.2 10.7 ± 3.7 
fR4 (MPa) 8.4 ± 2.0 8.7 ± 2.5 9.6 ± 4.2 8.6 ± 0.6 8.4 ± 0.9 9.1 ± 3.4 

M_190 fLOP (MPa) 18.0 ± 1.5 16.5 ± 2.9 17.9 ± 1.6 16.5 ± 2.1 18.1 ± 5.0 17.3 ± 3.1 
fR1 (MPa) 18.0 ± 1.9 16.5 ± 2.6 17.5 ± 1.0 15.9 ± 2.9 18.1 ± 4.7 17.3 ± 3.4 
fR2 (MPa) 15.4 ± 1.4 14.0 ± 2.3 13.5 ± 2.1 12.5 ± 1.5 15.6 ± 4.4 14.1 ± 3.2 
fR3 (MPa) 12.9 ± 1.6 10.8 ± 0.9 10.6 ± 2.0 9.7 ± 0.9 12.6 ± 3.6 10.7 ± 2.5 
fR4 (MPa) 10.4 ± 1.1 8.2 ± 0.6 8.4 ± 1.5 7.7 ± 1.0 10.0 ± 3.2 8.4 ± 2.3  
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were required to perform the 3-point bending test. Before notching, all 
specimens were rotated 90◦ in relation to the finished surface. 

2.4.3. Waterproofing of the surfaces 
5 faces of the prismatic specimens were waterproofed, except for the 

notched face. This procedure was adopted to allow chloride ingress from 
the notched faced to the centre of the specimens. A flexible water-based 
epoxy membrane resistant to and several chemical attacks (including 
sodium chloride solution) was employed. Two coats of this membrane 
were applied on the specimen faces with a brush, with a 24 h interval. 
The membrane was cured at room temperature for 7 days, achieving a 
thickness of 200 µm. 

2.5. Wetting-drying cycles 

In this experimental programme, one wetting–drying cycle lasts 96 h. 
Each cycle comprises the immersion of specimens in a solution for 48 h, 
followed by drying at room temperature for 48 h. Totally, 125 wet
ting–drying cycles were performed, resulting in the duration of 500 
days. The whole process was conducted in a laboratory with the tem
perature controlled and fixed at (25 ± 3) ◦C. 

Wetting-drying cycles were performed in two phases. Firstly, speci
mens were immersed in distilled water for 48 h. Containers with the 

capacity of 80 L were employed and contained 30 specimens. After this 
step, specimens were removed from the immersion and dried at room 
temperature for 48 h. This process was conducted twice to ensure a 
similar specimen saturation before the immersion in the NaCl solution. 

The second phase comprised the immersion of specimens in a 5% 
NaCl solution. The concentration of the NaCl solution was selected to 
accelerate corrosion, considering the salt concentration in sea water 
equal to 3.0–3.5% by mass. Water pumps were installed inside the boxes 
to circulate the salt water during the wetting stage to homogenize the 
solution and avoid concentration variations. Adjustments of the water 
level and the chloride content were performed monthly, to keep NaCl 
concentration constant at 5% by mass. The chloride concentration was 
controlled by automatic titration with silver nitrate (Titrator micro TT 
2050). 

2.6. Test methods to characterize specimens subjected to wetting–drying 
cycles 

2.6.1. Analysis of surface corrosion 
Surface corrosion was analysed visually in 10 specimens of each mix, 

after 5, 15, 25, 35, 45, 55, 65, 75, 85 and 95 wetting–drying cycles. 
Pictures from the specimen face that was not waterproofed were taken 
and the corroded area was analysed. To identify the evolution of the 
corroded area, an algorithm was developed and implemented in Mat
lab® using the HSV (Human Visual System) colour model. The first step 
was to transform the image from RGB (Red, Green and Blue) to HVS and 
decompose it into three layers that represent the model: hue (H), satu
ration (S) and brightness value (V). 

For each layer, the interest range is indicated by the histograms: for 
the hue, the pixels are separated in values from 0 (zero) to the threshold; 
for the saturation and brightness, pixels with values greater than the 
threshold are selected. After that, pixels that appear simultaneously in 
the range of interest of the three layers are identified as corrosion stains. 
The relation between the identified pixels and the total quantity of pixels 
of the image (resolution) defines the percentage of surface area con
taining corrosion stains. 

2.6.2. Analysis of chloride penetration depth 
To evaluate the ingress of chlorides in the matrix, five 10 mm-thick 

slices of the cross-section area were cut from each specimen after the 
mechanical tests and analysed by the silver nitrate colorimetric method 
[43]. Each slice was sprayed with a 0.1 M silver nitrate solution, leading 
to the precipitation of a white solid composed by silver chloride, which 
was used to measure the depth of chloride penetration. This method 
provides a convenient a direct identification of free chloride ions in the 
cementitious matrix. This analysis was conducted after 5, 35, 65, 95 and 
125 wetting–drying cycles. 

2.6.3. 3-point bending test 
The influence of fibre corrosion on the post-crack behaviour of the 

composites was assessed by 3-point bending tests, performed based on 
an adaptation of the standard UNE EN 14651 [44]. 4 specimens of each 
mix were tested before the beginning of wetting–drying cycles and after 
5, 35, 65, 95 and 125 wetting–drying cycles, using a span length equal to 
100 mm. Specimens were kept at room temperature for 48 h before the 
test. 

The load application rate was controlled by the rate of increase in the 
crack mouth opening displacement (CMOD), which was measured with 
a 5 mm-long clip-gauge. The rate of increase in CMOD was set as 0.05 
mm/min up to 0.10 mm and as 0.20 mm/min beyond 0.10 mm. Load 
was applied perpendicularly to the finished surface and data were 
collected electronically at a frequency of 10 Hz. The test was finished 
when CMOD reached 4.0 mm. 

From this test, a load-CMOD curve for each specimen was obtained. 
Flexural strength (fLOP, limit of proportionality) was determined using 
equation (1), considering the first peak load. In addition, residual 

Fig. 2. Scheme of the inductive test method: (a) specimen inside the coil; (b) 
axis directions. 
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strengths (fR1, fR2, fR3 and fR4) were determined considering the load 
obtained when CMOD was equal to 0.5, 1.5, 2.5 and 3.5 mm, respec
tively. In all the cases, P represents the load (peak or residual), L is the 
span length (100 mm), b is the specimen width (40 mm) and hsp is the 
distance between specimen surface and the top of the notch (33.5 mm). 

f =
3PL
2bh2

sp
(1)  

2.6.4. Optical and scanning electron microscopy 
After the 3-point bending test, fibre surface, specimen surface and 

the cross-section area at the fracture zone were analysed qualitatively by 
optical microscopy before the beginning of wetting–drying cycles and 
after 5, 95 and 125 wetting drying cycles. To complement this analysis, 
scanning electron microscopy (SEM) was conducted to evaluate the 

evolution of fibre corrosion and the influence of chloride ingress on the 
microstructure of matrix. SEM was performed before the beginning of 
wetting–drying cycles and after 5 and 125 wetting–drying cycles. Tests 
were conducted in a JEOL JSM 7100F microscope at the voltage of 20 kV 
with samples prepared by the solvent exchange method [45] and coated 
with carbon. Morphology of phases was evaluated by secondary electron 
imaging and their chemical composition was assessed by energy 
dispersive X-ray analysis. 

3. Results and discussion 

3.1. Analysis of surface corrosion 

Fig. 3 presents the images of the exposed surface and the corroded 
areas detected on a specimen from mix M_90 after 5, 35, 65 and 95 

Fig. 3. Surface corrosion of a specimen from M_90: (a) specimen faces in contact with the NaCl solution; (b) percentage of corroded areas detected by the algo
rithm developed. 

Fig. 4. Surface corrosion of a specimen from M_190: (a) specimen face in contact with the NaCl solution; (b) percentage of corroded areas detected by the algo
rithm developed. 
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wetting–drying cycles. Similarly, Fig. 4 depicts images of specimens 
from mix M_190. The average corroded surface area for the specimens 
evaluated is presented in Fig. 5. 

Results reveal that the number of wetting–drying cycles in the NaCl 
solution influences the formation of surface corrosion in specimens from 
M_90, M_140 and M_190. Surface corrosion has been observed since 
cycle 5, increasing gradually until cycle 35. The ingress of water, chlo
rides and oxygen during wetting–drying cycles induces the corrosion of 
the fibres located close to the surface. 

After cycle 35, a change in the increasing trend of the corroded 
surface area was observed. The rate of deterioration of steel fibres may 
have decreased due to the reduction of intact fibres close to the region in 
contact with the chloride solution. In addition, oxides formed by 
corrosion may have been leached during the wetting period due to the 
constant agitation induced by the pumping system. 

Analysing the influence of fibre content, Fig. 5 reveals that specimens 
from M_190 and M_140 presented a more extensive surface corrosion 
than specimens from M_90. Nevertheless, the increment is not directly 
proportional to fibre content. This fact becomes clear by observing the 
superior results of M_140 in relation to M_190. The randomness in the 
arrangement of fibres in the specimens is in part responsible for this 
phenomenon. This way, even composites with a smaller fibre volume 
fraction may occasionally present more fibres close to the surface in 
contact with the solution. 

In addition, it is important to emphasize that the growth of corrosion 
products on the regions where fibres are overlapped is irregular and 
might occur at nearly the same corroded surface area. Consequently, the 
corroded area is not doubled, but only slightly increased. Moreover, 
since the deposition of corrosion products is more significant in speci
mens from M_190, these oxides may be leached due to wetting–drying 
cycles. Therefore, the amount of oxides remaining on the surface of 
specimens from M_190 may be lower than in specimens from M_140, as 
observed in Fig. 5. 

To detect the leaching process of corrosion products, the solids 
precipitated at the bottom of the containers were collected and analysed 
by SEM-EDS. Fig. 6 presents the SEM images and the results of the 
microanalysis, in terms of relative intensities obtained from the EDS 
spectrum, positioned above the respective image. Results revealed the 
presence of iron oxides, confirming that corrosion products were 
leached from the surfaces of the specimens during the cycles. In addi
tion, calcium leaching from the cementitious matrix was observed. Such 
result suggests a reduction of the pH close to the surface of the specimen, 
which may further favour the corrosion process in this region. 

3.2. Analysis of chloride penetration depth 

Fig. 7 shows the average chloride penetration depth in the cross 
section of specimens from M_190 after 5 and 125 wetting–drying cycles. 
The chloride penetration rate and the chloride penetration depth in 
specimens from M_90, M_140 and M_190 are presented in Fig. 8. It must 
be remarked that specimens were subjected to 2 wetting–drying cycles 
in distilled water to ensure the same saturation condition before the 
beginning of the wetting–drying cycles in the NaCl solution. 

Chloride penetration depth increases as fibre content increases dur
ing all cycles. As indicated in Table 4, M_190 is 3.1 and 1.7% more 
porous than M_90 and M_140, respectively. Therefore, M_190 presents 
the highest chloride penetration depth in all mixes analysed. 

The highest chloride penetration rate is observed after 5 wetting–
drying cycles. Such outcome may be attributed to the capillary pene
tration of the NaCl solution into the matrix during the first cycles. 

Fig. 5. Average corroded area for specimens from M_90, M_140 and M_190.  

Fig. 6. SEM images of the solid phases extracted from the bottom of containers: 
(a) general image; (b) magnification of the circled area from image (a). EDS 
result corresponds to the point indicated by * in figure (b). 
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According to Hong [46], during the wetting cycles, the dry or partially 
dry surface exposed to the NaCl solution absorbs the solution until 
saturation and the chloride concentration increases in the pores close to 

the surface. During drying, water evaporates and the salts dissolved in 
the solution precipitate out of the deeper pores and remain inside the 
pores close to the surface. 

Wetting-drying cycles generate a gradient of chlorides in the pores. 
Given the low permeability of the matrix, capillary absorption is limited 
to a thin layer close to the surface, in which chloride penetration is more 
significant during the first cycles. As wetting–drying cycles progress, an 
equilibrium in chloride concentration from the pore solution at the outer 
surface with the external media is achieved. Further chloride penetra
tion beyond this layer is governed mostly by a diffusion process, which 
occurs at a lower rate when compared to capillary absorption. There
fore, a reduction in chloride penetration rate occurs, explaining the 
trend observed in Fig. 8. 

Chloride penetration rate may also be controlled by mechanisms of 
chloride binding on the specimen surface. The total chloride content 
refers to the sum of chloride ions which are chemically bound in Frie
del’s salt, chloride ions that are physically adsorbed in the diffuse layer 
of the C-S-H phase, and free chloride ions dissolved in the pore solution 
[47]. 

3.3. 3-point bending test 

Fig. 9 presents the average tension-CMOD curves obtained with 
specimens before the beginning of wetting–drying cycles and after 5, 35, 
65, 95 and 125 cycles. Each graph presents the curves obtained with 
M_90, M_140 and M_190, grouped by the number of cycles. Table 5 
presents the average results of fLOP, fR1, fR2, fR3 and fR4 for each com
posite and exposure condition. 

The curves obtained indicate a deflection hardening behaviour for all 
HPFRCC produced (M_90, M_140 and M_190), independent of the 
duration of the wetting–drying cycles (5, 35, 65, 95 and 125). The 
average fLOP before cycles increased 8% from M_90 to M_140 and 6% 
from M_140 to M_190. Such values, although governed by the strength of 
the cementitious matrix, show a tendency to increase with the incor
poration of high strength fibres. As may be observed, in general, the 
flexural performance in terms of residual strength (fR1, fR2, fR3 and fR4) 
was higher for the largest fibre content. 

Residual strength results (fR1, fR2, fR3 and fR4) showed that chloride 
penetration slightly reduced the post-cracking response of the compos
ites M_90 and M_140. However, reductions did not exceed 19% in any 
case (i.e.: cycle or CMOD). In the case of M_190, no significant re
ductions in post-cracking strength values were observed. Flexural 
strength results supported the observation that chloride penetration 
remains restricted to a thin layer close to the specimen surface. This fact 

Fig. 7. Average chloride penetration depth in the cross section of specimens from M_190: (a) after 5 wetting–drying cycles; (b) after 125 wetting–drying cycles.  

Fig. 8. Results of chloride penetration in specimens: (a) chloride penetration 
rate; (b) average penetration depth in the cross section of specimens. 
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makes less evident the effect of corrosion in the composites with higher 
fibre contents. 

3.4. Optical and scanning electron microscopy analyses 

Fig. 10 presents images of the fibres located at the cross-section of 
specimens after the 3-point bending test. In addition, Fig. 11 depicts 
images obtained from the specimen surface in different stages. In both 
cases, the optical and scanning electron microscopy analyses were 

conducted before the beginning of wetting–drying cycles and after 5 and 
125 wetting–drying cycles. Regions analysed by EDS are indicated by an 
asterisk in the corresponding image. Results are represented as the 
relative intensities of each element, located above each image. Ca, Si, Fe, 
Na and Cl peaks were considered, corresponding to the energies of 3.6, 
1.8, 6.3, 0.9 and 2.7 keV, respectively. 

As observed in Fig. 10a, fibres from specimens before the beginning 
of the wetting–drying cycles do not present any signs of corrosion. This 
indicates they are still protected by the passivating layer formed due to 

Fig. 9. Load-CMOD curves of specimens M_90, M_140 and M_190: (a) before cycles; (b) after 5 wetting–drying cycles; (c) after 35 wetting–drying cycles; (d) after 65 
wetting–drying cycles; (e) after 95 wetting–drying cycles; (f) after 125 wetting–drying cycles. 
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the high alkalinity of the cementitious matrix. Fibre surface presents 
micro-flaws aligned with the length of the fibre as a result of the fibre 
manufacturing process (Fig. 10d and Fig. 10g). These micro-flaws are 
commonly filled with a lubricant applied in fibre production, which may 
lead to an incomplete or absent passivation in these regions, facilitating 
corrosion initiation [12]. 

After 5 wetting–drying cycles, a few corrosion pits are formed on the 
surface of some fibres close to the surface (Fig. 10b). Fibres maintain 
their original diameter with no significant loss of cross-section area. The 
corrosion level is limited due to the few wetting–drying cycles con
ducted until this stage and to the low permeability of the high strength 
matrix and the low porosity around the fibres. Fig. 10e and Fig. 10h 
reveal the formation of corrosion products aligned to the direction of 
fibre length, formed by the presence of micro-flaws on fibre surface. This 
may be a consequence of the unstable passivating layer in these regions, 
which favours steel corrosion and the consequent precipitation of 
corrosion products on fibre surface. 

After 125 wetting–drying cycles, fibres present an extensive corro
sion level (Fig. 10c). This severe corrosion level was detected in fibres 
positioned 0.5 mm deep from specimen surface. Although chloride 
penetration reached 7.0 mm in specimens (Fig. 7), the limited avail
ability of oxygen and/or water inside the specimen may have contrib
uted to limit corrosion. 

Some regions of the fibres present localized accumulation of 
expansive corrosion products, increasing fibre diameter [48], indicating 
an accelerated corrosion process. The oxide layers present heavy 
cracking, tending to exfoliate and become partly or completely detached 
from the base steel, which in turn presents heavy pitting, corroborating 
results observed by de la Fuente et al [49]. The exfoliated oxide layer 
occurs under high concentration of chlorides and moisture. 

These results may also be observed in the analysis of specimen sur
faces (Fig. 11). In Fig. 11a, the fibre located at the outermost surface of 
the specimen is still passivated and no sign of corrosion was observed. 
After 5 wetting–drying cycles (Fig. 11b), a localized slight corrosion 
level is observed on fibre surface, detected by the SEM-EDS results ob
tained in Fig. 11d and Fig. 11f, presenting an elevated amount of iron. At 
this stage, corrosion products were not spread throughout the specimen 
surface. 

After 125 wetting–drying cycles, a more severe fibre corrosion level 
was observed (Fig. 11c). As corrosion progresses, iron oxides and hy
droxides spread to the regions close to fibres, filling the pores of the 
matrix surrounding the fibre (Fig. 11e and Fig. 11g). The corrosion layer 
is easily detachable from the base of the steel fibre and may be leached 
over cycles, limiting the amount of corrosion products on specimen 
surface. 

Fig. 10. Fibre surface from the cross-section of specimens after the 3-point bending test, before the beginning of wetting–drying cycles and after 5 and 125 wet
ting–drying cycles: (a, b and c) images from fibres obtained by optical microscopy; (d, e and f) images obtained by SEM; (g, h and i) magnification of the circled area 
from images (d, e and f), respectively. 
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4. Qualitative overview on the influence of fibre content and 
reaction mechanisms on fibre corrosion 

Fibre corrosion mechanisms in uncracked HPFRCC specimens were 
assessed considering three stages: induction, acceleration and deceler
ation (Fig. 12). Before the beginning of the wetting–drying cycles in the 
NaCl solution, fibres are protected against corrosion by the passivating 
layer formed on their surface due to the alkalinity of the cementitious 
matrix (Fig. 12a). The passivating layer is usually composed by a soluble 
form of Fe2O3⋅H2O and a stable form of Fe2O3 and [50], which reduces 
ion mobility between the steel and the surrounding ITZ and inhibits 
diffusion in the passive regions of the fibre surface. 

As wetting–drying cycles progress, chlorides penetrate into the ma
trix by capillary absorption and diffusion, reaching fibres located close 
to the specimen surface (Fig. 12b). Micro-flaws present on fibre surface 
caused by its manufacturing process may potentially hold different ion 
concentrations compared to the matrix surrounding the fibre, favouring 
the formation of anodes and cathodes on fibre surface. When the chlo
ride threshold concentration is exceeded, the passivating layer is 
compromised and corrosion starts. 

The increase in the concentration of free chloride and oxygen close to 
fibre surface accelerates the formation of corrosion products, such as Fe 
(OH)2, Fe(OH)3 and Fe2O3, over the cycles (Fig. 12c and Fig. 12d). These 

compounds have a lower specific weight than steel, resulting in expan
sions of around 4–6 times higher than the original volume of iron 
consumed in the reactions [48]. Consequently, corrosion products move 
to the border of the micro-flaws and spread into the pores of the ITZ and 
towards more superficial pores of the matrix, favoured by the moisture 
exchange during the wetting–drying cycles. Due to the movement of the 
solution during the wetting cycles, leaching occurs, removing corrosion 
products from fibre surface. 

In the deceleration phase, fibres located close to the surface 
(Fig. 12e) present advanced corrosion and only small amounts of new 
corrosion products are generated due to the lack of iron to be oxidized. A 
gradual reduction trend on the amount of corrosion products on spec
imen surface is observed over the cycles, which may also be a conse
quence of the leaching process during the wetting cycles. The movement 
of chloride, water and oxygen towards deeper layers of the specimen is 
limited by the density of the matrix, thus maintaining fibres located in 
deep layers in a passive state or with very low levels of corrosion. 

Table 6 presents a summary of the variables evaluated and their 
influence on surface corrosion. Ascending arrows indicate an increase in 
the surface corrosion in uncracked HPFRCC specimens due to the in
fluence of the parameter analysed, while descending arrows indicate a 
reduction in corrosion. 

The analysis (Table 6) suggests that the surface corrosion increases 

Fig. 11. Specimen surface before the beginning of wetting–drying cycles and after 5 and 125 wetting–drying cycles: (a, b and c) images from specimen surfaces 
obtained by optical microscopy; (d and e) images obtained by SEM, after 5 and 125 cycles; (f and g) magnification of the circled area from images (d and e), 
respectively. Asterisks represent the region analysed by EDS. 
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gradually from cycle 5 until cycle 35 for the three fibre contents studied 
(M_90, M_140 and M_190), due to corrosion induction and acceleration. 
These stages involve the formation of the passivating layer, chloride 
penetration into the cementitious matrix over cycles, the increment in 
the chloride threshold concentration, the breakdown of the passivating 
layer, the formation of corrosion products and their migration to the 

superficial pores of the specimens. 
From cycle 45 to cycle 65 an increase and decrease in the surface 

corrosion of specimens are observed for all fibre contents assessed 
(M_90, M_140 and M_190). The stage of fibre corrosion acceleration may 
lead to an increment of corrosion products moving into the more su
perficial pores of the matrix. Besides, the leaching of corrosion products 
during the wetting–drying cycles decreases the amount of corrosion 
products observed on specimen surface. 

From 75 to 95 cycles, corrosion deceleration governs fibre surface 
corrosion. In specimens with the smallest fibre content (M_90), the lack 
of fibres close to specimen surface reduces the surface corrosion. For the 
highest fibre content (M_190), corrosion products are leached from the 
superficial pores due to the greater number of fibres close to the surface 
that were corroded. 

5. Conclusions 

The following conclusions may be derived from the analysis of the 
experimental results:  

• The approach of this research was effective in quantifying the surface 
corroded area of HPFRCC specimens subjected to wetting–drying in a 

Fig. 12. Fibre surface corrosion stages in HPFRCCs: (a, b and c) corrosion induction; (d) corrosion acceleration; (e) corrosion deceleration.  

Table 6 
Summary of the variables evaluated and their influence on surface corrosion of 
specimens.  

Parameter Refer to Effect on surface corrosion of specimens   

Before 
cycles 

5–35 
cycles 

45–65 
cycles 

75–95 
cycles 

90 kg/m3 of fibre Fig. 5 – ↑ ↑↓ ↓ 
140 kg/m3 of fibre Fig. 5 – ↑ ↑↓ ↓ 
190 kg/m3 of fibre Fig. 5 – ↑ ↑↓ ↑↓ 
Fibre corrosion 

induction 
Fig. 12a, 
b, c 

– ↑ – – 

Fibre corrosion 
acceleration 

Fig. 12d – ↑ ↑ ↑ 

Fibre corrosion 
deceleration 

Fig. 12e – – – ↓  
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sodium chloride solution. Results obtained were not linearly 
dependent on fibre content due to the random distribution of fibres 
on specimen surface, the irregular growth of corrosion spots where 
fibres were overlapped and oxide leaching due to wetting–drying 
cycles. 

• No reduction in the flexural behaviour of uncracked HPFRCC spec
imens subjected to wetting–drying cycles in a sodium chloride so
lution was observed. As evidenced in the analysis of the specimen 
fracture surface, fibre corrosion was limited to a 0.5 mm layer from 
specimen surface. Such observation results from the high density 
(low w/c ratio) and proper consolidation of the matrix, which limit 
chloride penetration.  

• Chloride penetration showed to be more pronounced with increasing 
fibre contents. The highest chloride penetration rate was observed 
after 5 wetting–drying cycles due to the capillary penetration of the 
NaCl solution into the matrix. After that, chloride penetration is 
controlled by diffusion, reducing the chloride penetration rate. 

• As presented in the qualitative overview of fibre corrosion mecha
nisms, corrosion comprises three main stages: induction, accelera
tion and deceleration. Chloride ions penetrate into a thin matrix 
layer close to the surface, compromising the fibre passivating layer 
and initiating corrosion. The increase in chloride concentration ac
celerates corrosion. Finally, a decrease in the corrosion takes place 
due to the lack of fibre to be corroded in the very superficial layer of 
the specimen. The dense matrix hinders deeper chloride penetration 
and fibre corrosion in the inner portion of the cross-section does not 
occur. 
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