fibers

Article

Influence of Different Surfactants on Carbon Fiber Dispersion
and the Mechanical Performance of Smart Piezoresistive
Cementitious Composites

Athanasia K. Thomoglou *
and Constantin E. Chalioris

check for
updates

Citation: Thomoglou, A K,; Falara,
M.G.; Gkountakou, EL; Elenas, A.;
Chalioris, C.E. Influence of Different
Surfactants on Carbon Fiber
Dispersion and the Mechanical
Performance of Smart Piezoresistive
Cementitious Composites. Fibers
2022, 10,49. https://doi.org/
10.3390/£ib10060049

Academic Editor: Vincenzo Fiore

Received: 23 April 2022
Accepted: 27 May 2022
Published: 31 May 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/).

, Maria G. Falara ‘¥, Fani I. Gkountakou, Anaxagoras Elenas

Department of Civil Engineering, Faculty of Engineering, Democritus University of Thrace (D.U.T.),

67100 Xanthi, Greece; mfalara@civil.duth.gr (M.G.F.); fgkounta@civil.duth.gr (F1.G.); elenas@civil.duth.gr (A.E.);
chaliori@civil.duth.gr (C.E.C.)

* Correspondence: athomogl@civil.duth.gr

Abstract: This experimental study presents the effect of different surfactants on micro-scale carbon
fiber (CFs) distribution into carbon fiber reinforced cement-based composites (CFRC) in terms of
flexural and compressive strength, stiffness, flexural toughness, and strain-sensing ability. Conducting
anarrative review of the literature focusing on the fibers’ separation, this paper follows a methodology
introducing a combination of mechanical and chemical carbon fibers dispersion, as well as the
different mixing processes (wet or dry). Three types of surfactants: Carboxymethyl cellulose (CMC),
cellulose nanocrystal (CNC), and superplasticizer (SP), were applied to evaluate the CFs distribution
in the cement paste matrix. Compressive and flexural strength, modulus of elasticity, and ductility of
the cement-based composites (CFRC) reinforced with 0.5 wt.% CFs were investigated by three-point
bending and compressive tests; flexure tests were also conducted on notched 20 x 20 x 80 mm
specimens using the Linear Elastic Fracture Mechanics (L.E.F.M.) theory. Moreover, the electrical
conductivity and the piezoresistive response were determined by conducting electrical resistance
measurements and applying compressive loading simultaneously. The results clearly reveal that the
CFs/SP solution or the CFs’ dry incorporation led to a significant enhancement of flexural strength
by 32% and 23.7%, modulus of elasticity by 30% and 20%, and stress-sensing ability by 20.2% and
18.2%, respectively. Although the wet mixing method exhibits improved mechanical and electrical
conductivity performance, constituting an adequate strain and crack sensor, the authors propose
dry mixing as the most economical method, in addition to the enhanced mechanical and electrical
responses. The authors recommend an effective method for structural health monitoring systems
combining an economical CFs insertion in cementitious smart sensors with great mechanical and

self-sensing responses.

Keywords: carbon fiber-reinforced cement-based composites (CFRC); micro-scale carbon fibers (CFs);
mechanical properties; carboxymethyl cellulose (CMC); cellulose nanocrystal (CNC); superplasticizer
(SP); piezoresistive response; conductivity

1. Introduction

During recent decades, fiber-reinforced cement-based materials have gained popular-
ity in the building industry, mainly to enhance plain concrete’s ductility, flexural toughness,
and flexural strength, providing multi functionalities for novel construction applications.
Using fibers to reinforce the quasi-brittle cementitious materials is frequently used as inno-
vative civil engineering materials, resulting in multiscale property changes ranging from
subtle to substantial depending on the fibers’ dispersibility [1-7]. Carbon fibers (CFs) with
lengths ranging from millimeters to one-centimeter exhibit superior mechanical proper-
ties [8,9]. The use of CFs in cement-based matrices results in composites with exceptional
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flexural toughness, high modulus of Elasticity (E), lightweight, outstanding conductivity,
and corrosion resistance [10,11].

According to the narrative review, the literature focuses on the principal issue of fibers’
dispersion. The proposed recommendation to solve this problem is either the physical
(or mechanical) or chemical separation of the fibers. The methodology of this research
introduces the combination of the two major key factors (mechanical and chemical), as
well as the different mixing processes (wet or dry). The aim of this research is to define
the dispersion effect of CFs on mechanical properties and electrical conductivity. As
received, CFs often suffer from agglomerates [8,12]. Because of the hydrophobic surface
of chopped CFs in cementitious specimens, the uniform dispersion of them is a difficult
process. However, the critical parameter of the hydrophobicity of CFs should be taken
into account as it significantly blocks their dispersion in the cementitious matrix [13,14].
Moreover, the porosity of the matrix is increased by the fiber entanglement, which causes the
deterioration of the mechanical and electrical properties of carbon fiber-reinforced cement-
based composite materials (CFRC) [15-18]. Furthermore, the existence of covalent non-
planar C-C bonds at their surface leads to exceptional electrical properties [19,20]. Several
researchers have proved that homogenized CFs are necessary for CFs application and the
efficiency of the fibers [1,15,21]. Thus, the structural integrity is under threat from fiber-free
areas, where cracks are more probable to expand. Whereas other researchers [22-24] have
attempted a different procedure to determine damage at the first cracking stages of concrete
beams using the admittance values of embedded and surface-attached PZTs through a
non-portable EMI monitoring system.

The hydrophilicity can be avoided by a surface treatment before the integration of
the fibers in the cement matrix [25,26]. In addition, the admixtures that can be used along
with the fibers have an effect on the dispersion of fibers. In order to improve the dispersion
and hence the cement strength, the dispersant can be used to enhance the reinforcing
function of the CFs. However, the dispersant applied as a surfactant causes more bubbles
to form in the composites, resulting in the deterioration of the surface tension of the fibers
and the surface energy of the paste. The application of surfactants for the processing of
CFs is limited. Giraud et al. [27] used sodium dodecyl sulfate (SDS) and benzalkonium
chloride as surfactants in applying a thermoplastic sizing to unsized polyacrylonitrile
CFs, and the results revealed that SDS significantly offered a homogenous film of sizing.
Chuang et al. [11] dispersed polyacrylonitrile CFs using different cellulose derivatives.
They concluded that the hydroxyethyl cellulose was superior to the others tested as it
provided the best abundance of polar hydroxyl groups to form hydrogen bonds or to
bridge with the polar groups on the surface of the CFs enhanced the dispersion.

All surfactants are not equally effective in changing droplet wettability. Subsequently,
a range of surfactants mentioned in the bibliography, regularly used to disperse materials
composed of carbon, have been studied to verify the most suitable for use in this regard. The
aqueous solution with the anionic surfactant sodium dodecylbenzene sulphonates is found
to be a good dispersion agent for CFs; the interfacial adhesion between fibers is not affected,
leading to the optimum stability of the discontinuous fibers [19,28-30]. As an admixture,
silica fume (SF) facilitated CFs dispersion and displayed an improvement in the interfacial
interaction between the fibers and the Portland cement phases to improve material proper-
ties, particularly increasing the strength of cement-based material [3,9,13,27,29-32]. A typi-
cal silica fume content is 15% by the mass of cement [16,31,33-39], with the normal particle
size around 0.1 mm helping the fibers break loose from one another as mixing arises [3,40].
What is more, it was observed that the inclusion of superplasticizer (SP) in the CFRC mixes
enhanced the mobility and viscosity of the CFRC mixes, and the extent of the reduction in
electrical resistance was better in SP-based CFRC containing SP, developing higher electrical
conductivity, which resulted in the improvement of functional structural and non-structural
properties of CFRC. The addition of SP in concrete significantly improves the bond of the
CF cement matrix and helps in the deagglomeration of CFs [14,15,21,41]. Polymers such as
latex particle dispersions can also be admixtures that contribute to the fiber—cement bond
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as well as the fiber dispersion [3,34-37]. Carboxymethyl cellulose (CMC) and nanocrystal
cellulose (CNC) as surfactants, normally with the combination of silica fume, allow the
dispersion of CFs in cement-based materials [17,18,25,34,36,38,42—45].

The use of CFs in different volume content has the potential to improve the flexural
toughness with an enhancement in resistance to crack propagation [46,47]. It was investi-
gated that the specimen consisting of 4% CFs produced the highest early-crack and ultimate
flexural toughness at 28 days in contrast to the other mortars with lower incorporation of
CFs [48]. This is due to the enhancement of the frictional bond of the fibers with the matrix.
It was also demonstrated that the addition of 0.25% wt. CFs into cement paste enhanced
the flexural toughness contrasted to the reference specimen and improved the mechanical
properties as well as the ductility [49].

According to the literature, many methods based on linear elastic fracture mechan-
ics (LEFM) have been examined in order to assess the toughening effect of quasi-brittle
cement-based composites. Some information is available on the toughness indices of
fiber-reinforced concrete obtained from the load versus crack mouth opening displacement
(CMOD) curves of the LEFM experiments. The toughness measurements of steel-fiber
reinforced concrete directed that the load—CMOD curves gave a better indication of the
mechanical performance of cement-based materials and were more sensitive in recogniz-
ing the effectiveness of the fibers than load-mid deflection curves measured at relatively
small deformations [50-52]. The limitations of standards and guidelines for evaluating the
toughness of fiber-reinforced composite materials have been studied by [53-55].

As above-mentioned, many approaches were introduced to determine the extent of
fiber dispersion. Nevertheless, it is not reliable to conclude exact results only using the
above methods, and existing research seldom focus on the evaluation methods. In the sub-
sequent sections, the different CFs mixing methods, which stand as the key parameters, the
dispersive status of the fibers, and special experimental measurements are first portrayed.
Afterward, a comprehensive analysis of the effect of the beneficial smart sensors” amount
added in the cement paste mass to give increased 28-day flexural and compressive strength,
electrical conductivity, and flexural toughness to the micro-composite material is presented.
The final section summarizes the conclusions. The concentration of 0.5 wt.% CFs, although
it has been little investigated as a concentration in the international literature, in the present
work, this concentration was considered as a basis due to the fact that in this content, we
certainly expect a good dispersion as a constant parameter. Concluding with the best CFs’
type of incorporation into the matrix, the authors will continue with the investigation of the
CFs” amount distribution to find the optimum one. The current investigation is expected
to contribute significantly to creating cementitious materials with enhanced mechanical
performance and piezoresistive response.

The smartness of the micro-modified cement pastes and, therefore, the piezoresistive
behavior, was attained by estimating the changes in the electrical resistance of the prismatic
specimens when they were subjected to cyclic compressive loading in the elastic region
or monotonic compressive loading up to failure [51]. The piezoresistive response of these
prismatic specimens CF modified cement paste specimens, under monotonic compressive
loading, was substantially enhanced just by adding a low amount of 0.5 wt.%. The results
clearly demonstrate that the CF reinforcement beneficially modifies the structure of the
cementitious matrix, providing the material with the ability to perform multiple structural
functions, such as crack initiation and propagation and failure detection by recording the
changes in its resistivity. This investigation analysis is expected to contribute significantly
to the development of smart cementitious CFs materials with improved mechanical and
electrical properties.

2. Materials and Methods

In this research, cement pastes reinforced with carbon fibers (CFs) were prepared
with different mixing procedures (Figure 1a). The characteristic properties of the micro
reinforcement appear in Table 1.
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Figure 1. (a) Methods of 0.5 wt.% CFs introduction in cement pastes, (b) Carbon fibers (CFs).

Table 1. Properties of Carbon fibers.

Carbon Tensile Tensile Strain at Densit Filament Leneth Electric
Content Strength Modulus Failure Y Diameter 8 Resistivity
(%) (MPa) (GPa) (%) (gr/cm?) (nm) (mm) (Q-cm)

95 4900 230 2.1 1.8 7 6 1.6 x 1073

Type I Ordinary Portland Cement (OPC) 42.5 R provided by TITAN Hellas, known as
common or general-purpose cement, was used according to ASTM 150 to create cement
pastes. From the particle size distribution of CEM 1 42.5, the average diameter is 16.5 pm.
For the reinforcement, the carbon fibers tow supplied by Toray Composite Materials Amer-
ica, Inc. (CFs Toray T700, carbon purity: >93%, the filament diameter of CFs 7 um, CFs’
length 5 mm) were used. The fiber was produced by the treatment of an acrylic fiber precur-
sor, with pyrolysis, surface treatment, and sizing processes. The carbon fibers we used to
conduct this research are already cut from a tow in 6 mm length micro-scale carbon fibers
using an electrical fiber chopper. Some individual fibers remain with each other forming
flakes of indefinite shape and size until they are mechanically or chemically separated.
In order to prepare the CFRC samples, the authors followed two different methods to
incorporate the CFs. In the first method, the wet mixing was conducted manually or me-
chanically by applying ultrasonic energy. Three types of surfactants, superplasticizer (SP),
carboxymethyl cellulose (CMC), and cellulose nanocrystal (CNC) were applied to evaluate
CFs’ dispersion in the cement paste specimens. Cellulose Nanocrystal (Nanocrystalline
Cellulose, CNC) was used as a dispersant for the CFs to improve their incorporation into
the cement paste. It was in a dry powder form, and its width and length varied between
10 and 20 mm and 300 and 900 mm, respectively. Carboxymethyl Cellulose (CMC) is also
a surfactant that was used to enhance dispersion. It was applied as a white powder, and
the values of its viscosity were approximately 700 to 10,000 MPa. Moreover, its water
content was <10%, and the PH value ranged from 6.0 to 8.0. The three above-mentioned
surfactants were dispersed in deionized water and stirred manually for 2 min with the
CFs. The preparation of the aqueous/CFs solutions included the application of ultrasonic
energy by a 500 W cup-horn high-intensity ultrasonic processor with a standard probe
of 19 mm diameter at cycles of 20 s, while the temperature was controlled between 38
and 60 °C in order to avoid the solution’s overheating. The power of the ultrasonic wave
was 500 W, but in the present process, only 47% of this power was applied, which means
235 W. After the sonication process was completed, the suspensions were added to the
cement. In the second method, the dry mixing, the CFs were added to the matrix during
the mixing process.
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The mixing of the materials was performed according to the procedure outlined by
ASTM 305 at the water to cement ratio of w/c = 0.485 using a standard robust mixer
providing 140 £ 5 rpm (r/min). After mixing, the mixtures were cast in (a) 40 x 40 X
160 mm oiled steel molds for flexure and compressive tests, (b) 20 x 20 x 80 mm oiled steel
molds where titanium meshes were embedded during the casting so as to record resistance
values and determine the conductivity values, and (c) 20 x 20 x 80 mm oiled steel molds
so as to determine the flexural toughness following the Linear Elastic Fracture Method
(LEEM). After 24 h, the samples were demolded and cured at 22 °C room temperature and
100% humidity conditions until testing at 7, 14, and 28 days. A 6 mm notch was introduced
into the specimens used to conduct LEFM using a band saw machine.

3. Experimental Section
3.1. Mechanical Testing Procedure

Short CFs with a 6 mm length, as manufactured by Toray, are noted in Figure 1b
and were used for attaining the electrical properties in the cement paste. A commercially
available polycarboxylate-based surfactant Viscocrete Ultra 600, provided by Sika Hellas,
with a specific density of 1.1 gr/cm3 and a pH value of 4.5-6.5 (at +20 °C). We added the
Viscocrete Ultra 600 to deionized water to produce an aqueous solution, and we used it in
this research as a surfactant. It was employed to contribute to the dispersion procedure of
CFs. The properties of the short CFs are represented in Table 1. Type I OPC 42.5 R [56] was
used as a binder. After the dispersion process, the mixing of the materials was performed
according to the procedure defined by the ASTM C305-20 [38].

Three-point bending tests were performed to evaluate the flexural and compressive
strength of the CFs reinforced pastes. The 40 x 40 x 160 mm prismatic specimens were
tested in three-point bending at the age of 7, 14, and 28 days as shown in Figure 2. The
tests were conducted with a 25 kN MTS servo-hydraulic, closed-loop testing machine
under displacement controls. The rate of displacement remained at 0.1 mm/min. The
deflection was measured using a laser meter (WayCon LAR-400-5V) to measure the vertical
deformation of the specimen’s middle-length lower side. After the aforementioned process,
the two halves of each prism were subjected to a compression test according to the ASTM
C349. The test was carried out using a 2000 kN testing machine under force control. The
rate of displacement was maintained at 0.5 N/min.

WavCon

LAR-400-5V M

Figure 2. Three-point bending experimental setup with laser measurement.
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The flexural toughness of the micro-modified cement mixtures with water to cement
proportion equal to w/c = 0.485, using CFs at an amount of 0.5 vol% of cement, was experi-
mentally determined by notched 20 x 20 x 80 mm specimens following the LEFM theory;
while the electrical properties by 2-pole AC resistivity measurements on the specimens by
using titanium electrodes.

3.2. Self-Sensing Experimental Procedure

In addition to the enhanced mechanical behavior, the CF-reinforced materials are most
well-known for their multifunctional behavior, which results from their electrical properties,
including strain sensing and piezoresistive behavior. The electrical conductivity is mostly
determined by the tunnel effect formed between overlapped CFs which are uniformly
distributed in the cementitious matrix or between adjacent fibers.

In this work, the resistivity of the CF-reinforced cement specimens at the age of
28 days was investigated by the application of Alternating Current (AC) based on the 2-pole
approach with two electrical contacts in the form of titanium electrodes being integrated
into the matrix in two parallel planes, as illustrated in Figure 3. The electrical resistance
was measured using a HIOKI IM 3533-01 LCR METER at a 100 kHz frequency [36]. The
amplitude of the sinusoidal voltage was selected to be 2 V. In order to consider the nature
and the geometry of the micro-composites, the electrical resistivity, p, replaced the resistance
measurements estimated as resistance per unit length p = RS/L, where R represents the
resistance of the micro-composite, S is the cross-section of the sample and L is the distance
among the two inner electrodes. Conductivity is the inverse of the resistivity value.

specimen - P

OV

HIOKI =S g B
IM 3533- Ve
011CR

METER N e
N P

Figure 3. The test setup and instrumentations for the piezoresistivity measurements.

In order to examine the strain sensing ability and the piezoresistive behavior of the
cement paste composites at the age of 28 days, the aforementioned 2-pole approach was
applied, whilst a hydraulic testing machine MTS with a 25 kN capacity was used for the
simultaneous implementation of the specimen’s cyclic or monotonic uniaxial compressive
loading. The cyclic compressive load of a maximum of 3 kN (load within the limits of
the elastic region, that the value of the stress is approximately 7.5 MPa) was applied in
each sample, with each cycle of loading—unloading lasting about 120 s, while the mono-
tonic compressive loading was performed up to specimen’s failure with a loading rate of
0.005 mm/min. The values of load and resistance were recorded every 5 s. The test setup
is represented in Figure 3.

4. Results
4.1. Dispersion of Microscale CFs

The dispersion can be enhanced by using surfactants as an admixture in the wet
mixing (Figure 4a). In Figure 4a, the different wet CFs’ dispersant methods and their
relative mixtures are depicted. Three types of surfactants (SP, CNC, and CMC) were
used to achieve a uniform CFs’ dispersion in deionized water, as shown following either
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mechanical (manually of sonication) or chemical mixing. By visual observation, the CFs
were more effectively separated from each other when they were dispersed in water
containing superplasticizer (SP) by the wet mixing under the ultrasonic energy application,
compared to the rest of the wet mixing methods. On the contrary, in the case of dry mixing,
the addition of SP accomplished at the end of the mixing process diluted the mixture a
lot, as observed in Figure 4b, and as a result, this deteriorated the mechanical response
of the reinforced specimens compared to those without SP addition (see Figures 5 and 6).
Carbon micro-fibers were added to cement mixtures in the form of aqueous solutions at a
concentration of 0.5 wt.% of cement. In Figure 5, it is presented that the 28-day compressive
strength of cement composites increased by 31% in the dry mixing method of CFs with the
cement by adding SP, while the dry mixing of CFs without SP followed with an increase
of 24%, in contrast to the plain cement paste sample [2,6,10,34]. All of the other methods
followed with lower rates, from a 22% increase in the case of simple mixing and SP addition
to a 35% decrease in compressive strength with the addition of CMC. Wang et al. [8]
investigated the effect of CF incorporation into the cementitious matrix at low amounts of
0.2-0.8 wt.% by cement. They demonstrated an increase in compressive strength by 20%,
and the tensile strength was 2.4 times that of the 26.8% enhanced modulus of elasticity
compared to the material without the reinforcement.

0.5wt.% CFs+ 0.5wt.% CFs+ 0.5wt.% CFs+ 0.5wt.% CFs+
SP CNC CMC SP + sonication

CFs CFs
without SP with SP

(b)

Figure 4. (a) Different wet dispersant and mixing methods of CFs and (b) dry mixing methods.
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Compressive stength, oc (MPa)

70

28d Cement Paste (CP) w:c=0.485:1.0
CFs 0.5wt.%

® Plain CP

u SP (dry mixing)

® without SP (dry mixing)
u SP (wet manually mixing)
u SP (60 min sonication)

8 CMC (60min sonication)

B CNC (60min sonication)

7d 14d 28d

Figure 5. Compressive strength of plain cement pastes and CFs reinforced cementitious composites.

10
28d Cement Paste (CP) w:c=0.485:1.0
CFs 0.5wt.%

7.8 102

® Plain CP
B SP (dry mixing)
| without SP (dry mixing)

= SP (wet manually mixing)

Flexural strength, of (MPa)

® SP (60 min sonication)

B CMC (60min sonication)

® CNC (60min sonication)

28d

Figure 6. Flexural strength of 28-day plain cement pastes and CFs reinforced cementitious composites.

The 7th, 14th, and 28th-day compressive strength of the carbon microfiber specimens
with the different surfactants is depicted in the diagram in Figure 5. The addition of
microfibers resulted in an insignificant improvement in compressive strength for 0.5 wt.%,
depending to a small extent on the carbon microfiber content. The 28-day, microfiber-
reinforced specimens showed the largest compressive strength enhancement, 10.4%, with
the method of dry mixing without SP, while with the wet method of SP addition and
simple agitation with a manual stirrer by 8.6%. The method using the dry mixing method,
adding SP, followed by 5%. The aforementioned mechanical performance exhibited by the
0.5 wt.% CF-reinforced composite may be attributed to the insufficient dispersion of carbon
micro-fibers over the cementitious matrix.

Figure 6 presents the flexural strength results of all mixtures at the hydration age of
28 days. It is observed that most composite cement pastes show greater 28-day flexure
strength in comparison to the reference material (plain cement specimen).
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In particular, the reinforced cement paste with carbon microfibers in an amount of
0.5 wt.% of cement shows an increasing tendency in flexure strength by 32% with the wet
method of adding SP using 60 min sonication and with the dry mixing without SP by
24%. The specimens reinforced with the other methods show lower growth rates, while the
method of dispersing the carbon microfibers with the CNC solvent leads to a deterioration
in flexural strength. This is probably due to the insufficient dispersion of CFs due to
their very large number, resulting in the formation of agglomerates. This enhancement
of the flexural strength by adding short CFs was expected. Similar values have already
been demonstrated by other researchers for CFs cement-based reinforced pastes [57-59].
Hambach et al. [58] reported that the addition of a small amount of CFs, 1% (by vol.), led to
an outstanding increase in flexure by 146% compared to plain cement paste.

Similar behavior to flexural capacity is demonstrated by Young’s Modulus (Figure 7),
the values of which were indicated experimentally within the elastic limit of load-deflection
attained by the three-point bending approach in Figure 7.

28d Cement Paste (CP) w:c=0.485:1.0

= 20 7 CFs0.5wt.%
-
g 0.8
=15 4 14.1 04 14.1 =
&
= 11.3_x09 20% 20%
2 10
=
E
_(I)
e 5 A
=
3
>~
0 4
=5} o0 F) > = = =}
o 2 g T £ 8 £%F 23
g £ = e 2.2 58 =8
= £ 5 £ 8 5 €3 8%
a e - = .8 | 2 -2
2 B bat™ 53 K S5
S = Ex ’ R G
& z =
w

Figure 7. Young’s Modulus of 28-day plain cement pastes and CFs reinforced cementitious composites.

From the test results presented in Figure 7, it is deduced that the modulus of elasticity
increases from 20% to 30% under the different mixing methods of CFs. Specifically, the
concentration of 0.05 wt.% of cement, respectively, decreases by 26% for the 0.5 wt.% of
cement regarding the control specimens. This is associated with the effective dispersion of
CFs in the cementitious matrix for 0.5 wt.% of cement. Contrariwise, a good separation
was not accomplished for the case of CMC and CNC addition, showing a negative impact
on the strength. Moreover, the insufficient dispersion seems to be the reason that this is
accountable for the low degree of the modulus of elasticity [35,42].

4.2. Self-Sensing Response of Micro Modified Cement Pastes
4.2.1. Electrical Conductivity Properties

The average conductivity measurements derived from the experimental resistance
measurements of the 28-day plain and reinforced cement pastes with CFs at volume
fractions of 0.5 wt.% are presented in Figure 8. The addition of CFs incorporated by
dry mixing resulted in an almost 17 times higher conductivity value compared to plain
cement paste. An even higher increase in conductivity, by 96%, is achieved in the case of
introducing the CFs dispersed by the ultrasonication process. This can be attributed to the
adequate distribution of CFs in the cement-paste matrix, resulting in a continuous electrical
network that allows the current to pass more easily.
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SP (wet manually mixing)

Figure 8. Conductivity values of 28-day plain cement pastes and cementitious CFs reinforced

composites reinforced incorporated by different methods.

It is obvious that the combination of high conductive CFs, along with their uniform
distribution in the matrix using the most appropriate incorporation method, allowed
the formation of a continuous conductive network, significantly increasing this way the
micro composites’ electrical conductivity by one order of magnitude. Low conductivity
values may be attributed to the existence of agglomerates, implying a discontinuous CFs’
network formation.

As a result, an insulfficient dispersion of CFs led to the presence of agglomerates in the
cement paste matrix, which in turn degraded the composite’s electrical as well as affected
flexural strength, stiffness, and compression.

4.2.2. Self-Sensing Ability of CF Modified Cement Pastes

The determination of the self-sensing ability and crack detection of micro-scale CFRC
pastes took place through the fractional changes in electrical resistance, known as piezore-
sistivity measurements, under the coincidental application of a uniaxial compressive load
either cyclically in the elastic region or monotonically up to failure. The average change
(Ap/po) is obtained by dividing the difference in values of resistivity each time and initial
resistivity, Ap, by the value of the initial resistivity, pg. During the application of cyclic
compressive loading, the resistivity gradually decreases during loading while increasing
during unloading, also showing that the load levels were within the elastic region of the
composites and did not cause permanent damage within the reinforced specimens. Figure 9
presents the piezoresistive behavior of 20 x 20 x 80 mm cement paste specimens enhanced
with CFs at a volume fraction of 0.5% of cement, respectively, which were subjected to
cyclic compressive loading within the elastic region (0-8 MPa).
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Figure 9. Piezoresistivity response of 28-day plain and reinforced cement paste composites with CFs
incorporated by different methods.

In Figure 9, the electrical resistivity changes in the conductive cement paste com-
posites in various situations are represented. It is demonstrated that the electrical signal
and piezoresistivity could be useful parameters to assess the formation of cracks, traffic
monitoring, stress/strain intensity, flexural failure of the concrete beam, and also the natu-
ral frequencies identification of constructions during the vibration process. The electrical
resistivity and the average change in resistivity for all of the specimens are represented in
Table 2.
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Table 2. Electrical resistivity values and average change in resistivity Ap/pg (%) of 28-day plain and
cement paste micro-composites reinforced with CFs.

CP0.485+CFs 0.5 wt.% Electf(iglllgéili)stivity Rz':;esrsglet 522?5: (lr/l)
SP (dry mixing) 20.7 34
Without SP (dry mixing) 20.9 18.5
SP (60 min sonication) 154 20.2
CMC (60 min sonication) 59.8 34
CNC (60 min sonication) 29.7 8.8

In view of the similarity in the piezoresistive effect curves of the specimens by the
different mixing methods, the piezoresistive curves of the CF-reinforced specimens with
added SP and sonication and with dry mixing present an optimistic piezoresistive response.

The CF-reinforced cement pastes exhibited an improved strain sensing response
when the CFs were added either when they were separated in a water solution under the
application of ultrasonic energy or when they were incorporated by dry mixing. Specifically,
the micro-scale CFs incorporated into the cement paste and dispersed by sonication yielded
the highest conductivity, 65.0 x 1072 S'-m~!, and a greater average change in resistivity,
20.2%, compared to neat cement paste. Significantly, the dry mixing method without
SP appears to have similar behavior with a conductivity, 47.9-1073 S-m~! (Figure 9 and
Table 2), and an average change in resistivity, 18.5%, compared to plain cementitious
specimens. This statement is according to the previous results of the piezoresistive behavior
of specimens reinforced with CFs as investigated by Azhari and Banthia [59].

In conclusion, if we consider that it is the most economical method of the two men-
tioned above, the specimen with dry mixing has better piezoresistive performance and
better linear variation of sensitivity. The self-sensing behavior of CF reinforced cement
pastes up to the failure is presented in Figure 10.

For more study of the effect of the incorporation CF on the self-sensing and crack
detection ability of the reinforced cement pastes, additional piezoresistivity experiments
were conducted, with the simultaneous application of monotonic compressive loading
up to failure. At first glance of the combination of stress—strain and average change in
resistivity—strain curves (Figures 9 and 10), all of the reinforced specimens exhibited a great
ability to perceive the change in the applied stresses, the induced mechanical deformation,
and the formation of the cracks. Therefore, they can be considered piezoresistive sensors.

More specifically, the CFs sensors in the case of the dry mixing method, which exhibit
the optimum average change in resistivity under cyclic loading, demonstrate a very good
decrease in the average change in resistivity by almost 15.7% and up to 90% of the maximum
compressive load (normalized stress is 0.91). In the case of CFs added in the form of
an aqueous solution under the application of ultrasonic energy, the average change in
resistivity changes by almost 8.8% up to total failure, and in the case of CFs wet mixing
with the addition of SP, the average change in resistivity changes by 13.7% up to 93% of the
maximum compressive load, indicating the sensor’s ability to detect the applied load. In all
cases, at the post-crack stage, the average change in resistivity starts to increase, implying
the increase in resistance value indicating that the material turned out to be less reactive to
the applied load and its mechanical deformation, and finally, the piezoresistivity response
started to flatten as there is practically no change in resistivity up to total failure.
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Figure 10. Piezoresistive behavior under monotonic loading of 28-d plain and reinforced cement
paste composites with CFs incorporated by different methods.

4.3. Failure Mode of Cracking Propagation after the Three-Point Bending Test

The purpose of the experimental tests was to develop a composite cement paste that
prevents dwarf and micro-scale cracking and leads to controlled merging and dissemination
of it on a macro scale. It was detected that the mechanical performance of the modified
materials was not only significantly improved by the addition of fibers at the microscale
but were also able to take on additional charge and presented the ability to absorb energy
after the formation of the first crack without losing their load-bearing capacity immediately.
Below, images of the results of failure modes and concentration of agglomerates at the
rupture interface for the different mixing methods are presented.

As can be observed in Figure 11, the crack width of the cement specimen after the
bending test, with the method of manually wet mixing of CFs and SP addition, is 3.0 mm,
and the length is 29 mm. The CF concentration is depicted at the rupture interface, where
masses of agglomerates are not found in the cement volume.
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Figure 11. Crack width and length after three-point bending test and CFs concentration at the rupture
interface in the case of simple manually wet manually mixing of CFs and SP addition.

From the photographs and the crack width measurements represented in Figure 12,
it can be pointed out that the crack width of the cement specimen after the bending test,
with the method case of wet mixing of CFs adding SP and using 60 min sonication, is
3.5 mm and the length is 35 mm. The CF concentration is shown at the rupture interface,
where masses of agglomerates are not observed in the cement volume, and the microfibers
are distinguished, which bridge the micro and macro cracks, increasing the post-peak
behavior of composite materials. This fact leads to an increase in the length of the failure
area around the edge of the crack, thus reducing its brittle behavior and increasing the
energy absorption capability.

Figure 12. Crack width and length after bending test and CFs concentration at the rupture interface
in the case of wet mixing of CFs adding SP and using 60 min sonication.

From the failure modes and the crack width measurements illustrated in the pho-
tographs in Figures 13-15, it was detected that the crack width of the cement specimen
with the method case of wet mixing of CFs adding the surfactants CNC and CMC, after
bending test, was 2.2 and 2.0 mm, and the length was 39 mm and 36 mm, respectively.
The CF concentration is shown at the rupture interface, where masses of agglomerates are
observed in the cement volume. The black features illustrated in Figures 12-17 are the
undispersed CFs agglomerates, particularly pronounced in the case of the addition of the
surfactants CMC and CNC, as they are depicted in Figures 13 and 14. This fact implies the
existence of weak points where the concentration of stresses leads to the development of
early cracks and brittle failure while decreasing the energy absorption capability. In the
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present study, the mixtures were not examined in terms of workability. We only noticed by
visual observation that the addition of CMC and CNC led to workability degradation. This
implies mechanical performance deterioration.

Figure 13. Crack width and length after bending test and CFs concentration at the rupture interface
in the case of wet mixing of CFs adding Carboxymethyl Nanocrystal (CMC).

Figure 14. Crack width and length after bending test and CFs concentration at the rupture interface
in the case of wet mixing of CFs adding CNC.

(b) ()

Figure 15. CFs concentration at the rupture interface in the case of (a) wet mixing of CFs adding
CMC, (b) wet mixing of CFs adding CNC, and (c) Plain cement paste.
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Figure 16. Crack width and length after three-point bending test and CFs concentration at the rupture
interface in the case of simple dry mixing of CFs with SP addition.

Figure 17. CFs concentration at the rupture interface in the case of CFs’ dry mixing method.

Furthermore, in Figures 16 and 17, the crack width of the specimen with the dry
mixing method of carbon with and without SP, after the bending test, is 3.2 and 1.2 mm,
and the length is 36 mm and 28 mm, respectively. Consequently, in the case of the dry
mixing method without SP, there is a significant reduction in crack length, thus indicating
the effect of CFs, also, the good dispersion of the sensors. The former procedure bridges the
cracks in the microscale by increasing the tensile strength of the die, while the latter delay
the propagation of the cracks in the micro-scale, improving the ductility of the material.

4.4. Effect of Micro-Scale Fiber Incorporation on the Energy Absorption Capability

The flexural toughness, T, represents the energy absorption capability, which is the
amount of energy per unit of basal area of the sample in a certain deformation. In order to
examine the flexural toughness of the concrete enhanced with fibers, the load to deflection
response of an unnotched sample that is obtained up to prescribed deflection levels is widely
implemented. Nevertheless, the failure of concrete is often related to crack propagation.
Hence, the estimation of toughness based directly on the prismatic beam’s deflection results
in errors associated with the external deformations and unstable control except for the first
crack formation and the peak load [46]. The fracture mechanics tests on notched prismatic
samples are more effective than the conventional three-point bending processes, as they
handle only one critical section and one propagating macrocrack. The notch that is formed
in the prismatic beams before the testing localizes the crack along its plane, reducing the
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variability of the crack path and non-symmetry of the deformations, both of which can
appear in unnotched beams [48,51,52].

Regarding the fracture mechanics tests, there are three advantages of using a CMOD
curve instead of a load—deflection curve from a three-point bending test in an unnotched
sample. Firstly, the easier measurement of an extensometer in the CMOD instead of the use
of strain gauges attached to the sample’s surface to calculate the deflection. Furthermore,
the use of CMOD helps to measure the deformation across the critical section, which is the
crack plane, directly. Finally, the CMOD is much more sensitive to failure. In this research,
(i) the part under the load-deflection curves from three-point bending tests of 40 x 40 x
160 mm sample and (ii) the part under the load-CMOD curves from LEFM tests of 20 x 20
x 80 mm samples were used to measure the flexural toughness.

The load—-CMOD curves of the 28-day plain and 0.5 vol% CFs cement paste micro
composites with different mixing methods are presented in Figure 18. The addition of
CFs impressively increases the pre-peak and post-crack mechanical performance of micro-
reinforced cement pastes. Specifically, the incorporation of CFs provides the cement paste’s
ability to receive a higher load for the same crack mouth opening displacement, and as a
result, leads to the high increases in flexural strength and Young’s modulus, respectively.
In addition to the increases in the strength and stiffness it is also reported that an increase
in the flexural toughness performance of the micro-composites occurs, as indicated by the
bigger area under the load—-CMOD curve. The addition of CFs leads to the enhancement of
the crack-bridging mechanism over the maximum load, which is the maximum limit of the
proportionality of the load-CMOD curve, allowing the micro-composites to sustain a much
higher load until their total failure. Two certain parameters are considered to improve
the strength, stiffness, and energy absorbed before failure of the micro-composites. These
parameters include the quality of CFs’ dispersion and the high aspect ratio of microfibers
in the outer CFs surface, leading to a strong bond in the interface among the cement matrix
and the CFs that greatly improves the observed toughening effect [60-62].
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Figure 18. Flexural toughness of the 28-day cement pastes as estimated from the area under the
load-deflection (three-point bending) and load-CMOD curves (LEFM).

According to the LEFM theory, the flexural strength and Young’s modulus can be
investigated by taking the geometrical characteristics of the notched specimens into con-
sideration, the peak load PL (N), and the compliance Ci (N/mm), which is the slope of
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the first straight-line portion of the load—deflection curve shown in Figure 19 [52,61,62].
Further, in Figure 20, important progress in the flexural toughness of the specimens at the
post-crack stage can be observed from the load-CMOD curves.

600 w )
28d Cement paste + 0.5 wt.% CFs —Plain CP
00 w:c=0.485:1.0, 20 mm x 20 mm x 80 mm ‘
LEEM ——CP 0.5+ 0.5Wt.%
CFs +SP (dry
400 - mixing)
—~ ——CP0.5 + 0.5wt.% CFs
(S (dry mixing)
T 300
P ——CP0.5 + 0.5wt.%CFs
- + CMC (60min
200 sonication)
—CP0.5 + 0.5wt.% CFs
+ SP (60 min
100 sonication)
CP0.5 + 0.5wt.% CFs
+ SP (wet manually
0 - mixing)
0.00 0.05 0.10 0.15

C.M.O.D. (mm)

Figure 19. Load—-CMOD curves of 28-day plain and CFs composite cement pastes at volume fractions
of 0.5% from LEFM tests of 20 mm X 20 mm x 80 mm specimens.
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Figure 20. Stress-strain curves of 28-day plain and reinforced with CFs cement pastes at volume
fractions of 0.5% from three-point bending tests of 40 mm x 40 mm x 160 mm specimens.

After the formation of the first crack, a high ability to transmit the load from the matrix
to the CFs is observed for all composites. The cement pastes are reinforced with 60 min
ultrasonication CFs, and the addition of SP exhibits a 14.8 N-mm higher energy absorption
capability at the post-crack stage than the cement pastes reinforced with the dry mixing
method, indicating a complete CF distribution in the mortar matrix.

5. Conclusions

This paper investigates the effects of mixing methods and dispersions with 0.5 wt.%
CFs in cement paste, adding three types of surfactants: carboxymethyl cellulose (CMC),
nanocrystal cellulose solution (CNC), and superplasticizer (SP). All of these additives were
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used along with CFs and were applied to estimate the dispersion of CFs in the cementitious
materials. The results reveal that the CFRC mixtures exhibit an improved mechanical
performance under both flexural and compression loading, as well as an enhanced piezore-
sistive response. Two main methods were applied to estimate the dispersion of CFs in
the matrix, the dry and the wet mixture. The level of dispersion by the application of
admixtures such as SP, CNC, and CMC solution in the wet mixing method case, as well as
in CFs dry mixing with and without SP, is reflected in the failure mode. The shortcomings
of every method were pointed out and analyzed. It was concluded that:

(1)  Among the three kinds of dispersants, SP is superior for improving the fiber dis-
persion, so its effect is also addressed. Therefore, it was demonstrated that SP
could be characterized as the most efficient admixture for giving high tensile and
compressive strength.

(2) The 60 min ultrasonic vibration of SP dispersant treatment can significantly improve
the fiber dispersion in the solution and can be further upgrade the mechanical perfor-
mance. The compressive and flexural strength of CFRC increases due to the carbon
micro-fiber dispersion, presenting a strengthening effect on CFRC. As the strength
is significantly affected by the matrix defects, it is not valid for the evaluation of the
fiber dispersion.

(3) The compressive strength increased by 10.4% with the method of dry mixing without
SP, while with the wet method of SP addition and simple agitation with a manual
stirrer by 8.6%. The flexural strength increased by 32% with the wet method of
adding SP using 60 min sonication and by 24% with the method of dry mixing of CFs
without SP.

(4) The modulus of elasticity of CFRC is improved significantly by almost 6% by the ad-
dition of CFs adding SP and using 60 min sonication compared to the plain specimen
and all other methods.

(5) The addition of CMC and CNC with fiber is the least advantageous, leading to a
deterioration of the compressive strength; also, the reduction in flexural strength and
the modulus of elasticity is significant.

(6) The dry-mixed specimen exhibits an improved piezoresistive performance and better
linear variation of sensitivity. It constitutes an adequate strain and crack sensor and is
also the most economical method compared to the rest mixing methods.

The results prove the dual role of micro-enhancement. The network of microfibers,
on the one hand, contributes to the bridging of the cracks that appear at the micro-level
and to their controlled joining on the micro and macro scale by increasing the resistance
of the material to cracking (with the simultaneous strength and modulus of elasticity
enhancement) enhances the microfiber/matrix affinity trends and the load transfer capacity
by improving the post-cracking behavior of the reinforced material and increasing its
ductility. Finally, the combination of the most economical CFs introduction in cement-
based smart sensors with the great mechanical and piezoresistive response institutes a
suggested reinforcement method for structural-health monitoring systems. The authors
propose the most economical method without using ultrasonication for practical reasons,
as this is not feasible for application in large projects, limiting the production process of the
multifunctional materials. In our future steps, further research could be orientated towards
investigating the microstructure of the reinforced cementitious materials with the different
dispersal methods. In addition, it would be useful to study the effect of the fiber content in
the matrix, as well as its combination of thermal and electrical conductivity sensors.
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