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Fiber reinforced concrete (FRC) is a high performance material that is frequently used for structures in contact
with aggressive environments, because the fibers can control the propagation of cracks. This paper analyzes
the residual properties of FRC after the alkali–silica reaction has taken place. The potential contribution of
different types of fibers for mitigating the degradation process and their effects on themechanical and transport
residual properties are discussed. The expansions, presence of cracks, compressive strength andmodulus of elas-
ticity, and the behavior under flexural loads were evaluated. Steel fibers were themost efficient for reducing the
crack density, followed by syntheticmacrofibers. The coefficient of air permeability followed the same tendency,
showing the positive effect of macrofibers in transport properties. Concretes incorporating steel or synthetic
macrofibers conserve their original post-peak loading capacity when severe alkali–silica reaction damage has
taken place.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The incorporation of fibers into concrete controls cracking processes,
resulting in great improvements of the material toughness and
structures durability. Steel fiber reinforced concrete has been used for
decades in tunnels, precast elements, pavements and bridge decks. Dur-
ing the last years many advances in fiber concretes have appeared such
as the development of new synthetic and glass macrofibers, the use of
self compacting fiber reinforced concretes [1–4], new standards for me-
chanical characterization tests [5,6] and the introduction of design
criteria for fiber reinforced concrete (FRC) in the structural design
codes [7].

Although inmany cases fibers are incorporated to extend the service
life of the structures due to their contribution to control cracking, there
exist areas of limited research as the effects of fibers on concrete
permeability and porosity or their benefits in the control of diverse
degradation processes in concrete. Some studies on cracked FRC under
sustained loading show that fibers modify crack patterns, with
narrower and closely spaced cracks [8–11]. Other studies related to con-
crete permeability indicate that fibers reduce internal cracking and im-
prove impermeability [12–14]. It has also been found that as the content
of fibers increases, the benefits are greater [15]. On the contrary, some
tific Research, Calle: 52 e/121 y
a. Tel.: +54 221 4831141/44;
authors have found that fibers increment water and gas permeability
[16] while comparing mixes of equal workability.

FRC is frequently used in structures that are in contact with soils or
immersed in aggressive environments since the fibers can control the
propagation of cracks at both the micro and macro levels. For example,
after a year of exposure to amarine environment, FRC shows less severe
corrosion than normal concretes, and for cracks of 0.1 mm wide or
narrower, the fiber sections remained intact; the corrosion of the steel
fibers was not significant being only an esthetic problem and, in addi-
tion, improvements in the residual properties of FRC have been found
[17,18].

Synthetic microfibers are recommended to prevent cracking and
spalling by exposure to fire, nevertheless there is not information
about the efficiency of synthetic macrofibers [19–21]. In concretes in-
corporating steel fibers [22] although concrete stiffness changes due to
exposure to high temperatures, fibers still contribute to the residual ca-
pacity despite the matrix was severely damaged.

When Alkali–Silica Reaction (ASR) develops the failure mechanism
of concrete is clearly affected. Under compressive loads the growth
and propagation of matrix cracks tend to start earlier, the ability of ag-
gregates to control cracking decreases and premature failure occurs. In
tension, the differences in the crack pattern of sound and damaged con-
cretes are also reflected in the shape of the load deflection curves. Dam-
aged concretes show an increased non-linearity before the peak and a
more gradual softening, which indicates that extensive meandering
and branching of cracks are taking place [23]. The use of fibers can
have a positive economic impact in the construction of dams, to prevent
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Fig. 1. Scheme of the sectors evaluated for the assessment of crack pattern.

Table 1
Testing program.

Concrete Total alkalis
(kg/m3)

Fibers type and content Age
(days)

Expansion
(%)

Tests

R1 2.8 None 28 0.009 a, e
122 0.035 a, e
380 0.105 a, e

R2 4.0 None 28 0.004 a, e
168 0.185 b, c, d
371 0.218 a, e

S1 2.8 40 kg/m3 hooked-end
steel fibers

28 0.006 a, e
189 0.052 b, c, d, f
380 0.092 a, e

S2 4.0 40 kg/m3 hooked-end
steel fibers

28 0.011 a, e
168 0.118 b, c, d, f
371 0.130 a, e

M1 2.8 3 kg/m3 synthetic
macrofibers

28 0.004 a, e
167 0.060 b, c, d, f
380 0.087 a, e

M2 4.0 3 kg/m3 synthetic
macrofibers

28 0.011 a, e
164 0.182 b, c, d, f
372 0.190 a, e

m1 2.8 1 kg/m3 synthetic
microfibers

28 0.003 a, e
168 0.056 b, c, d, f
380 0.099 a, e

m2 4.0 1 kg/m3 synthetic
microfibers

28 0.010 a, e
168 0.190 b, c, d, f
371 0.196 a, e

a: Bending tests (fL, fmax, fR1, fR2, fR3, fR4) − 75 × 105 × 430 mm prisms.
b: Bending tests (fL, fmax, fR1, fR2, fR3, fR4) − 150 × 150 × 600 mm prisms.
c: Crack survey (crack width and crack density) − 150 × 150 × 600 mm prisms.
d: Air permeability − 150 × 150 × 600 mm prisms.
e: Compression tests (f′c, E) − 100 × 200 mm cylinders.
f: Compression tests (f′c, E) − 150 × 300 mm cylinders.
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Fig. 2. Linear expansions.
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or control the development of deleterious processes [24,25]. Even
though fibers could not completely avoid the start of the cracks, they
can control their propagation and limit their aperture reducing the per-
meability and decreasing the degradation rate. It was also found that in
the case of ASR, the reductions in the bond capacity of steel or synthetic
macrofibers are smaller than the decreases in matrix strength [26].

It is widely recognized that the incorporation of fibers has a positive
effect on controlling crack growth, and limiting the crack widths; how-
ever, some doubts appear regarding the performance of FRC when suit-
able conditions for the development of ASR exist. Do fibers change the
rate or the total expansions produced by the ASR? Does the type of
fiber, steel or synthetic macrofibers, modify the damage produced?
Does the use of microfibers modify or control the reaction? After con-
cretewas damaged by ASR, how significant are the changes in the resid-
ual capacity (postcracking behavior)?

The main objective of this paper is to analyze the residual properties
of FRC after ASR has taken place. The potential contribution of different
fibers for mitigating the degradation process and their effects on the
mechanical and transport residual properties is discussed.

2. Experiences

FRC with different grades of damage produced by ASR was studied.
The expansion over time, presence of cracks, compressive strength
and modulus of elasticity, and the behavior under flexural loads were
evaluated.

2.1. Materials and mixtures

With the aim of analyzing the effects produced on the residual
properties of FRC by the development of ASR, eight concretes with
similar mixture proportions (water/cement ratio = 0.42, cement
content = 380 kg/m3) and different alkali contents and fiber types
were prepared.

Ordinary Portland cement (Na2Oeq 0.73%), a natural siliceous sand
(fineness modulus 2.07) and a 19 mm maximum size granitic crushed
stone (fineness modulus 6.91) were used. In addition, to promote the
development of ASR, a highly reactive crushed stone (19mmmaximum
size, fineness modulus 6.54) was incorporated as a part (40%) of the
coarse aggregate. The reactive rock is a quartzitic sandstone, with
some chalcedony and opal in the matrix. To obtain plastic concretes, a
high range water reducing admixture was used.

Three types of fiberswere incorporated: hooked-end steel fibers (S),
synthetic macrofibers (M) and synthetic microfibers (m). The S fibers
were typical low carbon hooked-end steel fibers, 50 mm in length and
1.00 mm in diameter, with a tensile strength higher than 1100 MPa
and an elongation lower than 4%. The M fibers were modified olefin
macrofibers with embossed surface, 60 mm in length and 0.62 mm in
diameter, 640 MPa tensile strength and a modulus of elasticity of
10 GPa. The m fibers were 12 mm long multifilament polypropylene
fibers.

Six fiber concretes named S1, S2, M1, M2, m1 and m2, and two ref-
erence concretes without fibers (R1 and R2) were prepared. The
concretes were identified according to the type of fiber used. Concretes
S1 and S2 incorporated 40 kg/m3 (0.5% in volume) of steel fibers; con-
cretes M1 and M2 included 3 kg/m3 of synthetic macrofibers (0.3% in
volume) and concretes m1 and m2 contained 1 kg/m3 of synthetic
microfibers (0.1% in volume). These fiber contents were adopted
based on the volume of fibers usually incorporated in typical applica-
tions of FRC as ground-supported slabs. In concretes R1, S1, M1 and
m1no external alkalis were added and the total alkali content (supplied
by the cement)was equal to 2.8 kg/m3. To enhance the ASR in concretes
R2, S2, M2 and m2, NaOH was added in the mixing water to achieve a
total alkali equal to 4 kg/m3. Reference concretes had a slump equal to
100 ± 10 mm and when fibers were incorporated it was reduced to
60 ± 20 mm. The air content was 4 ± 1%.

2.2. Experimental program and testing methods

Prisms and cylinders were cast with each concrete to be tested at
ages between 28 and 370 days. The specimens were compacted by
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Fig. 3. Stress–CMOD curves at different ages. (To compare similar rotations the CMOD of small beams was corrected by 150 mm/h (mm) [27].)
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external vibration and kept protected after casting to avoid water evap-
oration. After 24 h theywere coveredwith a cotton sheet and placed in-
side plastic bags including 5 ml of water. These bags were stored in a
moist room (20 ± 2 °C, relative humidity N 95%) and, finally, the spec-
imens were tested in saturated condition.

In all concretes, linear expansions were measured as a way to
evaluate the ASR process. Expansion measurements were performed
on 75 × 105 × 430mm specimens using a mechanical length compara-
tor with a precision of 0.00254 mm.

Prisms of 75 × 105 × 430 mm and prisms of 150 × 150 × 600 mm
were cast to measure the flexural strength and toughness properties
in bending. The small prisms, with the same size used to measure ex-
pansions, were used to compare the mechanical properties at different
ages (different damage levels), while the 150 mm height beams were
used to evaluate the crack pattern and the permeability, and to verify
the residual mechanical properties. Three point loading flexural tests
on notched specimens were carried out in accordance with EN 14651
Standard [5], measuring first-peak strength (fL), and the residual flexur-
al strengths at 0.5, 1.5, 2.5 and 3.5mmof crackmouth opening displace-
ment (CMOD), fR1, fR2, fR3 and fR4, respectively. The residual flexural
strength is a fictitious stress at the tip of the notch which is assumed
to act in an uncracked mid-span section, with linear stress distribution
[5]. Also, the maximum flexural strength (fmax) along the entire post-
peak regime was obtained. Tests were performed in a servo-hydraulic
testing system through crackwidth control, using a clip type extensom-
eter. The use of this method with a closed loop control system leads to
not only evaluating the residual properties of fiber concrete, but also
comparing the postpeak behavior of plain concrete and concrete rein-
forced with microfibers. To compare the results obtained on beams of
different sizes, the length/height and the notch/height ratios remain

image of Fig.�3


Table 2
Bending and compression tests results.

Concrete Age
(days)

Expansion
(%)

Bending tests Compression tests

fL
(MPa)

fmax

(MPa)
fR1
(MPa)

fR2
(MPa)

fR3
(MPa)

fR4
(MPa)

f′c
(MPa)

E
(GPa)

R1 28 0.009 5.6 5.6 1.0 0.1 – – 39.2 37.8
122 0.035 3.6 3.7 1.1 0.3 – – 41.4 32.3
380 0.105 3.3 3.4 1.8 0.4 – – 29.1 25.4

R2 28 0.004 5.7 5.7 0.9 0.1 – – 35.6 36.4
168a 0.185 2.8 3.0 1.2 0.2 – – Not measured
371 0.218 2.9 2.9 1.4 0.2 – – 27.7 24.7

S1 28 0.006 5.6 5.7 3.7 3.3 3.1 2.9 44.1 38.1
189a 0.052 5.0 5.2 4.6 4.4 4.0 3.5 42.3 34.2
380 0.092 4.8 5.6 4.7 3.5 3.0 2.6 33.9 29.3

S2 28 0.011 6.2 6.4 4.9 4.5 4 3.5 37.9 37.2
168a 0.118 4.7 5.3 4.8 4.6 4.3 3.9 33.7 17.3
371 0.130 4.7 5.6 5.2 4.7 4.3 3.7 29.1 22.6

M1 28 0.004 6.4 6.4 2.3 1.8 2.0 2.0 38.0 38.0
167a 0.060 5.1 5.1 2.0 1.9 2.0 2.0 40.2 31.9
380 0.087 4.6 4.8 3.4 2.3 2.3 2.2 32.7 20.0

M2 28 0.011 5.1 5.2 2.3 1.7 1.6 1.6 35.0 35.9
164a 0.182 3.8 3.8 2.1 1.6 1.5 1.5 35.2 21.3
372 0.190 3.2 3.5 2.2 1.6 1.5 1.5 25.2 20.3

m1 28 0.003 4.6 4.7 1.1 0.4 0.2 0.2 32.7 34.1
168a 0.056 4.8 4.8 0.8 0.3 0.2 0.1 39.9 26.6
380 0.099 3.1 3.1 2.0 0.7 0.4 0.2 31.1 17.5

m2 28 0.010 4.6 4.7 1.4 0.5 0.3 0.2 33.9 35.0
168a 0.190 3.8 3.9 1.5 0.5 0.1 0.1 33.3 20.1
371 0.196 2.9 3.0 1.6 0.6 0.3 0.2 24.4 19.1

a Big specimens. Prisms 150 × 150 × 600 mm. Cylinders 150 × 300 mm.
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constant [27]. Calculating the residual flexural tensile strengths at dif-
ferent CMOD, implies different curvature levels (rotations). In the
post-peak region, for a rotation angle ϕ a beam with span length = l
and height = h, has CMOD = h·2·ϕ. In prisms with heights h1 and
h2, for a same rotation ϕ CMOD1 = CMOD2·(h1/h2). If the span/height
and notch depth/height ratios remain constant, the deformation limits
to calculate the residual strengths must be corrected in accordance
with the beam height. For instance, the CMOD used to calculate the re-
sidual strengths should also be corrected by the factor h (mm)/150mm.
Another easier procedure to calculate the postpeak parameterswith the
small beams (with the same span/height ratio), is to directly multiply
the deformation in the load–CMOD curves by the correction factor
150 mm/h (mm), and then calculate as indicated in the EN standard
[27].

To consider the evolution of concrete properties with time, the small
specimens were tested at 28 and 370 days approximately. When con-
cretes with high alkali content achieved linear expansions in the order
Table 3
Crack survey and air permeability test results.

Concrete Face Air
permeability
coefficient
Kt
(10−16 m2)

Cracks characteristics

Maximum
width
(mm)

Mean
width
(mm)

Density
(cm/cm2)

Orientation (%)

0° to
22.5°

45° 67.5°
to
90°

R2 B 2.05 2.41 0.10 0.07 0.13 0.19 16 37 47
L 2.77 0.50 0.23 0.25 26 20 54

S1 B 0.19 0.14 0.05 0.05 0.01 0.01 31 17 52
L 0.09 0.05 0.05 0.01 23 14 63

S2 B 1.17 1.03 0.10 0.06 0.10 0.10 25 23 52
L 0.89 0.10 0.07 0.10 23 23 54

M1 B 0.05 0.04 0.00 0.00 0.00 0.01 – – –

L 0.03 0.10 0.10 0.02 14 43 43
M2 B 1.36 1.24 0.10 0.06 0.09 0.11 20 17 63

L 1.11 0.07 0.05 0.13 17 13 70
m1 B 0.12 0.09 0.08 0.08 0.02 0.02 36 9 55

L 0.07 0.09 0.08 0.02 37 16 47
m2 B 1.88 2.04 0.10 0.06 0.11 0.15 18 19 63

L 2.21 0.10 0.06 0.19 10 21 69

Fig. 4. View of the surface condition of a steel fiber in concrete S2 after two years. Left:
Crack on the specimen surface. Right: Cut at 10 mm from the specimen surface. Bottom:
detail of a steel fiber that intersects the crack.
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Fig. 5. Relationship between measured properties: a) crack density vs. linear expansion,
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of 0.180%, near 6 months old, the larger specimens were tested. In the
case of S2 (steel fibers) the tests were performed for a lower expansion.

Before bending tests, the surfaces of the 150 × 150× 600mmprisms
were carefully examined and the crack patternwas surveyed. Two faces
of each prism (the bottom and a lateral face, named B and L respective-
ly) were covered with a transparent film and the surface visible cracks
were marked. Each face was divided into three sectors of 150
× 200 mm for a more detailed survey of the crack pattern. The sections
were called a, b and c, being a and c the sectors corresponding to the
ends of the prisms and b the middle one. The films were scanned, and
the obtained images were analyzed with an image-processing software
that considers the crack density andorientation. The softwaremeasured
the length and the angle (maximum Feret angle) of each crack on the
image [28]. To define the orientation of cracks, angles of 0, 22.5, 45,
67.5 and 90° were adopted. Fig. 1 shows a scheme of the criterion for
the assessment of crack orientations. The crack width was measured
with a glass that has a precision equal to 0.05 mm.

In addition to crack pattern evaluation, the damage level was
assessed through the measurement of air permeability by Torrent
equipment [29,30]. It has a two-chamber vacuum cell and a regulator
that balances the pressure in the inner (measuring) and outer cham-
bers. The cell was placed on the surface of the prisms and a vacuum
was createdwith the pump in both chambers.When the inner chamber
system is insulated, the pressure in the inner chamber starts to increase,
as air is drawn from the underlying concrete. The rate of pressure rise is
directly related to the permeability of the concrete. The outer chamber
acts as a “guard-ring”, creating a controlled, unidirectional air flow
into the inner chamber. The equipment gives the coefficient of perme-
ability (kT) calculated on the basis of a theoretical model [31]. The air
permeability was measured in the three sectors (a, b, c) on faces B and
L of each prism.

Cylinders of 100 × 200mmwere cast with each mix to evaluate the
evolution or changes in compressive strength and modulus of elasticity
with the development of ASR (tested at 28days andoneyear). Cylinders
of 150 × 300 mm (a sample size comparable to the width of the beams
used to evaluate the crack pattern) were cast to consider the effect of
ASR when a higher volume of concrete was involved; they were tested
at 6 months. Loading–unloading cycles up to 40% of the maximum
stress were applied to determine the modulus of elasticity, then the
load was increased monotonically up to failure. Tests and procedures
were performed following the general guidelines of ASTM C39 and
ASTM C469 standards.

Table 1 summarizes the testing program including the age and the
corresponding linear expansion of each concrete, the type of specimen
and the tests made.

3. Test results

Fig. 2 shows the linear expansions of the different concretes. As ex-
pected, concretes incorporating high alkali content (R2, S2, M2 and
m2) showed significant increases in expansion. A high rate of expansion
can be seen until near 150 days and then it markedly decreases, achiev-
ing in most cases values near 0.2%. Concrete S2, with steel fibers, shows
lower expansions; at one year the expansion is near 0.13%. Concretes
where no alkalis were added (R1, S1, M1 and m1) show lower expan-
sions, lower rate of expansion (especially at thefirst ages) and they con-
tinue expanding after 150 days. In this case only small differences were
observed between the concretes.

Fig. 3 presents the behavior of concretes in tension; typical stress–
CMOD curves corresponding to each concrete tested at 28 days and
also at near 6 months and one year are shown. In the case of the small
beams, in order to consider similar rotations for comparison with the
big beams, the represented CMODwasmultiplied by the correction fac-
tor 150 mm/h (mm). Each concrete shows a different post peak re-
sponse, in accordance with the type of fiber incorporated. It can be
seen that in plain concrete as the damage increases the softening branch
of the curves becomes more extended, and they even show some resid-
ual load capacity. This behavior is attributed to the possibility of greater
branching and meandering of cracks [23]. Similar behavior was found
with the microfibers. In concretes with synthetic macrofibers, for both
conditions, the loads significantly decrease after achieving the maxi-
mumvalue and they remain almost constant until the end of the test. Fi-
nally, steel fiber reinforced concretes present a very gradual descending
branch, with high stress values.

The main results from bending and compressive tests are given in
Table 2. It includes the first-peak strength (fL), the maximum flexural
strength (fmax) and the residual flexural strengths fR1, fR2, fR3 and fR4 cal-
culated from the stress–CMOD curves as indicated in the EN14651 stan-
dard. The residual stresses in prisms of 75 × 105 × 430 mm were
calculatedwith the corrected CMOD in order to consider the same rota-
tions as EN14651 standard beams. In the case of plain concretes or
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Fig. 6. Relationship between mechanical properties and linear expansions: a) compressive strength, b) modulus of elasticity, c) first-peak strength, d) residual stress corresponding to a
CMOD of 2.5 mm (fR3).
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concretes incorporating synthetic microfibers (like R or m) the residual
strengths are not a parameter of characterization as no residual loading
capacity is expected; nevertheless, to compare the behavior of sound
and damaged concretes, some values of residual strengths are informed.
The compressive strength (f′c), themodulus of elasticity (E) and the cor-
responding expansions at the age of testing are also included. It can be
seen that as the damage increases the strength and themodulus of elas-
ticity decrease; however in concretes of group 1, where the expansions
were smaller, between 28 and 180 days the strength increases and be-
tween 6 months and 1 year it decreases. On the contrary, in concretes
of group 2, at 6 months the damage is important and the strength is
lower than at 28 days. As the modulus of elasticity is more sensitive to
the presence of microcracks, in all concretes it decreases with time. Re-
garding the tensile behavior, it is interesting to note that, in group 2,
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Fig. 7. Relationship between compressive strength and modulus of elasticity.
although the maximum stresses decrease, the residual stress capacity
remains almost unaffected in FRC.

The results of the crack survey and the permeability tests are given
in Table 3. As expected, concretes with higher alkali content showed
greater density and size of cracks, with R2 (without fibers) being the
most damaged. The same tendency was found in air permeability.
Fiber incorporation tends to decrease the quantity and width of the
cracks. Steel fibers were the most efficient with a reduction in the
crack density of 47% (Concrete S2), followed by concrete with synthetic
macrofibers with a 42% less quantity of cracks, while in concrete with
microfibers only 21% fewer cracks were found in comparison to con-
crete R. The variations in air permeability followed the same order, the
differences being near 57, 49 and 15% respectively. Table 3 also presents
the results of the assessment of cracks orientation, differentiating the
percentages of cracks oriented between 0° and 22.5°, near 45° and
also between 67.5° and 90°. It can be seen that in all concretes most
cracks were orientated along the beam axis (between 67.5° and 90°).

Considering the possibility of corrosion of steel fibers, the surface of
the specimens castwith S2 and S1was examined along the experiences;
no signs of corrosionwere observed, even in cracked zones. At the age of
two years some sections crossing fissures were also analyzed; again, the
fibers were sound even those crossing the cracked sectionswhich are in
the worst condition. It is important to note that cracks width in these
concretes was smaller than 0.1 mm. The results are in accordance
with other authors [17] that indicate a small sensitivity of steel SFRC
to corrosion, particularly for thin cracks. Fig. 4 shows the aspect of a
steel fiber (crossing a fissure) in concrete S2.
4. Discussion

Fig. 5a and b plots the results of the crack density and the air perme-
ability coefficient as a function of the expansion. Concretes S1, M1 and
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Fig. 8. Effect of cracking on concrete mechanical behavior: a) compressive strength, b) modulus of elasticity, c) first-peak strength, d) residual stress corresponding to a CMOD of 2.5 mm
(fR3).
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m1, with expansions lower than 0.09%, present very low crack densities
with significant increases in group 2. It is interesting to note the differ-
ent behavior of S2, where the incorporation of steel fibers significantly
reduced the expansions, showing the lowest crack density. Concretes
R2, M2 and m2, although achieving similar expansions, have different
crack densities. The greater values correspond to reference concrete,
the crack density was reduced when microfibers were used, and in
the case of the synthetic macrofibers although they had higher expan-
sions the crack density was similar to S2. Fig. 5c represents the variation
of the coefficient of permeability with the crack density. As expected,
there is a very good correlation between these parameters, confirming
the positive effect of macrofibers on transport properties. It can be
seen that the air permeability grewwith the crack density, for densities
higher than 0.10 cm/cm2 the variation was almost linear, while for
smaller densities the increase in air permeability was not so marked.

Considering the mechanical properties, Fig. 6 represents the results
of compressive strength, modulus of elasticity, first-peak strength (fL)
and the residual strength (fR3) versus the corresponding expansions.
As it is known, in damaged concrete the compressive strength and the
modulus of elasticity decrease as the deleterious processes advance;
the presence of internal cracking leads to greater reductions in stiffness
than in strength [23,28]. Fig. 6a and b shows that there is no differenti-
ated response between the plain concrete and the FRC. Fig. 6c plots the
variation of first peak strength with the expansions; this parameter is
representative of the strength of the matrix. Again the strength de-
creases as the expansion increases, but in tension, the presence of the
macrofibers, particularly the steel ones, improves the behavior of con-
crete. When the residual stresses are considered a quite different re-
sponse was found; Fig. 6d, that represents the results of fR3 versus the
expansions, shows that the residual stress remains almost constant,
even for very high expansions. Consequently, FRC incorporating steel
or synthetic macrofibers conserves their residual loading capacity
when severe ASR damage has taken place. This is in accordance with
previous studies that showed minor changes in fiber-matrix bond
strength in mortars affected by ASR [26].

Fig. 7 represents the variation of the modulus of elasticity with the
compressive strength; it also includes themodulus of elasticity vs com-
pressive strength relationship proposed by the fibModel Code 2010 [7].
As it can be seen, when concrete is damaged, the conventional expres-
sions that estimate the modulus of elasticity from the compressive
strength are no longer valid. Different zones can be distinguished in
the figure: a) tests performed at 28 days (upper-center) where there
is less cracking; b) concretes with low alkali content (right) where the
modulus of elasticity is lower and increases with the compressive
strength and c) the more damaged concretes (center), with high alkali
content, with the lowest stiffness.

Finally, Fig. 8 summarizes the effect produced by the cracking devel-
oped in each concrete on their mechanical response; the results of com-
pressive strength, modulus of elasticity, first-peak strength (fL), and the
residual strength (fR3) versus the crack density are plotted. It corre-
sponds to the measurements made on 150 mm height beams and
150mm diameter cylinders at the age of 6 months. Again, the decrease
in strength and the remaining values of the residual stresses are the
most significant characteristics to highlight.

The present results indicate that although the incorporation of fi-
bers does not avoid ASR, some fibers may be useful to reduce in some
extent the expansion rate and magnitude, as well as the induced
crack sizes. At the same time, it should be emphasized that, considering
their mechanical performance, FRC maintains their residual properties
without significant modifications, even when severe matrix damage
occurred. Then, the use of FRC is a useful tool to extend the service life
of structures as they conserve their residual mechanical properties
and crack control capacity even if unexpected significant damage pro-
cesses take place.
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5. Conclusions

This paper evaluates the properties of different types of fibers on the
development of ASR cracking and the consequent response of FRC.
Hooked-end steel fibers (S), synthetic macrofibers (M) and synthetic
microfibers (m) were considered. The main conclusions are shown
below:

− Concretes incorporating high alkali contents (R2, S2, M2 and m2)
show significant initial rate and magnitude of expansion (near 0.2%
at six months); the incorporation of steel fibers (S2) has inhibited
the development of the expansions achieving values near 0.13%. In
concretes with lower alkali content (R1, S1, M1 and m1), besides
the lower values and rate of expansion, only small differences
were observed between the different concretes.

− The presence of fibers modified the crack density in concrete. In all
cases most cracks were orientated along the beam axis. Concretes
with higher alkali content showed greater density and size of cracks,
with concrete R2 (without fibers) being themost damaged. Fiber in-
corporation tends to decrease the quantity and width of the cracks.
Steel fibers were the most efficient for the reduction in the crack
density, followed by concrete with synthetic macrofibers and con-
crete with microfibers where fewer cracks than in concrete R were
found. The same tendencywas foundwhen the coefficient of air per-
meability was considered, showing the positive effect ofmacrofibers
in transport properties.

− As the damage increases, the compressive strength and themodulus
of elasticity decrease, with the modulus of elasticity being the most
affected. There were no significant changes produced by the incor-
poration of fibers when the compressive behavior is concerned.

− Regarding the tensile behavior, a quite different responsewas found.
In FRC the first peak and maximum stresses decrease as the expan-
sion increases; however, the presence of themacrofibers, particular-
ly the steel ones, leads to smaller reductions in strength. On the
contrary, and even for very high expansions, the residual stresses re-
main almost unaffected.

It is very important to highlight thatfiber reinforced concretes incor-
porating steel or synthetic macrofibers conserve their original residual
loading capacity when severe ASR damage has taken place.
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