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Daria Jóźwiak-Niedźwiedzka a, Alessandro P. Fantilli b,⇑, Kinga Dziedzic a, Paweł Lisowski a

a Institute of Fundamental Technological Research Polish Academy of Sciences, Pawińskiego 5b, 02-106 Warsaw, Poland
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a b s t r a c t

Alkali-silica reaction (ASR) is a phenomenon that causes irreversible damage to concrete structures. Since
1940, research has continued to investigate the possibility of eliminating these negative effects. The lack
of availability of non-reactive aggregates requires the use of reactive aggregates, characterized by satis-
factory physical and mechanical properties, with the introduction of innovative solutions to mitigate the
effects of ASR expansion. Recently, bre-reinforcement has shown to be a promising approach, even if the
type and the volume of bres used to reduce, or eliminate, the deleterious effects of expansion are not
well established. For this reason, Miniature Concrete Prism Tests (MCPT) were performed on 4 series
of expansive concrete prisms without any bres and with 0.5% in volume of polypropylene bres, steel
bres, and recycled carbon bres, respectively. In addition, 4 series of non-expansive mortar prisms, with
and without bres, were tested in bending. As a result, by using recycled carbon bres a moderate expan-
sion can be observed after 56 days, in contrast to the high expansion of un-reinforced concrete. The same
positive effect cannot be observed in concrete reinforced with steel or polypropylene bres. This is due to
the absence of the deection hardening capacity of the bre-reinforcement, as conrmed by both
mechanical tests on non-expansive mortars, and by the analysis of microstructure on the post-mortem
specimens.
Copyright Ó 2024 Elsevier Ltd. All rights reserved.
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1. Introduction

The alkali-silica reaction (ASR) is a chemical reaction that
occurs in concrete structures when alkalis in the cement mix react
with reactive forms of silica in aggregates. The reaction produces a
gel-like substance that absorbs water and expands, causing crack-
ing and deterioration of the concrete. The reaction can occur in any
cement-based structure, including bridges, dams, and buildings,
and can lead to signicant damage and reduced structural integ-
rity. As reported almost 90 years ago by Stanton [1], and further
by other researchers [234], ASR causes irreversible damage to con-
crete structures and drastically reduces their durability. Accord-
ingly, preventing the ASR reaction from occurring is important in
the design and construction of concrete structures. This is possible
by carefully selecting aggregates that are not prone to ASR, using
low-alkali cement and properly curing the concrete to ensure that
it is adequately hydrated and has sufcient time to gain strength.

In some cases, it may also be necessary to treat the concrete with
chemical admixtures to avoid that ASR reaction takes place [5].

In situations where the use of ASR-prone aggregates is neces-
sary due to the shortage of non-reactive aggregates, various tech-
niques can be used to mitigate the risk of ASR. The addition of
pozzolanic materials [6] or by treating the concrete with a lithium
solution [7] can be an effective way to reduce the amount of alkalis
available for the reaction and to bind any excess alkalis that may be
present. Recently, also the addition of bres, made with steel or
polypropylene, in concrete systems prone to ASR reaction has
received a lot of attention. Steel bres, which are widely used to
improve the toughness in bending and tension of concrete manu-
facts, also have the capability of mitigating the deleterious effects
of ASR. Test results presented by Yazıcı [8] indicate that steel bres
not only reduce ASR expansion of mortars (even if it cannot be
eliminated completely), but also prevent the loss of mechanical
properties, such as strength and toughness, due to ASR. These ben-
ecial effects can be ascribed to the fact that the combination of
steel bres and ASR expansion produces a restraining effect on
the concrete structure, as observed by Farooq and Yokota [9]. Giac-
cio et al. [10] showed that steel bres were the most efcient for
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the reduction of crack density caused by ASR, followed by concrete
with synthetic macrobres and by concrete with microbres. How-
ever, in all the bre-reinforced concrete, fewer cracks were found
than in reference plain concrete. The tests performed by
Hernández-Cruz et al. [11], in which mortars were reinforced by
two different polymer bres (i.e., polypropylene and polymer
hybrid bres) in addition to air-voids distribution, showed a rele-
vant reduction in the expansion, because air voids were lled by
ASR gel near the reacting aggregates. A similar behaviour was also
observed by Mohr et al. [12], who revealed that thermomechanical
pulp bres were more effective at reducing ASR expansion than
kraft pulp and polypropylene bres. It was shown that the kraft
pulp bres served as a reservoir for alkali–silica gel, potentially
minimizing internal expansive pressures.

Nevertheless, in all the previous studies concerning the ASR in
bre-reinforced concrete, only the reduction of expansion with
the content of bres was measured. As it was not correlated with
the mechanical properties of FRC, it is impossible to tailor concrete
systems with controlled expansion, for instance by using also other
types of bres. Indeed, previous study showed the good mechani-
cal performances of high strength concrete reinforced with carbon
bres [13], and the improvement of strength and microstructure of
the cement composites with recycled carbon bres [14]. Accord-
ingly, due to the concern over sustainability in the construction
industry, it could be interesting to investigate new concrete in
which recycled carbon bres (in alternative to the manufactured
steel and polypropylene bres) are added in cement-based systems
with and without ASR-induced expansion. This study can be useful
when it is impossible to use non-expansive aggregates.

2. Materials, mixtures, and experimental methods

2.1. Constituent materials

To evaluate the performance of ber-reinforced concrete (FRC)
in reducing the expansion caused by the alkali-silica reaction
(ASR) in mortar and concrete mixes containing expansive aggre-
gates, various types of mechanical tests and ASR tests have been
performed. There were made with only one ordinary Portland
cement (CEM I): CEM I 52,5 R for the mechanical tests and CEM I
42,5 R with a Na2Oeq = 0.9% for both ASR and mechanical tests.

Three different bres (steel, polypropylene, and recycled carbon
bres) reinforced both expansive potential and non-expansive con-
cretes and mortars. The characteristics of the bres are presented
in Table 1, whereas the morphology of the steel, polypropylene
and carbon bres is shown in Fig. 2.

It is worth emphasizing that, unlike other literature data [14],
the analysed carbon bres from recycling were characterized by
a uniform shape and size, smooth surface, free of any defects or
products that could remain attached during the recycling process.

As an aggregate, in mortars for mechanical tests, the standard
siliceous sand was used according to UNI EN 196–1 standard
[15]. For the alkali-silica reaction mitigation test (MCPT), one very
highly reactive coarse aggregate [16], was used in the study. The
14-day ASTM C1260 [17] expansion of the mortar with this aggre-
gate was 0.265%, and 365-day ASTM C1293 [18] expansion of the
concrete was 0.095%. A non-reactive siliceous sand (14-day’s

expansion 0.040%) was used as a ne aggregate for the concrete
mixtures.

2.2. Mixtures

Two groups of cement-based systems were analysed (see
Table 2). The rst group, composed by four mortars (M1, M2, M3
and M4) was tailored in accordance with UNI EN 196–1 standard
[15], with a water to cement ratio equal to 0.5 and with a content
of cement of 450 kg per cubic meter. With the exception of M1, the
content of bres was 0.5% in volume in all the mortars, but
obtained with the different types of bres (steel bres in M2,
polypropylene bres in M3, and carbon bres in M4).

In the second group, 4 concrete mixtures (C1, C2, C3, and C4)
were designed and proportioned for the expansive test, as sug-
gested by AASHTO T-380, [16]. In Miniature Concrete Prism Test
(MCPT), the water-to-cement ratio was 0.45, and the cement con-
tent was equal to 420 kg/m3. The alkali content in all the mixtures
were boosted to 1.25% of the mass of cement. The reactive coarse
aggregate consisted of 2–4 mm fraction (11% by mass) and 4–
12.5 mm fraction (89% by mass). The ne aggregate (0–2 mm) con-
tent was 36%. The content of bres was similar to that of mortar
systems. In particular, C1 was unreinforced, whereas C2, C3, and
C4 were reinforced with 0.5% in volume of steel bres, polypropy-
lene bres, and carbon bres, respectively. The superplasticizer
was used at 0.5% of cement mass, when polypropylene and steel
bres were introduced in the concretes. It arrives to 1% of cement
mass when carbon bres were used.

The mortars were tested in bending to analyse the mechanical
behaviour with and without bres, and without the expansive phe-
nomenon of ASR. On the contrary, the concretes were used to mea-
sure the expansion due to the ASR (with and without the presence
of bres) and to measure the strength in presence of both bres
and expansive phenomenon. To analyse the inuence of bres on
ASR expansion, the results of all the tests can be correlated,
because in C series and M series the specimens are labelled with
a number that represents the same type of reinforcement (i.e.,
1 = absence of reinforcement; 2 = reinforced with 0.5 % in volume
of steel bres; 3 = reinforced with 0.5 % in volume of polypropylene
bres, and 4 = reinforced with 0.5 % in volume of recycled carbon
bres).

2.3. Specimens and methods

2.3.1. Expansion tests
For the MCPT, the concrete prims shown in Fig. 2a were made

with the concrete mixtures (i.e., C1, C2, C3, and C4) and had the
dimensions H = 50 mm, B = 50 mm, and L = 285 mm. The prims
were introduced in 1 M NaOH solution at 60 °C after one day in
moulds and one day in water at 60 °C. As depicted in Fig. 2b, the
prisms were monitored for the change of length L1 = 254 mm for
a period of 84 days, where a standard duration is 28 days shorter
[20].

2.3.2. Bending tests
Three point bending tests (Fig. 2c) were carried out on the con-

crete prism C1, C2, C3 and C4, at the end of the expansion tests

Table 1
Properties of the bres used to reinforce concrete and mortar.

Type of bres Carbon content (wt.%) Diameter (lm) Type of bres (lm) Density (g/dm3)

Carbon > 98 6.5–7 15 000–20 000 1600
Steel < 1, [Fe > 85%] 200 13 000 7850
Polypropylene > 99 40 9 000 910
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according to AASHTO T-380, [16]. During each bending test, load
was progressively increased at a velocity of 0.5 mm/min up to
the failure of the prism, by using a load-controlled machine
equipped with a loading cell of 50kN.

To correlate the effect of bre-reinforcement with the expan-
sion produced by ASR, other bending tests were performed in
absence of expansive reactions. Accordingly, the prims shown in
Fig. 3a were made with the mortar mixtures M1, M2, M3, and
M4 as suggested by UNI EN 196–1 [15]. They had the dimensions
of H = 40 mm, B = 40 mm, and L = 160 mm. All specimens were
tested in three point bending (on a span length L2 = 100 mm) after
28 maturity days. In the mid-span of the specimens through a
loading machine an external load P was applied (load capacity of
100 kN). Tests were performed by driving the displacement of

the loading cell (i.e., the mid-span deection g in Fig. 2c), whose
stroke moved at a velocity of 0.05 mm per minute.

2.3.3. Microstructure analysis
Scanning electron microscopy (SEM-JEOL JSM-6460 LV in high

vacuum) with an energy dispersive X-ray spectroscopy (EDS) anal-
yser was applied for microstructural analysis. The samples were
observed for fracture pattern and ber interaction with surround-
ing products of hydration. An aperture of 120 lm and a voltage of
15 kV were applied. The operating distance was 10 mm. Observa-
tions were carried out in the magnication range from 60  to
3500 . EDS spectra were collected from more than 25 different
places (1x 1 lm2) on each specimen.

Fig. 1. SEM microphotograph of the bres: (a) steel – scale bar 100 lm; (b) polypropylene – scale bar 20 lm; (c) carbon – scale bar 5 lm.

Fig. 2. Tests on mortars and concretes: (a) geometrical properties of the specimens; (b) expansion tests; (c) three point bending tests.

Table 2
Mortar and concrete investigated in this project.

Mortar systems - M series Concrete systems – C series

M1 M2 M3 M4 C1 C2 C3 C4

Water (kg/m3) 225 225 225 225 189 189 189 189
Ordinary Portland cement (kg/m3) 450 450 450 450 420 420 420 420
CEN sand (kg/m3) 1350 1350 1350 1350 – – – –
Fine aggregate, 0–2 mm (kg/m3) – – – – 643 643 643 643
Coarse aggregate, 2–4 mm (kg/m3) – – – – 123 123 123 123
Coarse aggregate, 4–12.5 mm (kg/m3) – – – – 1017 1017 1017 1017
NaOH - alkali boosting (kg/m3) – – – – 1.9 1.9 1.9 1.9
Superplasticizer (kg/m3) – – – – – 2.1 2.1 4.2
Steel bres (kg/m3) – 39.3 – – – 39.3 – –
Polypropylene bres (kg/m3) – – 4.6 – – – 4.6 –
Recycled carbon bres (kg/m3) – – – 8 – – – 8
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3. Results and discussion

3.1. Expansion tests

The 84-day results of MCPT are presented in Fig. 3. It is possi-
ble to observe that the concrete prisms with carbon bres (C4)
expanded less than those with the steel (C2) and polypropylene
bres (C3). Although the expansion of the reference specimens
(C1) without the bres and the remaining specimens with differ-
ent types of bres was similar up to day 28, the expansion rate
was markedly slower in the specimens containing carbon bres.
After 56 days of testing, carbon bre concrete prisms reached
an expansion of 0.098% (i.e., they are in the category of moder-
ately reactive composites [16]), whereas the expansion of the
remaining concrete specimens was in the highly reactive cate-
gory, (0.139% in C3, 0.152% in C2, and 0.152% in C1). After 70 days,
the attening of the expansion curve is visible for concrete with
carbon bres.

It should be noted that criteria for characterizing the aggregate
reactivity in the MCPT protocol, as well as the criteria to determine
the effectiveness of the supplementary cementitious materials in
mitigating ASR expansions given in [16], apply to aggregates only.
However, they give a general idea of the reactivity of the aggregate
and the amount of expansion in FRC.

3.2. Bending tests

Fig. 4 shows the typical result of a bending test on bre-
reinforced mortar [19]. On the abscissa, the deection g of the
prism (see Fig. 2c), corresponding to the applied load P (on the
ordinate), is reported. After the initial ascending branch, the crack-
ing phenomenon can be characterized by the so-called deection-
hardening [20], in which a multiple cracking phenomenon can be
observed in the tension zone of the beam. Generally, this behaviour
occurs when a suitable content of bres is used to reinforce the
cement-based system. On the contrary, a deection softening takes
the place at the effective cracking of the beams, which reaches the
failure conditions only in presence of a single crack.

Therefore, in the case of deection-hardening, the strength Pu is
greater than the load at cracking Pcr. When deection softening is
present, Pu = Pcr. Hence, following values of the exural strength,
calculated in the linear elastic regime, can be used to dene the
type of the load P vs. deection g diagram:

rcr ¼
3PcrL2
2BH2 ¼ effective cracking strength ð1Þ

ru ¼ 3 Pu L2
2BH2 ¼ flexural strength ð2Þ

In particular, deection hardening exists when ru – rcr greater
than 0, whereas when ru – rcr = 0 (or ru = rcr) deection soften-
ing characterizes the exural behaviour. The values of exural
strength, measured on both the mortar (M series) and concrete
(C series) specimens are shown in Fig. 5a. The highest values of
the exural strength were found for the concrete and mortars with
carbon bres (M4 and C4), whereas the lowest values are obtained
in absence of bres (M1, C1).

Nevertheless, also with steel (M2, C2) and polypropylene (M3,
C3) reinforcements, the exural strength does not differ from that
of plain mortar and concrete. It must be remarked that the exural
strength of the mortar (tested without any expansive phe-
nomenon) is more or less similar to that of the concretes used in
the MCPT [16]. Nevertheless, in the latter case, ru is a little bit
higher.

Concerning the deection hardening phenomenon, it is recog-
nizable only in the case of the bending tests on mortars, because
both the load P and the corresponding deection g have been mea-
sured during in the experimental procedure. As shown in Fig. 5b,
only in the case of the carbon bre-reinforcement (M4), the deec-
tion hardening was observed, whereas ru = rcr in presence of
other bre-reinforcements, as in the plain mortar M1. Probably,
the highest values of ru observed in the mortar M4 and concrete
C4 were due to the deection hardening phenomenon of the mor-
tars and concretes reinforced with recycled carbon bres.

3.3. Microstructure analysis

As observed in the images obtained from SEM, ASR products
with similar morphological characteristics were clearly visible on
images (of approximately 70  or higher magnication – see
Fig. 6) of all the specimens of concrete series. In particular, they
were situated in the cement matrix, in the air-voids, in the zone
between aggregate-cement paste and also at the bre–matrix
interface.

The thickness of the ASR gel on bres surface was estimated at
the SEM microphotographs and the results, illustrated in Fig. 7, are
the average of 15 measurements. The thickest layer of ASR gel sur-

Fig. 3. Results of Miniature Concrete Prism Tests (MCPT) after 84 days at 60 °C in 1 M NaOH.
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rounded the carbon bres (2.90 ± 0.21 lm), then steel (1.98 ± 0.1
9 lm), and nally polypropylene (0.96 ± 0.16 lm). It should be
noted that the SEM analysis was carried out on the freshly split
surface of the specimen, while in the specimens with steel (C2)
and polypropylene bres (C3), a cracked ASR gel was visible, which
may indicate variable humidity conditions inside the specimens
resulting from the degradation of the microstructure.

4. Discussion

As previously mentioned, although the MCPT method does not
apply directly to concrete specimens reinforced with bres, the

general tendency of the behaviour of FRC with ASR expansion is
clearly visible. The addition of carbon bres decreased the nal
expansion about 33%, while it was practically invisible with the
other reinforcements. Thus, the expansion of concrete prisms with
carbon bre was at the level of the moderately reactive category
and specimens without bres, or with other types of bres, were
in the highly reactive range.

In practice, in the specimens C2 and C3 there were not a reduc-
tion of ASR expansion of concrete specimens, although these
results and dependencies differ from those already known in the
literature [8 -12,21,22]. This is due to the fact that, although the
conducted research was performed according to MCPT method

Fig. 4. Typical load deection diagram of three-point bending tests performed on FRC [20].

Fig. 5. Results of the three-point bending test: (a) evaluation of the exural strength on both M and C series; (b) quantitative evaluation of the deection hardening in M
series.

Fig. 6. SEMmicrophotograph of the bre-ASR gel contact zone in concrete specimens after MCPT and with EDS analysis: (a) steel bre of C2 specimen; (b) polypropylene bre
of C3 specimen; and (c) carbon bre of C4 specimen.
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[16], some modications were applied to the above research
method [8,9,11]. The main difference lies in the composition and
size of the tested specimens. Also, the temperature was different
from the standard test method. The mortar bar specimens of
40  40  160 mm were used, [8,9]. A ner sand gradation corre-
sponding to the smallest three aggregate sizes specied by ASTM C
1260 renormalized to 100% and lower temperature (50 °C) were
adopted [11].

Moreover, it is known that inclusion of polypropylene bres
increases total porosity of cementitious matrices [23]. Addition-
ally, due to the small cross-section of the specimens, regions
with increased porosity could be formed, which could directly
create places for the expansion of the ASR gel. Also, previous
research [21] were performed on specimens containing from
1% to 7% of steel bres, whereas in the conducted study the con-
tent of bres was 0.5%. And in similar research [22], when the
content of bres was 0.5% the reduction of the ASR expansion
was achieved about 25%. However, in the tests performed by
Turanli et al. [21], for the volume of 1% of bres which reduced
the expansion and cracking due to AAR the benecial effect
depended on the curing time.

A detailed analysis of the microstructure of carbon bres
revealed their texture (see Fig. 1). There were no ne particles of
different shape and size on the ber surface as in [14], but grooves
of similar widths along the bre axis of the recycled carbon bres
were found. Probably, this shape improved the bond between
bres and matrix, and the mechanical performances of FRC as well.

In addition, the detailed SEM analysis showed that all types of
bers became an integral part of the cement matrix, and also, as
shown in Figs. 6 and 7, the surface of the bers was surrounded
by ASR products. ASR gel was found on the surface of bres which

provides visual evidence that ASR products start to grow around
the outer perimeter of the bers. However, only grooves on the
surface of the carbon bres can be regarded as an additional base
for the deposition of ASR products, Fig. 6c. The zone between the
ASR gel and the carbon ber is more compact probably due to
the surface of the bers, which is characterized by grooves that
increase the available surface. ASR gel congestion in carbon
bre–matrix interface could increase the pull-out load and
debonding toughness, as reported in [24]. The obtained results
are in line with previous a study [21], in which the authors pro-
posed that microbers are more efcient than conventional bers
because their short length allows reactive aggregates to be placed
close to the interface, thus affecting early ASR gel formation.

For each type of concrete, the reduction of expansion can be
measured with the following equation:

Dexp ¼ econcrete  eC1 ð3Þ

where econcrete = expansion measured at a specic day in a concrete
specimens (C2, C3, or C4); and eC1 = expansion measured at the
same day in C1. Such value can be correlated with the results of
bending tests, and in particular with the exural strength ru

(Fig. 8a) measured both through the mortar and concrete prisms
of M series and C series, respectively. Namely, Dexp obtained with
each concrete system (i.e., C2, C3 and C4) can be associated to ru

measured on the same specimens and on those of the mortars
(i.e., M1, M2, M3 and M4) having the same type of reinforcement
(M1 with C1, M2 with C2, M3 with C3, and M4 with C4). As shown
in Fig. 8a, it seems that the reducing of expansion (i.e., a negative
value of Dexp) exists only when the exural strength is higher than
a specic value ( 6.5 MPa), regardless of the way ru is measured
(i.e., with and without the presence of ASR expansion). Thus, the

Fig. 7. The thickness of the ASR gel shell on the bres (scale bar 10 lm): (a) steel bre; (b) polypropylene bre; (c) carbon bre.

Fig. 8. Combining the results of the expansion tests at 90 days and three point bending tests: (a) effect of the exural strength measured on both M and C series; (b) effect of
the deection hardening behaviour measured on M series.
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capability of having a negative value of Dexp is an intrinsic property
of cement-based system, and in the present research project was
achieved only in concretes reinforced with recycled carbon bres
(i.e., in specimen C4).

Although in C2 and C3 the bre volume fraction of steel and
polypropylene bres is the same of C4, the reinforcement does
not have any effect on the mitigation of ASR expansion. Therefore,
only carbon bres may redistribute the local strain caused by ASR
expansion throughout the concrete, which can help to reduce the
overall expansion of the concrete specimen. Such a redistribution
phenomenon produced by the bre reinforcement is also evident
in the exural behaviour in absence of ASR (see Fig. 4), when mul-
tiple cracking phenomenon and deection hardening occur. Thus,
an interesting correlation between De., measured on concrete sys-
tems, and the corresponding strain-hardening phenomenon
(herein measured as ru-rcr) on the mortar systems with the same
type of reinforcement, is shown in Fig. 8b. Only the use of carbon
bres in concrete C4 and mortar M4 seems to improve the bond
between the cement paste and the aggregate and help to reduce
ASR expansion. It seems possible that the bond between carbon
bres and the gel formed during the alkali-silica reaction
(Fig. 6c) may have some potential to mitigate the expansion and
cracking caused by ASR.

5. Conclusions

According to the tests performed on mortars and concretes, the
following conclusions can be drawn:

 The addition of bres can reduce the expansion of ASR in
cement-based systems

 However, for a xed bre volume fraction, the capability of the
bres reinforcement to reduce the expansion depends on the
type of bres.

 In this research project, the addition of 0.5% of recycled carbon
bres decreased of about 33% the concrete expansion caused by
ASR. On the contrary the same amount of polypropylene and
steel bres does not lead to a signicant reduction of expansion.

 Only when FRC shows a deection hardening, can the ASR
expansion be effectively reduced. This occurs in presence of car-
bon bres also because the texture of the carbon bres
increases the bond strength.

If the deleterious effect of ASR can be controlled and reduced,
reactive aggregate will be used and greener concrete can be tai-
lored (i.e., by eliminating the transportation costs of non-reactive
aggregates and by avoiding the depletion of non-renewable natural
resources). As this benecial effect has been obtained with the
addition of recycled carbon bres, future research activities will
be devoted to fully understand the specic mechanisms by which
this type of bre reduces ASR expansion.
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