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Abstract: The use of concrete with polypropylene macrofibers can reduce the fragility and shrink-
age of silica fume mixtures. Here, we investigated the effect silica fumes and aggregates have on
enhancing high-performance concrete with polypropylene macrofibers. Three dosages of polypro-
pylene macrofibers were evaluated (0.39, 0.63, and 0.79 % volume fraction), including silica fume (0.0
and 7.0 % water-cement), for two types of coarse aggregate (limestone and river gravel), with two
maximum nominal sizes of coarse aggregate. In total, 96 concrete specimens were subjected to com-
pression and bending tests to evaluate the effect of adding fiber, silica fume, and different aggregate
types. The results showed a resistance to compression between 36 and 71 MPa, and that to flexural
strengths of 3.6 to 5.8 MPa, which indicates high-performance concrete. The work shows that it is
possible to achieve high-strength concrete with 55 mm polypropylene macrofibers combined with
silica fumes and natural aggregates of both the limestone and calcareous types, which is beneficial
for the local production of high-performance concrete.
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Hormigdn de alta resistencia con agregados naturales, humo de silice y macrofibras
de polipropileno

Resumen: el uso de hormigén con macrofibras de polipropileno puede reducir la fragilidad y la contraccion de
las mezclas de humo de silice. En el presente estudio, se investiga el efecto que tienen los humos de silice y los
agregados en la mejora del hormigén de alto desempefio con macrofibras de polipropileno. Se evaluaron tres dosis
de macrofibras de polipropileno (fracciéon de volumen de 0.39 %, 0.63 % y 0.79 %), incluido el humo de silice (0.0 % y
7.0 % de agua-cemento), para dos tipos de agregado grueso (piedra calizay grava de rio) con dos tamafios nominales
maximos. En total, 96 probetas de concreto se sometieron a pruebas de compresion y flexion para evaluar el efecto
de la adicion de fibra, humo de silice y diferentes tipos de agregados. Los resultados mostraron una resistencia a la
compresion entre 36 MPay 71 MPa, y una resistencia a la flexion de 3.6 MPa a 5.8 MPa, lo que indica un concreto de
alto desempefio. El trabajo demuestra que es posible conseguir un hormigén de alta resistencia con macrofibras de
polipropileno de 55 mm combinadas con humos de silice y agregados naturales tanto de tipo calizo como calcareo,
lo que resulta beneficioso para la produccion local de hormigén de alto desempefio.

Palabras clave: hormigon reforzado con fibra; macrofibras de polipropileno; humo de silice; agregado grueso



Introduction

The achievement of transforming good high-
resistance concrete for compression and flexion is
fundamental for the construction and stability of
high-rise buildings and the design of coastal struc-
tures, pavements, tunnels, and large-dimension
road bridges [1]. High-strength concrete is possible
owing to the existence of new types of cement [2],
superplasticizer additives [3], the use of fine ma-
terials such as silica fume (sF), ground quartz, fly
ash, and the development of new types of struc-
tural fibers [4]. Much published research [5]-[11]
has enhanced the performance of high-strength
concrete by combining different types of materi-
als, among which we can find the combination of
sk with macro synthetic polypropylene fibers (pE)
[12], [13], which achieves better ductile concrete
behaviors and compressive strengths higher than
40 MPa. The inclusion of PF and SF in concrete
offers a decrease in the utilization of continuous
steel reinforcement bars to withstand traction and
shear forces, occasionally providing a better de-
gree of ductility (or energy absorption).

On the other hand, sF is an addition that aug-
ments the adhesion capacity in polypropylene fi-
bers by a factor of 3 to 7, as well as the density of
the interfacial area and, because of its pozzolanic
activity and its filler effect, increases compressive
strength (f) by more than 100%. The combined
effect of PF microfibers and SF can increase f,
cracking at early ages, permeability, and reduc-
ing carbonation depths [9] . As for steel fibers, it
has been found that the resistance to compression
and flexural strength (f;) can increase by 85.5and
64.9%, respectively. When only silica fume and
fibers are added, the increase is 113-117% for
compression and 85-136% for flexural strength.
Therefore, concretes produced with sr additions
can be more resistant than those containing only
SE [14]. Synthetic fiber increased the failure load of
reinforced concrete beams and improved the ser-
viceability by reducing the number and width of
cracks [15].

Furthermore, the enhancements can be at-
tributed to the internal confinement/cracks arrest-
ing mechanism and toughness [16]. For this reason,
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PF has become popular in constructing pavement,
prefabricated elements, and projected concrete
mine tunnels [17]. Cohesion in the microcracking
concrete reinforced with pF area depends not only
on the cohesion but also on the bridge tension of
the fiber. Furthermore, the constitutive features
of the concrete reinforced with pr are closely relat-
ed to the nature of the concrete substrate [18].

However, despite such results, more studies are
required to control and optimize the increased
demand for water in concrete due to the use of
silica fume [14] or fly ash [19], [20]. The PF alters
the microstructure in terms of hydration, causing
condensation on the concrete’s microstructure
[21]. Then, the use of sF must be taken into account
because it accelerates the hydration process [22].
Ductility plays an essential role in the increased
use of high-resistance concrete and its application
areas, but sk also makes the concrete develop a
more brittle structure due to the high resistance it
provides.

Therefore, improving this characteristic is a
significant problem for high-strength concrete
when adding sF because concrete’s ductility can
be heightened through the use of sF in concrete;
this depends on bonding with a synthetic fiber in a
concrete matrix [14], [23], [24].

During the development of high-strength con-
crete, different pEs have been previously used.
Nevertheless, microfibers or short fibers (<3 cm)
are used in many studies, which, despite improv-
ing shrinkage, provide little flexural strength and
influence coarse aggregates to manufacture high-
strength concrete. As a result, the effect of the
size of pr fibers is a factor that requires further
study. Upon observing the impact and mechanical
strength of concrete mixtures achieved with short
fibers of polypropylene and silica fume, strength
properties improve, particularly the concrete’s
impact resistance [7], which reaches an increase
in resistance above 10 % adding fibers [6]. Beyond
adding the superplasticizer, it has been found that
better control of workability, drop, flow dispersion,
and flow rate decreased (along with sF) when PF
volume or length increased [25]. This aspect can be
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controlled when adding sF because the small size
of microsilica particles improves the packing and
contact surface [26].

Due to all of the above, this paper contributes
to the search for an optimal high-performance
concrete design using local sources. Herein, we
provide an experimental and theoretical analysis.
We examined the mechanical behavior and work-
ability of the combined use of silica fume and long
polypropylene macrofibers, along with local nat-
ural limestone and river gravel aggregates com-
monly used in the Colombia Caribbean cost used
at two maximum nominal sizes.
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Materials and methods

The fiber used in this study was monofilament
polypropylene. It had a length of 55 mm, a flexural
strength of 524 MPa, and a recommended use at
2 to 5 kg/m’. Coarse aggregates were one type of
limestone (1), which originated from quarry ex-
ploitation, and another from siliceous river gravel
(rG) fractured origin taken from old stormwater
channels in the north of Bolivar, Colombia. The
characteristics of the aggregates are shown in Ta-
ble 1 and Fig. 1.
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Fig. 1. Coarse aggregates.

Source: Own elaboration

The sand used was of the siliceous type, with
a 2.51 g/cm® dry density, fineness modulus of
3.28, absorption at 2.35%, and an evaporable
moisture content of 3.08 %. The cement was a
high-strength type (or High Early Strength (HE)
type as per astM C1157) [27], because, in Co-
lombia, this cement is frequently recommended

Table 1. Characteristics of coarse aggregates

and used in all significant urban infrastructure
works. The sr used had a SiO, content great-
er than 95 %, a specific surface higher than 30
m?/g, and 3 to 5% water content. The type F su-
perplasticizer additive based on polycarboxyl-
ates and type D retardant setting additive had
proportions below 1 %.

Parameter Limestone River gravel
Resistance to degradation: Los Angeles testing machine (%) 28.24 12.48

Clay lumps (%) 0.84 0.71
Absorption 4.5 1.00
Uniformity coefficient 1.58-2.17 1.8-2.13

Dry density 2266.79 2462.66
Saturation density 2368.80 2487.29
Apparent density 2425.00 2525.00

Source: Own elaboration
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Method

The mixtures were made with a 7% wc (water-ce-
ment) dosage of sk at a 0.47 wb ratio. For each ag-
gregate, two gradations were used: 3/8 in and 3/4
in the fiber volume ranged from 0.0, 0.39, 0.63, and
0.79in % V. The mixture design is shown in Table 2.
Three cylindrical test tubes with a diameter of 100
mm and a height of 200 mm were used to evaluate
the compressive strength under the astm C39M
standard [28] for each fiber dosage and aggregate.
Then, the procedures were repeated for mixtures

Table 2. Mix proportions
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with 7.0 % wc of sr. For f;, the same combinations
were made in prismatic specimens with dimen-
sions of 50x150x150 mm?” following the asTm C78-
2 standard methodology [29]. A total number of 48
compressions and 48 flexural strength tests were
performed after seven days when the cure was at
100% humidity. The sample preparation proce-
dure and curing were made according to the AsTm
C192/C192M-18 [30]. The mixtures were compact-
ed in three layers with 25 strokes, taking the slump
value as an indicator of workability following the
AsTM C143 test methodology [31].

Mix C w S N3 CA F AT-F AT-D
L 448 210 660 0 930 0;0.39; 0.63; 0.79 0.8 0.4
RG 448 210 660 0 930 0;0.39; 0.63; 0.79 0.8 0.4
L+SF 448 226 660 31 930 0,0.39; 0.63; 0.79 0.6 0.4
RG+SF 4438 226 660 31 930 0;0.39; 0.63; 0.79 0.6 0.4

*c: cement (Kg/m?); w: water (Kg/m?), s: sand (Kg/m?®); ca: coarse aggregate (Kg/m?®), r: fibers (% V), AT-F:
admixture type F (%wc), and AT-D: admixture type D (%wc)

Source: Own elaboration

Results and Discussion

Workability

The workability of the concrete was evaluated ac-
cording to the settlement or slump value (Fig. 2).

N N
@ o o
=] S I=3
1 1 1

Slump (mm)
2 N

o
I=3
1

o
|

(a)

Fig. 2. Mixture settlement with different fiber dosages: (a) without sF and (b) with sF.

Source: Own elaboration
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As shown in Fig. 2, the mixture settlement
was found to be within a range of 115 to 240 mm,
thus indicating high workability, which is typi-
cal for the use of high-strength concrete. In the
first mixture made with 9 mm L aggregate with-
out sF, slumps below 100 mm were obtained. As
such, the superplasticizer dosage increased, thus
achieving a slump value greater than 100 mm in
all mixtures. When the correction was applied
on average, the slump value for the 3/8 in lime-
stone aggregate (L) was 118 mm and, for the size
of 19.0 mm, it was 179.1 mm. However, for the 3/8
in siliceous aggregate (RG), the average slump was
204.1 mm, and for the size of 3/4 in, it was 200.8
mm. In cases where the limestone-type aggregate
was used, the workability of the concrete mixture
was more excellent when river gravel was used (Fig.
2a). As the maximum nominal size of coarse L ag-
gregates increased, the workability with polymer-
ic fibers improved, reducing the superplasticizer.
The effect of coarse aggregates on workability is
shown in Fig. 2b, increasing a slump between 10
and 20% when the maximum aggregate size in-
creased from 3/8 to 3/4 during the maximum fi-
ber dosage. In the L-type aggregate, a 0.2 % higher
superplasticizer dosage was applied to the sili-
ceous type to maintain high slump levels, allow-
ing for a similar degree of workability in the two
aggregates. The concrete mix had more excellent

sive strength (MPa)

Compres

2

0.4 0.6
Fiber volumen fraction (%Vy)
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workability for the 3/8 in coarse siliceous aggre-
gate (RG). This result is possible because such an
aggregate is not fractured, providing it with lower
surface roughness and improving the concrete’s
rheological characteristics [32].

Due to its hindrance for deformation and ma-
trix movement, aggregate fibers decreased the
workability of both concrete or mortar produced
and increased the demand for water and cement
paste [25]. The fibers” dispersion and surface cov-
erage are significant for maintaining isotropic
conditions and ensuring the highest anchorage of
the fiber. Fig. 2 shows that, despite using a super-
plasticizer, the slump of the mixtures was not con-
stant and the workability hinged on the mixture’s
fiber content. On the other hand, the workability
decreased proportionally with the coarse aggre-
gate size because, when the diameter was reduced,
there was a greater surface area [33], [34].

Compressive Strength

The results from the tests showed a compressi-
ve strength between 36 and 71 MPa, indicating a
high-strength concrete. The lowest compressive
strength values were achieved when both 3/8 in and
19.0 mm river gravel aggregates were used (Fig. 3)
without silica fume, which indicated that the ma-
terial was conventional concrete with cement.

Compressive strength (MPa)

0.0 0.4 0.6 0.8
Fiber volume fraction (%V))

(b)

Fig. 3. Compressive strengths adding sF, different fiber dosages, and L aggregate sizes: (a) 3/8 in and (b) 3/4 in.

Source: Own elaboration
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Fig. 3 shows the increase in f. when silica fume
was added to the two aggregates. When a smaller
maximum nominal size aggregate was used, there
was a variation of the increase in f. between 5-10
MPa. However, when a larger aggregate was used,
the variation reached 20 MPa. The fiber used dis-
played an f. enhancement under a specific dosage
and then declined. The increase in % V; saturated
the concrete matrix, generating agglomerates sim-
ilar to the L+sF mixture with 0.79 %V..

Fig. 3b shows a dramatic drop in resistance for
the said mixture. Such a drop was ascribed to the
shortage of particles smaller than the maximum
nominal size in the 3/4 type L aggregate (Fig. 2).
Moreover, the 3/4 in RG type aggregate had more
diverse particle sizes with no agglomerations ap-
pearing, so its resistance maintained a behavior in
line with the other results. Similar behaviors were
found in previous research. Hasan et al. [35] found
a 4 to 7% increase in compressive strength using
40 mm long pF without adding sk. Toutanji found
an increase in f, with 0.3% V;and a decline when
using 0.5% V; [11]. A greater fiber volume con-
tributed a higher volume of incorporated air, and

Compressive strength (MPa)
3 8 8 3
1 1 1 1

-
o
1

o
I

(a)
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possibly, for high fiber percentages, the amount of
extra air could lead to the formation of microc-
racks and a decrease in unit weight [36].

The enhanced compressive strength of the fi-
ber-reinforced concrete (Fig. 4) was attributed to
the ability of the fibers to restrict and delay the
spreading of cracks and reduce the degree of stress
concentration within the crack [37]. pp microfibers
performed a bridging function in microcracks
more efficiently, while pp macrofibers effectively
participated in the conveyance of efforts when the
maximum load point was reached. Moreover, close
to the time of failure, polypropylene macrofibers
increased ductility and prevented the propagation
of cracks [12]. Previous research showed that with-
out the silica fume, fiber raised the £, to an opti-
mal point [35], while the addition of silica fume
facilitated the dispersion of fibers and provided
additional resistance [7]. In previous studies, PF
improved the shrinkage of the concrete allowing
for three-dimensional reinforcement on a small
scale [21]. In this manner, the packing effect that
enhanced compressive strength prolonged the fi-
nal state prior to a compression failure.

Fiber volume fraction (%V,)

(b)

Fig. 4. Compressive strengths adding sF for different fiber dosages and RG aggregate sizes: (a) 3/8 in and (b) 3/4 in.

Source: Own elaboration
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Using siliceous aggregates, their high rigidity
and smooth surface may lead to a weaker interfacial
transition zone than crushed aggregates, affecting
fracture mechanisms due to the “incompatibility”
of river gravel deformation with the surrounding
cement paste. Consequently, when integrated into
a cement-based matrix, they can significantly af-
fect the rheology and mechanical performance of
self-compacting concrete and fiber-reinforced con-
crete matrices. Such aggregates reduced deforma-
tion capacity in the matrix, which resulted in a more
fragile mechanical response under compression
stress and flexural strength [32]. In the case of mi-
crofibers, PF exerts a bridging effect on both sides of
the concrete’s fracture section, specifically when the
matrix breaks. The pF that bonded the microcrack
tensed when the crack developed and supported the
tensile stress transferred from the fracture section.

50%
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At the same time, the concentration of stress in the
area of the fracture became weak. This effect post-
poned the development of cracking damage and im-
proved the ductility of the stress from silica fume.
As a result, f;improved with pr [10]. As for macro-
fibers, the effect was expected to work similarly but
with a more incredible crack opening.

Fig. 7 shows the maximum increases for each
aggregate type and size regarding the sample with-
out silica fume and fibers. This figure shows that,
on an individual basis, SF and pF raised the f. and f,,
but the combined use heightened the value even
above the sum of the increases each addition brings.
For both aggregates, there was a similar increase
in £, by individually adding fiber and silica fumes
when the coarse aggregate had a size of 3/8 in (Fig.
7a). When the size of the rRG aggregate was raised,
the increase in f. decreased.

46%

w0l % 39%
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% 1%
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Fig. 7. Increase in resistance when adding sf, with an optimum dose of PF, and when combining the optimum pr and
sk for each type of aggregate with maximum size (a and c) for 3/8 in (b and d) and 3/4 in.

Source: Own elaboration
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In the case of the flexural strength, the com-
bined use of both increased said value, but it did
not rise above the sum of the increases that each
addition brought. It should also be noted that fiber
had a more significant effect on f; than silica fume.
Similar to other research with polypropylene mac-
rofibers, flexural strength and compression results
showed that pr, when combined with SF, increases
adhesion strength and extraction energy [22]. In
a study with microscopic images, Park and Lee
[13] observed that the synthetic macro fiber with-
in silica fume influenced the number and exten-
sion of scratches and tears after a pull-out test,
which was attributed to the friction during the
extraction of the fiber. In addition, surface abra-
sion and the tearing of polypropylene macrofibers
showed a trend similar to the bond strength and
interface strength. Therefore, silica fume improved
cement-based compounds’ bond strength and in-
terfaced strength by increasing friction during
polypropylene macrofiber extraction. This quality
allowed for the accomplishment of higher flexural
strength loads.

In research projects where the concrete’s f. and
f; were tested, it was possible to observe an increase
in such parameters [36]. However, to compare the
maximum effect of each addition to the concrete’s
final performance, the individual and combined
fibers and sk were first evaluated. Fig. 7 shows a
maximum increase of f and f; through the rG +
Sk combination with a maximum size of 3/8 in
and increase values of 50 and 22.0%. However,
as shown in Fig. 3, the maximum strength when

Table 3. Comparisons with the present work.

Revista Ciencia e Ingenieria Neogranadina = Vol. 31(2)

adding fiber and silica fume was higher for aggre-
gate L in all cases, which means that the addition of
sk and pr improved the compatibility of the mix-
ture much more than when RG-type aggregates
were used.

Furthermore, the Type L aggregates achieved a
higher performance with sr and fibers due to the
very nature of the material, which was reflected in
a better performance in the pattern samples with-
out fiber when aggregate L was used. The effect of
better anchorage in fiber with sk allowed it to better
use its bridging capacity over a surface area where
it made more excellent contact with the paste. On
the other hand, the potential microcracks derived
from the higher rigidity of the mixture due to the
inclusion of silica fume were reduced when includ-
ing PF; therefore, the mixture was more compact,
and the joint use of the two materials generated
greater mechanical capacity compared to what was
provided individually.

Table 3 shows a comparison of the data ob-
tained by Fallah and Nematzadeh [12], who took
the gradation most similar to the material (i.e.,
limestone aggregate with ranges between 2.2 mm
and 3/8 in (L 3/8 in)). Therefore, the resistances
corresponding to this material were taken. The
macrofibers used had a 39 mm and 0.78 mm diam-
eter, which provided an aspect ratio of 50. For the
present study, an aspect ratio of 91.7 was taken. In
previous works, the straight fibers with the highest
aspect ratio were more effective for improving the
performance in flexural strength [38] and com-
pression [14].

Fallah and Nematzadeh [12] Present work

SPA

. f, Cv** SPA Slump . f. Cv** 0 Slump
Mix MPa (*) (%) %wb)  (mm) X MPa (*) (%) fu/f)) (mm)
Mix with fibers
Plain 58.8() 3.2 0.6 170 f;O'FPO'y 8 10 12 08 240
SFO-

MP0.25 63.5(8) 36 0.6 170 0303/ 54490127) 6.1 0.8 240
SFO-

MPO.5 61.3(4.2) 17 0.6 170 E3/gi 5567015 30 08 240
SFO-

MP0.75 60.7 (3.3) 6.6 0.6 170 0793/8i  5564(151) 57 08 210
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MP1.25 56.4(-42) 79 0.6 170

Mix with sF

SF10 811 (379 0.8 0.65 110 g

(379 SFRP0-3/8 55 96 (14.3) 45 06 90

SF12 83.0(411) 54 0.65 70 in

Mix with sF and fibers
SF7-
A AATCAD 24 08 130
SF7-

MP1.255F10  707(201) 3 0.93 110 S 030.3/g 60:01(2416) 24 08 220
5F7-
0633/l 08874249 49 08 150

*% improvement of strength. ** Coefficient of variation.

Source: Adapted from [12]

The additive percentage was higher in the mix-
ture (0.8% wc) than in the previous work (0.6),
which provided the mixture with a better level
of workability; however, in the ternary mixture
(MP1.25sF10), the dosage increased (0.93%) im-
proving the consistency, whereas the incorporat-
ed air decreased, and the resistance was raised
to a value similar to the present study (70.7-71.1
MPa). The previous investigation did not use the
optimal fiber dosage (0.5% V;), but combined sF
and pr were higher (1.25% V,). Such higher dos-
ages initially reduced its resistance by 4.2 %; there-
fore, it was assumed that the authors could have
obtained an f, increase percentage higher than
what was registered (20.1%), mainly when the
optimal dosage of polypropylene macrofibre was
used. The proportion of the coarse aggregate con-
cerning the cement used in this study (2) was 30 %
greater than the one used previously (1.7), which
might explain the lower £, values when sr was not
incorporated. As we noted, the finer the granulom-
etry, the greater the density and final strength of
the concrete. However, there were higher percent-
ages of f. when fibers were incorporated, which may
be because their sand was a type of crushed gravel
with minimum diameters of 0.15 mm. However,
for this study, natural silica sand with minimum
diameters of 0.055 mm was used. Although the
percentage of sand was low, the fineness provided

the fiber with higher surface friction. In contrast
to the previous work, there was a contribution of
results in terms of the flexural strength, so it was
not possible to compare such results; however, it
has been highlighted that the results for flexural
strength remained at values above 4 MPa, which
allowed for a good balance with high compressive
strengths.

Conclusions

High-strength concretes (with resistance to 40-
71 MPa compression and 3.6 to 5.8 MPa flexion)
made with natural river gravel or limestone type
aggregates, with maximum nominal sizes of 3/8 in,
were achieved when adding silica fume and poly-
propylene macrofibers of 55 mm. The concrete
maintained its workability and showed good re-
sistance to compression and flexural strength. The
above represent useful features for constructing
pavements, slabs, and beams for high-rise build-
ings. The workability of the mixture was directly
decreased upon adding silica fume and decreased
with the volume of fibers, a reduction in aggregate
size, and irregular geometry. The river gravel type
aggregate demanded less superplasticizer usage,
while the coarse aggregate demanded more water
consumption. However, the proper application of
the plasticizer took the abovementioned variables
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into account, which enabled it to achieve a level of
workability that ensured a slump above 100 mm.

Moreover, concrete with polymer fibers had a
variable f. and f; behavior that depended on fiber
dosage, aggregate type, and granulometry. The op-
timal dosage for each type of aggregate was 0.63
V; for the RG type and 0.79% V; for the L type.
Such an optimum dosage should be studied fur-
ther to improve the performance and economy
of the mixture. The incorporation of sk into the
mixture improved resistance to compression, es-
pecially compared to flexural strength. However,
both values were still higher than the individual
effects of the additions when optimum polypro-
pylene macrofiber dosages were used. The poly-
propylene macrofiber and silica fume resulted in a
better performance when using coarse aggregates
at a maximum nominal size of 3/8 in than when
using a maximum nominal size of 3/4 in. The
limestone-type aggregates achieved higher re-
sistance with sF and fibers due to the nature and
shape of the material, which was reflected in high-
er f. and f; values. However, the addition of silica
fume and fiber helped the rG-type aggregates to
achieve even better resistance.
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