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Abstract

The use of recycled materials, such as the fine recycled aggregate made from concrete waste and carbon fiber (CF) product
of industrial waste, for the manufacture of conductive recycled mortars (CRM), transforms the mortar base cement normally
made with cement:sand in a sustainable multifunctional material, conferring satisfactory mechanical and electrical proper-
ties for non-structural uses. This action provides ecological benefits, reducing the use of natural fine aggregates from rivers
and the amount of concrete waste deposited in landfills resulting from construction waste. In this investigation the effect of
the addition of CF on electrical properties in hardened, wet and dry state, electric percolation in dry state and fluidity of the
wet mixture of a cement based CRM was evaluated: fine recycled aggregate: graphite powder, CRM specimens with dimen-
sions of 4 X4 x 16 cm. were manufactured for 3, 7 and 28 days of age and sand/cement ratios = 1.00, graphite/cement=1.00,
water/cement=0.60 and CF=0.1, 0.3, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0% compared to the weight of cement. The results dem-
onstrated the effect of the addition of CF in CRM, reducing fluidity of the mixtures due to the opposition generated by its
physical interaction of CF with recycled sand or recycled fine aggregate and graphite powder (GP), in its case, placing the
electric percolation percolation at 0.30% and 0.45% of CF for CRM with and without GP, respectively. Increases in electrical
conductivity (EC) without the presence of GP are defined by the contact between the CF and the conductive paths formed.
In contrast, with the presence of GP, the EC is defined by the contact between the CF and the GP simultaneously, forming
conductive routes with greater performance in its EC.

Keywords Multifunctional material - Sustainability - Electrical conductivity - Workability

1 Introduction situation due to the properties of ionic conductivity con-
ferred by the pore solution of their cementitious matrix.
Cement-based mortars have poor performance in their =~ To improve the EC of cement-based materials, the adi-
EC, in dry state they are considered insulating materials,  tion of conductive materials in the form of dust and/or
while in wet state they can be classified as semiconductor, fiber is used, among which are: CF, GP, carbon nanotubes
and metallic fibers. These materials are considered suit-
able conductive additions, due to their excellent EC and
mechanical properties, managing to transform cement-
based mortars into multifunctional materials, by provid-
Facultad de Ingenieria Mochis, Universidad Auténoma ing satisfactory mechanical and electrical properties not
de Sinaloa., Fuente de Poseid6n y Prol. Angel Flores S/N, only for their structural use, but also for their electrical
C.P. 81223 Los Mochis, SIN, México ) i
use and/or electrochemical [1-5]. In the specific case of
GP and CF, the effect produced as an addition in mortars
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mass, influencing the mechanical and electrical proper-
ties of the material [10-14]. Obviously, the non-homo-
geneous dispersion of the additions of conductive mate-
rial in the cement matrix, either GP and/or CF, tends to
produce a negative effect on the performance of various
properties, both mechanical and electrical: compressive
strength, tension, flexion, conductivity and electric per-
colation [15-21]. A homogeneous dispersion of the CF
in the cementitious matrix, allows to reach limits of elec-
tric percolation with percentages much lower than those
of GP additions, due to the high aspect ratio of the CF,
obtaining multifunctional materials of high EC with low
volumetric percentages of CF, complex situation in the
GP use [22-25].

On the other hand, the fine aggregate or sand of cement-
based mortars can be substituted or replaced by fine recy-
cled concrete aggregates produced by mechanical crush-
ing, achieving ecological benefits due to the reduction of
the use of river sands and also reducing the amount of
concrete waste, produced by the construction industry,
which ends up deposited in landfills [26, 27]. Regarding
its properties, the RFA is composed of natural aggregate
coated with mortar or hardened paste, which affects the
mechanical and physical properties of the mortar in fresh
and hardened state, presenting less mechanical resistance,
lower density, different setting time, increases in water
absorption with respect to the natural aggregate, among
others [28-32]. The use of RFA is an action that contrib-
utes to the sustainability of building materials [33-39].

It is evaluated, in this investigation, the effect produced
by the addition of CF in electrical properties in hardened,
wet and dry state, electric percolation in dry state, and in
the fluidity of the wet mixture of a cement based CRM
manufactured with RFA and GP in the same proportion.

2 Experimental part
2.1 Materials
2.1.1 Carbon fiber, graphite powder and cement

For the manufacture of CRM, it was used composite Port-
land cement (CPC) 30R type I, RFA, GP Loresco SC-3,
CF with a length of 10+ 1 mm and distilled water. The
properties of the materials are shown in Table 1 and the
distribution of the GP and CPC particle sizes is shown in
Fig. 1.

The CF used to manufacture CRM specimens was from
industrial waste products, previously making its selection
and cutting for use in CRM mixtures. The diameter of the
CF was constant, of continuous morphology, smooth and
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Table 1 Material properties

Material Average Superficial Specific density
diameter (um) area (m%/g)

Carbon fiber 7 0.227 1.76

Graphite powder 204 2.29 1.85

CPC 30R 27.50 20.23 3.07

free of defects, in Fig. 2 a photograph of raw CF and its
micrograph is shown.

2.1.2 Recycled fine aggregate

The concrete used for the manufacture of RFA was quality
control laboratory waste material, the crushing of the con-
crete was carried out by means of a jaw crusher.

Subsequently, the material retained between mesh No. 4
and No. 50 was selected, guaranteeing the absence of fine
crushing products, cement powder, avoiding producing a
mortar mixture with high water demands. The granulometry
of RFA was performed according to ASTM C standards136
[40], ASTM C 33 [41] y ASTM C 125 [42]. Figure 3 shows
the source material, left, and the material after the crushing
process, right.

2.1.3 Specimens of conductive mortars

The EC was determined in specimens of CRM with 3, 7 and
28 days of curing in distilled water, prismatic specimens
with dimensions of 4 X4 X 16 cm. with material ratios in
mixtures of: sand/cement=1.00, graphite/cement=1.00,
water/cement=0.60 and CF=0.1, 0.3, 0.5, 1.0, 1.5, 2.0, 2.5
and 3.0% with respect to the weight of the cement. Two
types of specimens were manufactured, without and with
GP, both with different percentages of CF, Table 2 shows
the dosages used in the mixtures.

The manufacturing procedure of CRM with CF and GP
according to Table 2, was carried out using the procedure
described in ASTM C 305-14 [43] with the variants indi-
cated below:

1. For the case of CRM type M-GP-CF, RFA was manually
mixed with the GP until a homogeneous material was
obtained in visual appearance, prior to the beginning of
the manufacture of the mixture.

2. CF was dispersed with the total water of the ultrasonic
mixing for 30 min

3. CF was placed with the total of water in a mixing vessel,
adding the total cement and mixing at a slow speed of
140+ 5 r/min for 30 s
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Fig. 2 Photography or raw CF and micrograph

4. The total amount of recycled sand and GP was added, 2.2 Methods
in its case, slowly for 30 s, while mixing at a slow speed
of 140 +5 r/min. 2.2.1 Determination of the fluidity of the mixture
5. It was mixed for 30 s at an average speed of 285+ 10 1/
min. The fluidity of the mixture was performed according
6. The Mixer is stopped, remaining covered at rest for 90s.  to ASTM C 1437-13 [44] for all dosages indicated in
In the first 15 s the walls of the vessel were quickly = Table 2, classifying the mixture according to its percent-
scraped off age of fluidity in dry, plastic or wet, as shown in Table 3.
7. It was mixed for 60 s at an average speed of 285+ 10 1/
min.
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Fig.3 Crushing waste concrete for RFA manufacturing

Table 2 Dosage of CRM

. Mortar % of CF in relation to the weight of cement Relation
mixtures graphite/
cement
M-CF 0.10 0.30 0.50 1.00 1.50 2.00 2.50 3.00 0.00
M-GP-CF 0.10 0.30 0.50 1.00 1.50 2.00 - 1.00

Table 3 Classification of the 2.2.2 Determination of electrical conductivity

. . o Mixture type Fluidity rank (%)
mixture according to fluidity

Hard 80-100 After checking the fluidity, and after the curing time has
Plastic 100-120 elapsed, the EC was determined for the specimens made
Dry 120-150 with the mixtures according to dosages in Table 2 for ages

of 3, 7 and 28 days. The electrical resistivity was measured

a 4PM-RM b 4PM-D

Fig.4 Experimental arrangement for the determination of electrical resistivity
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using 2 methods: Four-Point Method with resistivity meter
Miller 400 (4 PM-RM) and Four-Point Method by Direct
Current (4 PM-DC) according to [45, 46], the experimental
arrangement is shown in Fig. 4, the resistivity was deter-
mined from the Eq. 1 and the EC with Eq. 2.

p=Fmx%x2%xm%xa*xR (1)

o=~ @

where: p =Resistivity (Q.cm). 6= Conductivity (S/cm).
Fm = Geometric factor that involves the length of the speci-
men (L) and the separation between the electrodes. a = Sepa-
ration between electrodes (cm). R = Electric resistance (£2).

Fm was determined based on the L/a relation and method-
ology proposed by Morris et al. 1996 [44] and Garzon et al.
2014 [45], as shown in Fig. 5. Fm corresponds to 0.1547 for
the dimensions used of the CRM specimens and the separa-
tion between electrodes.

3 Results and discussion
3.1 Properties of the materials
3.1.1 Granulometry of the recycled fine aggregate

The mechanical properties of mortars are partly defined
by the granulometry of fine aggregates [25, 26]. The

Fig. 5 Fm geometric factor 1.0
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granulometric distribution of the RFA was uniform, outside
the granulometric limits of ASTM as shown in Fig. 6. Being
predominantly coarse recycled sand by classification with a
minimum of fines, it guarantees lower demands for water
in the mixture, making it possible not to use chemical addi-
tives to achieve workability and providing more paste to the
cementitious matrix, area, where the CF is housed.

3.1.2 Carbon fiber

The characteristics of FC define various properties of the
cementitious material due to its incorporation in the matrix
and the synergy that they generate with the rest of the com-
ponents [15, 16]. The chemical composition of the CF sur-
face is shown in Fig. 7, with the presence of C, Cu, Zn and
Si with different intensities in the signals. There were no
impurities that could significantly affect the performance of
the CR of CRM incorporated in the CF to the cement matrix.

3.1.3 Graphite powder

The GP added to cementitious matrices provides EC proper-
ties, making the material multifunctional [17, 19, 20]. Fig-
ure 8 shows the GP morphology and GP X-ray diffraction
pattern used in the M-GP-CF mixtures, the main signal is 20
at 25.70 and a secondary signal at 43.30, corresponding to
graphite according to the Inorganic Crystal Structure Data-
base. There was no presence of impurities that could affect
CD, after incorporating GP into the CRM.

—4—Grafite Paste Bar
= Morris, 1996

== Prismatic Specimen
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100

oo 50
=
B
0

2 60
X

40

20

0

4 8
Fig.7 Carbon fiber composition LC_J
6000
s
g
2000
Cu
Si
e
0

3.1.4 Hardened conductive mortars

The addition of carbonaceous material in mortars and con-
crete provides the material with non-structural properties.
[22-24]. Figure 9 shows the morphology of the CRM type
M-GP-CF y M-CF. For the case of the 0% of CF, the inter-
action of GP with the cement matrix is appreciated, while
in the case of the presence of CF, the contact between the
CF is observed, which favors the EC in the CRM by add-
ing CF in different proportions with respect to the weight
of the cement. However, mixtures with percentages of CF
have a tendency to vary their workability due to the physi-
cal interactions of the CF with the RFA of the mixture in
wet state.

@ Springer
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3.2 Fluidity and electric percolation of CRM
3.2.1 Fluidity in the CRM mixtures

Fluidity is a parameter of workability of mixtures, on
which the proper placement of mortar in engineering works
depends, this property is determined in fresh state accord-
ing to ASTM C 1437-13 [43]. In the case of CRM with
additions of different CF contents, it is shown in Fig. 10
the fluidity of both types of mixtures, M-CF and M-GP-CF.
The maximum fluidity was of 150% for mixtures of 0% CF
with and without GP content, where the high water content
present due to the water/cement relation of 0.60, caused an
initial equivalence in fluidity between M-CF and M-GP-CF.
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Fig.8 Properties of GP

However, from contents of 0.3% CF in M-GP-CF the fluidity
decreased, due to the increase in internal friction between
recycled sand and GP in interaction with CF, presenting a
rapid decrease in fluidity with increasing percentage of CF,
compared with mixtures without GP, where for CF percent-
ages of up to 0.50% the fluidity continued to be constant,
150%, being the maximum value that can be reached with
the used mix design parameters. For percentages above 1.0%
of CF content, the M-GP-CF mixture is no longer manage-
able, showing a tendency to inhomogeneous CF dispersion
and presence of high air contents, which comes to form dis-
continuous zones in the conductive routes of the carbona-
ceous material affecting the EC. In the case of M-CF mix-
tures, this situation occurs after 2.0% of CF content. In the
M-CF mixtures there was a decrease in the fluidity with an
increase in the percentage of CF, lower decreases compared
to mixtures with GP. The addition of CF in CRM reduces
the fluidity of the mixtures due to the opposition generated
with the physical interaction and the increase between the
friction of the RFA and the GP, if applicable.

3.2.2 Electric percolation of mortars type M-CF

EC of a cement based material with additions of CF depends
largely on the dispersion of the carbonaceous material [10,
12]. Figure 11 shows the EC in wet state for different % of
CF with respect to cement weight, the increase of the % CF
produces increases of EC for all ages of curing at approxi-
mately the same rate of change, concluding that the EC does
not depend on the age of the CRM. In addition, an electric
percolation threshold is not clearly defined due to the con-
tribution of the ionic conductivity of the pore solution to
the EC of the CRM. Similarly, in Fig. 12 the EC in dry state

WD16mm  S$S560

SEl  20kV
0.5 FC-0.5PG

b Morphology

is shown for different % of CF for the age of 28 days, the
increase of % CF produces increases in the EC, being more
notable the increase for the percentage of 0.45%, where there
is an increase of more than one order of magnitude, this
being considered as the threshold of electric percolation,
since higher percentages of CF do not represent significant
increases in EC. The percolation threshold was identified in
a percentage lower than 2% of CF, considered the appropri-
ate limit in the fluidity of a mixture type M-CF to be able to
work in engineering works. On the other hand, in dry state
there is no contribution of the pore solution in the EC, being
the increases in EC governed by the contact between the CFs
and the conductive routes that they form, as shown in the
diagram in Fig. 12, allowing to be the percolation threshold
limit easily located, compared to the wet state.

Figure 13 shows the relationship between the EC obtained
by 4 PM-RM and 4 PM-DC, confirming an acceptable
degree of approximation between the two different methods
used to determine the EC.

3.2.3 Electric percolation of mortars type M-GP-CF

The simultaneous use of GP and CF produces a syner-
gistic effect on the properties of EC when incorporated
into pastes and mortars [25]. Figure 14 shows the EC in
wet state for different % of CF with respect to the weight
of cement, when increasing the % CF there are increases
in EC for all ages of curing in approximately the same
proportions. Therefore, it is confirmed that the EC does
not depend on the age of the CRM, nor is an electric per-
colation threshold clearly defined due to the contribution
of the ionic conductivity of the pore solution to the EC
of the CRM, as in the case of M-CF mixtures. Similarly,
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a M-GP-CF, No addition of CF
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Fig.9 Morphology of CRM

Fig. 15 shows the EC in dry state for different % of CF
for the age of 28 days, when increasing the % CF there
are increases in the EC, being more notable the increase
for the percentage of 0.30%, where it has an increase
of more than one order of magnitude for EC, this being
considered as the threshold of electric percolation, since
higher percentages of CF does not represent significant

@ Springer

. No addition of GP

increases in EC. Figure 16 shows the interconnections of
the GP with the CF in their different percentages, where
for contents less than 0.5% FC they are presented with
isolated contacts between the fibers without achieving
conductive paths that can exceed the electrical percola-
tion threshold, causing increases lower than those reached
for higher percentages than mentioned.The percolation
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Fig. 10 Mixture fluidity of CRM
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Fig. 11 Conductivity in CRM type M-CF in wet state

threshold was identified in a percentage lower than 1%
of CF, considered the appropriate limit in the fluidity of
a mixture type M-GP-CF to be able to work in engineer-
ing works. Unlike the wet state, there is no contribution
of the pore solution in the EC, being the increases in EC
governed by the contact between the CFs and the GP,
as shown in the scheme of Fig. 15, the which form the

conductive routes that contribute to the performance of
this property, allowing to be easily located the percolation
threshold limit and reducing the threshold with respect to
the M-CF mixtures.
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Fig. 16 CRM with different CF contents

4 Conclusions

Cement-based CRMs: recycled fine aggregate: graphite
powder with CF addition are an alternative as multifunc-
tional material, being also sustainable due to promoting
the reuse of recycled materials. These CRMs show a rapid
decrease in the fluidity with the increase in the percentage
of CF due to the physical interaction between the CF and
the RFA in wet state. For percentages above 1.0% of CF, the
mixture with GP ceases to be manageable, with a tendency

@ Springer
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to non-homogeneous dispersion of CF, high air contents and
formation of discontinuous areas in the conductive routes
of the carbonaceous material, in the case of CRM with the
absence of GP, this situation occurs after 2.0% of CF. The
addition of CF in CRM reduces the fluidity of the mixtures
due to the opposition generated with its interaction with
RFA and GP, in its case. The electrical percolation thresh-
old for CRM with GP content was estimated at 0.30% of CF,
below the case of absence of GP with 0.45% of CF. This is
because the increases in EC without the presence of GP are
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governed by the contact between the CFs and the conduc-
tive routes that they form, while with the presence of GP
the EC is defined by the contact between the CFs and the
GP simultaneously, forming conductive routes with higher
EC performance.
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