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Abstract: In order to obtain conductive concrete with good electrical conductivity and good mechani-
cal properties, nanographite and magnetite sand excited by different activators and their combinations
are added to ordinary concrete to obtain high quality and efficient conductive concrete. The optimal
mixture ratio of alkali-excited conductive concrete and the effects of different activators and their com-
binations on the mechanics and electrical conductivity of concrete were studied. The microstructure
of alkali-excited conductive concrete was analyzed by scanning electron microscope (SEM) to study
its conductive mechanism. Results show that the conductive concrete obtained by compounding
sodium hydroxide, sodium sulfate and calcium hydroxide has optimal mechanical and electrical
properties when the graphite is 6% cement, and magnetite sand is 40% fine aggregate. The conductive
concrete sample prepared by this method has a flexural strength of 6.84 MPa, a compressive strength of
47.79 MPa and a resistivity of 4805 Ω·cm (28 days). Compared with ordinary concrete (no nanographite
and no magnetite sand), the compressive strength of conductive concrete is increased by 122.3%, the
bending strength is increased by 116.5%, and the resistivity is reduced by 99.1%. SEM shows that the
distribution of conductive materials in concrete is more uniform due to alkali excitation and calcium
silicate hydrate (CSH) gel can be formed, which leads to better performance. The research in this
paper is only a preliminary exploration of the characteristics of green conductive concrete, and the
conductive heating characteristics and electromagnetic wave absorption properties of concrete, along
with strength characteristics after adding conductive fillers, need to be further studied. It is suggested
that further research should be carried out on the deicing characteristics of conductive concrete and
the electromagnetic wave absorption properties used in stealth military engineering.

Keywords: activator; alkali excitation; different alkali activators and their combinations; mechanical
performance; nanographite-magnetite; resistivity

1. Introduction

Concrete plays a significant role in the construction industry due to its excellent
mechanical properties, economic benefits and durability [1]. However, ordinary cement
based concrete has some problems such as heavy dead weight and proneness to crack,
which leads to structural performance degradation and even serious safety hazards [2].
Therefore, the health monitoring of concrete structures has become a key research topic to
ensure the safety of the entire concrete building structure [3,4]. Based on the piezoresistive
effect, structural health monitoring can evaluate structural fault signals through camera
image processing [5,6], acoustic emission [7] and optical fiber sensors [8,9]. However, most
monitoring methods are indirect and require the embedding of sensors in concrete, which
can damage the integrity and mechanical properties of concrete structures [10,11]. Therefore,
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conductive concrete can be used for intelligent health monitoring of concrete structures due
to its inherent properties and sufficient interaction with cement components. Compared
with traditional sensors, conductive concrete features high durability, ease of manufacture,
and good compatibility with cement matrix [12,13]. In addition, its electrical conductivity
serves as a self-heating element when energized, which makes conductive concrete useful
for pavement deicing [14], building radiant heating [15], indoor dehumidification [16],
electromagnetic shielding [17,18], etc.

Traditional cement based concrete remains constantly insulated, and its resistivity
ranges from 106 Ω·cm to 109 Ω·cm [19]. At present, adding conductive filler into concrete
is the most effective method to give concrete high electrical conductivity. Wang et al.
and Aslani et al. [20] summarized 12 kinds of conductive fillers, which can effectively
improve the conductivity of concrete. By incorporating 0.1 wt% carbon nanotubes, the
resistivity of conductive concrete can be reduced to 60 Ω·cm. Among these conductive
fillers, carbon-based materials are most widely used in engineering practice due to their
excellent electrical conductivity, light weight and work stability [21,22]. Among them,
graphite, which features wide material sources, low price, large heat capacity, strong
conductivity and stable performance, is a good conductive material [23].

Ren et al. [24,25] and Chereches et al. [26] prepared conductive concrete to give the
concrete a certain conductivity by mixing nanographite as a conductive filler into concrete.
The research shows that the conductivity of concrete increases with the increase of the
amount of nanographite admixture, and an excessive amount of nanographite admixture
can reduce the mechanical strength of concrete. For instance, Ren’s research shows that,
when the mass fraction of nanographite is 3 wt%, the mass fraction of copper slag is
60 wt%, the best compressive strength of composite activation sample is 44.55 MPa, the
bending strength is 6.65 MPa, and the resistance is 8180 Ω·cm. Moreover, driven by
advanced nanotechnology, nanoscale carbon-based materials have attracted extensive
attention due to their high electrical conductivity and multifunctional applications. The
admixture of nanocarbon components can reduce the self-shrinkage of concrete at all ages
and reduce the porosity of concrete [27,28]. This shows that the admixture of an appropriate
amount of nanoscale carbon-based materials in concrete can improve both conductivity and
strength [29]. However, when the admixture amount of nanoscale carbon based materials
is too large, the smooth micro-surface and particle agglomeration leads to a decrease in
the relative content of fine aggregate and coarse aggregate in concrete, thereby reducing
mechanical properties. Therefore, other fillers need to be added to block its lubrication [30].

As a widely used iron-containing mineral, magnetite sand can be used as an ideal
auxiliary filler in carbon-based conductive composites, with excellent mechanical and
conductive properties [31]. Huang and Xu [32] found that the compressive strength and
flexural strength with the use of magnetite aggregate increased by 25.9% and 26.5% re-
spectively, and the compressive strength and flexural strength increased linearly with the
content of magnetite aggregate [33]. Ores containing iron, titanium, magnesium, aluminum,
barium and other metal elements can shield X-rays. In addition, the ores with higher atomic
numbers have a better shielding effect, on the condition that they contain more than 70%
of metal elements [34]. As a result, magnetite can be used in the field of anti-radiation
concrete. In addition, the rough surface of magnetite sand can reduce the strength loss of
concrete caused by excessive nanographite. Therefore, the compound addition of nano-
carbon-based materials and magnetite is conducive to improving the electrical conductivity,
reducing the cost and improving the mechanical properties of concrete.

At present, the research on conductive concrete at home and abroad is mainly on
adding conductive filler such as nanographite or mineral powder into concrete to improve
the conductive property. However, modification techniques for conductive concrete are few
and far between. Conductive concrete without modification exhibits low strength. Alkaline
activator can stimulate the potential activity of mineral powder, thus improving the strength
of concrete [35]. Under the alkali environment, salic mineral materials have high activity
and a hydration rate faster than cement, so cementitious material can be produced in a
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short time, and the reaction rate is faster in materials with high calcium content. Compared
with ordinary concrete, alkali-activated concrete has higher strength, lower hydration heat,
better fast hardness, corrosion resistance, frost resistance, steel bar protection, and high
utilization of mineral powder. The mineral powder in concrete will react with the activator,
resulting in a smaller particle size, thus promoting the uniform distribution of mineral
powder in concrete and improving the overall electrical conductivity.

Electrically conductive concrete (ECC) is a technology patent developed by a Canadian
National committee. It is a multi-functional intelligent concrete material composed of
cementing materials and conductive materials (such as carbon fiber, nano carbon black, steel
fiber, etc.) and water. Adding conductive materials to concrete can effectively reduce the
resistivity of concrete by 3–4 orders of magnitude, so that it has good electrical conductivity.
In addition, conductive concrete has the characteristics of good durability, excellent bending
and impact resistance and self-monitoring. Therefore, it is used in the fields of snowmelt
deicing, electromagnetic shielding, cathodic protection and structural health monitoring.

Thus, this study focuses on the effects of different activators on the mechanical and
electrical properties of concrete mixed with nanographite and magnetite sand, in which
the addition method includes the single addition of activator and the compound addition
of various kind of activators. Through the comparative experiments on concrete samples
prepared by different methods, the mechanical and electrical conductivity tests of alkali-
activated concrete were studied. The compressive and flexural strength tests of 35 kinds
(except for the control 1 group) of concrete samples were carried out. The resistivity of
concrete samples was measured by the quadrupole method, and then the modification
effect and performance improvement mechanism were evaluated by scanning electron
microscope (SEM). The innovation of this paper lies in how to focus on the effect of alkali
excitation and its combined action on concrete properties without reducing the mechanical
properties of concrete for the addition of conductive fillers, which lays a foundation for
further research on the deicing properties and electromagnetic wave absorption properties
of concrete.

2. Experimental Material and Experimental Design
2.1. Conductive Concrete Material
2.1.1. Superplasticizer

Poly-carboxylic acid superplasticizers can ensure the uniform dispersion of nanogr-
aphite nanoparticles and improve the fluidity and workability of concrete, with spec-
ifications of PH 7, density 1.046, water-reduction rate 45%, air content 6%, and chlo-
rinity 0.03%.

2.1.2. Cement and Conductive Fillers

The cement used is 42.5 ordinary Portland cement produced by Zhucheng Yangchun
Cement Co., Ltd. (Weifang, China). The test shows that the initial setting time of the cement
is 150 min and the final setting time is 240 min. Nanographite is produced by Liugong
Graphite Co., Ltd. (Liuzhou, China), with a carbon content of 98.50% and a particle
size of 0.9–1.0 µm. Therefore, it exhibits considerable conductive capacity. Magnetite
sand is produced by Sichuan Liangshan Mining Co., Ltd. (Xichang, China), with its
particle size ranging from 73 µm to 84 µm, and Fe3O4 and SiO2 account for about 90% of
magnetite sand.

Since the size of nanographite is small (Figure 1a,c), it can be used to fill microscopic
pores and aggregate voids in concrete. However, untreated nanographite is partially
agglomerated and fails to form stable conductive networks. Figure 1b shows a sample
of magnetite sand. Figure 1d is an SEM diagram of magnetite sand, from which it can
be observed that the rough micro-structure of magnetite sand can compensate for the
negative effect on the mechanical strength of concrete due to the smooth surface properties
of nanographite.
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Figure 1. Conductive filler sample diagram. (a) Nanographite sample diagram; (b) Magnetite sand
sample diagram; (c) Nanographite SEM diagram; (d) Magnetite sand of SEM diagram.

2.1.3. Alkali-Activator

Graphite is an inert material with good electrical conductivity. Alkali activators and
their different combinations only excite magnetite sand. This study is mainly devoted to
the effects of different activators and multiple activators on the mechanics and electrical
conductivity of concrete. Calcium silicate hydrate (CSH) gel can be formed when the
activator reacts with magnetite sand, which can improve the strength of concrete. The
contents of the three kinds of activators used in the experiment all reached more than
90%, and the contents of chloride, heavy metal and magnesium oxide did not exceed the
standard, which met the requirements of national and industry standards. Table 1 shows
the chemical composition of the alkaline activator.

Table 1. Chemical Composition of Activator.

Sodium Hydroxide Calcium Hydroxide Sodium Sulfate

Composition Percentage Composition Proportion Composition Percentage

NaOH 99.50% Ca(OH)2 96.00% Na2SO4 99.40%
Cl 0.06% Cl 0.01% Cl 0.001%
Fe 0.003% Fe 0.01% Fe 0.005%
Ca 0.001% Pb 0.002% Pb 0.001%

Na2CO3 0.3% MgO 0.50% K 0.01%

2.2. Preparation of Alkali-Activated Conductive Concrete

The variables studied in this study are the mass percentage of nanographite to cement,
the substitution ratio of fine aggregate to magnetite sand and the mixing methods of the
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activator; there are 8 mixing methods: (1) no mixing activator, (2) mixing sodium sulfate
alone, (3) mixing calcium hydroxide alone, (4) mixing sodium hydroxide alone, (5) mixing
sodium sulfate and calcium hydroxide, (6) mixing sodium sulfate with sodium hydroxide,
(7) mixing calcium hydroxide with sodium hydroxide, (8) mixing sodium sulfate, sodium
hydroxide and calcium hydroxide. The water–cement ratio remains unchanged at 0.44, the
amount of nanographite admixture is 3%, 6% and 9% of the cement mass, respectively, and
the replacement amount of magnetite sand is 40% (unchanged) of the fine aggregate mass.

Figure 2 shows magnetite samples before and after excitation. Figure 3 shows the
preparation steps of alkali-activated conductive concrete.
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As a water-soluble material and superplasticizer, the total amount of activator is
first dissolved in mixed water with 1% of the mass of cement, and then magnetite and
nanographite are poured into a concrete mixer with cement, fly ash and quartz sand. After
mixing well, add the coarse river sand to the mixture and continue to stir evenly, then
slowly add the mixed solution containing the activator and superplasticizer in the mixing
process, and pour the prepared conductive concrete into the mold after the concrete is
fully stirred. A small concrete shaking table is used to vibrate the concrete. After 24 h,
the concrete is demoulded and put into the concrete maintenance box for curing under a
temperature of 20 ◦C and a humidity of 90%.
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The formulation mechanism adopted in this paper is as follows: 1 group of contrast or-
dinary concrete G0M0 (G adding graphite, M adding magnet sand, 0 adding zero amount),
1 group adding magnet sand separately, 3 groups adding graphite separately, and 7 groups
adding 3 kinds of alkali activators separately or in combination, respectively. 24 groups
were mixed with graphite and magnetite sand, and 3 kinds of alkali activators were mixed
separately or in combination. The total number of groups was 36. Each group of specimens
was guaranteed to have 3 valid specimens for mechanical properties and electrical conduc-
tivity tests, and some specimens were scanned by electron microscopy. Figure 4 shows a
block diagram of the formulation mechanism.
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In the block diagram and the table below, the letters S, C, H, SC, SH, CH and SCH
signify to excite with sodium sulfate, with calcium hydroxide, with sodium hydroxide,
with sodium sulfate and calcium hydroxide, with sodium sulfate and sodium hydroxide,
with calcium hydroxide and sodium sulfate, and with three kinds of activators, respectively.
The numbers 3, 6 and 9 represent the percentages of nanographite of 3%, 6% and 9%,
respectively, and the sand replaced by magnetite sand is represented by the number 40,
which indicates that the amount of magnetite sand incorporated is 40% by weight of sand.

2.3. Ratio of Conductive Concrete

Tables 2 and 3 show the proportion and modification methods of each type of concrete.

Table 2. Formula table of alkali excited conductive concrete (control groups, kg/m3).

ID Nanographite NMR M MSR Na2SO4 Ca(OH)2 NaOH

G0M0 0 0 0 0 0 0 0
G0M40 0 0 230 40% 0 0 0
G3M0 13.5 3% 0 0 0 0 0
G6M0 27 6% 0 0 0 0 0
G9M0 40.5 9% 0 0 0 0 0

S 0 0 0 0 4.5 0 0
C 0 0 0 0 0 4.5 0
H 0 0 0 0 0 0 4.5
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Table 2. Cont.

ID Nanographite NMR M MSR Na2SO4 Ca(OH)2 NaOH

SC 0 0 0 0 2.25 2.25 0
SH 0 0 0 0 2.25 0 2.25
CH 0 0 0 0 0 2.25 2.25

SCH 0 0 0 0 1 2.5 1
Concrete ratio Water: 198 kg, cement: 450 kg, SA: 15 kg, fly ash: 90 kg, CA: 500 kg, fines: 460 kg in group 2 and 575 kg in other groups.

Note: “SA” refers to “superplasticizer admixture”, “CA” refers to “coarse aggregate”, “NMR” refers to
“Nanographite Mass Ratio”, “M” refers to “Magnetite”, “MSR” refers to “Magnetite Substitution Ratio”.

Table 3. Formula table of alkali excited conductive concrete (Test groups kg/m3).

ID Nanographite NMR M MSR Na2SO4 Ca(OH)2 NaOH

G3M40 13.5 3% 230 40% 0 0 0
G3M40S 13.5 3% 230 40% 4.5 0 0
G3M40C 13.5 3% 230 40% 0 4.5 0
G3M40H 13.5 3% 230 40% 0 0 4.5
G3M40SC 13.5 3% 230 40% 2.25 2.25 0
G3M40SH 13.5 3% 230 40% 2.25 0 2.25
G3M40CH 13.5 3% 230 40% 0 2.25 2.25

G3M40SCH 13.5 3% 230 40% 1 2.5 1
G6M40 27 6% 230 40% 0 0 0

G6M40S 27 6% 230 40% 4.5 0 0
G6M40C 27 6% 230 40% 0 4.5 0
G6M40H 27 6% 230 40% 0 0 4.5
G6M40SC 27 6% 230 40% 2.25 2.25 0
G6M40SH 27 6% 230 40% 2.25 0 2.25
G6M40CH 27 6% 230 40% 0 2.25 2.25

G6M40SCH 27 6% 230 40% 1 2.5 1
G9M40 40.5 9% 230 40% 0 0 0

G9M40S 40.5 9% 230 40% 4.5 0 0
G9M40C 40.5 9% 230 40% 0 4.5 0
G9M40H 40.5 9% 230 40% 0 0 4.5
G9M40SC 40.5 9% 230 40% 2.25 2.25 0
G9M40SH 40.5 9% 230 40% 2.25 0 2.25
G9M40CH 40.5 9% 230 40% 0 2.25 2.25

G9M40SCH 40.5 9% 230 40% 1 2.5 1
Concrete ratio Water: 198 kg, cement: 450 kg, SA: 15 kg, fly ash: 90 kg, CA: 500 kg, fines: 345 kg.

2.4. Mechanical Test

In this study, the compressive strength and flexural strength of conductive concrete
were tested to determine the effects of the amount of nanographite admixture, the amount
of magnetite admixture and the activator on its mechanical properties. After curing
for 7 days, 14 days and 28 days, the compressive strength and flexural strength of the
cube specimens of 50 mm × 50 mm × 50 mm and 40 mm × 40 mm × 160 mm were
tested respectively.

The servo-hydraulic universal testing machine is used. The loading speed of the
compressive strength test is 0.6 kN/s and the load rate of the flexural strength test is
0.03 MPa/s. In the flexural strength test, the distance between the loading points is
140 mm. Each load-displacement curve is read by the software installed on the testing
machine until it fails [24,25].

2.5. Electrical Conductivity Test

The quadrupole method is used to measure the resistivity of concrete specimens for
7-day, 14-day, 21-day and 28-day curing ages, as shown in Figure 5.
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The size of the specimen is 40 mm × 40 mm × 160 mm, and the metal mesh electrodes
of 30 mm × 80 mm are parallelly embedded in the specimen.

The metal mesh spacing is shown in Figure 5. The resistivity of conductive concrete is
recorded with a digital multimeter. The resistivity is calculated by Equation (1):

ρ =
UA
IL

(1)

where ρ is resistivity, Ω·cm; A is the cross-sectional area of the concrete specimen, cm2; L is
the distance between electrodes, cm; U is voltage (volt) and I is current (ampere).

3. Results and Discussion

The mechanical test and resistivity test results of the specimen are shown in Tables 4–7.
The strength and resistivity changes caused by different variables are discussed in detail in
the following sections.

Table 4. Compressive strength, flexural strength and resistivity of alkali excited conductive concrete
(Control groups).

ID
Compressive Strength (MPa) Flexural Strength (MPa) Electrical Conductivity (Ω·cm)

7 Day 14 Day 28 Day 7 Day 14 Day 28 Day 7 Day 14 Day 21 Day 28 Day

G0M0 15.26 17.84 21.50 2.09 2.46 3.16 290,000 404,000 480,000 540,000
G0M40 17.63 19.93 24.15 3.45 3.86 4.71 18,000 25,000 29,500 32,000
G3M0 18.29 20.85 25.75 3.47 3.89 4.81 5000 5620 5980 6210
G6M0 24.91 28.74 34.59 3.75 4.28 5.28 3950 4660 5020 5280
G9M0 22.52 25.34 31.28 3.44 4.06 4.84 3240 4110 4450 4670

S 16.15 18.32 21.82 2.36 2.68 3.20 280,000 400,000 470,000 520,000
C 16.89 19.47 23.46 2.47 2.78 3.34 275,000 380,000 452,000 499,000
H 16.45 18.96 21.60 2.39 2.76 3.14 300,000 420,000 490,000 550,000
SC 16.61 19.12 22.75 2.37 2.69 3.25 278,000 386,000 468,000 512,000
SH 16.51 18.71 22.01 2.39 2.75 3.23 280,000 410,000 469,000 510,000
CH 17.44 20.23 23.25 2.48 2.85 3.31 276,000 405,000 453,000 506,000

SCH 18.51 21.22 24.68 2.59 2.96 3.45 270,000 369,000 450,000 480,000
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Table 5. Compressive strength, flexural strength and resistivity of alkali excited conductive concrete
(G3 groups).

ID
Compressive Strength (MPa) Flexural Strength (MPa) Electrical Conductivity (Ω·cm)

7 Day 14 Day 28 Day 7 Day 14 Day 28 Day 7 Day 14 Day 21 Day 28 Day

G3M40 22.05 25.05 30.56 3.37 3.87 4.81 4180 4880 5160 5430
G3M40S 22.96 26.12 31.46 3.66 4.21 5.02 4165 4870 5145 5410
G3M40C 25.44 29.27 34.85 3.76 4.33 5.16 4100 4720 5085 5320
G3M40H 23.57 26.98 31.02 3.77 4.31 4.96 4195 4900 5185 5435
G3M40SC 23.67 27.23 32.42 3.71 4.26 5.07 4155 4865 5140 5400
G3M40SH 23.01 26.12 31.09 3.64 4.12 4.86 4185 4880 5170 5430
G3M40CH 24.98 29.03 33.76 3.78 4.41 5.12 4140 4845 5125 5340

G3M40SCH 27.22 31.27 36.79 3.96 4.55 5.35 4060 4680 5015 5280

Table 6. Compressive strength, flexural strength and resistivity of alkali excited conductive concrete
(G6 groups).

ID
Compressive Strength (MPa) Flexural Strength (MPa) Electrical Conductivity (Ω·cm)

7 Day 14 Day 28 Day 7 Day 14 Day 28 Day 7 Day 14 Day 21 Day 28 Day

G6M40 30.28 34.48 42.06 4.54 5.11 6.31 3510 4370 4690 4930
G6M40S 31.51 36.25 43.16 4.65 5.29 6.38 3495 4360 4685 4920
G6M40C 33.65 38.21 45.48 4.83 5.47 6.52 3465 4315 4590 4840
G6M40H 31.91 36.52 41.98 4.71 5.38 6.19 3600 4420 4725 4960
G6M40SC 32.11 36.06 43.98 4.75 5.46 6.51 3480 4345 4660 4885
G6M40SH 31.69 36.76 42.25 4.67 5.31 6.23 3500 4375 4695 4925
G6M40CH 33.20 38.13 44.86 4.79 5.44 6.41 3490 4380 4680 4870

G6M40SCH 35.36 40.62 47.79 5.13 5.88 6.84 3420 4250 4545 4805

Table 7. Compressive strength, flexural strength and resistivity of alkali excited conductive concrete
(G9 groups).

ID
Compressive Strength (MPa) Flexural Strength (MPa) Electrical Conductivity (Ω·cm)

7 Day 14 Day 28 Day 7 Day 14 Day 28 Day 7 Day 14 Day 21 Day 28 Day

G9M40 24.82 28.26 34.47 3.75 4.27 5.21 3140 3990 4310 4510
G9M40S 25.57 29.48 35.52 3.88 4.47 5.32 3130 3985 4300 4505
G9M40C 28.01 32.16 37.84 4.33 4.97 5.85 3115 3940 4265 4480
G9M40H 26.11 29.94 34.81 3.96 4.54 5.28 3160 4010 4390 4560
G9M40SC 26.39 30.36 36.15 3.63 4.59 5.46 3120 3955 4285 4500
G9M40SH 26.70 30.67 36.08 4.11 4.71 5.48 3135 3980 4310 4515
G9M40CH 28.32 32.09 37.76 4.36 4.95 5.82 3115 3960 4280 4490

G9M40SCH 28.82 33.11 38.95 4.39 5.04 5.93 3080 3910 4195 4350

3.1. Compressive Strength Results

Figure 6 shows the compressive strength results of 12 cont. group specimens. From the
results of G0M0 (0% G, 0% M, G stands for nanographite content, M stands for magnetite
content), G0M40 (0% G and 40% M), it can be seen that the addition of magnetite signifi-
cantly improves the compressive strength of concrete in different curing periods. When the
quartz sand is replaced by magnetite sand in a proportion of 40%, the compressive strength
increases linearly from 20.50 MPa to 24.15 MPa. There are two reasons for the increase
of concrete strength caused by the addition of magnetite: (1) the rough microstructure of
magnetite enhances the friction between aggregates; (2) the magnetite sand of small particle
size can fill the micro-pores of concrete and make the concrete denser.
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trol group specimens containing different amounts of magnetite and graphite. (b) Control group
specimens with different excitation methods (without G and M).

G3M0 (3% G, 0% M), G6M0 (6% G, 0% M) and G9M0 (9% G, 0% M) represent the
amount of nanographite admixture at 3%, 6% and 9% of the nanographite control group.
By comparing the compressive strength of the three control groups, it can be observed
that, when the amount of nanographite admixture is between 3% and 6%, the compres-
sive strength of the conductive concrete increases with the increase of the amount of
nanographite admixture, and when the amount of nanographite admixture is 6%, the
compressive strength continuously increases to 34.59 MPa, and the compressive strength
of the conductive concrete specimen reaches its peak. When the amount of nanographite
admixture is between 6% and 9%, the compressive strength of conductive concrete de-
creases gradually with the increase of the amount of nanographite admixture. When the
amount of nanographite admixture is 9%, the compressive strength of concrete decreases
to 31.28 MPa. The reasons are as follows: (1) when the amount of nanographite admixture
is small, nanographite fills the micro-pores of concrete, which makes the concrete denser
and the strength of conductive concrete higher, whereas when the amount of nanographite
admixture is excessive, the lubricity of nanographite can lead to low friction between the
aggregates inside the concrete, thereby reducing the mechanical properties of the conduc-
tive concrete; (2) nanographite itself does not have high strength, and the excessive amount
of nanographite admixture can reduce the overall strength of conductive concrete and
cause agglomeration. Compared with the control group, the compressive strength of the
specimen mixed with nanographite and magnetite was significantly improved.

S, C, H, SC, SH, CH and SCH signify adding sodium sulfate, calcium hydroxide and
sodium hydroxide respectively, adding sodium sulfate and calcium hydroxide respectively,
adding sodium sulfate and calcium hydroxide, adding sodium sulfate and sodium hydrox-
ide, mixing sodium sulfate and sodium hydroxide, mixing calcium hydroxide and sodium
hydroxide, adding sodium sulfate, sodium hydroxide and calcium hydroxide, respectively.

Comparing the compressive strength of G0M0 and S-SCH, it can be found that the
early strength of concrete can be improved by adding the alkaline activator, and the strength
of concrete can be improved by adding the alkaline activator properly, but the effect of
concrete strength improvement caused by alkali activation without magnetite sand is
very little.

Figure 7 compares the effects of different chemical excitation modes on the compressive
strength of three kinds of concrete samples with different amounts of nanographite admix-
ture under different curing ages. As can be seen from when the amount of nanographite
admixture is 6% and the amount of magnetite admixture is 40%, the compressive strength
reaches 42.06 MPa. An alkaline activator not only stimulates the mineral activity of mag-
netite sand but also stimulates the fly ash-cement system, which increases the early PH
value. While the alkali-activated cementitious material is formed, the pozzolanic reaction
of fly ash and the hydration reaction of cement are also accelerated. During this period,
the covalent bonds Si-O-Si and Al-O-Al in concrete are broken down, and ions (silicon and
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aluminum) enter the solution. With the breakdown of the covalent bond, the dissolved
silicon will participate in the pozzolanic reaction and form C-S-H, providing additional
strength. Therefore, the early strength of concrete is improved.
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Figure 7. Compressive strength of alkali-activated conductive concrete.

The three alkaline activators used in this study are sodium sulfate, calcium hydroxide
and sodium hydroxide. The alkalinity of sodium hydroxide is greater than that of calcium
hydroxide, and the alkalinity of calcium hydroxide is greater than that of sodium sulfate.
All three kinds can be used as activators to excite concrete with alkali. The strength of
alkalinity determines the reaction speed, but this comes with risk. When concrete contains
excess alkali, the concrete may produce an alkali-aggregate reaction, i.e., alkaline matter
interacts with active SiO2 in aggregate (sand, stone) to form alkali silicate gel, which results
in concrete volume expansion and spider web-like cracking, ultimately leading to poorer
performance of concrete. Take the experimental group in which only sodium hydroxide is
added to excite the conductive concrete in this study as an example. Although the early
strength of the concrete is higher (the compressive strength on the 7th day is about 76%
of the 28-day compressive strength), the compressive strength of the 28-day conductive
concrete is negligible compared with that of the experimental group with nanographite and
magnetite, due to the excessive alkali content of the concrete. The continuous increase of the
amount of sodium hydroxide admixture will reduce the strength of concrete and destroy
the internal structure of concrete. Therefore, the mechanical properties of alkali-activated
conductive concrete can be improved to the maximum by exciting the potential activity of
magnetite sand to the maximum while avoiding the excessive alkali content of concrete.
After compounding sodium sulfate, sodium hydroxide and calcium hydroxide, the PH of
concrete can be more accurately controlled, which can maximize the potential activity of
magnetite sand without excessive alkali content, and can improve the strength of concrete
more stably. In Tables 4–7, when the amount of nanographite admixture is 6%, the content
of magnetite is 40%, and the compressive strength of the test group excited by three kinds
of the activator (the mass ratio of sodium sulfate, calcium hydroxide and sodium hydroxide
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is 1:1:1) is 47.79 Mpa. Compared with magnetite of the same content, the compressive
strength of the test group with nanographite content but without any excitation measures
is only 42.06 MPa. Thus, it can be seen that the change of excitation mode can increase the
compressive strength by more than 10%.

3.2. Flexural Strength Results

Figure 8 shows that adding a certain amount of magnetite and nanographite into
concrete can increase the flexural strength. The flexural test shows that the replacement
of quartz sand with magnetite in a proportion of 40% can improve the flexural strength
of concrete, but the flexural strength of nanographite filler has a threshold. The content of
nanographite increased from 0% to 6%, the flexural strength of concrete increased from
3.16 MPa to 5.28 MPa, the content of nanographite increased from 6% to 9%, and the flexural
strength of concrete decreased from 5.28 MPa to 4.84 MPa. This is mainly attributed to the
particle agglomeration effect caused by excessive nanographite in contact with water, which
reduces the adhesion of aggregates and lowers the local strength of concrete accordingly.
That is, the strength of the role of nanographite agglomeration becomes lower, causing the
concrete to break more easily. Therefore, the threshold of nanographite filler is 6%.
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Figure 9 compares the effects of different chemical excitation modes on the flexural
strength of three kinds of concrete specimens with different amounts of nanographite
admixture under different curing ages. The amount of nanographite admixture is 6%, the
content of magnetite is 40%, and the flexural strength of the experimental group excited by
three kinds of activators reached 6.84 MPa. It can be seen from Figure 8 that the change
in flexural strength of alkali-activated conductive concrete is similar to its compressive
strength. To sum up, the combination of three activators (the mass ratio of sodium sulfate,
calcium hydroxide and sodium hydroxide is 1:1:1) is the best excitation mode, which can
effectively stimulate the activity of magnetite sand mixed with concrete. especially for
concrete specimens with a high content of magnetite sand and nanographite (such as 40%
magnetite and 6% nanographite). The reason is that some of the nanographite fills the
micro-pores of magnetite, which hinders the agglomeration of nanographite, reduces the
local strength of the flexural test block due to nanographite agglomeration, and improves
the flexural strength of the specimen.
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Figure 9. Flexural strength of alkali-activated conductive concrete specimens.

3.3. Conductive Resistivity Results

Figure 10 depicts the effects of magnetite and nanographite and different excitation
modes on the resistivity of conductive concrete. Compared with the control specimens,
the electrical conductivity of concrete mixed with magnetite and nanographite can be
greatly improved, and the resistivity and electrical conductivity are linearly related to the
content of conductive fillers. For example, when the amount of magnetite admixture goes
from 0% to 40% (excluding nanographite), the resistivity decreases from 540,000 Ω·cm to
32,000 Ω·cm at 28 days, which is about 94%. When the amount of magnetite admixture
is fixed at 40%, the amount of nanographite admixture increases from 0% to 3%, and the
resistivity decreases by about 80.5% from 32,000 Ω·cm to 6210 Ω·cm. For the concrete
specimens without magnetite sand and graphite, the different alkali excitation methods
have little effect on the electrical conductivity of concrete, no matter how the concrete
without magnetite sand is chemically excited. The internal components of concrete are
insulating materials, such as coarse aggregate, quartz sand, cement, etc. If magnetite
sand is added to the concrete, the activator will react with magnetite, and the electrical
conductivity of the concrete will be affected. Therefore, to study the influence of different
alkali excitation modes on the electrical conductivity of concrete, concrete must contain
conductive aggregates that can react with the activator. At the same time, the curing time
also significantly affects the electrical conductivity of conductive concrete.
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Among all the conductive concrete specimens, early concrete has a lower resistivity
compared with the specimens cured for 28 days. This is attributed to the positive influence
of water molecules on the electrical conductivity of concrete.

Figure 11 depicts the effect of different excitation methods on the resistivity of concrete
specimens at different curing ages. The results indicate that, although chemical excitation
has little effect on resistivity, the particle size of magnetite can be reduced by chemical
excitation, which makes the distribution of magnetite sand more uniform. When three kinds
of activators are used together, the potential activity of magnetite sand can be maximized
without excessive alkali content. When the alkali content of concrete is well controlled,
the number of pores in the concrete will also be significantly reduced, and the electrical
conductivity can be improved as a result. When the amount of magnetite admixture is 40%
and the amount of nanographite admixture is 9%, the best resistivity of 3080 Ω·cm (curing
for 7 days) can be obtained by the combined excitation of three kinds of activator (The mass
ratio of sodium sulfate, calcium hydroxide and sodium hydroxide is 1:1:1).
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Figure 11. Resistivity of alkali excited conductive concrete specimen.

Figure 11 indicates that the electrical conductivity of alkali-excited conductive concrete
is also related to the alkali content of concrete. When concrete contains excessive alkali
content, the concrete may produce an alkali–aggregate reaction. That is, the alkaline
material interacts with the active SiO2 in the aggregate (sand, stone) to form alkali silicate
gel, which causes the concrete to expand and crack in the shape of a spider web, resulting
in the decrease of the performance of the concrete, the increase of pores in the concrete
and the decrease of electrical conductivity. For example, when the amount of magnetite
sand admixture is 40% and the amount of nanographite admixture is 6%, the electrical
conductivity of concrete specimens without any chemical excitation is better than that of
concrete samples excited only by sodium hydroxide. The alkali content of alkali-excited
conductive concrete decreases with the increase of alkali content in a certain range, and
the electrical conductivity is enhanced to a certain extent. However, beyond this range, the
electrical conductivity of alkali-excited conductive concrete decreases with the increase in
alkali content.

To sum up, based on the electrical conductivity test and mechanical test, it can be
concluded that conductive concrete specimens with 6% nanographite admixture and 40%
magnetite admixture have the optimal mechanical properties and a markedly improved
electrical conductivity compared with ordinary concretes, with compressive strength reach-
ing 47.79 MPa, flexural strength 6.84 MPa and resistivity 4805 Ω·cm.

3.4. Microstructure Analysis

Figure 12 is the SEM diagram of magnetite sand under different modification con-
ditions. It can be observed from the figure that the increase in alkali content can reduce
the particle size of magnetite sand, fill the micro-void of concrete to a certain extent, and
then improve the strength of concrete. However, excessive alkali content can also lead to
a decrease in concrete strength. From Figure 12h (SEM diagram of the specimen excited
by three kinds of activators) and Tables 4–7, it can be seen that the compressive strength
of the specimen excited by three kinds of activators is the highest, which further verifies
that the strength of alkali-excited conductive concrete is correlated to the alkali content of
the activator.
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sand modified by calcium hydroxide; (d) Magnetite sand modified by sodium hydroxide;
(e) Magnetite sand modified by sodium sulfate and calcium hydroxide; (f) Magnetite sand modi-
fied by sodium sulfate and sodium hydroxide; (g) Magnetite sand modified by calcium hydroxide
and sodium hydroxide; (h) Magnetite sand modified by sodium sulfate, sodium hydroxide and
calcium hydroxide.

The chemically excited magnetite has a relatively rough surface attached to nanogr-
aphite crystals. Nanographite has a huge covalent structure and there are delocalized
electrons around the carbon atoms. Therefore, local displacement and electron exchange
can direct the current to the proposed electric field. In addition, nanographite can fill
the micro-pores of conductive concrete, and nanographite is dispersed in calcium-silicate-
hydrate (C-S-H) gel to form a conductive network, which can enhance the mechanical
properties of the interface. However, excessive nanographite leads to the agglomeration of
particles, which reduces the internal friction in the mixture and degrades the mechanical
properties of concrete. Therefore, the proportion of nanographite admixture is a critical
factor to balance the mechanical properties and electrical conductivity of alkali-excited
conductive concrete.

Alkali excitation increases the roughness of the magnetite surface. Due to the increase
of the surface porosity of magnetite, the nanographite is filled into the micro-pores of
magnetite, which prevents the agglomeration of nanographite and makes it distribute more
uniformly in concrete, thus enhancing the electrical conductivity. The alkaline activator
stimulates both the mineral activity of magnetite sand and the fly ash-cement system,
which makes the fly ash-cement system easy to react with the activator to form C-S-H gel.
On the other hand, compared with the magnetite sand samples without alkali excitation
modification, the particle size of the magnetite sand treated by alkali excitation is greatly
reduced, making its distribution in concrete more uniform and electrical conductivity
more stable.

There is a violent reaction on the surface of the specimen excited by three kinds of
activators (the mass ratio of sodium sulfate, calcium hydroxide and sodium hydroxide
is 1:1:1), which are characterized by a large amount of dense sediment and gel film. The
conductive fillers are uniformly distributed at the interface between magnetite and calcium
silicate hydrate. Magnetite is used as a rigid skeleton to fill the microscopic pores in the C-S-
H gel under load. Therefore, the adhesive friction between aggregate and paste is enhanced,
and the mechanical and electrical properties of conductive concrete are improved.

The combination of a large number of magnetite sand with square sharp edges,
magnetite sand with nanometer graphite, and the decrease of pores in the concrete under
an appropriate alkaline environment, and conductive filler bonds fully and closely with C-
S-H gel, leads to the particle size of magnetite decreasing with the reaction of activator and
magnetite, which allows magnetite to be more evenly distributed in concrete, promoting
the consistency of the distribution of nanographite and reducing the agglomeration effect.
To sum up, the combined excitation of the three activators has the advantage of enhancing
the compactness of mortar and allowing the uniform distribution of concrete particles.

4. Conclusions

In this study, the compressive strength, flexural strength, resistivity and microstructure
of alkali-activated conductive concrete are studied using the combined activation of various
kinds of activators. The following conclusions are drawn.

(1) Nanographite is an excellent conductive filler, and its addition can significantly im-
prove the conductivity of concrete. However, when its content exceeds 6%, such as
9%, the mechanical properties of concrete will decline. Therefore, in order to obtain
satisfactory conductive properties of concrete without compromising its mechanical
properties, the mixing amount of nanographite is better than 6% of the cement content
in conductive concrete.
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(2) Magnetite sand is an excellent conductive filler with a certain mechanical strength.
The mechanical strength and electrical conductivity of concrete can be improved
significantly when magnetite sand is added to concrete. When the addition amount
of magnetite sand is 40% of the fine aggregate content in concrete, the resistivity at
28 days decreases from 540,000 Ω·cm to 32,000 Ω·cm, a decrease of 94%.

(3) The mechanical properties and electrical conductivity of concrete can be significantly
improved after alkali excitation of magnetite sand and incorporation. While avoiding
the excessive alkali content in concrete, alkali excitation can maximize the potential
activity of magnetite sand, so as to greatly improve the mechanical strength and
electrical conductivity of concrete.

(4) When concrete contains conductive aggregate which can react with an activator, alkali
excitation can further improve the electrical conductivity of concrete. If there is
no conductive aggregate in the concrete that can react with the activator, the alkali
excitation has little effect on the electrical conductivity of the concrete.

(5) The particle size of magnetite can be reduced by chemical excitation, so that the
distribution of magnetite sand is more uniform. When the alkali content of concrete
is well controlled, the number of pores in concrete will be greatly reduced, and the
electrical conductivity will be improved.

(6) The combined excitation of three kinds of activators is the optimal way to improve the
mechanical and electrical properties of alkali-excited conductive concrete. When the
amount of magnetite admixture is 40% and the amount of nanographite admixture
is 6%, the concrete specimens prepared by the combined excitation of three kinds
of activators show the best compressive strength and compressive strength (the
compressive strength is 47.79 MPa and the flexural strength is 6.84 MPa). When the
amount of magnetite admixture is 40% and the amount of nanographite admixture
is 9%, the concrete specimens prepared by the combined excitation of three kinds
of activators show the lowest resistivity (the compressive strength is 38.95 MPa, the
flexural strength is 5.93 MPa, and the resistivity is 3080 Ω·cm).

(7) According to the research in this paper, nanographite is a high-quality conductive
filler, and the addition of magnet sand not only ensures the conductive characteristics
of concrete, but also increases the strength of concrete. The next work will focus on the
conductive heating characteristics and electromagnetic wave absorption properties of
concrete with conductive filler, and carry out research on the deicing characteristics of
conductive concrete and the electromagnetic wave absorption properties of conductive
concrete used in stealth military engineering.
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