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7 ABSTRACT

8 Durability is one of the most important aspects of concrete due to its fundamental incidence

9 on the serviceability working conditions of concrete structures. Research on the durability of
10 steel fiber reinforced self-compacting concrete (SFRSCC) is still scarce, particularly in the
11  aspects of corrosion resistance, which did not yet demonstrate clearly whether the corrosion
12  of steel fibers may or may not lead to cracking and subsequent spalling of the surrounding
13  concrete.

14  For conventional concrete, without steel fibers, there are some widespread used durability
15 indicators, which applicability to SFRSCC and its common values are practically unknown.
16  For this purpose, an experimental work with SFRSCC and self-compacting concrete (SCC)
17 specimens was carried out in order to characterize their mechanical properties (elasticity
18 modulus, compressive strength and flexural behavior). In this experimental program the
19 following durability indicators were also evaluated: water absorption by immersion and by
20 capillarity, permeability to air, electrical resistivity, chloride diffusion by migration under non-
21 steady state, resistance to chloride penetration by immersion and carbonation. The results
22  for the different concretes and cure time of 28 days are presented and analyzed.
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1 INTRODUCTION

Steel fibers have been successfully used in concrete to improve its mechanical properties, such as
post-cracking load bearing capacity and energy absorption performance. Fibers are also used to limit
the crack width, with beneficial consequences in terms of concrete durability. An increase in the crack
width promotes the concrete permeability, favoring the occurrence of corrosion of steel
reinforcements. In this context, steel fibers are presented as a solution for this problem, since due to
fiber reinforcement mechanisms the concrete ductility and post-cracking resistance can be
significantly improved. Although much research has been performed to identify, investigate, and
understand the mechanical properties of steel fiber reinforced concrete (SFRC), little research has
been devoted to the transport properties of this material and its durability. Material transport
properties, especially permeability, may affect the durability and integrity of a structure (Rapoport et
al., 2001). The increase in concrete permeability, due to the initiation and propagation of cracks,
provides ingress of water, chlorides and other corrosive agents, facilitating deterioration (Wang et al.,
1997). At larger crack widths (>100 um), steel fibers might stitch the cracks, shortening the depth of
the crack, and reducing crack area for permeability (Rapoport et al., 2001). This is probably due to
the crack stitching and multiple cracking effects provide by steel fiber reinforcement (Rapoport et al.,
2001). For a crack width less than 100 um, steel fibers do not seem to affect the permeability

(Rapoport et al., 2001).

Research on the durability of SFRSCC is still scarce, particularly on corrosion resistance, which is
treated in an incipient form, giving doubt, for example, whether the corrosion of the fibers may, or may
not, lead to cracking and subsequent spalling of the surrounding concrete. Thus, the durability of
SFRC is still a subject with lack of knowledge, and therefore the need to obtain durability indicators is
of paramount importance for a larger acceptation of this composite material. For this purpose, in this
work, some indicators on the durability performance of SFRSCC are compared to those obtained in
equivalent SCC. In order to characterize their performance, SFRSCC and SCC specimens were
subjected to ten different types of tests, some of them for the mechanical characterization (elasticity

modulus, compressive strength and flexural behavior) and the others for the evaluation of durability
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indicators normally used to assess the durability performance of conventional concrete, namely: water
absorption by immersion and by capillarity, permeability to air, electrical resistivity, chloride diffusion
by migration under non-steady state, resistance to chloride penetration by immersion and
carbonation. The tests, executed at 28 days, are described and the results are presented and
analyzed in this work. Due to a special incidence of this work on the corrosion on the steel fibers, the
following chapter is dedicated to a short state-of-the-art on the corrosion of steel fibers for the

reinforcement of concrete materials.

2 CORROSION RESISTANCE OF SFRSCC

The corrosion has a detrimental effect on the durability of reinforced concrete structures. The primary
causes of corrosion are chloride-penetration, and the reduction of pH of the concrete matrix due to
carbonation (ACI 544.5R, 2010). Corrosion affects the fibers bridging the cracks with detrimental
consequences in terms of the performance of SFRC structures. Corrosion spots appear on the

concrete surfaces exposed to adverse environments.

Insufficient knowledge on the deterioration mechanisms caused by fiber corrosion contributes for a
conservative design philosophy, which limits the mobilization of the full potential of SFRC (Solgaard
et al., 2010). In fact, some design guidelines recommend not taking into account the contribution of
fiber reinforcement of a certain layer thickness for the evaluation of the flexural resistance of SFRC

members (RILEM TC 163-TDF, 2003).

Corrosive agents, in liquid and gaseous state, may penetrate the concrete through one of the three
transport mechanisms: diffusion, capillary absorption and permeation. Permeation is considered to be
the dominant mechanism, and is highly dependent on the concrete cracking process. An increase in
the crack width not only produces a highly permeable concrete, but also enhances the possibility of

fiber corrosion.

It is widely reported that in case of SFRC, steel fiber corrosion is much less severe as compared with
steel rebar reinforcement of concrete structures (Balouch et al., 2010). Due to large surface area to
volume ratio, steel fibers are more effectively screened by the lime rich layer than the large diameter
bars used in conventional reinforced concrete. However, the corrosion of fibers can produce micro-
spalling of concrete, as well as the reduction of the sectional area of the fibers, which fact causes
concern on the long term material and structural performances of SFRC structures (Granju and

Balouch, 2005).
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The corrosion resistance of SFRC is governed by the same factors that influence the corrosion
resistance of conventionally reinforced concrete. Processes such as carbonation, penetration of
chloride ions and sulphate attack are related to the permeability of the cement matrix. As long as the
matrix retains its inherent alkalinity and remains uncracked, deterioration of SFRC is not likely to

occur.

Carbonation penetration rate is determined by the permeability of the concrete and decreases with
time, which means that the process is self-decelerating. Carbonation starts at the concrete surface
and continues inwards, as long as there is enough carbon dioxide available. In practice it has been
found that the carbonation front is stopped when it reaches the large supply of the lime around the
fiber. When a fiber loses this protective passivation layer its corrosion process starts, maintaining
fibers at deeper position free from corrosion (Corinaldesi et al., 2004). Steel fibers close to the
exposed concrete surface show signs of corrosion due to carbonation of the surrounding concrete,

but there is no evidence of concrete spalling due to the carbonation front (Corinaldesi et al., 2004).

The chloride diffusivity depends on the concrete pore structure and all the factors that determine it,
such as, mix design parameters (W/C ratio, type and proportion of mineral admixtures and cement,
compaction, curing, etc.) and presence of cracks (Shi et al., 2012). Literature is mainly focused on
corrosion arising from cracking process (Granju and Balouch, 2005, Yoon, 2012, and Nordstrom,
2005). There are three main consequences of corrosion in SFRC associated to the cracking process:
1) a decrease of the carrying capacity and energy absorption performance of the SFRC element
(more brittle behavior); 2) due to the rust formation from fiber corrosion process, fiber-paste friction
can increase, enhancing the fiber pullout response, with beneficial effects in terms of load carrying
capacity and energy absorption of the SFRC element; 3) if the crack width is small enough that self-
healing almost restores SFRC integrity, fiber corrosion has negligible influence in terms of structural
and durability performance (Granju and Balouch, 2005). The first consequence was also reported by
Nordstrom (2005), who verified that fiber corrosion led to a decrease of its cross section, which has
lead to a decrease of the load carrying capacity of SFRC elements. The rate of degradation of SFRC
due to fiber corrosion is dependent on several parameters, such as: crack width, exposure

environmental conditions, and type of fibers (Nordstrom, 2005).

In the case of SFRC, the fibers are dispersed in all the volume of the material. The fibers that are
close to the surface have a very small cement matrix cover thickness (Balouch et al., 2010). Thus, the

corrosion can be viewed in two aspects: the fibers corrosion can promote the formation of cracks that
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can affect the structural performance; the corrosion at surface can conduct to the appearance of rust
spots at the surface on the exposed concrete structures, but does not affect its mechanical properties
(Graeff et al., 2009). Surface corrosion can be prevented having conjointly W/C < 0.5 and a minimum

cover of the fibers of 0.2 mm (Balouch et al., 2010).

The generated expansive forces during the corrosion of fibers are insufficient for the detachment of
concrete because, due to its reduced diameter, the increase in volume produced by the oxides
resulting from corrosive process is not sufficient to split the surrounding concrete (Mangat et al.,

1987).

The electrical resistivity of concrete is being increasingly used to indirectly evaluate concrete
characteristics, such as its permeability to the fluids, chloride ion diffusivity, which can be correlated
to the degree of concrete resistance to the detrimental effects of severe environments. The concrete
electrical resistivity may also provide useful information regarding the risk of steel fibers corrosion in
concrete. According to RILEM TC 154-EMC (2004), a linear relationship between the intensity of
corrosion and the conductivity of a steel rebar embedded into concrete seems to exist. This type of
relationship is expected to exist also in a SFRC, but due to the discrete character of fiber
reinforcement it is less pronounced. SFRC presents extremely low resistivity due to high electrical
conductivity of steel fibers (Tsai et al., 2009). Concrete resistivity is also affected negatively by the
moisture and fiber content (Michel et al., 2009). The exposure of fiber reinforced concrete (FRC) to

high temperatures increases the risk of reinforcement corrosion (Khalil, 2006 and Lourenco, 2012).

3 EXPERIMENTAL PROGRAM

3.1 Materials and mix composition

In the current experimental program, two different concrete mixtures were produced, one of SCC and
another one of SFRSCC, using CEM | 42.5 R Portland cement (C), limestone filler (LF), fine river
sand (FS) (maximum aggregate size of 1.19 mm and fineness modulus of 1.91), coarse river sand
(CS) (maximum aggregate size of 4.76 mm and fineness modulus of 3.84) and crushed granite 5-12
mm (CA) (maximum aggregate size of 19.10 mm and fineness modulus of 6.64), water (W),
superplasticizer (SP) based on ether polycarboxylate (ViscoCrete 3005) and hooked ends steel fibers

of a length (l;) of 35 mm, a diameter (d,) of 0.50 mm, an aspect ratio (I, /d,) of 70 and a yield stress

of 1300 MPa. Table A.1 presents some physical characteristics of the cement and limestone filler.
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The method used for defining the composition of the SCC and the SFRSCC, the mixing procedure
and other properties of the SCC and the SFRSCC in the fresh state can be found elsewhere (Barros
et al., 2007) and is based on packing density optimization. Table A.2 includes the composition that
has best fitted self-compacting requirements for SCC without steel fibers and for SFRSCC according

with the adopted fiber content (C, ). Remark that, in Table A.2, W/C is the water/cement ratio and the

value adopted was 0.31, resulted from previous concrete composition studied to obtain a concrete
with a good mechanical behavior and durability characteristics, respecting the requirements of

workability and resistance to segregation (Barros et al., 2007).

The specimens of SCC and SFRSCC were molded with dimensions to respect the specifications of
the different standards used, which impose specific dimensions for each test. The specimens were

demolded 3 to 4 days after casting and were stored immersed in water at 20°C until testing.

3.2 Test procedures

To characterize the concrete behavior in fresh state, slump flow tests were performed according to
EN 12350-8:2010, L-Box tests according to EN 12350-10:2010, and tests to achieve density and air
content according to EN 12350-6:2009 and EN 12350-7:2009, respectively. The mechanical
characterization of the produced mixtures was focused on the study of variation over time (7, 28 and

90 days) of elasticity modulus, compressive strength and flexural behavior.

The elasticity modulus and the concrete compressive strength were assessed according to prEN
12390-13:2012 and EN 12390-3:2011, respectively. The tests were carried out using four cylindrical
specimens of 150 mm diameter and 300 mm in height, at each age. The bending behavior was
assessed at each age, in four rectangular prisms (150x150x600 mm3) according to the

recommendations of RILEM TC 162 TDF:2003.

In addition to the evaluation of mechanical properties, the properties in the hardened state of the
mixtures were also assessed through durability test indicators. The durability tests were performed on
specimens of SCC and SFRSCC at 28 days of age, and were focused on the determination of water
absorption by immersion and by capillarity, permeability to air, electrical resistivity, chloride diffusion
by migration under non-steady state, resistance to chloride penetration by immersion and

carbonation.
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The water absorption test by immersion and by capillarity followed the Portuguese Specifications
LNEC E394:1993 and LNEC E393:1993, respectively, which are based on the RILEM CPC11.2

recommendation. For each composition 3 cubic specimens with 100 mm edge were tested.

The permeability to air was performed using the permeator developed at Leeds University (Cabrera,
1999). For these tests 6 cylindrical specimens of 50 mm diameter and 40 mm thickness, extracted

from a slab of each composition, were used.

Before the determination of the elasticity modulus and the compressive strength, the electrical
resistivity in these specimens was determined according with the recommendations of RILEM TC
154-EMC specification. The surface electrical resistivity of the SCC and SFRSCC was measured in

water-saturated specimens using a four-point Wenner array probe resistivity meter.

To determine the resistance against chloride penetration of these concretes, an accelerated non-
steady state migration test method was executed according the Portuguese Specification LNEC
E463:2004. Three cylindrical specimens of 100 mm diameter and 50 mm thickness of each
composition were tested. The resistance to chloride penetration by immersion was also assessed by
natural diffusion according the Portuguese Specification LNEC E390:1993. Two cylindrical specimens
of 100 mm diameter and 100 mm thickness of each composition were used. The diffusion coefficient

was determined from the non-steady state using Fick’'s second law.

The determination of the potential carbonation resistance was assessed by an accelerated
carbonation method, applied to one rectangular prism (100x100x600 mm3) of each composition,

following the draft technical specification FprCEN/TS 12390-12:2010.
4 RESULTS AND DISCUSSION

4.1 Fresh State

Regarding the properties in fresh state, the results of slump-flow test and L- Box test are presented in

Table A.3. Density and air content were also determined and the results are in this table.

As expected, the addition of fibers to fresh SCC resulted in a slight loss of workability, mainly when self-
compacting requirements are based on time indicator (EN 12350-8:2010); however, it was not significant.
Both compositions verified the self-compacting requirements and presented almost equal results in terms
of spread and H,/H; parameter (EN 12350-10:2010). For the developed compositions, no visual sign of

segregation was detected and the mixtures showed good homogeneity and cohesion. The addition of
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steel fibers to fresh SCC did not affect the density and the air content of the SCC. This is due to the
relatively low percentage of fibers in the composition that does not modify the density, and due to the
use of high amounts of fines and the good quality of aggregates in order to obtain a self-compacting

concrete, which allow obtaining low values of air content.

4.2 Hardened State

4.2.1 Mechanical Properties

4.2.1.1 Compressive Behavior

The modulus of elasticity and the compressive strength of each concrete were assessed at 7, 28 and
90 days of age. In terms of compressive tests, the procedure adopted consisted on determining the
compressive strength in one specimen, at each age, in order to establish the maximum load value of
the load-unload cycles to be carried out for the determination of the modulus of elasticity. For the
three remaining specimens, the modulus of elasticity was determined in a first phase, and then tested
up to an axial strain level much higher than the strain at peak stress in order to determine the stress-

strain response of the materials not only in the pre-peak but also in the post-peak phase (Figure B.1).

The assessment of the compressive stress-axial strain relationship of SCC and SFRSCC specimens
was carried out in a servo-controlled equipment, with a maximum load carrying capacity of 2250 kN.
The procedure was executed using the axial displacement as control variable, measured by the

internal displacement transducer of the loading equipment.

The average stress-strain curves obtained from a set of four specimens of SCC and SFRSCC are

depicted in Figure B.1, while mean values of the elasticity modulus, E and of the compressive

cm !

strength, f

cm !

at 7, 28 and 90 days of age are included in Table A.4. The corresponding coefficients
of variation, CoV, are also presented in this table.
As expected, for both compositions the E_, and the f_ increased with age, more pronouncedly up to

28 days of age. The addition of steel fibers to SCC caused a slight increase of the elasticity modulus

of the concrete due to the small percentage of fibers in SFRSCC composition.

Figure B.1 demonstrates that the addition of steel fibers has mainly contributed towards the increase
of the residual compressive strength in the post peak phase of the material, with a favorable effect in

terms of its energy absorption capability.
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To estimate the elasticity modulus and the compressive strength of plain concrete (PC) at various

ages, E_ (t) and f_ (t), respectively, the Eurocode 2 (EN 1992-1-1) suggests the followings equations:

Een(®=(f.,(0)/f,,(28))° xE,, (28) (1)

f.(="1,(28)xexp {0.20 {1- (2t_8] }} 2

where E_,(28) and f_, (28) are the average elasticity modulus and compressive strength at 28 days.

Figure B.2 and B.3 present the predicted evolution of the elasticity modulus and the compressive
strength of SCC and SFRSCC, respectively, according to EC2. In order to use the equations 1 and 2,

the values obtained experimentally for E_ (28) and f, (28) in SCC and SFRSCC were considered.

Figures B.2 and B.3 demonstrate that no significant differences between the elasticity modulus and
the compressive strength of SCC and SFRSCC, obtained experimentally and provided to Eurocode 2,
were detected except in the early ages, due to the high volume of ultra-thin material, such as

calcareous filler, included in these compositions.

4.2.1.2 Flexural Behavior

The flexural behavior of SFRSCC was characterized according to the recommendations of RILEM TC
162 TDF:2003 and CEB-FIP MODEL CODE:2011. The bending tests were performed following the
proposal of RILEM TC 162 TDF:2003 in terms of curing procedures, position and dimensions of the
notch sawn into the specimen, load and specimen support conditions, characteristics for both the
equipment and measuring devices, and test procedures. The three-point bending tests were
performed in displacement control by imposing a deflection rate of 0.2 mm/min in the transducer
positioned at midspan of the beam (Figure B.4). Four beams of each composition, with 150 x 150

mm? cross section and a length of 600 mm were used.

Figure B.5 represents the average force-deflection response (F-J) registered in the SCC and
SFRSCC at the three considered ages. Analyzing the curves obtained in SCC beams, it is verified
that just after the peak load, an abrupt load decay has occurred in all the SCC specimens, due to the
brittle character of this material. However, in SFRSCC beams the increase in ductility provided by the
incorporation of fibers is clear. The fibers were very effective in terms of increasing the flexural

strength, the post peak resistance, and the energy absorption.
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From the obtained force-deflection relationship, the proportionality limit (f;, ), the equivalent (f,,, and

f,s) and the residual (f;, and f;,) flexural tensile strength parameters were calculated. According to

and f,,;

RILEM TC 162 TDF:2003, the parameters f

a2 are related to the material energy absorption

capacity up to a deflection of 6, and 6, (6, = 6, +0.65mmand 6, = 6, + 2.65 mm, where &, is the

deflection corresponding to the highest load, F_recorded up to a deflection of 0.05 mm) provided by fiber
reinforcement mechanisms (DfBZ,2 and Déz,s ), as seen in Figure B.6. The parcel of the energy due to matrix

cracking (Dg; ) is not considered in the f,, evaluation (Vandewalle et al., 2000). The parameters f,, and

f., are the stresses for the forces F;, and F,, respectively, at deflections of 6., =0.46 mm and &,

R4
=3.0 mm, according to RILEM TC 162-TDF, and at CMOD (crack mouth opening displacement) of
CMOD;= 0.5 mm and CMOD,= 3.5 mm according to CEB-FIP MODEL CODE (2011).

According to RILEM TC 162-TDF and CEB-FIP MODEL CODE, the limit of proportionality, the equivalent
and the residual flexural tensile strength parameters are obtained from the following equations:

3F.L

fct,L = thszp (3)
f - § DéZ,Z L ; f - § DéZB L (4)
2 2(0.50 )bhZ " ***  2{2.50 |bh’
¢ -8RL..  _SFL
"7 2phZ R 2bh2 (5)

The results obtained are presented in Table A.5 and show that both f,, and f; have increased up to

28 days, and for 90 days a decrease was registered, mainly for the parameters evaluated at larger
deflection/crack width, which means that due to the relatively high strength of the matrix some fibers

would have failed by rupture. Comparing the results of the residual resistance, f,, calculated

according to RILEM and the CEB-FIP, the difference is insignificant.

4.2.2 Durability Indicators

4.2.2.1 Water absorption by immersion

The water absorption by immersion was determined according to the Portuguese Standard LNEC

E394:1993. The test consisted in two major steps: saturating the specimens after drying. First, the

10
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specimens were dried in a ventilated oven at a temperature of 105+5°C until the difference in mass
during 24 hours was less than 0.1%. The dry mass was called M, . Afterwards, the specimens were
immersed in water until the change in mass during 24 hours was less than 0.1%. The obtained

saturated mass was called Mg. The water absorption by immersion (W,) was calculated from the

following equation:

where, M, is the hydrostatic mass of the specimen immersed in water.

Figure B.7 presents the test results of water absorption by immersion, which indicates that the open
porosity of SFRSCC was slightly higher than of SCC (5.6%). The average porosity of the SCC and
SFRSCC was 10.7% and 11.3%, respectively. This allows concluding that the addition of fibers to
SCC did not cause a significant increase of the open porosity, due to the homogeneous

microstructure of these concretes, in the context of water absorption.

4.2.2.2 Water absorption by capillarity

The water absorption by capillarity was determined according to the Portuguese Standard LNEC
E393:1993. The test consisted in measuring during three days the velocity of water absorption in no
saturated concrete and immersed in a height of 521 mm of water. The water absorbed by capillarity,

W, , was determined by the ratio between the increase of the mass specimen by the area of the lower

surface of the specimen, Q, that was in contact with the water, according the following equation:

=M -M,)
c = Q

. (7)

where, M, is the mass of the specimen in contact with water for different times of reading (\/E) and
M, is the dry mass of the specimen at 40+5°C.

The results in terms of amount of water absorbed per unit area versus square root of time are
presented in Figure B.8. The coefficient of water absorption by capillarity action, which corresponds to
the slope of these curves during the initial 4 hours of testing, is 0.1272 mg/mmzlmino'5 for SCC and
0.0941 mg/mmzlmino'5 for SFRSCC. As represented in Figure B.8, the total amount of water absorbed

is greater in SCC than in SFRSCC, but the coefficient of water absorption by capillarity, K. is similar

11
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in both compositions, which mean that the presence of fibers did not cause a substantial change in

the capillary porosity of SFRSCC surface, in order to facilitate the penetration of deteriorating agents.

4.2.2.3 Air Permeability

For the determination of air permeability, the Leeds cell was used. This device ensures that the
specimen is subjected to a steady state flow of the fluid that passes through the sample under a given
pressure during a certain period of time (Figure B.9). For gases, the coefficient of permeability, K; is
determined based on the modified D’Arcy law, according with the following equation, which

considered the compressibility and the viscosity of the fluid.
_2vxnxLxP,
¢ APR’-P?) (8)
where, Vv is gas flow, N is the dynamic viscosity of the gas (considered 2.02x10™°Ns/m?), L is the

thickness of the concrete cross section crossed by the gas, A is the cross section of concrete

crossed by the gas, P, is the absolute pressure gas inlet (adopted 3 bar) and P, is the absolute
pressure gas outlet (atmospheric pressure - 1 bar).

Figure B.10 presents the air permeability coefficients of the tested specimens. The average of air
permeability coefficient was 0.483x10™® m? for SCC and 0.443x10™*® m® for SFRCCC. These results
are similar because the variation of 8.3% between them is of the order of magnitude of the test error,
since this type of test has usually high dispersion of results. This allows concluding that the addition
of fibers to SCC does not seem to influence the air permeability of this type of concrete, provided that

the composition is properly optimized, as in it was the case in the present work.

4.2.2.4 Electrical resistivity

The surface electrical resistivity of SCC and SFRSCC was measured in water-saturated specimens
using a four-point Wenner array probe resistivity meter. In this device two end electrodes are used to
inject current, and the voltage is measured between the two inner electrodes (Figure B.11). The

electrical resistivity, p, is calculated according to the following equation:
\%
p= 2XIXxax I_ (9)
where a is the distance between the two inner electrodes, V is the potential difference measured,

12
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and | is the applied current.
The average electrical resistivity, o, , of the tested concretes is presented in Table A.6. The difference

between SCC and SFRSCC (reduction of 63% in SFRSCC) was obtained due to the high electrical
conductivity of steel fibers, which decreases the electrical resistivity of concrete. The values of
electrical resistivity have increased with the age of the concrete in both compositions, and at 90 days
the process seems not yet stabilized. The high CoV obtained in SFRSCC at 7 and 28 days is clarified
by the presence of steel fibers that can significantly influence the electrical field generated by Wenner

resistivity meter.

The interpretation of the electrical resistivity indicated in RILEM TC 154-EMC specification seems not
valid for SFRSCC, since the type and amount of steel fibers should be considered whose high

conductivity influences the resistivity measurement.

4.2.2.5 Diffusion of chlorides by migration under n on-steady state

To test the resistance against chloride penetration, an accelerated non-steady state migration test method
was applied according to the Portuguese Standard LNEC E463:2004. The principle of this test is to apply,
axially, an external electrical potential across the specimen, by forcing the chloride ions outside to migrate
into the specimen (Figures B.12a and B.12b). After 24 hours test duration, the specimen is axially split and
a silver nitrate solution is splayed on to one of the freshly split sections (Figure B.12c). The chloride
penetration depth can then be measured from the visible white silver chloride precipitation, after which the
chloride migration coefficient can be calculated from this penetration depth. The catholyte solution is 10%
NaCl (2 N) by mass in tap water and the anolyte solution is 0.3 N NaOH in tap water. The determination of

the chloride migration coefficient D,, is given by the following equation:

D, = 0.0239(273+T)xL X, -0.0238 [(273 +T)xLx X, (10)
(U-2)xt u-2

where T is the mean value between initial and final temperature of the anolyte solution, U is the absolute

value of the potential difference, L is the thickness of specimen, t is test duration and x, is the average
penetration depth.
The average diffusion coefficient of chlorides by migration, D,,, is shown in Table A.7, indicating that the

resistance to penetration of chlorides is apparently the same in SCC and in SFRSCC. However, the
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comparison between the SCC and SFRSCC in migration test may not be immediate, since the presence
of the steel fibers can cause the setting of chloride ions preferably on the fibers, which may delay, or even
prevent, penetration of ions into the matrix. During the test it was possible to observe the formation of
corroded material in the cathode solution of the tests of SFRSCC and it was increased with the duration of

the test (Figure B.12b).

4.2.2.6 Corrosion of steel fibers

With the purpose of verifying if the corrosion of fibers may or may not lead to cracking and
subsequent spalling of the surrounding concrete, SFRSCC specimens were submitted to the
migration test of chlorides, as presented in the previous section, in order to induce severe corrosion
in steel fibers. For this purpose, some samples were subjected to a potential difference of 30 V for 72
hours, and others at 45 V for 72 hours. With the migration of these chlorides under extremely
aggressive conditions, it was detected that the cathodic solution showed increasing signs of corrosion
of steel fibers (Figures B.13a and B.13b). After 72 hours of testing, the SFRSCC specimens showed
strong evidence of corrosion on the surface, as intense as the most aggressive environment (Figure
B.14a). The cross section of the steel fibers seems to have decreased along the chloride penetration
length in the specimen (Figure B.14b). It was also noted that after migration test, SFRSCC specimens
presented micro-cracks along the outer surface (Figure B.15a). This might have been caused by the
increase in fiber volume associated with the corrosion of the fibers since, as known, the formation of

iron oxide involves an increase in fiber volume.

After the exposure period, the splitting tensile strength was determined according to EN 12390-
6:2003. At the section fracture of the specimens it was observed an intense corrosion of steel fibers

and the dominant failure mode was fiber rupture (Figure B.15b).

The splitting tensile strength, f

+» by diametral compression tests are presented in table A.8. The results
shown in table A.8 indicate that the tensile strength by diametral compression of SFRSCC was not
significantly affected by steel fibers corrosion when these fibers were partially corroded (30V). When the
fibers were fully corroded (45V), the corrosion of the fibers caused intense damage in the surrounding
medium by the formation of micro-cracks, with a consequent reduction in tensile strength by diametral
compression of SFRSCC (44%) compared to concrete without corroded fibers. Since fiber rupture was the

dominant failure mode in the SFRSCC specimens subjected to 45V, the reduction of the cross sectional

area of fibers due to corrosion seems to have had a more intense effect than the fiber bond degradation
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due to micro-spalling formed around the corroded fibers.

The tests conducted in extreme aggressiveness conditions allowed to evidence that corrosion of steel
fibers may induce the formation of micro-cracks in surrounding concrete and subsequent micro-spalling,

with a detrimental effect in terms of matrix resistance.

Evaluating the weight of the specimens before and after the test, an increase in mass was observed of
0.80% in the first case (30V) and 1.51% in the second case (45V). However, it should be noted that this
damage was obtained for extreme aggressiveness conditions, which are not expected to occur in real

environmental conditions.

4.2.2.7 Resistance to chloride penetration by immer  sion

The determination of the resistance to chloride penetration by natural immersion was performed
according to the Portuguese Standard LNEC E390:1993. This method is based on determining
parameters related to chlorides penetration in hardened concrete, based on measuring the chloride
penetration profile in samples after immersion in a calcium hydroxide saturated solution containing
15% of sodium chloride. The determination of the chloride concentration at different depths was
performed using the kit RCT-500 (Rapid Chloride Test) by using the German Instruments A/S. This

test took relatively long time (90 days of immersion).

The test gives the values of diffusion coefficient, D,, and the surface chloride content, C, by curve-

fitting the measured chloride profile to an error-function solution of Fick’s 2" law, according to the

following equation:

Cx = Cs _(Cs _Co)erf [j//s_dxt] (11)

where C, is the chloride content measured at depth x for a time of immersion t, C, is the chloride
content calculated at the concrete surface after a time of immersion t, C; is the initial chloride content
in concrete and erf is the error-function.

The chloride profile obtained in SCC and in SFRSCC is presented in Figures B.16 and B.17,

respectively, and the average diffusion coefficient of chlorides by natural diffusion, D, , is included in

Table A.9. The values present evidence that the resistance to penetration of chlorides is higher in

SCC than in SFRSCC, since the presence of the steel fibers caused the setting of chloride ions on
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the fibers, delaying or even preventing the penetration of ions into the matrix. Comparing the values

of D, with the values of D, presented in the table A.7, the trend is exactly opposite. However, the

method of evaluation by migration, despite being faster than the one based on diffusion by natural
immersion, has some disadvantages, since the results are qualitative (the potential difference applied and
the duration of test are defined according with some preliminary measures of current intensity obtained in
plain concrete) and cause an increase of temperature in concrete. Thus, it is more prudent to use methods
based on the diffusion immersion to evaluate the penetration of chlorides in SFRSCC, which although it

takes longer testing periods, it represents the best environment for current exposures.

4.2.2.8 Carbonation

The evaluation of the potential carbonation resistance in SCC and SFRSCC beams was carried out
using an accelerated carbonation test. After a period of preconditioning, the test was carried out
under controlled exposure conditions on specimens placed in a storage chamber with 5,0 (+ 0,5)% of
carbon dioxide , 20 (+ 2) °C temperature, and 55 (+ 5) % relative humidity for a period of 294 days
(Figure B.18a). The measurement of the carbonation depth was performed according to the European
Standard prCEN/TS 12390-12:2010, using the phenolphthalein solution by spraying the indicator on the
split surface of the beam at different ages of exposure (Figure B.18b). The solution became a pink color in
the uncarbonated concrete, providing a differentiation from the carbonated concrete, giving a distinct

boundary marking the carbonation front (Figure B.18c).

Figures B.19 and B.20 show the average carbonation depths (mmz) measured on SCC and SFRSCC
until the exposure period of 294 days and 70 days, respectively. In Figure B.19, is possible to see that
the carbonation depth does not have a completely linear time-evolution over the maximum period of
exposure adopted (294 days). However, until 70 days of exposure (period indicated by the

specification), there was linear time-evolution penetration of CO,, as seen in Figure B.20.
The carbonation resistance, R¢s, was calculated by the following equation, according with the

recommendations of the Portuguese Standard LNEC E465:2007:

acel X t1
c65 2
Xl

_2xC

R (12)

where C,, is the CO, concentration to accelerate the carbonation process (90x10°kg/m?), t, is the

acel

necessary time to reach a value of carbonation depth X, in the specimen (adopted 70 days).
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The obtained carbonation resistance of SCC (1774.62 kg.year/m°) is only 4.66% higher than of
SFRSCC (1695.67 kg.year/ms), which means that they have a similar resistance to carbonation in

uncracked stage.

For SCC and SFRSCC there is a low increase of depth of carbonation over time of exposure to CO,
due to the reduced permeability of the concrete. In the SCC mixes, the near-surface concrete is
denser and more resistant than in the traditional vibrated concrete, which caused this higher

resistance to carbonation.

5 CONCLUSIONS

Based on the results obtained from mechanical properties and durability indicators, the following

observations can be pointed out:

- The addition of steel fibers to fresh SCC in a content of 60 Kg/m3 did not affect significantly the self-
compacting requisites;

- In terms of compressive behavior, the addition of steel fibers to SCC has mainly contributed for the
increase of the post peak resistance, with a favorable effect in terms of energy absorption capability of

this material;

- The evolution of the elasticity modulus and the compressive strength in SCC and SFRSCC, after 28

days of age, can be estimated according to Eurocode 2;

- The fibers were very effective in terms of increasing the post-cracking flexural resistance and the energy

absorption. The values of residual flexural tensile strength, f,, calculated according to RILEM were
similar to the same values obtained by CEB-FIP.
- The addition of steel fibers resulted in a very slightly increase of open porosity of SCC;

- Adding steel fibers did not change significantly the water absorption by capillarity of SCC, indicating that

the capillarity pore size was not substantially changed;

- The air penetrability was not substantially affected by the presence of steel fibers, although a slight

reduction in SFRSCC was observed;
- The presence of steel fibers has reduced the electrical resistivity of concrete in 63%;

- Determining the diffusion coefficient from the chloride migration test under non-steady state may not be
feasible for a SFRSCC, since the test methodology can cause significant corrosion of steel fibers and

chlorides may tend to settle in steel fibers. The determination of the diffusion coefficient for a SFRSCC is
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more feasible by natural immersion test in salt solution. However, the results obtained in both concretes

were similar.

- In conditions of extreme aggressiveness, corrosion of steel fibers can induce cracking in concrete,
leading to a decrease of tensile strength for the SFRSCC. However, it should be noted that this damage
was obtained in conditions of extreme aggressiveness, which is not expected to occur in real

environmental conditions;

- Due to the relatively high compactness of SCC mixes, they presented good resistance to carbonation.
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553  APPENDIX A - TABLES

554
555 Table A.1 — Physical characteristics of the cement and the limestone filler
Physical characteristics Cement Limestone filler
Specific Weight (kg/m®) 3150 2360
Blaine Specific Surface (m?/kg) 3873 3879
Fineness (%) 2.00 77.18
556
557 Table A.2 - Compositions for 1 m® of concrete
C(kg) LF(kg) FS(kg) CS(kg) CA(kg) W(L) SP(L) C;(kg) wiC
SCC 413 353 198 722 648 127.8 7.83 0 0.31
SFRSCC 413 353 195 713 640 127.8 7.83 60 0.31
558
559 Table A.3 - Fresh properties of SFRSCC and SCC
Concrete Slump flow L-Box densitg air content
spread (mm)  Tsoo (S) Ho/Hi  To00(S)  Taoo(S) (g/cm”) (%)
SCC 673 10.2 0.88 2.5 53 2.38 0.83
SFRSCC 667 15.6 0.81 5.3 10.1 2.40 0.80
560
561 Table A.4 - Relevant results of compression tests
SCC SFRSCC
7 days 28 days 90 days 7 days 28 days 90 days
E., (MPa) 31.16 35.79 36.65 31.58 36.88 37.80
CoV (%) 8.62 1.16 6.96 7.62 6.71 6.38
f.., (MPa) 43.23 60.28 63.85 50.17 61.90 66.13
CoV (%) 8.29 1.27 2.05 6.92 6.34 9.99
562
563 Table A.5 - Relevant results of flexural tests
RILEM TC 162 TDF CEB-FIP MODEL CODE
for MP) - oz MPR) o MPR) 7 pa) 1, (MPa) 1., (MPa) T, (MPa)
AVG (7d) 5.094 8.337 8.512 8.247 7.085 8.390 6.561
CoV (%) 5.27 20.28 19.41 19.00 27.29 18.26 30.14
AVG (28d) 6.389 10.122 9.721 9.915 7.629 10.047 7.049
CoV (%) 7.58 19.73 15.25 19.37 13.03 18.72 11.86
AVG (90d) 7.008 10.105 7.944 9.822 7.546 9.991 6.904
CoV (%) 5.75 4.50 12.85 3.62 4.97 18.78 20.35
564
565 Table A.6 - Results of the electrical resistivity tests
SCC SFRSCC
7 days 28 days 90 days 7days 28 days 90 days
p.. (kQ.cm) 7.3 10.1 11.4 2.6 3.7 4.5
CoV (%) 2.71 1.64 3.46 22.75 21.47 4.01
566
567
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569
570

571
572

573
574

Table A.7 - Results of chloride migration test

scc SFRSCC
D, (x10™* m?/s) 10.27 11.61
CoV (%) 1.49 30.93

Table A.8 - Splitting tensile strength from diametral compression tests

SFRSCC SFRSCC SFRSCC
(without corrosion) (30V = 72h) (45V = 72h)
fCt (MPa) 5.59 5.67 3.13
CoV (%) 16.71 15.81 9.12

Table A.9 - Results of chloride diffusion test

scc SFRSCC
D, (x10™** m?/s) 11.62 8.21
CoV (%) 3.88 1.66
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APPENDIX B- FIGURES

Figure B.1 - Compressive stress-axial strain relationships at different ages

Figure B.2 - Variation of the elasticity modulus of the SCC and SFRSCC with the age, obtained

Figure B.3 - Variation of the compressive strength of the SCC and SFRSCC with the age, obtained
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Figure B.4 - Test setup of the bending test
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Figure B.5 - Flexural load-deflection relationships at different ages
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Figure B.6 — Load-deflection diagrams for the determination of the equivalent and residual flexural
tensile strength parameters (RILEM TC 162-TDF, 2003)

25



125 Il scc
' Il SFRSCC

g
e
1 2 3 Wim
593 Specimens
594 Figure B.7 - Water absorption by immersion at atmospheric pressure
595
10.0
9.0- [ Envelope SCC
' Average SCC
8.0-{| M Envelope SFRSCC
704 Average SFRSCC
NE 6.0 -
E 50-
[®)]
E 40
; 3.0
2.0-
1.0
0.0 T T T T T T T T
0 10 20 30 40 50 60 70 80 90
596 Time (min®®)
597 Figure B.8 - Water absorption by capillarity of SCC and SFRSCC
598
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(b)

608
609
(a) (b)
610  Figure B.14 - SFRSCC specimens after and before chloride migration test (a) and after tensile test by
611 diametral compression (b)
612
613 Figure B.15 - Micro-cracking observed in SFRSCC specimens after chloride migration test (a) and
614 fracture surface after diametral compression test (b)
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621 Figure B.18 — Procedure for obtaining the carbonation depth
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