<@ sustainability

Review

A Review of the Combined Effect of Fibers and Nano Materials
on the Technical Performance of Mortar and Concrete

Twana Hussein 12, Rawaz Kurda

check for
updates

Citation: Hussein, T.; Kurda, R.;
Mosaberpanah, M.; Alyousef, R.

A Review of the Combined Effect of
Fibers and Nano Materials on the
Technical Performance of Mortar and
Concrete. Sustainability 2022, 14, 3464.
https://doi.org/10.3390/su14063464

Academic Editor: Asterios Bakolas

Received: 29 December 2021
Accepted: 3 March 2022
Published: 16 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3,4,5,%

, Mohammad Mosaberpanah 2{* and Rayed Alyousef ©

Department of Civil Engnieering, College of Engineering, Tishk International University, Erbil 44001, Iraq;
twana.ahmad@tiu.edu.iq

Department of Civil Engineering, Cyprus International University (CIU), Nicosia 99258, Cyprus;
mmosaberpanah@ciu.edu.tr

Department of Highway and Bridge Engineering, Technical Engineering College, Erbil Polytechnic University,
Erbil 44001, Iraq

Department of Civil Engineering, College of Engineering, Nawroz University, Duhok 42001, Iraq

CERIS, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1049-001 Lisbon, Portugal
Department of Civil Engineering, College of Engineering, Prince Sattam Bin Abdulaziz University,
Alkharj 16273, Saudi Arabia; r.alyousef@psau.edu.sa

Correspondence: rawaz.kurda@tecnico.ulisboa.pt

Abstract: Nowadays, both nanomaterials and fibers have tremendous application in various indus-
tries, and they are a significant research area in the construction industry particularly. Thus, it is
critical to have a comprehensive review to show the simultaneous impact of fibers and nanomaterials
on the technical performance of different types of main construction materials such as mortar and
concrete. The current work accomplishes this by providing a comprehensive review of the relevant
literature on various nanomaterials and fibers through using a literate experimental database of con-
ducted studies that have at least a type of fiber with one nanomaterial in the same mix. Accordingly,
the collected data were analyzed, and they were compared to their control mixes in which no fiber
and nanomaterials were used. The study majorly focuses on the effects of fibers and nanomaterials
on fresh and hardened properties of produced mixes in terms of density, workability, mechanical and
durability performance with consideration of microstructure and electrical resistivity as well. The
study outcome provides a systematic knowledge and thorough guide to selecting and combining
different fibers with nanoparticles to improve concrete/mortar performance effectively, in which not
only the optimum percentage for the use of both fiber and nanomaterials are identified, but also is
helpful to promote further research.
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1. Introduction

In the construction industry, using resources economically and efficiently has become
the goal of all in the present era. On the other hand, high emissions of carbon dioxide and
the increasing complexity of the physical environment in the construction industry have
been the major driving forces behind the production of innovative construction materials.
As a result, significant advancements in the physical, mechanical and durability of the
materials used in this area are on the horizon.

One of the directions that is being considered is using different types of fibers in
construction materials, namely concrete and mortar. The resulting composite material
is called a fiber-reinforced cementitious composite [1] and is used in the production of
high-end hybrid composite materials for infrastructural and civil applications [2].

The majority of fibers used in the engineering industry fall into four categories: natural,
glass, metallic and polymers. Fibers have shown positive effect on cost reduction (e.g.,
Poly-propylene fibers (PPF) [3]), environmental impact (e.g., natural fibers [4]), mechanical
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properties (e.g., polyvinyl alcohol (PVA) [5-7], steel fiber (SF) [8], carbon fiber (CF) [9] and
basalt fiber (BF) [10]), high strength-to-weight ratio (e.g., steel and carbon fiber). Aside
from that, all conducted studies agree that fibers have a negative impact on workability.

Concerning the use of nanomaterials, the ancient method of property modification
of cementitious mixes evolved into methods that involve using nanoparticles throughout
the matrix of the cementitious composites. Nanotechnology is the study, manipulation
and reorganization of matter on the nanoscale scale, or fewer than 100 nanometers [11-13].
Nano concrete, on the other hand, is concrete made with nanomaterials or containing
nanomaterials with a particle size of fewer than 500 nanometers [14-16]. In general,
using nanoparticles (most of them) in cementitious mixes improves the fresh [17,18] and
mechanical properties [16,19-24] due to densifying the mix, durability [11,20,25-27] by a
significantly increase in the hydration rate [17] and electrical resistivity [28].

As a result, it can be confirmed that, in the production of a high-performance and
durable construction material, each of the different types of fibers and nanomaterials play
an important role. Accordingly, there are many studies on the use of nanomaterials and
fibers individually. In addition, there are also a few studies on the effect of simultaneous
usage of both fiber and nanomaterials in the cementitious composite mixes. As shown
in the literature, although there are not many studies on the synergic effects of the two
materials, there is not a comprehensive literature review study on this path to show their
performance when they are used together as well as also their limitation. Thus, in this
pioneer review, the influence of different types and contents of fibers and nanomaterials
on the fresh, hardened (durability and mechanical) properties of cementitious composites
were explored in detail. Only the experimental studies concerning simultaneous usage of
nanomaterials and fibers were considered. Apart from addressing the simultaneous impact
of using nanomaterials and fibers, this study shows the limitations and future research
needs as a baseline and framework for ongoing studies.

2. Materials and Methods

As mentioned above, the major aim of the conducted study is to evaluate the combined
effect of fibers and nanomaterials on the technical performance of different types of main
construction materials such as paste, mortar and concrete. Owing to it, a systematic
database that tends to identify and evaluate the literature regarding the use of fibers and
nanomaterials used in the same mix was used. The credibility of the relevant articles was
assessed by looking at their titles, abstracts, materials and methodology. The non-relevant
studies were then eliminated, especially those that did not use fibers and nanomaterials
simultaneously. Accordingly, data of 55 studies were collected, analyzed and compared
to their control mixes in which no fiber and nanomaterials were used. The content of the
used fibers for all the mixes is in volume percentage in a volume of 1 m?, while the content
percentage of the nanomaterials for weight of the binder was considered. As shown in
Table 1, 13 different types of fiber with 10 types of nanomaterials were covered by the
conducted research of this review. Based on the data collected from the studies, nano-silica
has a lion share (36 studies) of use with different types of fibers due to its remarkable effect
on the strength development of cement-based materials. Moreover, studies on using SF and
polypropylene fibers were performed mostly by the conducted research of this review. In
other words, most of the studies focused on either NS and different types of fiber or SF with
different types of nanomaterials. In order to compare the results reliably, for each studied
parameter, only the studies that have the same methodology were considered. Additionally,
most of the selected studies considered the mass ratio for the mix compositions, namely
fibers and nanomaterials.



Sustainability 2022, 14, 3464

30f33

Table 1. Percentage of investigations using different types of nanomaterials and fibers simultaneously.

Nanomaterials
NO. 1 2 3 4 5 6 7 8 9 10
Materials * NS NC nFe nCaCO3z nTiO, nAl;O3 CNT GNP NMK RNCB
1 BF 16 4 - - - - 4 - 2 -
2 BF + PPF 4 - - - - - - - - -
3 PPF 15 - 2 - 2 2 - - - -
4 PVA 9 - - 2 - - 2 - - -
5 SF 20 2 2 4 - - - - 2 2
6 GF 7 2 2 - - - - - -
Fibers 7 CF - - - 2 - - 2 2 - 2
8 SF + CF - - - - - - - 2
9 Linen F - - - - - - - 2 -
10 HF - 7 - - - - - - - -
11 Coconut F 2 - - - - - - - - -
12 Coir F 2 - - - - - - - - -
13 Flax F 2 2 - - - - - - - -
* BF—basalt fiber; PPF—polypropylene fiber; PVA—polyvinyl alcohol; SF—steel fiber; GF—glass fiber; CF—
carbon fiber; HF—emp fabric; NS—nano silica; NC—nano clay; nFe—nanolron; nCaCOs;—nano calcium carbonate;
nTiO,—nano titanium dioxide; nAl,O3—nano aluminium oxid; CNT—carbon nano tube; GNP—graphene nan
oplatelets; RNCB—recycled nano carbon black; NMK—nanometakaolin.
As mentioned above, different types of fibers and nanomaterials were used. Their
physical and mechanical properties are different as well, which may affect the scored results.
To identify the mentioned matter, the properties and content of used fibers are summarized
in Table 2. Moreover, there is the same considerations regarding the type, content, particle
size and specific surface area of the used nanomaterials. Thus, the mentioned parameters
are summarized in Table 3. Some materials shown in Table 1 were not considered in Tables 2
and 3 due to the fact that there was not much reliable information regarding the properties
of these materials.
Table 2. Properties and content of used fibers based on the selected studies (55 studies).
Fiber Length Diameter Elasticity Tensile Strength Elongation at Specific Density Content
Type * (mm) (mm) Modulus (GPa) (GPa) Break (%) (g/cm®) % of Total Volume
BF 3-36 0.013-0.07 65-115 23438 29-3.3 2.65-3.05 0.0377-4.5
PPF 12-20 0.019-0.92 3.5-10 0.35-0.8 15-25 0.9-0.91 0.1-1.2
PVA 12-Sep 0.02-0.4 4.1-43 1.4-1.6 6.5-15 1.3-1.32 0.2-2.0
SF 13-50 0224 200 0.8-2.85 0.5-3.5 7.85 0.2-2.5
GF 12.25.4 0.01-0.02 70-77 24 2-3.5 2.6 0.2-1.5
CF 6 0.007 230-380 2.5-4 0.5-1.5 1.6-1.7 0.1-0.5
HF - 0.0027 38-58 0.59-0.86 1.6 1.37 2.5-6.9
Coconut F 20 0.1-04 - 0.15 10-25 1.12-1.15 1
Coir F 20-50 0.45 2.8 0.21 27 1.538 1.66-5.34

* The acronyms of the fiber types are defined in Table 1.

The fresh property of the mixes such as slump, L box, V funnel, air content and
fresh density was considered for all the different types of composites. About 40% of the
conducted studies [29-45] considered slump, and three studies [31,43,46—49] conducted
followability and L box. In addition, each of the V funnel methods by two studies [31,47]
and air content were studied by one study [50]. Regarding fresh density, there was not any
detailed study in the reviewed literature. In order to figure out the combined effects of
nanomaterials and fibers on the hardened property of cementitious composites, mechanical
property durability and microstructure were considered. Additionally, most of the studies
are focused on mechanical and fresh properties. Attempts to show the combined effect
of fiber and nanomaterials on the durability of the construction materials are very scarce.
Based on the collected data shown in Table 1, it can be concluded that Nano silica has
been used in a wide range compared to other nanomaterials. The structure of the review is
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divided into six major sections. For each specific section, a type of fiber was considered
such as BE, SE, PPF, PVA and glass fiber (GF), respectively. The last section specified the
other types of fibers that were not covered such as with carbon fiber, coconut fiber, coir fiber,
hemp fiber and linen fiber. Each section focuses on using a fiber with different types of
nanomaterials. With consideration of the type, property and content of the used nano and
fiber, the scored results of the studies for each particular test were analyzed and compared.

Table 3. Content, particle size and specific surface area of the used nanomaterials based on the
selected studies (55 studies).

o . . e
Type of Nano Material * C(())fnéeennt1 :;tt/o Part(lrclii)Sue Spec1ﬁc(:1121;;?ce Area
Ns 0.6-10 5-35 45-280
NC 0.1-7.5 6-10 10-750
NFe 1-4 50 -
NCaCO3 1.6-6.4 15-150 180
NTiO, 1-5 15 240 £ 50
NAI20; 1-3 <100 nm -
CNT 0.1-0.2 9.5 250-300
NMK 2-6 20 380
RNCB 3-10 - 80-90

* The acronyms of the nanomaterials are defined in Table 1.

3. The Performance of Construction Materials Made with Different Types of Fibers
and Nano Materials

As mentioned before, apart from the research gap, the structure of this study was
made in a way to find the synergic effect of different types (physical and mechanical
properties) of fibers and nanomaterials on the performance (fresh and hardened states) of
the main construction materials such as cement paste, mortar and concrete. For each of the
Sections 3.1-3.6, the individual effect of each fiber and nanomaterials on the performance
of construction materials was briefly studied. Then, the main focus was made on their
synergic effect.

3.1. Basalt Fiber and Nanomaterials

BF is known for improving flexural behavior of reinforced concrete, besides a consid-
erable elastic behavior facing exposure to elevated temperatures. Despite their remarkable
independent performance, some studies were conducted to show the combined effect
of using BF and NS together on the mechanical and durability properties of mortar and
concrete [29,44,51-56]. The addition of NS and BF together adversely affects workability;
this observation is in agreement with previous studies [29,44], which shows that the slump
of concrete reduces with an increasing of the BF and NS content. Nevertheless, this reduc-
tion can be offset with the use of supplementary cementitious materials (SCM) such as fly
ash [44]. For instance, by using each of the NS and BF independently, slump was reduced
by 12% and 20%, respectively. While adding NS and BF together with the same dosage,
the slump was reduced by only 22%. The available studies have not discussed this matter.
However, this may be related to the fact that the NS particles may disperse the fibers (it
may avoid agglomeration of fibers). In addition, the same facts can be seen for fresh density.
A study [44] showed that the fresh density of concrete reduces with the incorporation of BE,
and there is not a significant change with the use of NS. Nevertheless, the results show that
with the use of both NS and BF, the fresh density slightly increases.

According to studies [44,51-55], as shown in Figure 1, the optimum compressive
strength of concrete can be obtained by using 0.037-2% of BF and with a ratio of NS to
BF between 15 to 30. Moreover, using recycled aggregate and BF without NS reduces the
compressive strength up to 30%, while the addition of NS by 6% enhances compressive
strength up to 16%. The same trend was observed for axial compressive strength [29]. In
addition, flexural strength can be greatly affected by adding BF and NS to the cementitious



Sustainability 2022, 14, 3464

50f 33

mixes. For example, outputs of studies [29,51,52,54-56] show that the proportion of fiber
and NS in the mixes is the most effective factor in improving flexural strength in which it
can be improved up to 30% by using 0.1-1% of BF while the ratio of NS/BF is in between
6 to 10 (see Figure 2). Nevertheless, increasing the content of NS by more than 3% adversely
affects the flexural strength as shown in Figure 2. Regarding the three-dimension figures,
the NS/BF was considered in order to show the synergic effect of both materials (BF and
NS) in the same mix. For example, Figure 1 shows for constant basalt fiber content what

will happen if we change the NS/BF ratio. Regarding the NS content, it can be found by
multiplying the BF content by NS/BF content.
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Figure 2. Relative flexural strength of mixes containing BF and NS [29,51,52,54-56].
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The simultaneous impact of NS and BF on splitting tensile was studied by [29,51,57].
As shown in Figure 3, the optimum value of splitting tensile strength can be obtained by
using 0.6-1.8% of NS with 0.037 to 0.25% of BE. Using more than 2% of NS adversely affects
the tensile strength of concrete/mortar (Figure 3). This reduction in flexural and splitting
tensile strength may be due to the reason that an excessive dosage of NS in the mix causes
agglomeration of the nanoparticles on the fibers which led to pulling out of the fiber, due

to a reduction in the bond between the matrix and the fiber.
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Figure 3. Relative splitting tensile strength of NS contained BF reinforced concrete [29,51,57].

In terms of durability, conducted studies are not sufficient to identify the influence
of using BF and nanomaterials on cementitious composites. However, studies [44,56]
stated that using BF and NS together improves corrosion resistance and electrical resistivity
remarkably in comparison to the control mixes. Using carbon nanotube (CNT) with BF ex-
ceeds the frost resistance of the unmodified basalt fiber reinforced concrete by 1.5 times [58].
The addition of NS to the BF reinforced matrix improves the drying shrinkage resistance,
and the highest enhancement regarding shrinkage resistance was reported when both PPF
and BF were used together with NS [52]. Likewise, due to densifying the cementitious
matrix, the addition of NS to BF reinforced mortar remarkably reduces the passing charge
and improves the salt-frost scaling [52]. A study [52] concludes that the addition of NS for
BF reinforced mortar reduces the intensity of the transition zone as the increase by adding
fiber leads to a remarkable reduction in permeability. The performance of the heat-rain test
is not satisfactory with the addition of nano clay (NC) to BF reinforced concrete [59].

The microstructure of the mixes containing NS and BF was studied by [29,44,53,56,60],
as shown in Figure 4. Based on the SEM figures, it can be shown that the bond between the
cement matrix and the BF is the fundamental guarantee for the enhancement of the fibers,
and when the interface layer between the cement matrix and BF is looser (see Figure 4a,b),
the fiber cannot effectively play the role of network support. Bonding improves with the
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addition of NS to the BF contained mix. When nanomaterials are combined with BF, more
energy is required to debond the fiber, resulting in a considerable increase in toughness
(Figure 4c). A study [56] used the boiling method to evaluate the corrosion resistance of NS
modified BF reinforced concrete. It was observed that the surface of the fiber, boiled with
the addition of NS, remains smooth and flat with minor inclusions of new growths relative
to fibers without NS (see Figure 4d).

Figure 4. SEM of Nano modified basalt fiber reinforced cementitious mixes. (a) Basalt fiber reinfoced
concrete without nanomaterials [60]; (b) Basalt fiber reinfoced concrete without nanomatreials [29];
(c) 3% NS conatined basalt fiber reinforced concrete [29]; (d) 1% NS with basalt fiber boiled in calcium
hydoxide [56]; (e) Microcracks on geopolymer concrete [44]; (f) Unreacted fly ash on geopolymer
concrete [44].

In addition, the concentration of OH in the matrix reduces as a result of the reaction of
NS particles with Ca(OH), (CH) in the matrix prior to the BF to create C-S-H gel, which
leads to improved binding of various ions, as supported by a study [61] as well. Moreover,
as stated by a study [44], with the addition of fly ash with BF and NS, some of the fly ash
particles remain unreacted (see Figure 4f), and at the same time, micro cracks are appearing
as shown in Figure 4e.

The use of basalt fiber with other nanomaterials is very scarce. CNT, NC, nano
metakaolin (NMK) and nano alumina were investigated with BF by studies [58,59,62,63]. It
was observed that compressive strength reduced or slightly increased with the addition
of these nanomaterials. Overall, the addition of CNT, NC, NMK and nano alumina to BF
reinforced mixes improves the flexural strength remarkably. The highest flexural strength
has been recorded with the addition of 0.1% CNT and 0.2% BF together relative to using any
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of them separately. In contrast to CNT and nAj,O3, the addition of BC with BF adversely
affected splitting tensile strength.

3.2. Steel Fiber and Nanomaterials

SF is the most popular type of fiber used as concrete reinforcement. The incorporation
of steel fibers (both long and short) improves the durability and mechanical properties of
hardened concrete, namely the flexural strength, toughness, impact strength, resistance to
fatigue, vulnerability to cracking and spalling. Most of the covered research used SF with
NS [30,39,52,54,64-69], and was distantly followed by SF with each NC [70], nCaCOs5 [43,49],
NMK [68], nFe [36] and RNCB [71]. Considering that fibers increase the concrete mixture
viscosity by absorbing the cement paste, an increase in the volume of fibers may create some
issues for the concrete workability, thus further adding a superplasticizer—SP—becomes
necessary for increasing the slump. On the other hand, a high specific surface area of the
ultra-fine nanomaterials with their rate of pozzolanic reaction plays an important role in
the workability reduction in the fiber-reinforced cementitious composites. As illustrated
in Figure 5, increasing the dosage of NS slightly affects workability if the SF content was
not exceeding 0.5%. Nevertheless, for the same dosage of the SF addition of nFe and NC
reduces the workability [36,70]. However, very limited data are available on the effect
of the combined usage of fiber and nanomaterials on the air content of concrete/mortar.
Due to the small particle size of nanomaterials, an air content decrease compared to
ordinary mixes and the opposite can be seen with the addition of fiber. For example, with
SF, the addition of NC can decrease the air content from 6.8% to 5.3% as stated by [70].
Moreover, the NS particles can absorb part of the free water in the concrete and decrease the
plastic shrinkage of concrete because of the large specific surface area of the nanoparticles.
However, excessive amounts of nSiO, absorb a large amount of water. Therefore, the
concrete shrinkage could be increased by an excessive amount of NS [66,72].

R. R.
09-10 06-07
. . NS SF Slump NS SF Slump

Relative [oo-09 [PoO6-06 Beigi etal,, 2013 Zhang et al., 2014

m | w | o o o0 100
slump mos-os  mos-08 2 02 098 5 05 081
Wo7-08 [Ro4-05 03 088 i

Wo7-o07 05 087 5 8| B159 Fpies

s 2 058

etal, 2017
25 043
o 1.00
1 0.50
1 0.47
1 0.44

DN OB EAONN

dutns aaeRd

Figure 5. Relative slump of SF reinforced NS contained composites [65,73].

Using NS up to 4% with SF remarkably affects the compressive strength increment.
As illustrated in Figure 6, the optimum value of compressive strength can be obtained by
the incorporation of 1-3% of NS with 0.5-1.5% of SF. Using SF more than 1.5% reduces its
effectiveness, and the same fact can be seen with the use of NS more than 5% (compressive
strength reduces up to 17%). This may belong to the formation of local weakness areas
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Relative comppressive strength

due to uneven dispersion of NS particles in the mixture [67]. This shows that each of the
nanomaterials positively affects compressive strength up to different dosages as shown in
Figure 7. For instance, using 2% of SF with each 2% nFe and 3% nCaCOj3 can be considered

optimum content. Moreover, hybrid usage of SF and CF is more preferred with RNCB
compared to the sole use of SF.

25

%
s 20
@A
S
S
b
E 1.0
3
25
05
0s
h’ 1]
15
1.6 25
£ -
£ 1.5 3 # NS 2% =
£ 14 |- X 8 W NS 4% £ 20 .3 #SF 1%
z 13 s - A:::: f X*‘ A WSF 1%
2 H 2 15
a ii ﬂi XNS1.5% g - A SF0.45%
g 0 . N S omgtn SF 0.9%
§ 10 [ L gt + NS 6% E -0 Bm a -
v 09 + - N5 13% s X SF 1.35%
2 gg + 2 05
K} =
(7] 0.7 1]
-4 o
oo o0 0 2 4 6
o] 1 2 3
SEY% NS %

Figure 6. Compressive strength of Nano silica modified and BF reinforced cementitious composites
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Figure 7. Relative compressive strength of SF reinforced composites incorporating different nanoma-
terials [36,49,71].
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Flexural strength can be influenced by the addition of nanomaterials to SF reinforced
cementitious composites. As shown in Figure 8, the optimum value of flexural strength can
be achieved by the incorporation of 2-5% of NS with 0.2-0.5% of SF. Same as compressive
strength, increasing the dosage of SF and NS more than 0.5% and 5% respectively, will
adversely affect the performance of cementitious composites. Moreover, adding the same
incorporation ratio of NS for mixtures made with SF and basalt fiber, flexural strength
adversely affected the SF contained mix [54]. In contrast, with the use of pellets’ basalt
fibers, flexural strength remarkably improved [54]. Overall, the fibers and matrix have
strong bonding that increases the force of fiber bridging which correspondingly improves
the strength [68,72]. Flexural strength of 2% SF reinforced ultra high performance concrete—
UHPC—can be slightly improved by using nCaCOj3 up to 3.2% [30]. The improvement
in flexural behavior was much greater while the RNCB was used with SF as shown in
Figure 9 [49,71]. The hybrid use of CF and SF was not as effective on flexural strength as
compressive strength (see Figure 9). Moreover, using hooked SF with 6% NMK was much

more effective for flexural strength enhancement relative to crimpled SF due to higher
bridging competency in the matrix [68].

Rabiaa et al., (2020) #NS2% BNS 4%
Beigi et al., (2013) |::> NS 6% NS 4% Hooked SF
Ghazy et al., (2016) X NS 4% Crimped SF @ NS 6%

Bediwy et al., (2018) 1.8 -

£ 164 ad
&
18 £ et e %
o X
5
2
3
£ &=
[~ o
2 16 =
g : »
w .3
B
g 14
2 1 1.5
@ SF%
=
- 12
-4

Figure 8.  Relative flexural strength of SF reinforced and NS contained cementitious
composites [52,54,68,73].

2.03
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C
& 163 SF+CF 0.8 RNCB
5 X SF+CF 1.1 RNCB
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S 123 Poly. (SF 2% NCaCO3)
2 o3 Poly. (SF 0.6 RNCB))
5 7 Poly. (SF+CF 0.8 RNCB)
[]
o« 0.83 Poly. (SF+CF 1.1 RNCB)
0.63 Poly. (SF+CF 0.7 RNCB)

0 5 10 15
Nano Content %

Figure 9. Relative flexural strength of SF and CF reinforced cementitious composites containing
nCaCOj3 and RNCB [49,71].
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Furthermore, the simultaneous impact of SF and NS on splitting tensile strength
was studied by [30,39,68,73]. As shown in Figure 10a, the observed results conclude that
increasing SF and NS inversely affects splitting tensile strength. In other words, the tensile
strength of cementitious composites can be improved in two cases, either with low NS and
high SF content or with high NS and low SF content. The highest value of tensile strength
can be obtained using 6% of NS and 0.3% SF, but this content of NS as aforementioned

adversely affects compressive and flexural strength. Owing to that, the optimum splitting
tensile strength can be obtained with 2-3% NS and 1% of SE.
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Figure 10. Relative splitting tensile strength of cementitious composites reinforced with SF and
(a) NS [52,54,68,73], (b) nFe [36].

As shown in Figure 10b, using 3% nFe with 2% SF recorded the optimum splitting
tensile strength as stated by [36]. Moreover, up to 1% hooked SF with 6% NMK obtained
the highest splitting tensile strength. Nevertheless, SF of more than 1% is not much more
effective with NMK due to the formation of the pores by fiber agglomeration. Moreover,
using nFe more than 3% with SF will serve in the tensile strength increment. Furthermore, it
can be concluded that nano-silica particles have a more momentous impact on the splitting
tensile strength compared to the nano metakaolin particles due to the fact that nano-silica
is more amorphous than nano metakaolin, and the silicon dioxide (S5iO,) percentage in NS
is higher than that in metakaolin [68].

Regarding durability performance of the cementitious mix, a limited number of re-
search projects investigated the combined impact of nanomaterials and SE. Overall, the
addition of nanomaterials, due to their filling and pozzolanic effects, in concrete leads
to a denser structure with less porosity and water absorption [30,49,52,71]. For example,

based on the water absorption test that indirectly evaluates the concrete porosity, the SF
addition, beyond the optimum content (based on mechanical properties), increases the
porosity and permeability due to facilitating bridging between pores [30,69,73], and facil-
ities the diffusion of CO, [66]. Thus, it can be said that a small amount of SF resulted in
no degradation in the permeation properties, whereas higher SF dosages would lead to
a clear growth in the water absorption and sorptivity of the concrete [41], and increase
the resistance to CO; diffusion. Accordingly, the addition of nanomaterials, particularly
NS, to SF reinforced concrete remarkably reduces the porosity, water absorption, cracking,
freez-thaw and carbonation depth [30,49,52,66,73]. Nevertheless, using NS more than 5%
and SF more than 0.9% adversely influences the durability performance.

The microstructure of SF reinforced concrete/mortar containing nanomaterials speci-
mens at 28 days was studied by studies [36,49,69]. Without the addition of nanomaterial, in
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the mix of SF reinforced UHPC adhesive, failure was observed with obvious cracking space
between the actual fiber and the matrix interface (see Figure 11a). On the other hand, the
addition of nFe up to 2%, due to uniform distribution and enhancing the compactness, de-
creases micro-cracks considerably for magnesium potassium phosphate cement mortar [36]
(see Figure 11b). Backscattered electron microscopy (BSEM) examinations were performed
for illustrating the microstructure of nCaCOj contained and SF reinforced UHPC by a
study [49], and the results show that when 3.2% of nCaCOj3 was used, the fiber-matrix
interface was well bonded. However, some disconnected pores with sizes in the range
from 2 to 20 mm were observed (see Figure 11c). Moreover, the microstructure of the
hardened cement paste containing NS appeared quite dense and compact with relatively
fewer capillary pores as compared to the plain cement paste without NS; moreover, the
bond filure mode changed to cohesive filure (see Figure 11c) [69]. Furthermore, an excessive
amount of nanomaterials results in agglomeration of the nanoparticles ( see Figure 11e
as 6.4% n-CaCQOj3 used), increasing the porosity ( see Figure 11f as 5% nFe used) which is
accompanied with lower bond strength.

Adhesion failure ~ ;
Fiber
Sy,

Figure 11. Cont.
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Figure 11. Microstructure of cementitious composites contained nanomaterials and SF: SF reinforced
(a) without nanomaterial [49], (b) with 2% nFe [36], (c) with 6.4% nCaCOj [49], (d) with 1.5% NS [69],
(e) with 6.4% nCaCOj [49], (f) 5% nFe [36].

3.3. Polypropylene Fiber and Nanomaterials

Polypropylene as synthetic fibers attracted researchers due to their lower cost and
weight, resistance against corrosion and acids, excellent toughness and enhanced shrink-
age cracking resistance [74,75]. Besides their usage independently, nanomaterials and
polypropylene PPF are used together in the cementitious mixes. Most of the conducted re-
search used PPF with NS [35,39,40,42,45,46,52,53,64,73], and was distantly followed by PPF
with nTiO; [40] and nAl,O3 [35]. Workability was found to be reduced as both nAl,O3 and
NS content increased in the PPF reinforced mixes [35,45,73]. As illustrated in Figure 12a,
introducing NS was much more effective in the slump reduction relative to the PPF fiber
addition in which the reduction is gradual while the content of PPF increases. On the
contrary, the fall in slump values is steeper as the NS content increases. The obvious
reduction in the slump value with the introduction of NS may be attributed to the high
pozzolan activity which leads to the formation of gels that have water retention capacities
and a high surface area (see Table 3) that increases the water absorption of the mix in the
fresh state [35]. Moreover, it can be noted with the addition of the same content of PPF,
incorporating nAl,O3 causes more of a reduction in the slump value compared to a NS
addition with the same dosage (see Figure 12b). Same as the other fibers, workability
reduction is directly proportional to the addition of PPF as well as the mixing procedure
that may let microbubbles enter the zone between fibers and cement paste which slightly
increases the water absorption in the hardened state of the mix [35]. It can be concluded
that reduction in workability is not too much while up to 0.25% PPF was used with 2% and
1% of NS and nAl,O3. Moreover, using PPF with Ns and nAl,O3; improves the stability
better than SF and GF [73].

As illustrated in Figure 13, the addition of PPF alone will not make any positive effect
on compressive strength. Meanwhile, with an increment of the NS dosage, the influence
appears in a positive manner. In fact, 5% of NS can be considered as optimum content if it
has been used with 0.6-0.8% of PPF. Observably, the pozzolan and filling effect of nSiO,
can be noted in reinforcing the fiber zone and cement matrix, in which the PPF does not
have a significant effect on compressive strength. In addition, NS led to a reduction in the
wall effect between PPF and its surrounding matrix. Consequently, a harder bond formed
between PPF and the matrix that improved compressive strength [46].
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Figure 12. Slump of PPF reinforced cementitious composites containing (a) NS [35,45,73] and
(b) nAl, O3 [35].
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Figure 13. Relative compressive strength of PPF reinforced NS contained cementitious
composites [35,39,42,52,53].

The impact of utilizing NS [46,52,73] and nTiO, [40] on the flexural strength of PPF
reinforced cementitious mixes was studied. A study [73] reports that using NS up to 4%
with PPF up to 0.15% enhances the flexural strength of normal strength self-compacting
concrete (SCC) in which the scored relative flexural strength reached up to 1.53 (Figure 14).
Moreover, a study [46] used 1% of NS with up to 1% PPF; the relative flexural strength of
the SCC was enhanced up to 2.37. It can be concluded that with a low dosage of NS, up to
1%, increasing the content PPF can improve the flexural strength, but for a higher dosage
of NS content (>1%), the increase in PPF will not be effective. Any further increase in the
content of NS and nTiO; caused an adverse impact on the flexural strength which can be

ascribed to the formation of micro-cracks which influence the flexural strength [40,46,52,73].
Moreover, using other higher elastic modulus fibers with PPF simultaneously will not be
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effective in enhancing the flexural strength as stated by a study [52]. According to the
findings of studies [42,45,46,73], the addition of NS improves the tensile strength of the
cementitious mixes. As illustrated in Figure 15, while PPF was used, the low dosage of
nano particles is more effective in tensile strength improvement. While a low dosage of
NS as 1% used showed that the tensile strength improves dramatically with an increasing
dosage of PPF. Nevertheless, with a high content of nano as 3, 5, 6 or 7%, varying the
content of PPF slightly improves the tensile strength. According to a study [46], this can
be attributed to an increase in nanoparticles provides a harder bond between PPF and
the matrix, but because of the smooth surface of PPF, a hard bond between PPF and its
surrounding matrix does not change its failure mode to rupture; i.e., PPF still de-bonded
from the surrounding matrix. Moreover, the ductility and crack-arresting effect of PPF
serves in tensile strength improvement [45].
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Figure 14. Relative flexural strength of NS and PP contained SCC [73].
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Figure 15. Relative splitting tensile strength of PP reinforced and NS contained mixes [42,45,46,73].
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On one hand, the addition of nano-particles to the cementitious mixes improves
density and reduces the porosity and water absorption [45,73,76]. Moreover, the type
and fineness of the particles play a significant role in their performance. On the other
hand, the PPF addition increases the interface in concrete and results in the increase in
the void content in concrete [40,77] that leads to a reduction in density and increasing
porosity. Thus, if a proper incorporation ratio of the PPF is not used, it may adversely
affect the durability. A study [40] stated that in concrete containing both PPF and NS,
the chloride penetration was reduced that can be attributed to the low density and the
increased void content of this concrete. This reduction can be compensated if another
fiber, with low dosage, such as MP [42] or BF [52], was used with NS contained PPF
reinforced mixes. A study [42] stated that the optimum percentage of each of the two
types of fibers together with that of nano-silica has lower water absorption in comparison
with the plain concrete, the one containing the optimum percentage of nano-silica, and
the one containing only the optimum percentage of either of the two fibers. Moreover,
due to the small specific gravity of PPF, shrinkage reduced significantly in the Nano and
fiber reinforced mortars with hybrid fibers 0.6% BF and 0.4% PPF [52]. Moreover, chloride
ion penetration remarkably reduced in the case of using PPF with NS for SCC [73] or PPF
and BF with NS for mortar mixes [52]. The microstructure of the nanomaterials and PPF
reinforced cementitious mixes has not been studied sufficiently. The presence of active
nano-silica produces calcium silicate hydrate that improves the microstructure of fiber-
reinforced concrete against chloride ion penetration and reduces the associated corrosion
in concrete [73]. At the same time, the smooth surface of PPF prevents formation of a
hard bond between PPF and their surrounding matrix. Utilizing nano-silica resulted in
the improvement in bond properties at the interface between the fiber and the matrix
according to a study [46]. Moreover, as shown in Figure 16, studies [42,45] show that a
density increase is associated with an increasing content of NS but a decrease with an
increasing content of PPF.
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2500 .
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Figure 16. Effect of the use of NS and PPF on density of cementitious composites [45].

Considering the microstructural analysis of the compositions, which is shown in
Figure 17, the PPF was dominantly de-bonded from its surrounding matrix, and some PPF
was even ruptured. It can be inferred that the improvement in the interface between PPF
and the matrix did not change the failure mode of PPF [46].
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Figure 17. SEM of PP reinforced NS contained concrete [46].
3.4. PVA Fiber and Nanomaterials

Six conducted studies that used PVA fibers and nanomaterials together are considered
in this study. Nanomaterials and PVA fibers greatly affect the workability of cementitious
composites. The free water of the mix is absorbed by PVA fiber due to its good hydrophilic
properties [32,33]. Moreover, using finer sand size adversely affects workability and
mechanical performance due to its higher tendency for absorbing water which results in
insufficient water for hydration [33]. The effect of NS on workability reduction is more
than nCaCOj [78], and is less than NC [41] for the cementitious composites. Nevertheless,
for 3D printing PVA mortar, the addition of multi-walled carbon nanotubes (MWCNT)s
has no detectable effect on the buildability, such as stacking stability, shape ability, and
integrity [48]. As shown in Figure 18, according to studies [41,78], increasing the dosage of
NS adversely affects the workability with the presence of PVA in the mortar mixes.
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Figure 18. Relative Slump of PVA reinforced NS contained cementitious composites [41,78].

As illustrated in Figure 19, the addition of PVA without nanoparticles positively affects
compressive strength of engineered cementitious composites (ECC) [47]. The highest
compressive strength was obtained with the use of 2% of PVA and 2% of NS in the same
mix. The incorporation beyond 2% of NS and 1.5% of PVA in the reinforced ECC and
mortar may not improve compressive strength anymore [41,47]. This can be attributed to
the agglomeration of the high dosage of nanoparticles in the mix which led to weakening
the bond between the aggregates or fibers with the matrix.
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Figure 19. Compressive strength of PVA reinforced NS contained ECC [47].

The flexural strength of PVA reinforced NS and nCaCOj; contained cementesious
composites was investigated by studies [33,41,47]. As shown in Figure 20, the optimum
flexural strength can be obtained by the use of 1-2% of NS with 1-1.5% of PVA. Moreover,
it can be noted that the enhancement effect of the PVA becomes weaker on flexural strength
when the dosage of NS exceeds 2%. This may be attributed to formation bundant ettringite
which could lose strength caused by the internal stress [79]. Similar to compressive strength,
the mixture of NC had lower flexural strength than that of NS [41]. Furthermore, in the mix
of ECC, the presence of NS increases the density of the ITZ between PVA and the matrix
that leads to a reduction in stress at the crack tips to less than the bridging stress across the
crack. Consequently, more energy is required to de-bond the fiber, which subsequently

leads to an increase in the flexural capacity of the ECC [47]. In addition, a study [48]
states that using MWCNT in the 3D printing PVA can achieve the mechanical properties
and 3D printing requirements if in the range of 0.01-0.05% was used. Inappropriately,

tensile performance of PVA reinforced cementitious mixes containing nanomaterials was
not studied by any of the conducted studies.
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Figure 20. Relative flexural strength of PVA reinforced Nano material contained cementesious
composites [33,41,47].
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In studies [47,78], the durability performance of PVA reinforced nano contained ce-
mentitious mixes was considered. It can be concluded that the addition of NS and nCaCOs
to the PVA reinforced mix resulted in difficult CO, diffusion which enhances carbonation
resistance. More reduction in carbonation depth was scored while PVA fiber and nano-
materials were used relative to using nano or the fiber solely in the mix. For instance,
without using PVA fiber with the addition of 2% of NS and nCaCQO3, the reduction was
determined as 20% and 11.7%, while with the fiber, the reduction increases to 23.4% and
12.8%, respectively. In addition, using any amounts of NS or nCaCQOj less than 2% with
PVA fiber remarkably improves durability of the cementitious composites in terms of per-
meability resistance, cracking resistance as well as freezing-thawing resistance. However,
the improvement of nSiO; on durability is much better than that of nCaCOj3. A study [47]
states that the combined effect of PVA fiber and NS quantity on resisting shrinkage is
greater compared to the effect of PVA fiber alone. This could be interpreted as a result of an
improved matrix—fiber interaction, which improves the area of contact by densifying the
ITZ in these regions [41,47].

The addition of NS rather than decreasing porosity and densifying the mix (see
Figure 21) also increased the bonding strength between the fiber and composite
matrix [41,47,78]. Consequently, most PVA fibers were fractured instead of pull-out occur-
ring during tension by adding NS [41]. According to a study [78], as illustrated in Figure 21,
the generated C-H-S gel in the NS contained mix is higher relative to the nCaCOj3 contained
PVA reinforced mix. The C-5-H gel has an obvious influence on bond performance and
ITZ enhancement in the mix. Therefore, as aforementioned, NS is more fulfilled with PVA
reinforced cementitious composites relative to nCaCOs in terms of serving the durability.
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Figure 21. Micro structure of PVA reinforced cementitious composite (a) without NS [41], (b) with
NS [41], (c) with NS [32], (d) with nCaCOj3 [32].
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In the printing mortar, some microscopic fibers are released from the PVA fiber during
the mixing process as shown in Figure 22 [48]. Therefore, the dispersed fiber with the
carbon nanotube in the mix enhances the hardened property resulting in a higher bridging
effect on the micro-cracks.

micro PVA fiber

Figure 22. PVA reinforced and carbon nanotube contained printing mortar [48].

3.5. Glass Fiber and Nanomaterials

The simultaneous impact of using nanomaterials and GF on mechanical property
and durability performance of cementitious composites was not studied by
studies [31,39,43,64,73,80]. Evidently, the addition of nanomaterials and/or fibers adversely
affects the workability and would lead to an excessively high SP dosage. Relative slump
reduction is illustrated in Figure 23; increasing the dosage of each of NS and GF adversely
influences the workability [31,39,73]. Moreover, for printing 3D mortar, the addition of NC
and GF significantly enhanced the shape retention ability. However, using NC with GF
and carbon fiber showed better shape retention relative to using SF. At the same time, it
should be noted that high workability is not desired for extrusion and 3D printing because
a high workability could lead to an excessive drop in height and the belly cross-section
after the subsequent layer is deposited [43]. The adverse effect of simultaneous usage of
nanoparticles and GF on workability can be ascribed to increasing the locking probability
and water absorption. On the other side, its property leads to improvement in the internal
strength and enhances the compressive strength according to studies [31,39,64] as shown in
Figure 24. Moreover, improving the friction and internal collisions between aggregates and
fibers can be the reason for the strength increment [81]. Figure 24 illustrates that optimum
compressive strength can be obtained with usage 0.75-1.5% of GF with NS greater than
3%. However, the addition NS beyond 3% may not adversely affect the GF reinforced
cementitious mixes as has been noted with other fibers, but as shown in Figure 23, the
workability reduction is large. The relative flexural strength is shown in Figure 25. The
combined use of GF and NS in all mixed designs of normal and lightweight SCC concrete
increased the 28-day flexural strength remarkably [31,73]. This significant enhancement
can be ascribed as that of the NS particles, with their pozzolanic and filler effect, improving
the properties of the cement paste contact area with fibers and aggregates and increasing
the adhesion of the contact areas [80]. Meanwhile, the tensile strength improvement of
nano contained GF reinforced concrete can be noted evidently as shown in Figure 26. From
the results, it can be noticed that, with an increasing GF dosage, the tensile strength slightly
increases [31,73] or decreases [39], while, with addition of NS to the GF reinforced mixture,
the splitting tensile strength improves greatly. This increment may belong to the stress
transformation from the matrix to the fibers [31], or the presence of a larger contact area
between fibers and the matrix which results in higher friction [73]. The positive effect of
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NS on increasing tensile strength was also mentioned in previous studies [82]. Thus, as
illustrated in Figure 26, the optimum tensile strength can be obtained by using GF more
than 0.25% up to 1% with NS between 2 to 3%. Furthermore, in the light weight concrete,
the influence of the NS addition to the GF reinforced concrete is higher in comparison to
normal weight concrete. This can be attributed to improved hardness of the lightweight
aggregate through reducing the cavities and improving the contact surface between the

matrix and the aggregate, in which the cracking is usually started and passed through the
lightweight aggregates [31].

Relative Slump

aunweld ¥

Figure 24. Relative compressive strength of GF reinforced NS contained cementitious composites
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Figure 26. Relative splitting tensile strength of GF reinforced and NS contained cementitious composites.

Most corrosive substances, which are adversely affecting the long-term performance,
are penetrating the concrete through water [31]. As aforementioned, the use of NS in all
mixed designs reduced the water absorption percentage of cementitious composites due to
the NS tendency for filling the fine holes in the silicate gel structure of the mix. According
to the obtained outcomes of studies [31,73], the addition of GF without NS adversely
affects the water absorption of the concrete specimens, whereas, with introducing NS to
the mix, the water absorption greatly decreases as shown in Figure 27. Besides, it can be
noted that the varying influence of NS on water absorption reduction is not significant
with increasing the dosage more than 2%, even while the content reaching to 6% water
absorption increment commenced. Therefore, the optimum percentage of NS as 2% can be
considered with GF reinforced concrete mixes.
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Figure 27. Relative water absorption of GF reinforced and NS contained cementitious composites.

In addition, the associated corrosion in the cementitious composites is directly pro-
portional to the reduction in chloride ion penetration. A study [73] states that chloride ion
penetration of GF reinforced normal strength SCC concrete can be reduced up to 20% by
utilizing NS up to 4% (see Figure 28). This can be attributed to the improvement in the
microstructure of the concrete as shown in Figure 29 which results from calcium silicate
hydrate production [31].

The electrical resistivity is an auxiliary tool to investigate the corrosion probability of
buried rears in concrete. A study [31] states that the presence of GF has a little contrary
effect on the electrical resistivity of the test specimens while using NS up to 6% with GF
and improves the electrical resistivity progressively (Figure 30). This can be attributed to
the pozzolanic behavior of NS that by increment of the hydration process fills the spaces in
the mix of the concrete.
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Figure 28. Resist chloride ion penetration test result of NS contained GF reinforced SCC concrete [73].
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Figure 29. SEM of 1.5% GF and 4% NS contained concrete mix [31].
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Figure 30. Relative electrical resistivity of NS contained GF reinforced lightweight SCC concrete [31].

3.6. Other Fibers and Nanomaterials

Despite the aforementioned fibers, other types of fibers are used by the conducted
research of this review as shown in Table 1. Regarding the influence on the workability, the
addition of nanoparticles due to high surface area and addition of fibers due to absorbing
more cement paste to wrap around leads to an increase in the viscosity and a decrease in
the slump of a concrete mixture [83]. Therefore, with increasing the dosage of the fibers
and nanoparticles simultaneously, the workability reduces significantly. This statement is
verified by increasing the content of coir fiber and NS [37], carbon fiber CF and graphene
nanoplatelet filler GNP [34], CF and recycled nano carbon black (RNCB) [71], CF and nano
calcium carbonate [43], linen fiber and nano metakaolin [84], macropolymeric fibers MPF
and NS [42], coconut fibers and NS [85], forta-ferro fiber and NS [30], carbon nano fiber
CNF and carbon nano tube CNT [86]. The workability of concrete is reduced with addition
of CF up to 50% [71]. Due to the adverse effect of using recycled carbon fiber or RNCB on
the workability, for compensating the required workability, the amount of the utilized SP
must be doubled or more [34,71]. However, according to a study [87], for the workability
and consistency of the concrete containing fibers, the slump test is not a suitable indicator
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as the mixture may exhibit low slumps while having sufficient workability and consistency.
Therefore, a study [43] recommends demand of SP as a better parameter that reflects the
fibers and nanomaterials on workability.

Regarding the effect of the combined usage of fibers and nanoparticles on the density
of the produced mixes, the following conclusions can be drawn. The specific gravity of the
used fiber and nanomaterials plays an important role in the reduction or increment of the
density in the produced mix. A study [30] states that the addition of steel and forta-ferro
fibers improves density. While according to studies [37,88], Coir, polypropylene and macro-
polymeric (MP) hemp fabric (HF) fibers are reducing the density. Moreover, using NS with
the fibers cannot compensate the reduction in density with Coir, PP and MP fibers, due to
the lightweight nature of the nanoparticles relative to the replaced cement particles [37,42],
while NS with steel and forta-ferro fibers reduces the density increment [30], and nano clay
up to 1% increases density with HF fiber [88,89].

Regarding the compressive strength, a study [34] states that using each carbon fiber or
GNP solely does not affect the compressive strength of mortar remarkably. On the contrary,
when both GNP and fibers are used, the worsening of mechanical strength increases and
becomes 12% lower for virgin carbon fiber VCF and 19% lower for recycled carbon fiber
RCF additions. The addition of nCaCOj3 to CF reinforced extrudable high strength concrete
was studied by a study [43]. It is being concluded that with up to 4% nCaCO; with a
constant 0.5% of CF, the compressive improves by 12%, while using CF without nCaCOs3
slightly increased the compressive strength. In terms of compressive strength improvement,
according to a study [71], using carbon fiber is better with recycled nano carbon black
RNCB rather than SE. Moreover, a hybrid of 0.6% SF and 0.5% CF with RNCB scored
the best performance of compressive and flexural strength as illustrated in Figure 31a,b.
Moreover, the use of WWE fiber with RNCB slightly improves the compressive and flexural
strength, but hybrid usage of WWE and CF with RNCB improves the flexural strength, and
the compressive strength reduces to lower than the control specimen. Thus, as shown in
Figure 31, the optimum flexural and compressive strength can be obtained using 0.6% SF
and 0.5 with 10% RNCB. Moreover, using CF of more than 0.5%, the electrical resistivity
significantly decreased with and without SF (Figure 32). The addition of GNP to mortars
containing carbon or SF decreases the flexural strength and electrical resistivity [34].
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Figure 31. Relative (a) compressive and (b) flexural strength of RNCB contained SF and CF reinforced
cementitious composite [71].
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Figure 32. Relative electrical resistivity of RNCB contained SF and CF reinforced cementitious
composites [71].

Other types of fibers such as forta-ferro [30], nano cellulose [90], coir [37], coconut [85]
and flax [91] fibers are used with NS in the composite mixes (Table 4). Increasing the content
of NS with the constant content of 0.5% of forta-ferro reduces workability and increases
splitting tensile strength. Up to 2% of NS, the compressive strength improved. Moreover,
the porosity and water absorption increase due to fiber addition; these increments can
be compensated by increasing content of NS to the mix [30]. The performance of nano
cellulose fiber with NS was experimented by a study [90]. The results show that with
increasing the amount of NS with a low content of nano cellulose fiber (0.35%) obtained
the maximum compressive strength. Moreover, (0.75%) nano celluloFse with up to 1.5% of
NS works effectively in terms of tensile strength enhancement. It can be ascribed to the
combination of NS with the fiber that affected the hydration reaction due to the existence
of single dispersed nano cellulose fibers, in which it works as extra nucleation spots for
the hydrates and enhance the activity of the NS. A study [37] shows that the use of coir
fiber with NS causes an acceptable reduction in slump flow relative to the other fibers.
Additionally, besides the increment of the dosage of NS up to 3.7%, the fiber usage up to
0.2% enhances compressive strength to the maximum, while the water to binder ratio to its
minimum (0.42) and fly ash to its maximum (64 kg/m?) were used. As shown in Table 4, the
increase in the dosage of coir fiber adversely affects the abrasion resistance of the concrete;
however, a decrease in the water binder ratio and increase in NS content reduce the loss in
weight of the concrete. This can be attributed to the outcome that the coir fibers are not able
to fill the voids completely. From the observations in a study [85], it can be concluded that
as the percentage of NS in the concrete increases, with the same 1% content of coconut fiber,
the loss in the workability also increases as compared to the conventional concrete sample.
On the other hand, with 0.5% of NS, the compressive strength reaches to its maximum
effect, and any further usage of nano will reduce that effect. Moreover, a study [91] reports
that usage of Flax fiber with NS significantly improves flexural strength of geopolymer
composites and reduces the degradation of the flax fiber. With 10 layers of flax fiber, 1% of
NS scored the optimum results in terms of flexural strength and density of the geoplymer
composite mixes. This may be due to densifying of the mix while NS has a low specific
weight relative to fly ash and enhancing the adhesion of the fiber with the sounded matrix.
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Table 4. Durability and Mechanical performance of NS and other fibers conatined composites mixes.

Nano Fiber Fiber R.
Ref Content Type Content R.S1 R. Fc R. F1 R.ST R.WA Porosity .AR
[30] 0 FF 0 1 1 - 1.00 1.00 1.00 -
1 FF 0.5 0.75 1.07 - 1.13 1.18 1.18 -
2 FF 0.5 0.59 1.14 - 1.15 1.04 1.05 -
3 FF 0.5 0.47 1.10 - 1.18 1.05 1.04 -
[90] 0 N Cel 0 1 1 - 1.00 - - -
1 N Cel 0.35 0.83 - 1.26 - - -
1 N Cel 0.55 1.07 - 0.96 - - -
1 N Cel 0.75 1.13 - 1.04 - - -
1.5 N Cel 0.35 1.07 - 1.19 - - -
1.5 N Cel 0.55 1.16 - 1.10 - - -
15 N Cel 0.75 0.94 - 1.55 - - -
2 N Cel 0.35 1.22 - 1.22 - - -
2 N Cel 0.55 0.94 - 1.26 - - -
2 N Cel 0.75 1.02 - 1.26 - - -
[37] 0.0 Coir 0 1 1 - - - - 1
24 Coir 0.1 0.96 1.43 - - - - 0.85
24 Coir 0.2 0.9 1.48 - - - - 0.93
24 Coir 0.3 0.8 1.28 - - - - 1.03
3.7 Coir 0.1 0.87 1.48 - - - - 0.83
3.7 Coir 0.2 0.96 1.54 - - - - 0.90
3.7 Coir 0.3 0.91 1.35 - - - - 0.93
[85] 0 Coconut 0 1 1.00 - - - - -
0.5 Coconut 1 1.01 1.57 - - - - -
1 Coconut 1 0.90 1.41 - - - - -
1.5 Coconut 1 0.78 1.42 - - - - -
2 Coconut 1 0.67 1.12 - - - - -
[91] 0 Fl 0 - - 1.00 - - - -
0.5 Fl 4.1 - - 6.09 - - - -
1 Fl 4.1 - 6.54 - - - -
2 Fl 4.1 - - 6.33 - - - -
3 Fl 4.1 - - 5.87 - - - -

Despite the aforementioned types of nanomaterials and fibers, Table 5 depicts the si-
multaneous usage of other types of nanomaterials and Fibers. A study [84] found that when
perlite was added to nano metakaolin contained and linen fiber reinforced cementitious
composites, the flexural strength, density and thermal conductivity reduce remarkably.
Thus, the use of a natural fiber such as linen, which has a porous core, with perlites in
the production of lightweight material is beneficial in terms of heat transfer and energy
consumption. Another study [71] found that usage of recycled carbon nano black with
waste wire erosion as fiber remarkably improves compressive and flexural strength as
well as electrical conductivity. However, the use of carbon fiber with WWE may triple the
cost of the mixes. On the other hand, the compressive strength reduces, but the electrical
conductivity and impact energy improve tremendously, which may serve in the smart
concrete production [71]. Calcined nano clay with hemp fibers were used together in
cement composites by [88,89,92]. A study [88] concludes that increasing the dosage of NC
reduces dry density, and more than 1% of NC increases the porosity of the mix. With 2.5%
of HE, using 1% of NC can be considered as an optimum ratio in terms of enhancing the
flexural strength and reducing the porosity due to achieving a better fiber /matrix interface.
The same phenomena were supported by the experimental outcomes of a study [89], in
which by increasing the content of HF from 2.5 to 6.9%, the flexural strength scored an
obvious improvement (Table 6). When NC was introduced to HF [92] and flax fiber [93],
the natural fibers experienced less degradation; accordingly, the durability of the natu-
ral fiber reinforced mixes improved. Furthermore, the sequence of implemented studies
by [88,89,92,94] recommends the use of 6.9% of NaOH treated HF with 1% of NC, and
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any further usage in the NC tends to reduce its positive effect on physical, mechanical,
durability and thermal properties.

Table 5. Relative compressive, flexural, capillary, thermal conductivity and electrical resistance of

Nano contained and fiber reinforced mixes.

Ref 1;;;: Cf;:‘e‘; .  FiberType Cilnbt‘; . R. Fc R.Fl R.Ca R.TC R. ER
[84] NK 10 LF 2 - 1 1 1
NK 10 LF 1.7 - 0.95 8.57 0.831
NK 10 LF 16 - 0.90 10.43 0.658
NK 10 LF 1.37 - 0.82 16.57 0.538
NK 10 LF 11 - 0.74 19.43 0.444
NK 10 LF 0.9 - 0.66 22.00 0.324
NK 10 LF 0.7 - 0.6 25.71 0.244
NK 10 LF 0.6 - 0.55 34.14 0.160
[71] RNCB 0 WWE 0 1.00 1.00 - - 1.000
RNCB 6 WWE 0.005 1.18 1.42 - - 0.075
RNCB 6 WWE 0.01 1.31 1.54 - - 0.069
RNCB 6 WWE+CF  0.01+02 0.95 1.52 - - 0.017
RNCB 6 WWE+CF  0015+02  0.90 145 - - 0.006

Table 6. Relative Dry density, flexural strength and porosity of NC contained HF reinforced cementi-
tious mixes.

Nano Fiber

Ref. Content Fiber Type Content R.DD R.Fl R. Por
[88] 0 HF 0.0 1.00 1.00 1.00
1 HF 2.5 0.96 1.80 0.97
2 HF 2.5 0.93 1.48 1.09
3 HF 2.5 0.92 1.36 1.13
[89] 0 HF 0.0 1.00 1.00 1.00
1 HF 6.9 0.92 3.74 1.19
2 HF 6.9 0.91 3.56 1.25
3 HF 6.9 0.89 3.39 1.28
[92] 0 HF 0.0 - 1.00 1.00
1 HF 6.9 - 2.79 1.37
2 HF 6.9 - 2.62 1.43
3 HF 6.9 - 2.46 1.484

4. Conclusions

In this pioneer review study, the impact of simultaneous usage of nano and fibers was
studied in the various mixes. A variety of nano materials with different types of fibers was
investigated for their contributions to the fresh, mechanical and durability performance of
the produced mixes. The analyses of obtained data from conducted studies provide crucial
insights into the role of the in tandem usage of nanoparticles with fibers in comparison to
the control mixes. Accordingly, the following conclusions were drawn from the extensive
review of the literature.

Using NS in SF and PVA reinforced mixes does not reduce workability as much as
nFe and NC. However, NS is much more active in the workability reduction relative to
nAl,O3 and nCaCOj; in PPF and PVA reinforced mixes. Generally, the addition of fibers
and nanoparticles, either separately or in combination, decreases the workability of the
cementitious mixes. Some SCMs may aid in the partial control of the decrement.

The use of BF in combination with nanomaterials such as NC, NMK and CNT has
not resulted in a significant increase in compressive strength. While combining NS and BF
heightened compressive strength, with NS to BF ratios ranging from 15 to 30. Using NS up
to and above 3% in combination with SF (0.5-1.5%), PPF (0.6-0.8%), GF (0.75-1.5%) and coir
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fiber (0.2%) will lead to optimal compressive strength. In addition, compressive strength
will be compromised by NS dosages of more than 2% with forta-ferro and PVA fiber, as
well as 0.5%, 1.5% and 5% with coconut, cellulose and SF, respectively. Moreover, without
nano materials, adding PPF will not improve compressive strength; similarly, adding NS
with coconut fiber above 1%, PVA and SF above 1.5% would not improve compressive
strength. While using CF without nanomaterials enhanced compressive strength marginally,
however, using up to 4% nCaCOs raised compressive strength greatly. Finally, hybrid
usages of SF and CF, CF and WWE fiber with RNCB improved compressive strength and
flexural strength remarkably.

The addition of nanomaterials such as NS, CNT, NC, NMK and nAI203 to BF rein-
forced mixtures significantly improves flexural strength. Beyond CNT, 0.1% and 3% NS
with BF reduce flexural strength, but optimum flexural strength is achieved with 0.2% BF
with CNT and a NS/BF ratio of 6-10. Additionally, the optimum value of flexural strength
can be achieved by incorporation of 2-5% and 1-2% of NS with 0.2-0.5% of SF and 1-1.5%
PVA, respectively. The addition of nanomaterials such as NS, CNT, NC, NMK and nAI203
to BF reinforced mixtures significantly improves flexural strength. Beyond CNT, 0.1%
and 3% NS with BF reduce flexural strength, but optimum flexural strength is achieved
with 0.2% BF with CNT and a NS/BF ratio of 6-10. Moreover, the addition of NS for PVA
fiber-reinforced mixed up to 2% improves flexural strength; however, NS with PP should
not exceed 1%.

The addition of Nano materials causes the fibers to rapture rather than pull out as the
specimens are fractured. Usage of GNP with each SF or SF reduces flexural strength and
electrical resistivity. Aside from improving flexural strength, nanomaterials also help to
prevent natural fiber degradation in the cementitious mixes.

When nanomaterials with fibers are used, it takes more energy to debond the fiber,
resulting in a higher flexural capacity. Excessive amounts of nanomaterials in the mix, on
the other hand, produce agglomeration of nanoparticles on the fibers, resulting in fiber
pullout due to a weakening of the matrix-fiber link. Higher elastic modulus fibers with PPF
concurrently will not be beneficial in boosting flexural strength, but a combination of SF
and CF with RNCB scored the best flexural strength performance.

The addition of nanomaterials to GF reinforced mixes significantly improves flexural
and splitting tensile performance. Unlike CNT and nAl,O3, adding NC to BF had a negative
impact on splitting tensile strength. While PPF is utilized, a modest dose of nano particles
is more beneficial in improving tensile strength. The optimum value of splitting tensile
strength can be obtained by using 0.6-1.8% of NS with 0.037 to 0.25% of BF, as well as 2-3%
NS with 1% of SF, 3% nFe with 2% SF, 1% SF with 6% NMK and 0.25-1% GF with 2-3% NS.

Regarding the durability properties, data were not sufficient. Nevertheless, the fol-
lowing statement can be seen: (i) using BE, with NS improves corrosion and electrical
resistivity, with CNT improving frost resistance, with PPF and NS improving shrinkage
resistance dramatically; (ii) plastic shrinkage, porosity, water absorption, cracking, freez-
thaw and carbonation depth and chloride ion penetration are all reduced when Nano
materials and fibers are used together. However, an excessive amount of each nano or fiber
causes agglomeration, which has a negative impact on each of the characteristics stated;
(iii) carbonation resistance due to difficult CO, diffusion improves with the addition of
nanomaterials such as NS to fiber-reinforced mixes; (iv) in terms of permeability resistance,
cracking resistance and freezing-thawing resistance, combining either of NS or nCaCOs3
less than 2% with PVA fiber significantly increases the cementitious composites” durability.

Based on the collected data, it can be said that studies regarding the durability prop-
erties and life cycle assessment, cost and toxicity of concrete containing both fiber and
nanomaterials are very scarce as well as their microstructure. Because of its pozzolan
and filling effect, most researchers focused on using NS with fibers. In many domains of
technical and durability performance, there is a pressing need to investigate additional
nanomaterials with fibers.
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Acronyms

PPF Polypropylene fiber
PVA Polyvinyl alcohol

NS Nano silica

HF Hemp fabric

nCaCO3 Nano calcium carbonate
CNT Carbon nano tube

NMK Nano metakaolin

SF Steel fiber

GF Glass fiber

NC Nano clay

nTiO, Nano titanium dioxide
GNP Graphene nan oplatelets
BF Basalt fiber

CF Carbon fiber

SCM Supplementary cementitious material
nFe Nano Iron

nAlLbO3  Nano aluminium oxid
RNCB Recycled nano carbon black

References

1. Shafei, B.; Kazemian, M.; Dopko, M.; Najimi, M. State-of-the-Art Review of Capabilities and Limitations of Polymer and Glass
Fibers Used for Fiber-Reinforced Concrete. Materials 2021, 14, 409. [CrossRef] [PubMed]

2. Dehkordi, M.T.; Nosraty, H.; Shokrieh, M.M.; Minak, G.; Ghelli, D. The influence of hybridization on impact damage behavior
and residual compression strength of intraply basalt/nylon hybrid composites. Mater. Des. 2013, 43, 283-290. [CrossRef]

3. Lopez-Buendia, A.M.; Romero-Sanchez, M.D.; Climent, V.; Guillem, C. Surface treated polypropylene (PP) fibres for reinforced
concrete. Cem. Concr. Res. 2013, 54, 29-35. [CrossRef]

4. de Brito, ].; Kurda, R. The past and future of sustainable concrete: A critical review and new strategies on cement-based materials.
J. Clean. Prod. 2021, 281, 123558. [CrossRef]

5. Liu, F; Xu, K,; Ding, W.; Qiao, Y.; Wang, L. Microstructural characteristics and their impact on mechanical properties of steel-PVA
fiber reinforced concrete. Cem. Concr. Compos. 2021, 123, 104196. [CrossRef]

6. Xu, H;; Shao, Z.; Wang, Z.; Cai, L.; Li, Z,; Jin, H.; Chen, T. Experimental study on mechanical properties of fiber reinforced
concrete: Effect of cellulose fiber, polyvinyl alcohol fiber and polyolefin fiber. Constr. Build. Mater. 2020, 261, 120610. [CrossRef]

7. Si, W,; Cao, M,; Li, L. Establishment of fiber factor for rheological and mechanical performance of polyvinyl alcohol (PVA) fiber
reinforced mortar. Constr. Build. Mater. 2020, 265, 120347. [CrossRef]

8.  Liew, K.; Akbar, A. The recent progress of recycled steel fiber reinforced concrete. Constr. Build. Mater. 2020, 232, 117232.
[CrossRef]

9. Wang, Y.; Zhang, S.; Luo, D.; Shi, X. Effect of chemically modified recycled carbon fiber composite on the mechanical properties of
cementitious mortar. Compos. Part B Eng. 2019, 173, 106853. [CrossRef]

10. Bheel, N. Basalt fibre-reinforced concrete: Review of fresh and mechanical properties. J. Build. Pathol. Rehabil. 2021, 6, 1-9.
[CrossRef]

11.  Safiuddin, M.; Gonzalez, M.; Cao, ].; Tighe, S.L. State-of-the-art report on use of nano-materials in concrete. Int. |. Pavement Eng.
2014, 15, 940-949. [CrossRef]

12.  Olafusi, O.S.; Sadiku, E.R.; Snyman, J.; Ndambuki, ].M.; Kupolati, W.K. Application of nanotechnology in concrete and supple-
mentary cementitious materials: A review for sustainable construction. SN Appl. Sci. 2019, 1, 1-8. [CrossRef]

13.  Sanchez, F.; Sobolev, K. Nanotechnology in concrete—A review. Constr. Build. Mater. 2010, 24, 2060-2071. [CrossRef]

14. Balaguru, P; Chong, K. Nanotechnology and concrete: Research opportunities. In Proceedings of the ACI Session on Nanotech-

nology of Concrete: Recent Developments and Future Perspectives, Denver, CO, USA, 7 November 2006; pp. 15-28.


http://doi.org/10.3390/ma14020409
http://www.ncbi.nlm.nih.gov/pubmed/33467581
http://doi.org/10.1016/j.matdes.2012.07.005
http://doi.org/10.1016/j.cemconres.2013.08.004
http://doi.org/10.1016/j.jclepro.2020.123558
http://doi.org/10.1016/j.cemconcomp.2021.104196
http://doi.org/10.1016/j.conbuildmat.2020.120610
http://doi.org/10.1016/j.conbuildmat.2020.120347
http://doi.org/10.1016/j.conbuildmat.2019.117232
http://doi.org/10.1016/j.compositesb.2019.05.064
http://doi.org/10.1007/s41024-021-00107-4
http://doi.org/10.1080/10298436.2014.893327
http://doi.org/10.1007/s42452-019-0600-7
http://doi.org/10.1016/j.conbuildmat.2010.03.014

Sustainability 2022, 14, 3464 31 of 33

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Gay, C.; Sanchez, F. Performance of carbon nanofiber—cement composites with a high-range water reducer. Transp. Res. Rec. 2010,
2142,109-113. [CrossRef]

Norhasri, M.M.; Hamidah, M.; Fadzil, A.M. Applications of using nano material in concrete: A review. Constr. Build. Mater. 2017,
133, 91-97. [CrossRef]

Nazar, S.; Yang, J.; Thomas, B.S.; Azim, I.; Rehman, S.K.U. Rheological properties of cementitious composites with and without
nano-materials: A comprehensive review. J. Clean. Prod. 2020, 272, 122701. [CrossRef]

Roussel, N. Thixotropy: From measurement to casting of concrete. In Understanding the Rheology of Concrete; Elsevier: Amsterdam,
The Netherlands, 2012; pp. 286-295.

Morsy, M.; Alsayed, S.; Agel, M. Hybrid effect of carbon nanotube and nano-clay on physico-mechanical properties of cement
mortar. Constr. Build. Mater. 2011, 25, 145-149. [CrossRef]

Bautista-Gutierrez, K.P.; Herrera-May, A.L.; Santamaria-Lopez, ].M.; Honorato-Moreno, A.; Zamora-Castro, S.A. Recent progress
in nanomaterials for modern concrete infrastructure: Advantages and challenges. Materials 2019, 12, 3548. [CrossRef]
Muzenski, S.; Flores-Vivian, I.; Sobolev, K. Ultra-high strength cement-based composites designed with aluminum oxide
nano-fibers. Constr. Build. Mater. 2019, 220, 177-186. [CrossRef]

Xing, X.; Xu, J.; Bai, E.; Zhu, J.; Wang, Y. Response surface research of the preparation of nano-Fe203 cement-based composite.
Mater. Rep. 2018, 32, 1367-1372.

Mutuk, H.; Mutuk, T.; Giimtis, H.; Oktay, B.M. Shielding behaviors and analysis of mechanical treatment of cements containing
nanosized powders. Acta Phys. Pol. A 2016, 130, 172-174. [CrossRef]

Barbhuiya, G.H.; Moiz, M.A.; Hasan, S.D.; Zaheer, M.M. Effects of the nanosilica addition on cement concrete: A review. Mater.
Today: Proc. 2020, 32, 560-566. [CrossRef]

Li, G,; Cui, H,; Zhou, J.; Hu, W. Improvements of nano-TiO, on the long-term chloride resistance of concrete with polymer
coatings. Coatings 2019, 9, 323. [CrossRef]

Li, G.; Hu, W.; Cui, H.; Zhou, J. Long-term effectiveness of carbonation resistance of concrete treated with nano-SiO, modified
polymer coatings. Constr. Build. Mater. 2019, 201, 623—-630. [CrossRef]

Forood Torabian Isfahani, E.R.; Lollini, F,; Li, W.; Bertolini, L. Effects of Nanosilica on Compressive Strength and Durability
Properties of Concrete with Different Water to Binder Ratios. Adv. Mater. Sci. Eng. 2016, 2016, 845-3567. [CrossRef]

Piro, N.S.; Mohammed, A.S.; Hamad, S.M. Multiple Analytical Models to Evaluate the Impact of Carbon Nanotubes on the
Electrical Resistivity and Compressive Strength of the Cement Paste. Sustainability 2021, 13, 12544. [CrossRef]

Wang, Y.; Hughes, P; Niu, H.; Fan, Y. A new method to improve the properties of recycled aggregate concrete: Composite
addition of basalt fiber and nano-silica. J. Clean. Prod. 2019, 236, 117602. [CrossRef]

Hasan-Nattaj, F.; Nematzadeh, M. The effect of forta-ferro and steel fibers on mechanical properties of high-strength concrete
with and without silica fume and nano-silica. Constr. Build. Mater. 2017, 137, 557-572. [CrossRef]

Ghanbari, M.; Kohnehpooshi, O.; Tohidi, M. Experimental study of the combined use of fiber and nano silica particles on the
properties of lightweight self compacting concrete. Int. J. Eng. 2020, 33, 1499-1511.

Zhang, P.; Wang, K.; Wang, J.; Guo, J.; Hu, S.; Ling, Y. Mechanical properties and prediction of fracture parameters of
geopolymer/alkali-activated mortar modified with PVA fiber and nano-SiOy. Ceram. Int. 2020, 46, 20027-20037. [CrossRef]
Ling, Y.-F; Zhang, P.; Wang, ].; Shi, Y. Effect of sand size on mechanical performance of cement-based composite containing PVA
fibers and nano-SiO,. Materials 2020, 13, 325. [CrossRef] [PubMed]

Belli, A.; Mobili, A.; Bellezze, T.; Tittarelli, F,; Cachim, P. Evaluating the self-sensing ability of cement mortars manufactured with
graphene nanoplatelets, virgin or recycled carbon fibers through piezoresistivity tests. Sustainability 2018, 10, 4013. [CrossRef]
Salemi, N.; Behfarnia, K. Effect of nano-particles on durability of fiber-reinforced concrete pavement. Constr. Build. Mater. 2013,
48,934-941. [CrossRef]

Feng, H; Lv, L.; Pang, Y.; Wang, Z.; Gao, D.; Zhang, Z. Experimental study on the effects of the fiber and nano-Fe,O3 on the
properties of the magnesium potassium phosphate cement composites. J. Mater. Res. Technol. 2020, 9, 14307-14320. [CrossRef]
Gupta, M.; Kumar, M. Effect of nano silica and coir fiber on compressive strength and abrasion resistance of concrete. Constr.
Build. Mater. 2019, 226, 44-50. [CrossRef]

Lumingkewas, R.H.; Yuwono, A.H.; Hadiwardoyo, S.P,; Saparudin, D. The Compressive Strength of Coconut Fibers Reinforced Nano
Concrete Composite; Materials Science Forum; Trans Tech Publications: Shenzhen, China, 2019; pp. 105-110.

Ibrahim, K. The effect of fibers type and content on nano silica concrete Nsc. J. Mech. Civ. Eng. 2017, 14, 27-34. [CrossRef]
Zhang, M.-h.; Li, H. The Resistance to Chloride Penetration of Concrete Containing Nano-Particles for Pavement. In Testing,
Reliability, and Application of Micro-and Nano-Material Systems IV ; International Society for Optics and Photonics: Belengham, WA,
USA, 2006; p. 61750. [CrossRef]

Ling, Y.; Zhang, P.; Wang, ].; Taylor, P.; Hu, S. Effects of nanoparticles on engineering performance of cementitious composites
reinforced with PVA fibers. Nanotechnol. Rev. 2020, 9, 504-514. [CrossRef]

Fallah, S.; Nematzadeh, M. Mechanical properties and durability of high-strength concrete containing macro-polymeric and
polypropylene fibers with nano-silica and silica fume. Constr. Build. Mater. 2017, 132, 170-187. [CrossRef]

Chu, S.; Li, L.; Kwan, A. Development of extrudable high strength fiber reinforced concrete incorporating nano calcium carbonate.
Addit. Manuf. 2021, 37, 101617. [CrossRef]


http://doi.org/10.3141/2142-16
http://doi.org/10.1016/j.conbuildmat.2016.12.005
http://doi.org/10.1016/j.jclepro.2020.122701
http://doi.org/10.1016/j.conbuildmat.2010.06.046
http://doi.org/10.3390/ma12213548
http://doi.org/10.1016/j.conbuildmat.2019.05.175
http://doi.org/10.12693/APhysPolA.130.172
http://doi.org/10.1016/j.matpr.2020.02.143
http://doi.org/10.3390/coatings9050323
http://doi.org/10.1016/j.conbuildmat.2019.01.004
http://doi.org/10.1155/2016/8453567
http://doi.org/10.3390/su132212544
http://doi.org/10.1016/j.jclepro.2019.07.077
http://doi.org/10.1016/j.conbuildmat.2017.01.078
http://doi.org/10.1016/j.ceramint.2020.05.074
http://doi.org/10.3390/ma13020325
http://www.ncbi.nlm.nih.gov/pubmed/31936792
http://doi.org/10.3390/su10114013
http://doi.org/10.1016/j.conbuildmat.2013.07.037
http://doi.org/10.1016/j.jmrt.2020.10.030
http://doi.org/10.1016/j.conbuildmat.2019.07.232
http://doi.org/10.9790/1684-1402082734
http://doi.org/10.1117/12.660882
http://doi.org/10.1515/ntrev-2020-0038
http://doi.org/10.1016/j.conbuildmat.2016.11.100
http://doi.org/10.1016/j.addma.2020.101617

Sustainability 2022, 14, 3464 32 of 33

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Bakar, A.A. Effects of Nano Silica and Basalt Fibers on Fly Ash Based Geopolymer Concrete; North Dakota State University: Fargo, ND,
USA, 2018.

Adetukasi, A.; Fadugba, O.; Adebakin, I.; Omokungbe, O. Strength characteristics of fibre-reinforced concrete containing
nano-silica. Mater. Today Proc. 2021, 38, 584-589. [CrossRef]

Mastali, M.; Dalvand, A. The impact resistance and mechanical properties of fiber reinforced self-compacting concrete (SCC)
containing nano-SiO; and silica fume. Eur. . Environ. Civ. Eng. 2018, 22, 1-27. [CrossRef]

Mohammed, B.S.; Achara, B.E.; Nuruddin, M.F,; Yaw, M.; Zulkefli, M.Z. Properties of nano-silica-modified self-compacting
engineered cementitious composites. J. Clean. Prod. 2017, 162, 1225-1238. [CrossRef]

Sun, X.; Wang, Q.; Wang, H.; Chen, L. Influence of multi-walled nanotubes on the fresh and hardened properties of a 3D printing
PVA mortar ink. Constr. Build. Mater. 2020, 247, 118590. [CrossRef]

Wu, Z,; Shi, C.; Khayat, K.H. Multi-scale investigation of microstructure, fiber pullout behavior, and mechanical properties of
ultra-high performance concrete with nano-CaCQOj particles. Cem. Concr. Compos. 2018, 86, 255-265. [CrossRef]

Shalby, O.B.; Elkady, H.M.; Nasr, E.A.R.; Kohail, M. Assessment of mechanical and fire resistance for hybrid nano-clay and steel
fibres concrete at different curing ages. J. Struct. Fire Eng. 2019, 11, 189-203. [CrossRef]

Sheng, Z.L.; Duan, Y.E; Xia, D.T.; Thierry, O. Effect of Nanomaterials on Mechanical Properties of Fiber Reinforced Concrete; Key
Engineering Materials; Trans Tech Publications: Shenzhen, China, 2020; pp. 59-69.

Ghazy, A.; Bassuoni, M.T.; Maguire, E.; O'Loan, M. Properties of fiber-reinforced mortars incorporating nano-silica. Fibers 2016, 4,
6. [CrossRef]

Mahmoud, K.; Ghazy, A.; Bassuoni, M.T.; El-Salakawy, E. Properties of nanomodified fiber-reinforced cementitious composites. J.
Mater. Civ. Eng. 2017, 29, 04017173. [CrossRef]

Bedwiy, A.; Bassuoni, M.T.; El-Salakawy, E. Post-Cracking Behavior of Cementitious Composite Incorporating Nano-Silica and
Basalt Fiber Pellets. In Proceedings of the International Conference on Durability of Concrete Structures, Leeds, UK, 18-20 July
2018.

Azzam, A.; Bassuoni, M.; Shalaby, A. Nano-Modified Cementitious Composites with High Volume Supplementary Cementitious
Materials Incorporating Basalt Fiber Pellets. In Proceedings of the Fifth International Conference on Sustainable Construction
Materials and Technologies, London, UK, 14-17 July 2019.

Larisa, U.; Solbon, L.; Sergei, B. Fiber-reinforced concrete with mineral fibers and nanosilica. Procedia Eng. 2017, 195, 147-154.
[CrossRef]

Ghadikolaeea, M.R.; Korayem, A.H. Asghar Habibnejad Korayem ¢, Development of the mechanical properties of basalt
fiberreinforced cementitious composite using nano-silica. In Proceedings of the 2nd International Congress on Engineering,
Technology and Innovation, Darmstadt, Germany, 24-26 April 2020.

Saraykina, K.; Shamanov, V. Nanostructured BasaltfiberConcrete Exploitational Characteristics; IOP Conference Series: Materials
Science and Engineering; IOP Publishing: Chelyabinsk, Russia, 2017; p. 012016.

Girgin, Z.C. Effect of slag, nano clay and metakaolin on mechanical performance of basalt fibre cementitious composites. Constr.
Build. Mater. 2018, 192, 70-84. [CrossRef]

Tanzadeh, J. Laboratory evaluation of self-compacting fiber-reinforced concrete modified with hybrid of nanomaterials. Constr.
Build. Mater. 2020, 232, 117211.

Khaloo, A.; Mobini, M.H.; H osseini, P. Influence of different types of nano-SiO, particles on properties of high-performance
concrete. Constr. Build. Mater. 2016, 113, 188-201. [CrossRef]

Mohammadyan-Yasouj, S.E.; Ghaderi, A. Experimental investigation of waste glass powder, basalt fibre, and carbon nanotube on
the mechanical properties of concrete. Constr. Build. Mater. 2020, 252, 119115. [CrossRef]

Niaki, M.H.; Fereidoon, A.; Ahangari, M.G. Experimental study on the mechanical and thermal properties of basalt fiber and
nanoclay reinforced polymer concrete. Compos. Struct. 2018, 191, 231-238. [CrossRef]

Nik, A.S.; Omran, O.L. Estimation of compressive strength of self-compacted concrete with fibers consisting nano-SiO, using
ultrasonic pulse velocity. Constr. Build. Mater. 2013, 44, 654-662.

Zhang, P.; Zhao, Y.-N.; Li, Q.-F; Zhang, T.-H.; Wang, P. Mechanical properties of fly ash concrete composite reinforced with
nano-SiO 2 and steel fibre. Curr. Sci. 2014, 1529-1537.

Zhang, P; Li, Q.; Chen, Y; Shi, Y.; Ling, Y.-F. Durability of steel fiber-reinforced concrete containing SiO, nano-particles. Materials
2019, 12, 2184. [CrossRef]

Lam, T.Q.K.; Do, TM.D.; Ngo, V.; Nguyen, T.C. Increased plasticity of nano concrete with steel fibers. mxenepro-CrponrensHbrit
2Kypnan 2020, 1, 27-34.

Rabiaa, E.; Mohamed, R ; Sofi, W.; Tawfik, T.A. Developing Geopolymer Concrete Properties by Using Nanomaterials and Steel
Fibers. Adv. Mater. Sci. Eng. 2020, 2020, 5186091. [CrossRef]

Elboghdadi, A.S.; Elkady, H.M.; Salem, H.M.; Farahat, A.M. Combined Effect of Nano Silica and Steel Fiber on Compressive
Strength and Water Permeability of Concrete. Int. ]. Mod. Eng. Res. 2015, 5, 27-34.

Elkady, H.M.; Yasien, A.M.; Elfeky, M.S.; Serag, M.E. Assessment of mechanical strength of nano silica concrete (NSC) subjected
to elevated temperatures. . Struct. Fire Eng. 2019, 10, 90-109. [CrossRef]

Dehghanpour, H.; Yilmaz, K.; Ipek, M. Evaluation of recycled nano carbon black and waste erosion wires in electrically conductive
concretes. Constr. Build. Mater. 2019, 221, 109-121. [CrossRef]


http://doi.org/10.1016/j.matpr.2020.03.123
http://doi.org/10.1080/19648189.2016.1177604
http://doi.org/10.1016/j.jclepro.2017.06.137
http://doi.org/10.1016/j.conbuildmat.2020.118590
http://doi.org/10.1016/j.cemconcomp.2017.11.014
http://doi.org/10.1108/JSFE-06-2019-0024
http://doi.org/10.3390/fib4010006
http://doi.org/10.1061/(ASCE)MT.1943-5533.0002040
http://doi.org/10.1016/j.proeng.2017.04.537
http://doi.org/10.1016/j.conbuildmat.2018.10.090
http://doi.org/10.1016/j.conbuildmat.2016.03.041
http://doi.org/10.1016/j.conbuildmat.2020.119115
http://doi.org/10.1016/j.compstruct.2018.02.063
http://doi.org/10.3390/ma12132184
http://doi.org/10.1155/2020/5186091
http://doi.org/10.1108/JSFE-10-2017-0041
http://doi.org/10.1016/j.conbuildmat.2019.06.025

Sustainability 2022, 14, 3464 33 of 33

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Sanchez, F; Ince, C. Microstructure and macroscopic properties of hybrid carbon nanofiber/silica fume cement composites.
Compos. Sci. Technol. 2009, 69, 1310-1318. [CrossRef]

Beigi, M.H.; Berenjian, J.; Omran, O.L.; Nik, A.S.; Nikbin, .M. An experimental survey on combined effects of fibers and nanosilica
on the mechanical, rheological, and durability properties of self-compacting concrete. Mater. Des. 2013, 50, 1019-1029. [CrossRef]
Alhozaimy, A.; Soroushian, P.; Mirza, F. Mechanical properties of polypropylene fiber reinforced concrete and the effects of
pozzolanic materials. Cem. Concr. Compos. 1996, 18, 85-92. [CrossRef]

Banthia, N.; Gupta, R. Influence of polypropylene fiber geometry on plastic shrinkage cracking in concrete. Cem. Concr. Res. 2006,
36, 1263-1267. [CrossRef]

Berra, M.; Carassiti, F.; Mangialardi, T.; Paolini, A.; Sebastiani, M. Effects of nanosilica addition on workability and compressive
strength of Portland cement pastes. Constr. Build. Mater. 2012, 35, 666—675. [CrossRef]

Toutanji, H.; McNeil, S.; Bayasi, Z. Chloride permeability and impact resistance of polypropylene-fiber-reinforced silica fume
concrete. Cem. Concr. Res. 1998, 28, 961-968. [CrossRef]

Zhang, P; Li, Q.; Wang, J.; Shi, Y.; Zheng, Y.; Ling, Y. Effect of Nano-particle on Durability of PVA Fiber Reinforced Cementitious
Composite. Sci. Adv. Mater. 2020, 12, 249-262. [CrossRef]

Liu, X.; Chen, L.; Liu, A.; Wang, X. Effect of nano-CaCOj3 on properties of cement paste. Energy Procedia 2012, 16, 991-996.
[CrossRef]

Ho, C.M.; Tsai, W.T. Effect of Elevated Temperature on the Strength and Ultrasonic Pulse Velocity of Glass Fiber and Nano-Clay
Concrete. In Advanced Materials Research; Trans Tech Publications: Zurich, Switzerland, 2011; pp. 1532-1539. [CrossRef]

Abbas, A.-A. The effect of steel fiber on some mechanical properties of self compacting concrete. Am. J. Civ. Eng. 2013, 1, 102-110.
Mukharjee, B.B.; Barai, S.V. Influence of nano-silica on the properties of recycled aggregate concrete. Constr. Build. Mater. 2014, 55,
29-37. [CrossRef]

Chen, B.; Liu, J. Contribution of hybrid fibers on the properties of the high-strength lightweight concrete having good workability.
Cem. Concr. Res. 2005, 35,913-917. [CrossRef]

Shoukry, H.; Kotkata, M.; Abo-EL-Enein, S.; Morsy, M.; Shebl, S. Thermo-physical properties of nanostructured lightweight fiber
reinforced cementitious composites. Constr. Build. Mater. 2016, 102, 167-174. [CrossRef]

Lumingkewas, R.H. Development of Materials for Construction with Low Environmental Impact Made with Low Content of
Cement and with Natural Fibers; Université de Bretagne Sud: 2015. Available online: https:/ /tel.archives-ouvertes.fr/tel-013214
78 (accessed on 20 September 2021).

Yazdani, N.; Mohanam, V. Carbon nano-tube and nano-fiber in cement mortar: Effect of dosage rate and water-cement ratio. Int.
J. Mater. Sci. 2014, 4, 45-52. [CrossRef]

Sassani, A.; Ceylan, H.; Kim, S.; Arabzadeh, A.; Taylor, P.C.; Gopalakrishnan, K. Development of carbon fiber-modified electrically
conductive concrete for implementation in Des Moines International Airport. Case Stud. Constr. Mater. 2018, 8,277-291. [CrossRef]
Hakamy, A.; Shaikh, F.; Low, .M. Microstructures and mechanical properties of hemp fabric reinforced organoclay—cement
nanocomposites. Constr. Build. Mater. 2013, 49, 298-307. [CrossRef]

Hakamy, A.; Shaikh, F.; Low, .M. Effect of calcined nanoclay on microstructural and mechanical properties of chemically treated
hemp fabric-reinforced cement nanocomposites. Constr. Build. Mater. 2015, 95, 882-891. [CrossRef]

El-Feky, M.S.; Youssef, P.; El-Tair, A.M.; Ibrahim, S.; Serag, M. Effect of nano silica addition on enhancing the performance of
cement composites reinforced with nano cellulose fibers. AIMS Mater. Sci. 2019, 6, 864-883. [CrossRef]

Assaedi, H.; Alomayri, T.; Shaikh, F.; Low, I.-M. Influence of nano silica particles on durability of flax fabric reinforced geopolymer
composites. Materials 2019, 12, 1459. [CrossRef]

Hakamy, A.; Shaikh, F; Low, LM. Effect of calcined nanoclay on the durability of NaOH treated hemp fabric-reinforced cement
nanocomposites. Mater. Des. 2016, 92, 659—-666. [CrossRef]

Aly, M.; Hashmi, M.; Olabi, A.; Messeiry, M.; Hussain, A.; Abadir, E. Effect of nano-clay and waste glass powder on the properties
of flax fibre reinforced mortar. ARPN J. Eng. Appl. Sci. 2011, 6, 19-28.

Assaedi, H.; Shaikh, F; Low, M. Effect of nanoclay on durability and mechanical properties of flax fabric reinforced geopolymer
composites. J. Asian Ceram. Soc. 2017, 5, 62-70. [CrossRef]


http://doi.org/10.1016/j.compscitech.2009.03.006
http://doi.org/10.1016/j.matdes.2013.03.046
http://doi.org/10.1016/0958-9465(95)00003-8
http://doi.org/10.1016/j.cemconres.2006.01.010
http://doi.org/10.1016/j.conbuildmat.2012.04.132
http://doi.org/10.1016/S0008-8846(98)00073-8
http://doi.org/10.1166/sam.2020.3680
http://doi.org/10.1016/j.egypro.2012.01.158
http://doi.org/10.4028/www.scientific.net/amr.163-167.1532
http://doi.org/10.1016/j.conbuildmat.2014.01.003
http://doi.org/10.1016/j.cemconres.2004.07.035
http://doi.org/10.1016/j.conbuildmat.2015.10.188
https://tel.archives-ouvertes.fr/tel-01321478
https://tel.archives-ouvertes.fr/tel-01321478
http://doi.org/10.14355/ijmsci.2014.0402.01
http://doi.org/10.1016/j.cscm.2018.02.003
http://doi.org/10.1016/j.conbuildmat.2013.08.028
http://doi.org/10.1016/j.conbuildmat.2015.07.145
http://doi.org/10.3934/matersci.2019.6.864
http://doi.org/10.3390/ma12091459
http://doi.org/10.1016/j.matdes.2015.12.097
http://doi.org/10.1016/j.jascer.2017.01.003

	Introduction 
	Materials and Methods 
	The Performance of Construction Materials Made with Different Types of Fibers and Nano Materials 
	Basalt Fiber and Nanomaterials 
	Steel Fiber and Nanomaterials 
	Polypropylene Fiber and Nanomaterials 
	PVA Fiber and Nanomaterials 
	Glass Fiber and Nanomaterials 
	Other Fibers and Nanomaterials 

	Conclusions 
	References

