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Article history: Electrically conductive cementitious composites (ECCCs) have become a significant research interest in
Received 11 December 2020 structural health monitoring. The use of graphite in ECCCs can significantly improve their electrical per-
Received in revised form 1 February 2021 formance, however, with unsatisfactory friction resistance because of the graphite’s smooth micro-
Accepted 2 February 2021 surfaces. Slag can be incorporated with graphites into ECCCs to achieve good performance in both of
mechanical resistance and electrical conductivity. This study investigated the impact of graphite and slag
on the electrical and mechanical behaviors of ECCCs. Two hundred and eighty ECCC specimens were pre-

Iéz ‘;vt?irtiS: pared with two different types of slags and with various conductivity ingredient fractions and curing
Slag times. The specimens were tested for compressive strength, flexural strength, and electrical resistance.
Compressive behavior It was concluded the 4% graphite content in ECCCs can significantly enhance electrical conductivity with
Flexural behavior moderate decrease in compressive and flexural strengths. Slags were found to improve both electrical
Conductive composite conductivity and mechanical properties of ECCCs. The best results could be obtained with optimized con-
Cementitious composite tents of steel slag, blast furnace slag, and graphite. Finally, the microstructural mechanisms of the ECCC
specimens were analyzed using scanning electron microscope (SEM) for graphite and slag. Variable sen-

sitivity analysis was performed to allow for optimization of ingredient contents.
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1. Introduction tance and excellent cost efficiency [1-3]. However, to ensure safety

of cement-based structures under large service loading conditions

Cement-based materials have developed rapidly due to their over their service lifespans, structural health monitoring (SHM)

superior mechanical performance including high loading resis- technologies have been introduced [4-6]. On succession of

piezoresistive effect, SHM methods were developed to measure

- stresses using acoustic emissions [7], digital imaging [8-10], and

ExCortespondingfauthor. ' fiber sensors [11-13]. However, the proposed SHM methods
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composites (ECCCs) can be an ideal solution. As smart composite
materials, ECCCs can themselves serve as sensors to monitor the
structural electrical resistivity to evaluate their structural integrity
[16]. Simultaneously, ECCCs avail multiple functions including
mechanical resistance, thermal conductivity in large-scale bridges,
snow melting of the roadbed, and electromagnetic shielding of
microwave pollution [17-20].

Studies have shown that conductive concrete incorporated by
functional fillers can change the electrical resistivity to various
degrees ranging from 10° to 10° Q.cm [21]. Han et al. [22] con-
ducted a thorough review of conductive fillers that can effectively
improve the electrical behavior and self-sensing features. Among
these conductive fillers, carbon ingreddients such as carbon fiber
(CF), carbon black (CB), graphite powder (GP) as well as corre-
sponding formations demonstrated outstanding potential in
cementitious composite due to their excellent electrical conduc-
tivities, light weights, and dielectric properties [23-25]. For
instance, 2 vol% multi-layer graphene was found to result in a
15.6% change in electrical resistivity in composite structures
[26]. Singh et al. [27] found a shielding effectiveness (SE) value
towards microwave pollution of —46 dB for graphene oxide-
ferro fluid composite (30 wt%). Chen et al. [28] explored graphene
oxide-carbon fibre concrete to get a reflection loss value of
—34 dB.

Moreover, with the fast developments in nanotechnology, the
nanometer carbon materials attracted considerable attention
among researchers comprising graphite nano-platelets (NGP),
multi-walled carbon nanotubes (MWCNT), silicon carbide nano-
wires (SiCNW), carbon nanotubes (CNT) and carbon nanofibers
(CNF) [29,30]. However, nano-size magnitude carbon fillers equip
unstable crystal microstructures. This causes huge challenge when
the materials are used at large dosage, high cost and smooth inter-
face micro-surfaces, which have negative effects on the mechanical
properties because of the physical microstructure, rheology, hydra-
tion speed, and mechanical behavior [31-33]. For practical applica-
tion of ECCCs, it is critical to optimize ingredient contents to
achieve the desired electrical and mechanical properties. Metal
slags can be ideal as an auxiliary blending ingredient in carbon
conductive fillers.

As prevailing industry by-products in engineering practice,
metal slags such as copper slag (CS), steel slag (SS), and ground
granulated blast-furnace slag (GGBS) exhibit high conductive char-
acteristics and wear resistance, which make them excellent ingre-
dient candidates for ECCCs [34-36]. Slags equip uniform particle
distributions that can replace fine aggregates (FA) in cementitious
composite, enhancing durability, toughness, compressive and flex-
ural performance [37-39]. Some slags have proven suitable to
equip potential hydraulic properties owing to their similar chemi-
cal composition to ordinary Portland cement [40,41]. Accordingly,
the use of carbon material and slags ought to render balanced con-
ductive performance, mechanical performance, cost-effectiveness
and environmental-friendliness.

In this study, ECCC mixtures were developed using GP, SS, and
GGBS powders. The effects of these ingredients on the mechanical
properties (compressive and flexural strengths) and electrical
properties (electrical conductivity) of ECCC mixtures were investi-
gated at various curing ages. Scanning electron microscope (SEM)
was used to analyze the microscale mechanisms that take place
in the ECCC mixtures. Lastly, sensitivity analysis was conducted
to allow for optimization of ingredient contents. Overall, this study
provides a basis for studying the influence of different filler con-
tents, age, temperature, and other factors on the electrical conduc-
tivity and basic mechanical properties of concrete, producing
composite conductive concrete.
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2. Experimental program
2.1. Cement composite design

The composite comprised of ordinary Portland cement (P.O 52.5
R) as a binder, fine silica sand (SS) ranging from 0.2 to 0.4 mm
(fineness modulus of 2.6), and coarse gravel aggregate ranging
from 5 to 10 mm. A polycarboxylate-based superplasticizer (SP)
was used to reduce segregation intensity, yield stress and cement
sensitivity [42,43]. As for the main conductive ingredient, graphite
powder (GP) was chosen given its outstanding high carbon content
(larger than 98%) and low electrical resistivity [44]. Additionally,
steel slag (SS) particle, and ground granulated blast-furnace slag
(GGBS) were deployed because of their cost-effectiveness and
environmental-friendliness. X-ray fluorescence (XRF) tests were
performed to measure the chemical composition of graphite and
slags [45]. The properties of superplasticizer admixture is demon-
strated in Table 1. The chemical compositions and physical specifi-
cations of the cement and conductive fillers are presented in
Table 2. The scanning electron microscope (SEM) captured the
micro-structural characteristics of ECCCs with conductive fillers,
as shown in Fig. 1.

As presented in Table 2, graphite powder (GP) has more than
98% of carbon with high purity to demonstrate considerable con-
ductive capacity. It owns giant covalent structure with free delo-
calized electrons around carbon atom. The electron exchanges or
local displacements can thus transfer electric currents in the direc-
tion of the proposed electric field. Besides, the graphite has consid-
erable glossy microstructures which can fill aggregate voids and
micropores in cementitious materials rendering dense microstruc-
tures. Proper fraction of GP improves the mechanical strength
within interfacial zones, and forms conductive networks in the
Calcium-Silicate-Hydrate (C-S-H) gel [46]. However, excessive
graphite can result in agglomeration effect that reduces mixture
consistency, which can negatively affect the mechanical behavior.
The smooth, glossy microstructures of graphite (Fig. 1a) may
reduce the internal friction in the mixture, and in turn the mechan-
ical strength [47]. As a result, the dosage of graphite is crucial in
ECCCs to achieve the desired electrical and mechanical behaviors.

As presented in Table 2, ground granulated blast-furnace slag
GGBS has mainly CaO and SiO, which contribute to more than
67% of its chemical composition. The particle size ranges from 23
to 37 um and the density reaches 2840 kg/m>. The material exhi-
bits crystal structures from the SEM photo (Fig. 1b). The sharp
edges improve the bonding strength between the C-S-H gel and
the aggregate, which enhances the durability and mechanical resis-
tance of the mixture.

As presented in Table 2, steel slag (SS) contains higher ferrite
fraction and density (3670 kg/m?®) compared to GGBS. The particle
size ranges from 50 to 75 pm. The microstructure SEM photo
shows that the steel slag has crystal structures because of the
crushing treatment (Fig. 1c). Massive sharp-edged square crystals
0.5 to 1 um in size could be observed on the slag microsurfaces.
This microstructure enhances the bond with cement, which in turn
enhances the mechanical behaviour of the mixture. The effect of

Table 1
Properties of superplasticizer admixture.
PH Density (g/ml)  Water-Reducing  Air Content (%)  Chlorinity (%)
rate (%)
7-8 1.1 37% 2 0.02
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the SS rough microstructure on the mechanical behavior of ECCCs
can compensate the negative effect of the GP smooth
microstructure.

In this study, GP was incorporated into the binder material at
three different percentages (2%, 4%, and 6%) by weight of the binder

Table 2
Chemical compositions and physical details of cement and conductive fillers.

Ordinary Portland Cement Ground Granulated Blast-Furnace

Slag (GGBS)
Chemical Compositions Chemical Compositions
Ca0 63.40% Ca0 37.14%
Sio, 20.10% Sio, 31.0%
Al,05 4.60% Al,04 15.60%
Fe,05 2.80% MgO 8.51%
SO5 2.70% SO5 2.40%
MgO 1.30% Fe,04 1.80%
Nay0 0.60% MnO 0.10%
Total chloride 0.02%
Physical Properties Physical Properties
Density 3.20 kg/m® Specific gravity 2.84
Fineness index 390 m?/kg Specific surface area 472 m?/kg
Normal consistency — 27% Relative strength 100%
Setting time initial 120 min Pozzolanic Activity at 78%
7 days
Setting time final 210 min Ignition loss 0.6%
Loss on ignition 3.80% Particle size distribution 23-
37.4 pm

Steel Slag (SS) Graphite Powder (GP)
Chemical Compositions Chemical Compositions
Cao 31.49% Carbon 98.5%
Si0, 14.6% Ash Content 0.90%
MgO 13.8%
Al,05 5.71%
S04 2.40%
Fe,03 21.3%
Physical Properties Physical Properties
Specific gravity 3.67 Specific gravity 0.33
Relative strength 100% Melting Point 4200 ‘C
Temperature rise 18.8°C Moisture Content 0.35%
Particle size 50-75 pm Particle size distribution 10—

distribution 37.4 pm
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material, to explore the effect of GP on the ECCC electrical conduc-
tivity. In addition, three cement replacement ratios by slag (20%,
30%, and 40%), referred to as TW group, TH group, and FO group.
In each group, three SS mass ratios of (25%, 50%, and 75%) were
adopted to validate the optimized slag distribution. For compar-
ison purposes, one additional ordinary concrete sample without
conductive fillers was prepared as a control sample. Table 3 pre-
sents the mass proportion of ingredients for per cubic meter mix-
ture of ECCC composite. A total of 280 ECCC specimens were
prepared for three types of experiments, i.e. 112 specimens for
testing electrical conductivity, 84 specimens for testing compres-
sive strength, and 84 specimens for testing flexural strength.

2.2. Graphite powder dispersion and cement mixture fabrication

An ultrasonic processor was used for GP dispersion experiment
by the ultrasonic vibration. The intelligent vibrator generates
400 W intensity through an amplitude transformer with a fre-
quency range of 20 to 25 kHz and a working temperature of 0 to
40 °C. The instrument processes up to 70% powder ratio of its
capacity, which is equivalent to 100 mL powder. Later, the ampli-
tude transformer with a diameter of "4 was soaked at %" of probe
length in material solution. Simultaneously, a silane coupling agent
was added as a bridge to cohesively bond conductive fillers, which
improves conductive network distribution uniformity. A dispersing
agent was used to facilitate dispersion and render a uniform con-
ductive network [48].

The preparation steps of ECCC sample using ultrasonic proces-
sor was shown in Fig. 2. Before dispersion treatment, the GP is
soaked in an acetone solution for 1 h to promote surface activation
and is later dried at 60°C for 12 h. This is because original GP
obtains impurity upon surface, which negates the microstructural
friction behaviour and thus reduces mechanical strength. The ace-
tone solution is utilized as activator. Besides, the GP particles are
fine and lightweight, that could lead to aggregation effects, i.e.
the ingredient demonstrates poor consistency. Thereby, the acti-
vated GP with a dispersing agent (10 wt% of GP) and a coupling
agent (5 wt% of GP) were poured into a water solution (80 mL).
The ultrasonic device vibrated the solution for 480 s to activate
the dispersion effect and coupling film. During this process, the

(b)

Fig. 1. Microscale structure of (a) GP; (b) GGBS; and (c) SS.
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Table 3

Ingredient mass proportion of ECCC composite (per cubic meter mixture).
ID OPC (kg) Gravel (kg) Sand (kg) Water (kg) SP (kg) GP (kg) GP Mass Ratio Slag Substitution Ratio SS (kg) GGBS(kg)
Control 450 1302.6 884.6 125 1.42 0 0 0 0 0
TW252 360 1302.6 884.6 125 1.42 9 2% 20% 225 67.5
TW254 360 1302.6 884.6 125 1.42 18 4% 20% 22.5 67.5
TW256 360 1302.6 884.6 125 1.42 27 6% 20% 225 67.5
TW502 360 1302.6 884.6 125 1.42 9 2% 20% 45 45
TW504 360 1302.6 884.6 125 1.42 18 4% 20% 45 45
TW506 360 1302.6 884.6 125 1.42 27 6% 20% 45 45
TW752 360 1302.6 884.6 125 1.42 9 2% 20% 67.5 225
TW754 360 1302.6 884.6 125 1.42 18 4% 20% 67.5 22.5
TW756 360 1302.6 884.6 125 1.42 27 6% 20% 67.5 225
TH252 315 1302.6 884.6 125 1.42 9 2% 30% 45 90
TH254 315 1302.6 884.6 125 1.42 18 4% 30% 45 90
TH256 315 1302.6 884.6 125 1.42 27 6% 30% 45 90
TH502 315 1302.6 884.6 125 1.42 9 2% 30% 67.5 67.5
TH504 315 1302.6 884.6 125 1.42 18 4% 30% 67.5 67.5
TH506 315 1302.6 884.6 125 1.42 27 6% 30% 67.5 67.5
TH752 315 1302.6 884.6 125 1.42 9 2% 30% 90 45
TH754 315 1302.6 884.6 125 1.42 18 4% 30% 90 45
TH756 315 1302.6 884.6 125 1.42 27 6% 30% 90 45
FO252 270 1302.6 884.6 125 1.42 9 2% 40% 67.5 1125
FO254 270 1302.6 884.6 125 1.42 18 4% 40% 67.5 1125
FO256 270 1302.6 884.6 125 1.42 27 6% 40% 67.5 112.5
FO502 270 1302.6 884.6 125 1.42 9 2% 40% 90 90
FO504 270 1302.6 884.6 125 1.42 18 4% 40% 90 90
FO506 270 1302.6 884.6 125 1.42 27 6% 40% 90 90
FO752 270 1302.6 884.6 125 1.42 9 2% 40% 1125 67.5
FO754 270 1302.6 884.6 125 1.42 18 4% 40% 1125 67.5
FO756 270 1302.6 884.6 125 1.42 27 6% 40% 1125 67.5

®

60 °C Drying

Activation Treatment

Coupling Agent 5wt%
10wt%

Dispersant
Agent

Dispersion Treatment

>

@
—

ECCC Composite Casting and Embedding

Mixing Preparation

Fig. 2. ECCC sample preparation steps.

solution was vibrated for 2 s and then paused for 5 s to minimize
liquid overheating. The solution was cooled down to around 21 + 2
°C and was finally added into the dry mixture components accord-
ing to the following specimen preparation procedure.

Dry mixture ingredients including cement, gravel, sand under-
went mixing treatment for 5 min in a container. The SS and GGBS
were then scattered into the container for 30 s to facilitate uniform
distribution. Meanwhile, the proposed solution composite is then
blended with the superplasticizer (SP) and was later separated into

two equal portions. After stirring for 300 s, the dry composite was
blended with one solution portion, followed by an 80 s mixing. The
second solution portion was then sprinkled over the composite
with over 200 s as stirring continued to produce the ECCC compos-
ite. After 30-second vibration to decrease trapped bubbles, the
composite was finally cast according to AS1141.51 1996 [49]. All
samples were stored in a moist cabinet for 28 days, according to
their experiment date, with an ambient curing temperature of
20 + 1 °C and a curing relative humidity of 95 + 5%.
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2.3. Electrical conductivity experiment

The experiment used four-pole method to test the 28-day elec-
trical resistivity of the ECCC samples as depicted in Fig. 3. The sam-
ples were cast into 100 x 100 x 400 mm, and metal-mesh-
electrodes with a size of 100 mm x 100 mm were parallelly
embedded in the sample with a 120 mm interval in an equidistant
manner. A digital multimeter was utilized to record the ECCC elec-
trical resistivity through copper wires connected to metal meshes
[50,51]. The electrical resistivity was calculated using Eq. (1), as
follows:

UA
p =100+ (1)

where p denotes electrical resistivity (Q-cm); U denotes voltage (V);
I denotes electric current (A); A denotes cross-sectional area of con-
crete specimen (m?); and L denotes distance between electrodes

(m).

2.4. Mechanical performance experiments

Compressive and flexural strength tests were conducted on the
ECCC samples to determine the influence of the conductive fillers
on their mechanical performance at different curing ages in com-
pliance with the AS1012.14 (1991) [52] and AS1012.9 (2014)
[53]. After curing at 7, 14 and 28 days respectively, samples of
the 28 design configurations measuring 50 x 50 x 50 mm were
proposed in compressive experiments, and samples measuring
50 x 50 x 200 mm were manufactured for the flexural experi-
ments. Three samples were prepared for every design configura-
tion and for every test type. That is, the total number of samples
prepared for mechanical experiments was 168 (84 samples for
compressive strength tests and 84 samples for flexural strength
tests). A digital servo-hydraulic universal testing machine (2000
kN capacity) was set to provide a loading rate of 0.5 MPa/s for
the compression experiment and 0.03 MPa/s for the flexural exper-
iment until ultimate strengths have been reached. Note that the 3-
point flexural strength tests were ultilized with the loading points
at 140 mm spacing. All loading displacement curves were automat-
ically obtained until failure. The flexural strength was calculated
using Eq. (2), as follows:

Ay

ﬂ_m#

(2)

where f; denotes flexural strength (MPa); F denotes fracture load
(N); Ly denotes span length (mm); h denotes cross-section depth
(mm); and b, denotes cross-section width (mm).

Adjustable constant
I 1 current transformer

Rectifier

400mm

-
-

Fig. 3. Schematic diagram of four-electrode method.
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3. Results and discussions

The results of the electrical conductance and mechanical
strength (compression and flexural) tests are presented in Table 4.
The results are discussed in detail in the following subsections.

3.1. Mechanical performance

Overall, compared to the ordinary concrete control sample
(49.5 MPa compressive strength and 3.9 MPa flexural strength),
the incorporation of GP negatively affected the mechanical behav-
ior as observed in the results of samples tested at different curing
ages (hydration periods). Samples with GP content of 6% exhibited
significant lower strength compared to control sample. For
instance, the compressive strength of sample FO256 was found
to be 52% that of the control sample. The addition of GP to the ECCC
mixture lubricates the microstructures that reduce the interface
friction of the composite [54-56]. Simultaneously, slag substitu-
tion (20% of cement) enhances compressive strength (e.g., 7.8%
increase for TW752 sample compared to control sample). This
increase compensates the adverse effect of GP on the mechanical
performance of ECCCs. The mechanical improvement observed by
introduced the slag could be attributed to their crystal structures,
which enhance the bond between the aggregates and the C-S-H
gel [57,58]. However, a threshold for the maximum practical effect
slag has on the mechanical performance of the mixture was found
to correspond to slag replacement ratio of 30%. At this threshold,
cement binder is insufficient to fill the gaps between rough aggre-
gates, and thus weakens the compressive strength [59-61]. Com-
pared to GGBS, SS provided better improvement to the
mechanical performance of ECCCs.

The compressive strengths of the ECCC samples prepared
according to the 27 mixture designs adopted in this study are
shown in Fig. 4. For TW group samples (20% slag replacement) with
SS ratios of 25% of the total slag content, the compressive strength
decreased with increasing GP content (2, 4, and 6%), where the
measured values were 46.4, 43.3, and 36.3 MPa, respectively. Sim-
ilarly, samples with SS ratios of 50 and 75% of the total slag content
exhibited compressive strength decrease with increasing GP con-
tent. It was noticed that the increase of GP content from 2 to 4%
did not reduce the compressive strength (-1.2% on average) of
the ECCC as much as it did when increased from 4 to 6% (-15.7%
on average). It was also observed that the compressive strength
of ECCCs increases with increasing the SS to total slag ratio at var-
ious curing ages.

Similar trends were observed for flexural strength as shown in
Fig. 5. The flexural strength decreases with increasing GP content.
This observation was consistent among samples prepared with the
same slag contents. Considering the SS to total slag ratio, a higher
value gives rise to flexural strength to the applied load in all hydra-
tion periods. Similar to compressive strength results, it was noticed
that the increase of GP content from 2 to 4% did not reduce the
flexural strength of the ECCC as much as it did when increased
from 4 to 6%. It was also observed that the flexural strength of
ECCCs increases with increasing the SS to total slag ratio at various
curing ages.

3.2. Electrical conductivity

As shown in Fig. 6, the electrical resistivity reduced with
increased slag content. For instance, the resistivity of the TW group
samples (20% slag replacement and 6% GP content) decreased from
6.8 x 10° to 5.5 x 10° to 3.5 x 10° Q.cm upon increasing the SS
ratio of the total slag content from 25 to 30 to 40%, respectively.
On the other hand, the electrical resistivity increased with increas-
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Table 4

Mechanical performance and conductive resistance for ECCC composites.
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ID Slag Ratio  SS Ratio of Total Slag GP Ratio Electrical Conductivity (Q-cm) Compressive Strength Flexural Strength (MPa)
(MPa)
7 days 14 days 21 days 28 days 7 days 14 days 28 days 7 days 14 days 28 days
Control 0 0 0 1,933,751 2,315,122 2,572,178 4,205,411 38.1 44.6 49.5 3 35 3.9
TW252 20% 25% 2% 234,286 274,254 420,050 684,174 358 42 46.4 29 34 3.8
TW254 25% 4% 81,619 109,676 107,935 211,397 325 37 433 2.7 31 3.6
TW256 25% 6% 50,239 73,206 92,344 999,878 25.5 31 36.3 2 2.5 29
TW502 50% 2% 304,972 447,514 533,701 601,659 38.1 45.7 50.8 3 3.6 4
TW504 50% 4% 76,807 81,325 159,036 151,125 35 435 49.1 2.7 33 3.8
TW506 50% 6% 40,000 40,941 79,058 81,032 26.5 36 42.3 23 2.8 3
TW752 75% 2% 252,703 320,656 530,898 550,322 385 49 534 2.9 3.7 4.1
TW754 75% 4% 54,720 78,731 97,715 111,227 374 48.3 52.8 2.8 34 4
TW756 75% 6% 33,333 54,902 58,169 62,788 285 36.9 45 2.6 3 3.2
TH252 30% 25% 2% 277,754 459,143 547,005 530,416 245 313 34.7 23 3 33
TH254 25% 4% 26,605 45,183 49,541 49,978 225 30 33.8 2.2 2.9 31
TH256 25% 6% 8409 19,710 20,152 25,199 17.7 233 29.8 1.8 2.2 2.9
TH502 50% 2% 121,673 177,947 250,950 401,248 28.5 325 40.5 24 31 3.55
TH504 50% 4% 6701 11,082 15,893 24,985 26.9 29.7 379 23 2.95 3.45
TH506 50% 6% 4963 5948 6277 9559 18.1 25.8 35.2 21 2.6 3
TH752 75% 2% 157,895 196,382 191,447 310,131 303 38.8 43.2 2.5 3.2 3.7
TH754 75% 4% 4482 6436 6413 9599 27 333 40 24 3 3.51
TH756 75% 6% 1362 1911.2 1888 3025 19.9 27.7 36.9 23 2.8 3.15
FO252  40% 25% 2% 175,683 207,338 255,612 330,127 18.5 279 34 1.8 2.8 33
FO254 25% 4% 10,454 12,924 16,945 22,055 17.2 242 30.5 1.7 24 31
FO256 25% 6% 929 1230 1705 1995 113 16.2 23.7 1.5 2.2 24
FO502 50% 2% 90,252 123,187 167,528 228,359 26.5 34.6 40.2 2.15 2.7 3.5
FO504 50% 4% 1767 2912 5101 5050 20.5 291 36.9 2 2.6 3.2
FO506 50% 6% 393 476 738 820 114 16.9 27.2 1.9 23 2.7
FO752 75% 2% 34,317 46,051 55,596 81,085 241 332 421 23 2.8 3.6
FO754 75% 4% 332 505 674 1054 233 33.2 41.5 21 2.75 3.5
FO756 75% 6% 88 123 202 250 12.6 173 29.3 2 2.5 3
554 Control 4x10°
© Bl 75% Sample
o 504 Steel Slag Ratio I 50% [ 25% Control
=3 Y 25% 6x10°- Steel Slag Ratio~ [l 50% Sample
£ 454 A 75%
% 10- g 5x10°
£ *.
‘g s S ax10°-
= 7 Z
7] > 5|
=3 Q 5
g 95 ] r 210
© - 1x10°
GraphiteRatio 6% 4% 3% 6% 4% 2% &% 4% 2% 04
SiagSolidRato 2% 0% 4% GraphieRatio 2% 4% W ?‘7 Iz ?07 W EZ W

Fig. 4. Compression strength of ECCC samples.
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Fig. 6. Electerical resistivity of ECCC samples.
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Flexural Strength (MPa)
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Fig. 5. Flexural strength of ECCC samples.

ing the GP content. This trend was observed among samples pre-
pared at the same slag contents. It was also observed that the elec-
trical resistivity decreased with increasing the SS ratio. It was
noticed that among the samples prepared with a slag content of
40%, the resistivity was close to zero when the GP content was
smaller than 4% despite the increase in SS ratio. This indicates that
the resistivity depends on the different factors variably.

In conclusion, the design mixtures of ECCCs should be opti-
mized to achieve balanced mechanical and electrical properties,
such as the design of sample FO754 that included 25% SS, 15%
GGBS, and 4% GP. This design rendered compressive strength of
41.5 MPa, flexural strength of 3.5 MPa, and electrical resistivity
of 1054 Q.-cm, reaching a balanced state among other design mix-
ture counterparts.
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3.3. Microstructure analysis

Typical microstructural photos for ECCC samples with SS, SP,
and GGBS fillers were presented in Fig. 7. Fig. 7a shows the
microstructure of the ECCC sample with the optimum design (sam-
ple FO754) that exhibited balanced mechanical and electrical prop-
erties. As can be seen in the Fig., the GP and SS are uniformly
distributed and the C-S-H gel fills well within the aggregate skele-
ton, which indicates that uniform distribution of conductive fillers
can improve the conductivity of ECCCs. The filled gaps between the
C-S-H gel improves the bonding effect between the aggregates
and cementitious matrix. In contrast, Fig. 7b depicts the
microstructure of the ECCC sample with the poorest mechanical
and electrical properties (sample FO256). The conductive fillers
and the C-S-H gel appear concentrated at localized zones (poorly
distributed) within the mixture.

E det | mode spot
25.00 kV|15.1 mm|[8000x |ETD| SE | 3.5 |37.3

WD ma

(b)
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A schematic diagram of the conductive concrete mechanism is
shown in Fig. 8. When GP is distributed uniformly, the conductivity
of the concrete increases. Additional slag can produce silica (SiO,)
in the conductive concrete and boost its mechanical strength [70].
The C-S-H gel also plays an important role in improving both the
mechanical and electrical performance as it fills up the micropores
of the mixture and develops tighter bonds [62,63]. Besides, SS,
which contains ferrite, can promote the conductivity of ECCCs.

3.4. Variable sensitivity analysis

As described earlier, different variables (SS ratio, GP ratio, and
GGBS ratio) affect the mechanical and electrical performance of
ECCCs. In this study, a sensitivity analysis was performed to obtain
the specific importance of each variable using standard regression
coefficient (G;) presented in Eq. (3), as follows:

Fig. 7. SEM images of ECCC samples: (a) optimum design mixture; and (b) poor design mixture.
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o std(xi)
=% stdw) >
where
y=ax+b=aix; +ayx, +asxs +b (4)

where x is the variable; y symbols the result; a and b are regression
coefficients. The MATLAB software was used along with a sensitive
analysis program to process the dataset collected from the experi-
ments conducted as part of this study. The inputs were SS content,
GP content, and GGBS content; whereas, the outputs were electrical
resistivity, compressive strength, and flexural strength. The results
of the sensitivity analysis are presented in Table 5.

For the mechanical performance, GP has the highest importance
(i.e., impact on the mechanical performance) while SS has the low-
est importance, which is consistent with the experimental results.
For the electrical performance, GP has the highest importance (i.e.,
impact on the electrical performance) followed by SS then GGBS.
After comprehensive consideration, GGBS is not recommended as
a conductive material among the three tested materials. The
results show that according to the different demands of conductive
concrete, adding or replacing various components could reach the
desired design. Moreover, the results also demonstrates the poten-
tial in long-term mechanical capacity improvement. Correlations
between short-term (<28 days) and long-term (greater
than28 days) strength of concrete were well concluded in litera-
tures [64,65]. Additionally, the artificial intelligence includimg
beetle antennae search (BAS), random forest (RF) and evolved sup-
port vector regression (ESVR) demonstrate outstanding perfor-
mance in predicting the long-term strength development of
cementitious material behavior [66-69].
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Fig. 8. Schematic diagram of conductive concrete mechanism.

Table 5

The variables sensitivity of conductive concrete.
Importance Compressive Flexural Electrical
score strength strength Resistivity
SS -0.13 —-0.06 -0.48
GGBS -0.44 -0.59 -0.18
GP -0.56 -0.73 -0.79
Rank Compressive Flexural Electrical

strength strength Resistivity

SS 3 3 2
GGBS 2 2 3
GP 1 1 1
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4. Conclusions

In this study, a series of experiments were conducted to deter-
mine the mechanical and electrical properties of ECCCs treated
with various conductive fillers including SS, GP, and GGBS. The fol-
lowing conclusions could be drawn from this study:

e Compared to the ordinary concrete (with no conductive fillers),
the incorporation of GP into ECCCs enhances the electrical con-
ductivity of the concrete. However, it can have an adverse effect
on the mechanical behavior if its content exceeds 4%. As a
result, a 4% GP ratio is recommended to achieve ECCCs with sat-
isfactory mechanical and electrical properties.

e The incorporation of slag (SS and GGBS) into ECCCs was found
to slightly enhance their mechanical performance when added
with a substitution ratio up to 20%. Slag (SS and GGBS) was also
found to enhance the electrical conductivity of ECCCs. SS was
found to outperform GGBS in enhancing the mechanical perfor-
mance and electrical performance of ECCCs during the hydra-
tion period.
An optimized design mixture was determined to consist of 25%
SS, 15% GGBS, and 4% GP. Such design was found to render com-
pressive strength of 41.5 MPa, flexural strength of 3.5 MPa, and
electrical resistivity of 1054 Q.cm, which represent balanced
characteristics compared to ordinary concrete design
counterpart.
e The microstructure investigation of ECCC samples revealed that
the distribution of conductive fillers and the C-S-H gel affects
the mechanical and electrical performance significantly.
The sensitivity analysis concluded a significance rank of GP fol-
lowed by SS then GGBS for electrical performance, and GP fol-
lowed by GGBS then SS for mechanical performance. GP
reduces the resistivity of ECCCs (i.e. improves the conductivity)
more than other fillers. GGBS is not recommended as conduc-
tive material after considering the effect and significance.
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