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INVESTIGATION OF EFFECT OF WATER/CEMENT RATIO- DC CURRENT
AND GRAPHENE OXIDE ON POROSITY- MATURITY AND ELECTRICAL
CONDUCTIVITY OF HARDENED MORTARS
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/ Today, materials are produced with nanotechnology, which are new products as a result of the developmem%
technology. For cement-based composites, porosity is very important in terms of the strength and durability of the material after

the material hardens. Today, with the innovations in technology, new materials are produced in the construction sector. New
generation materials are produced on nano-meter scale using nanotechnology. These materials are used in cement-based
composites to reduce porosity and improve durability properties. This research is aimed to reduce the porosity of the mortars by
adding the nanomaterial graphene oxide (GO) to cement-based mortars whose sizes are 4cm x 4cm x 16cm. To investigate the
effect of graphene oxide on porosity, series were produced as water/cement ratios are 0.55, 0.70, 0.90, and 1.00, by substituting
0.025 % GO in the mortars instead of cement. Besides, to investigate the effect of DC stress intensity on porosity, 25 V DC
current is applied to all series. Mortar internal temperatures were measured from the beginning of hydration reactions in fresh
mortars. Various comparisons have been made by calculating the maturity values of the mortars. Hardened mortars were cured
for 7 and 28 days, then current passes on the mortars were measured by using an ampere meter. It has been investigated
whether a relationship can be established between flow transfer and porosity. As a result of this study, the porosity of mortars

can be reduced and maturity values can be increased by adding GO to cement-based mortars and applying DC current. In
{dition, porosity of cement-based materials can be estimated by using electrical methods.

/
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1. Introduction

Cement-based composite materials
constitute the most preferred building materials
today. Porosity is extremely important in terms of
the strength and durability of the cement-based
matrix. With the innovations brought by technology,
nano-scale materials are used for cement-based
materials [1-3]. Some investigations show that; GO
is homogeneously distributed in the cement matrix
[4]. As a result of this situation, it helps to reduce
the porosity of cement-based systems. Jing et al.
[5] added a 0.03 % ratio GO to the cement mortar.
They concluded that cement hydration can be
accelerated and porosity can be reduced with the
addition of graphene oxide. Indukuri et al. [6]
observed that graphene oxide brought the naturally
porous structure of the cement-based composite to
a pore structure that would improve mechanical
properties. Muthu et al. [7] concluded that when
adding up to 0.045 % graphene oxide by weight to
cement matrixes, porosity can be reduced and
micro-cracks can be closed. In another study,
micro-examination analyzes were performed on
cement-based composites by substituting GO in
different proportions instead of cement. It has been
concluded that by adding GO to cement-based
composites, porosity can be reduced and
compressive strength can be increased [8]. Some
researches investigating the electrical properties of
cement-based mortars. Cement-based materials
are electrically insulating, especially when dry [9].
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Therefore, in cement-based composites, electrical
conductivity is achieved primarily by ion transport in
the porous solution in its fresh state in the cement-
based material. It is of great importance to evaluate
the hydration process of cement-based materials at
an early stage [10,11]. There are limited studies in
the literature involving both the use of graphene
oxide and the application of current to reduce the
porosity of cement-based composite materials.
Therefore, this study is of great importance.

In this study, it is aimed to reduce the
porosity of cement-based mortars by adding 0.025
% GO instead of cement and applying 25 V DC
stress intensity. It is also investigated whether a
relationship could be established between current
passage and porosity by measuring the currents
passing over to mortars which are cured for 7 and
28 days. In addition; The effect of GO and DC
current application on the maturity of the mortars
has been also investigated.

2. Materials and methods

2.1. The material used and their
properties/features

In the preparation of the cement-based
mortars, CEM | 42.5 R type cement, which is
produced by Afyonkarahisar Cement Industry
Factory, in accordance with TS EN 197-1, was
used as cement [12]. The proportions of Cs3S, C2S,
CsA, and C4AF in the cement are 60.11 %, 11.02
%, 6.97%, and 9.95 %, respectively, and are
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Table 1
Physical and chemical features of cement.
Content, % CEMI1425R
CaO 63.60
SiO, 19.60
Al,O3 4.72
Fe,0s3 3.27
MgO 1.91
Na,O 0.34
K0 1.06
SO3 4.72
CI’203 0.04
TiO, 0.41
KK 2.69
Specific weight 3.10
Fineness, cm?/g 3308
28-day compressive strength, MPa 53.20
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Fig. 1- XRD (X-ray diffraction) spectroscopy analysis of graphene oxide.
Table 2
Component of mortar per cubic meter
Mortar Mixture Ratio
Wic Cement, kglm3 Aggregate, kglm“ Graphene oxide, kglm3 Water, It/m?
0.55
300 1891.10 - 165.00
0.70 300 1790.40 - 210.40
0.90 300 1631.20 - 270.40
1.00 300 1551.20 - 300.00
0.55 299.92 1891.10 0.075 164.95
0.70 299.92 1790.40 0.075 209.94
0.90 299.92 1631.20 0.075 269.92
1.00 299.92 1551.20 0.075 299.92

shown in Table 1. Potable tap water was used in
the mortar mixture.
2.2. Graphene oxide

Graphene oxide production was produced
by the method developed by Marcano et al. [13].

XRD (X-ray diffraction) analysis has been
performed to investigate whether graphene oxide
has been formed and it is shown in Figure 1. The
formation of peaks in Figure 1 means that
graphene oxide has been formed [14].
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Fig.2- A view of a-cement, b- aggregate, and c- graphene oxide to which has used in experiments.

Fig. 3- A view of the test setup.

2.3. Production of the specimen and the
experiments conducted

300 dossaged (300 kg cement in 1 m3
mortar) mortars were produced as water/cement
ratios are 0.55, 0.70, 0.90, and 1.00, by
substituting 0.025 % GO in the mortars instead of
cement. While the mortar was being produced,
first; with cement, aggregate, and graphene oxide
the dry mixture was made, and then the admixture
was mixed with water for 5 minutes. Cement
(OPC), aggregate, and graphene oxide (GO) are
shown in Figure 2. The component of mortar per
cubic meter is shown in Table 2. The specific
gravity of crushed sand was measured as 2.68.

Immediately after the mixture was prepared,
the mortars were placed in 4cm x 4cm x 16cm
prismatic wooden molds. Steel plates whose sizes
are 3.5cm and 5 cm were placed at the ends of the
molds. 25 V stress intensity was applied to the
mortars for 24 hours through the DC power supply
(Figure 3). To examine the effect of graphene
oxide on porosity, current passage and, maturity,
mortars containing 0.025 % GO were produced in
all series. Reference and electric current applied
mortars were cured in water saturated with lime for
7 and 28 days. In mortars which are cured for 7
and 28 days, the current passage on the mortars
was measured by using an ampere meter (Figure
4).

3. Results and Discussion

3.1. Porosity of Mortars
Mortars to which cured for 7 and 28 days,
the saturated surface dry, oven dry, and their

Fig. 4- Current passage measurement in mortars.

weight in water were measured. Then porosity
ratios were calculated using the equation (1).

W, - W,

(1)

2 1

Porosity = [ }X 100

In equation Wo-W+1 and W2 are explained below;
W2= Weight in saturated air (g)

Wi= Weight in water (g)

Wo= weight of the oven-dry (g).

Figure 5 and Figure 6 are prepared to
compare the porosity ratios of mortars. Examining
the 7-day porosity of the mortars, it is determined
that both 0.025 % GO is added and 25 V DC
current is applied to the mortars the porosity rate
can be reduced (Figure 5). It is observed that the
most effective water/cement ratio is 0.70 to reduce
the porosity of the mortars to which were cured for
7 days. When the mixtures with a water/cement
ratio of 0.70 were examined, it was seen that the
void ratio decreased by approximately 37.40 %
compared to the reference sample by using both
0.025 % GO instead of cement and applying 25 V
DC stress intensity. In general, for all
water/cement ratios, the highest porosity values
were observed in samples without graphene oxide
and without electric current application. In mixtures
with a water/cement ratio of 1.00, it has been
observed that the DC current application and GO
addition to mortars have a negative effect on
porosity.
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18
= 14 D i —
>
2 12 Y LI T eee
=]
S 10 | |
8
6 R

0,55 0.7

W/c rati

Fig. 6- 28-Day porosity of mortars depe

16 18- _;:_ __________________ 0% GO- 0V

T
H

m(0.025% GO- 0V

10% GO- 25V

"""""""" = (0.025% GO- 25V

0,9

o. %

nding upon GO and DC current.

The porosity of mortars according to grapheme oxide ratio and DC current application Table
Water/cement ratio (%)
i GO - Current 0.55 0.70 0.90 1.00
> 0% GO -0V 29.63 21.87 19.36 14.94
lg 0.025 % GO- 0V 20.96 16.51 14.94 16.57
n‘%‘ 0 % GO — 25V 30.84 20.31 14.72 15.10
E 0.025 % GO- 25V 20.11 13.69 14.51 15.44
> 0% GO -0V 11.23 11.62 10.62 10.71
'g 0.025 % GO- 0V 12.77 9.69 10.62 11.70
n‘%‘ 0 % GO — 25V 11.57 9.61 10.17 9.95
g 0.025 % GO- 25V 17.59 10.34 10.17 11.42

When Figure 6 is examined, it was
observed that the 28-day porosity of the mortars
generally has taken the lowest values in the
mortars with 0.70 and 0.90 water/cement ratios.
When DC current is applied to the mortars, it has
been observed that the porosity decreases.

The highest porosity in mortars with a
water/cement ratio of 0.55 is due to insufficient
water for hydration reactions. It was observed that
the porosity of mortars increases, when adding GO
to mortars whose water/cement ratio has 0.55.
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Fig. 7- 7-Day current passage on mortars depending upon GO and current application.

Current passage on mortars according to grapheme oxide ratio and DC current application Table 4
5 Water/cement ratio (%)

Y GO - Current 0.55 0.70 0.90 1.00
- 0% GO -0V 0.34 0.36 0.20 0.15
g % 0.025 % GO- 0V 0.09 0.09 0.35 0.09
:%. g 0 % GO — 25V 0.36 0.40 0.36 0.35
E « 0.025 % GO- 25V 0.09 0.10 0.29 0.08
2 0% GO -0V 0.40 0.32 0.36 0.39
g % 0.025 % GO- 0V 0.43 0.41 0.40 0.39
z?' g 0 % GO — 25V 0.44 0.34 0.39 0.36
& « 0.025 % GO- 25V 0.48 0.45 0.42 0.47

This situation can be explained by the absorption
of some water by GO. The porosity of the mortars
decreased approximately by 11.01 and 4.23 %,
compared to the reference samples with the
addition of GO and DC current application in the
mortars with water/cement ratios of 0.70 and 0.90,
respectively (Table 3).

3.2. Current Pass of Mortars

When the 7-day current passage values of
the mortars were compared at the rate of 0.55 and
0.70 water/cement, it was observed that the lowest
current passage values were obtained as a result
of both the use of GO and the DC current
application (Figure 7). As a result of this situation, it
can be interpreted that these water/cement ratios
have a high void ratio. When the water/cement
ratio is 0.90, it can be explained by the fact that the
current passage is higher than the others,
especially in the mortars with DC current applied
and GO addition, takes the lowest void ratio at the
0.90 water/cement ratio. According to whether it

contains GO in mixtures and whether current is
applied or not (0 % GO- 0V, 0.025 % GO- 0V, 0 %
GO- 25V, 0.025 % GO-25V) and 7 days cured
mortars with 0.90 water/cement ratios, the current
passage values have been measured as 0.20,
0.35, 0.36 and 0.29 yA, respectively (Table 4). It
has been observed that the mortar that current is
applied and with GO, has less electrical
conductivity than the mortar that current is not
applied and with GO, at this water/cement ratio.
Figure 8 is prepared to compare the 28-day
flow passage rate of mortars. With the addition of
GO to the mortars, a higher current flow passage
was observed to which compared to the reference
sample. At the same time, it has been observed
that the current flow passage has taken high The
high value of the current passage means that the
mortars have low porosity. In mortars with
water/cement ratios of 0.55, 0.70, 0.90, and 1.00,
the current passages were measured as 0.48,
0.45, 042, and 0.47 pA, respectively, by
substituting 0.025 % GO for cement and
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Fig. 9- Relationship between porosity and current passage.

applying 25 V stress intensity (Table 4). In mortars
with GO, the highest current passage values were
generally observed in mortars to which have 0.70
and 0.90 water/cement ratios. The fact that mortars
with a water/cement ratio of 0.55 and adding GO to
admixture, have a higher current passage than the
other water/cement ratios can be explained by the
high electrical conductivity of graphene oxide due
to its carbon content.

3.3. Relationship between porosity and current
passage

Figure 9 is prepared to investigate whether
there is a relationship between porosity and current
passage. In general, the optimum porosity for all
mixtures was observed in mortars to which have
0.70 and 0.90, water/cement ratios. The lowest
porosity values were observed when the current
flow rate was between 0.35-0.40 (Figure 9).

Although the current flow between 0.40 and 0.45
takes high values, the increase of the porosity can
be explained by the increase of water in the
mixture. As the amount of water in the mixture
increased, the porosity is increased because the
mixture would contain more water than required for
hydration.

To establish a relation between current
passages and porosity of mortars which are cured
for 28 days whose water/cement ratios are 0.55,
0.70, 0.90, and 1.00 graphics have been prepared
(Figs. 10 a-b-c-d). In Figs. 10, X-axis represents
current passage, and Y-axis represents porosity.
In Figure 10, whether the mortars contain GO and
whether current is applied or not are examined. As
a result of forming a trend line, equations of
porosity depending on the GO and DC current
application of the mortars have been
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Fig. 10- Relationship between porosity and current passage according to GO and current application (a- 0 V-0 % GO, b- 0 V- 0.25 %
GO, ¢- 25 V-0 % GO, d- 25 V- 0.025 GO).

Table 5

Equation and correlation coefficient for the relationship between porosity and current passage of mortars

GO - Current Equation R?

0% GO -0V y =516,09x2 - 377,71x + 79,651 R?=0,9563
0.025 % GO- 0V y = 5852,3x? - 4776,2x + 984,41 R2? = 0,9656

0% GO - 25V y = 143,89x? - 93,419x + 24,802 R2?=0,9872
0.025 % GO- 25V y= 4607,6X2 - 4043,4X + 895,81 R2 = 0,8545

determined. It is concluded that the porosity of the
mortars can be estimated by measuring the current
passage on mortars to which are cured for 28
days.

This study is important because the porosity
of cement-based materials directly is related to
compressive strength and durability [15]. Hence

estimating the porosity of cement-based systems
are quite important for a building’s service life. It is
also aimed in this research decrease of mortar’s
porosity with GO addition and DC current
application. A relationship between porosity and
current passage on mortars can be calculated as
given in Table 5.
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Fig. 12- Microstructure photos of mortars a- 0 V-0 % GO, b- 25 V- 0.025 % GO).

3.4. The relationship between maturity and
porosity of mortars

It is important for us to have an idea in
terms of maturity, strength and, durability in
cement-based composites. Some studies have
concluded that the determination of maturity in
cement-based materials can be associated non-
destructively with compressive strength [16]. In this
study, the effect of GO on maturity in the early
stages of hydration was investigated. It has been
also investigated the effect of DC stress intensity
on maturity. On the other hand, it has been
investigated whether a relationship can be
established between maturity and porosity in
cement-based materials. In order to calculate the
maturity values of cement-based mortars, the
internal temperatures of the mortars from the
beginning of the hydration reactions in all mixtures,
were recorded in the data logger at 60 second
intervals. The maturity values of the mortars were
calculated with the help of Formula 2. Figure 11
was prepared to compare the maturity of the
mortars after hardened (approximately 11 hours).
When Figure 11 was examined, the lowest maturity

values were obtained by substituting 0.025% GO
for cement. As a result of this situation; It is
thought that graphene oxide, which is used instead
of cement, slows down the formation time of
hydration reactions in the early stages of
hydration. It was observed that maturity values are
increased noticeably in mortars to which is applied
25V DC current.

t
M =3(T-T)At 2)
0

In this formula; The maturity index M has defined
as the average concrete temperature (°C) in the
time interval T Dt, the initial temperature To, the
elapsed time t, and the time interval Dt [17]. The
maturity value estimation of the mortars was made
according to the ASTM C1074-14 standard [18].

3.5. Micro examination of mortars

The strength of cement-based materials
depends on the amount of C-S-H gels. In the first
stages of hydration, the hydration of the main
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component of CsS takes place faster than the
hydration of the C2S main component, so the
contribution of C3S to the strength increase is
higher in the early stages. [19]. The microstructure
of the mortar cured for 28 days to which does not
contain GO with a 0.70 water/cement ratio is
shown in Figure 12a. Figure 12b represents the
microstructure of the mortar with both containing
0.025 % GO and 25 V DC stress intensity is
applied and 28 days cured water/cement ratio 0.70.
It was observed that the hydration reactions started
in the mortar to which does not contain GO and
current is not applied, CH and CSH products
started to form recently. When Figure 12b was
examined, it was observed that CSH gels
increased on a large scale by substituting a small
amount of GO (0.025 %) instead of cement and
applying DC current. High CSH gel formation
means low porosity.

4. Conclusion

Nanotechnology products such as graphene
oxide provide innovation in cement-based mortars
and concrete by adding a new vision to building
materials.

Several conclusions and suggestions can
be drawn from this study:

e As a result of this study, the porosity of
mortars can be reduced both by adding
GO to cement-based mortars and
applying DC current.

e It is seen that the most effective
water/cement ratio were 0.70 and 0.90 for
28 days of porosity.

e With the addition of GO to the mortars, a
higher current flow passage was
observed compared to the reference
sample.

e It is determined that the porosity of
cement-based materials can be estimated
by using electrical methods.

e |t was observed that the void ratio was
decreased by approximately 37.40 %
compared to the reference sample with
the addition of 0.025 % GO instead of
cement and the application of 25 V DC
stress intensity.

e When examined the mortars' maturity-
porosity graph (without current
application), it is observed that the
porosity and maturity had been taken low
values in the mortars containing GO. As
a result of this situation, by adding GO to
cement-based materials, physical
properties of mortars can be improved
and, GO can be used as a set retarder at
the beginning stages of hydration.

e The maturity values of the mortars can be
increased without increasing porosity due

to adding GO to cement-based materials
and applying DC current.

e When the microstructure of the mortars
was examined, it was observed that CH
and CSH gels, which give strength and
durability to the cement-based matrix,
were formed more frequently with
addition GO and the application of DC
current.

It is thought that the study can be developed

with the use of GO at different amounts and with
the application of different stress intensities.
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