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ABSTRACT

Conductive fillers, such as graphite particles (GP), steel slags (SS), and ground granulated
blast furnace slag (GGBS) have been widely utilized in designing electrically conductive
cementitious composites (ECCC) for various applications, including traffic detection,
structural health monitoring (SHM), and pavement deicing. Owing to the complex working
field, a comprehensive understanding of the role that the conductive fillers played in ECCC
is essential for designing high-performance ECCC. In the present study, mechanical and
conductivity experiments were conducted to explore the influences of these fillers on ECCC
performances in strengths and electrical resistance. In addition, the reactive molecular
dynamic (MD) simulation was firstly performed to quantify the interfacial properties of GP,
SS, and GGBS in ECCC at the molecular level. Simulation results indicated that the chemical
components of these conductive fillers dominate the atomic interfacial properties. Mineral
components in SS or GGBS, especially Al,O0; and SiO,, led to a stronger interfacial bonding
with cement in comparison to graphite in GP. At last, a hybrid mixing design of GP and SS
was proposed in this study, balancing the mechanical and conductive performance of
ECCC.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

To halt the increasingly serious global warming, reducing CO,
emissions and achieving carbon neutrality has become a
global consensus in many countries according to Paris
Agreement [1,2]. However, owing to the intrinsic
manufacturing process of cement, where a large amount of
fossil fuels is required, achieving carbon neutrality is chal-
lenging in the cement industry [3,4]. Production of 1-tonne
cement clinkers releases 0.86 tons of CO, [5,6]. Conse-
quently, given that Portland cement is the most consumed
manufactured material, the fabrication of cement accounts
for around 5% of global CO, emissions [7—9]. Therefore, sub-
stitute materials of cement clinkers in concrete have been
rapidly developed in recent years [10—12].

To suit the various and complex working fields,
cementitious composites with these substitute materials
should not only own excellent mechanical properties but
also possess functionality for different applications [13—15].
For example, fillers with specific electrical conductivity,
such as steel slags (SS) [16], ground granulated blast-
furnace slag (GGBS), and graphite powder (GP) [17], were
employed as partial replacements for cement clinkers to
make electrically conductive cementitious composites
(ECCC), which has a wide application in traffic detection,
structural health monitoring and pavement deicing [18—20].
The mechanism to achieve these benefits derives from the
piezoresitivity effect, laying foundations for measurements
of the altered electrical resistivity as well as strain or stress
changes in structures [21]. Among those fillers, the addition
of GP significantly improved the electrical conductivity of
ECCC by reducing the resistance [22,23]. However, since GP
is of weak interlayer shear strength and has a weak inter-
action with cement, incorporation of GP negates the me-
chanical properties of ECCC [24—26]. For instance, Sun, Lin
[27] reported that ever explored that a 4% increase in GP
content led to the 23-43% drop in uniaxial compressive
strength (UCS) values compared to the control sample
when fixing other additives. Thereby, some metal waste
slags, such as SS and GGBS, are introduced to balance the
conductive and mechanical performance of ECCC according
to their metal oxides (especially iron oxides) and pozzolanic
properties [28].

SS, as well as GGBS, are produced from the steel in-
dustry and usually discarded in landfills, resulting in
numerous environmental problems [29,30]. Therefore,
recycling and reusing them in producing cementitious
composite are also urgent and feasible from the aspect of
sustainability [8,31]. The replacement of cement with SS
has been verified to remarkably improve the compressive
strength, and simultaneously reduce the electrical resis-
tance of ECCC [32]. The improvement in electrical con-
ductivity of ECCC is mainly attributed to the enriched
ferrite content of SS or GGBS, showing considerable
conductive properties [33,34]. For instance, ferrites of SS
contain FeO and Fes04, which have a low electrical re-
sistivity of around 5 x 1072 and 4 x 10~ Q cm, respectively,
satisfying the demand for ECCC production [35]. As for
mechanical performance, the mineral composition of SS or

GGBS, such as Fe,03;, Al,O3; and SiO,, enabled a strong
interaction with cement, which enhanced the interfacial
bonding between fillers and cementitious matrix [36,37].
However, despite the intensive research efforts, the role of
these conductive fillers at the molecular scale and their
implication for the engineering performance of ECCC are
lack quantification, which greatly limited their application
for high-performance ECCC.

In the present study, the engineering performance of ECCC
with conductive fillers comprising GP, SS, and GGBS, was
initially investigated by testing the compressive strength,
flexural strength, and electrical conductivity. A framework
was then proposed connecting the atomic interfacial proper-
ties with the engineering performance of ECCC to identify the
role of these fillers. Reactive molecular dynamic (MD) simu-
lation was therefore employed to quantify the interfacial
properties between the conductive fillers and cement at the
molecular level by conducting a shear test and identifying the
corresponding distribution of shear stress. A scanning elec-
tron microscopy (SEM) was adopted to observe the micro-
structure of the ECCC around the fillers’ vicinity. This study
revealed that the chemical components of conductive fillers
played an important role in their interfacial properties with
cement, which consequently affected the mechanical perfor-
mance of ECCC significantly. On the other hand, the electrical
conductivity of ECCC was mainly dominated by the connec-
tivity of the network formed by these conductive fillers. The
findings in this study provided a deeper understanding of the
role of the conductive fillers in improving the engineering
performance of ECCC, which paved a way for the design of
high-performance ECCC balancing the electrical conductivity
and mechanical properties.

2. Methodology
2.1. Experimental methodology

2.1.1. Materials

The GP was supplied by GRF Ltd., Jiangsu, China, GGBS was
supplied by Yuanheng Ltd., Henan, China, and SS was sup-
plied by Hengyuan Ltd., Henan, China. These conductive
fillers (GP, GGBS, and SS) were commercially available and
their chemical compositions were shown in Table 1.

Silica sand and gravels of different sizes are utilized as fine
and coarse aggregates respectively, as indicated in Table 2.
The ordinary Portland cement with 42.5 MPa 28-day
compressive strength (P.O. 42.5 R) conforming to the re-
quirements of Australia Standard AS 3972 [38] was adopted as
a cement binder in the prepared ECCC. A polycarboxylate
superplasticizer (SP) is introduced to decrease the cement
sensitivity and segregation stress.

Table 1 — Chemical compositions of conductive fillers.

Fe203 Al203 Si02 CaO Carbon Ash Others

SS 21.30% 5.70% 14.60% 31.50% = = 26.90%
GGBS 1.80% 15.60% 31.00% 37.10% = = 14.50%
GP = = = = 98.50% 0.90% 0.60%
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Table 2 — Physical and chemical characteristics of coarse
aggregate and fine aggregate.

Coarse Fine aggregate (FA)
aggregate (CA)
Sieve size passing Sieve size
10 mm 100% 850 pm 0%
9 mm 87% 600 pm 0.30%
5 mm 20% 425 um 11.90%
4.75 mm 7% 300 um 40.80%
2.35 mm 4% 212 pm 31.60%
1.18 mm 3% 150 um 12.60%
600 pm 2% 106 pm 2.30%
300 um 2%
150 pm 2% Apparent particle density 2.76 t/m?®
75 um 2% Particle density dry 2.65 t/m?
Particle density 2.69 t/m>
Moisture content ~ 0.5% Water absorption 1.40%
Flakiness index 24% Moisture content 2.50%

2.1.2. Specimen preparation

GP, as the major additive, needs to be purified before sample
preparations in this study. The explanation is impurities
adhering to its surface cause mechanical strength reduction
[39]. Original GP was firstly treated with acetone solution
lasting for 60 min for activation and purification. After this,
the soaked GP was heated through an oven by controlling the
temperature at 60 °C for a few hours. Due to the fine and
lightweight nature, GP was prone to accumulate and therefore
destroy the mixture consistency in producing its solutions. To
solve this, 10% dispersant and 5% coupling agent in proportion
to GP weight were introduced to produce uniform GP solu-
tions. Later, a 10 min ultra-sonication was required to check
the performances of chemical additives. It is noted that the
suspension solution was required to maintain room temper-
ature (RT).

When the GP solution was finished, dry components
including aggregates, slags, and cement were mixed in a
container for 300s. Additives like GGBS or SS were added
gradually after the first 30s to promise even distribution.
Meanwhile, the processed GP solution with SP was divided
into two equal dosages. After the dry mixing, the first GP so-
lution was sprayed over the dry mixture and stirred for

another 80s period. Lastly, the remaining solution was
blended into the aforementioned composites with a 200s
mixing process to produce ECCC. For the casting procedure,
the ECCC had to experience 30s vibration to eliminate the
trapped bubbles according to the GB/T 50081-2002 [40].
Regarding curing conditions, moulded samples were trans-
ferred to a wet cabinet with humidity (95 + 5%) and temper-
atures (20 + 1 °C) for 24 h. Then, specimens were demoulded
and stored in this cabinet for designated days like 7, 14, 21, and
28 days. To conduct electrical tests, these ECCC samples need
to be air-dried for 2 days after curing. For the mixture design in
this study, these three fillers were added solely or in combi-
nations to investigate their individual and overall impacts on
ECCC, with the total number at 35. With respect to the mixing
form, a combined sample including 5% SS, 10% GGBS, and 2%
GP is written as SSSGGBS10GP2 for researchers and readers to
easily understand its filler proportions and memorize. Refer-
ring to the grouping proportion, SS and GGBS were designed
ranging from 5% to 15% while GP was controlled between 2%
and 6% to control their impacts [41,42]. In summary, the
detailed experimental procedures and information for each
sample were exhibited in Fig. 1 and Table 3 respectively.

2.1.3.  Electric conductivity and mechanical tests of ECCC
A four-pole method was adopted for the resistance
experiment to measure the electrical conductivity of
ECCC. As shown in Fig. 2, specimens with the size of
100 x 100 x 400 mm were prepared, and the metal mesh was
parallel to the cross-section and bonded uniformly to the
surface of the specimen at 120 mm intervals. A digital mul-
timeter was applied to record the resistance through the
copper wires connected to meshes [41]. The electrical re-
sistivity of ECCC was calculated.
p=on @
where p is resistivity (Q-m), A is the cross-section area of the
specimen (m?), U denotes the voltage in the unit of V and I
represent electric current in the unit of A.

The compressive and flexural tests of ECCC with different
curing ages (7, 14, and 28 days) were performed to verify the
influence of the conductive fillers on the mechanical
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Fig. 1 — Overall experimental process for ECCC samples.
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Table 3 — Mix design of ECCC with different fractions of conductive fillers.

Mix OPC CA FA Water SP SS GGBS GP

(kg/m’) (kg/m’) (kg/m’) (kg/m’) (kg/m’) (%) (%) (%)
Control 450 1302 884 160 1.42 0 0 0
SS5 427.5 1302 884 160 1.42 5 0 0
GGBS5 427.5 1302 884 160 1.42 0 5 0
GP5 427.5 1302 884 160 1.42 0 0 5
SS5GGBS5GP2 405 1302 884 160 1.42 5 5 2
SS5GGBS5GP4 405 1302 884 160 1.42 5 5 4
SS5GGBS5GP6 405 1302 884 160 1.42 5 5 6
SS5GGBS10GP2 382.5 1302 884 160 1.42 5 10 2
SS5GGBS10GP4 382.5 1302 884 160 1.42 5 10 4
SS5GGBS10GP6 382.5 1302 884 160 1.42 5 10 6
SS5GGBS15GP2 360 1302 884 160 1.42 5 15 2
SS5GGBS15GP4 360 1302 884 160 1.42 5 15 4
SS5GGBS15GP6 360 1302 884 160 1.42 5 15 6
SS10GGBS5GP2 382.5 1302 884 160 1.42 10 5 2
SS10GGBS5GP4 382.5 1302 884 160 1.42 10 5 4
SS10GGBS5GP6 382.5 1302 884 160 1.42 10 5 6
SS10GGBS10GP2 360 1302 884 160 1.42 10 10 2
SS10GGBS10GP4 360 1302 884 160 1.42 10 10 4
SS10GGBS10GP6 360 1302 884 160 1.42 10 10 6
SS10GGBS15GP2 337.5 1302 884 160 1.42 10 15 2
SS10GGBS15GP4 337.5 1302 884 160 1.42 10 15 4
SS10GGBS15GP6 337.5 1302 884 160 1.42 10 15 6
SS15GGBS5GP2 360 1302 884 160 1.42 15 5 2
SS15GGBS5GP4 360 1302 884 160 1.42 15 5 4
SS15GGBS5GP6 360 1302 884 160 1.42 15 5 6
SS15GGBS10GP2 337.5 1302 884 160 1.42 15 10 2
SS15GGBS10GP4 337.5 1302 884 160 1.42 15 10 4
SS15GGBS10GP6 337.5 1302 884 160 1.42 15 10 6
SS15GGBS15GP2 315 1302 884 160 1.42 15 15 2
SS15GGBS15GP4 315 1302 884 160 1.42 15 15 4
SS15GGBS15GP6 315 1302 884 160 1.42 15 15 6
SS1GP4 4455 1302 884 160 1.42 1 0 4
SS2GP3 441 1302 884 160 1.42 2 0 3
SS3GP2 436.5 1302 884 160 1.42 3 0 2
SS4GP1 432 1302 884 160 1.42 4 0 1

performance [40,43,44]. Specimens with the size of batch of mix design, from which the average value was taken

50 x 50 x 50 mm and 50 x 50 x 200 mm were prepared for
compressive tests and flexural tests, respectively. A 2000 kN
digital servo-hydraulic universal testing machine (MTS YAW-
4206, USA) was employed, giving a loading rate of 0.6 MPa/s for
the uniaxial compression test and 0.03 MPa/s for the flexural
test until failure. At least 5 specimens were tested for each

Adjustable constant
current transformer

Rectifier

400mm

le
= -1

Fig. 2 — Illustration of the electric conductivity test of ECCC
[27].

as compressive strength and flexural strength.
2.2.  Molecular dynamic simulation

MD simulations were conducted to investigate the interfacial
properties of conductive fillers in ECCC. Considering the
conductive fillers: GP, SS, and GGBS, consist of various
chemical components, such as graphite, SiO,, Al,0; and
Fe,03, multiple interfaces exist between these fillers and
cement at the molecular scale. Therefore, four MD simulation
models were constructed, namely graphite-CSH (GCSH),
Fe,05-CSH (FCSH), Al,05-CSH (ACSH), and SiO,-CSH (SCSH),
where CSH (calcium silicate hydrates), as the main hydration
product of cement, was used to represent cement matrix. As
shown in Fig. 3, period simulation boxes were created
(a=53.1A,b=24.8A,c=559A, and « = 90°, p = 90°, y = 88.6°)
by placing CSH of 14 A tobermorite [45] on the top of sub-
strates, namely, graphite, Al,0;, Fe,O; and SiO,. The
mismatch rates of CSH and all substrates were kept at less
than 5% to avoid crashing the systems.

Following an energy minimization, all MD models pro-
ceeded with a 20ps isothermal-isobaric (NPT) ensemble at
300 K and atmospheric pressure with a time step of 1 x 10™*ps
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to allow for cell relaxation and minimize the system pressure.
The atomic interactions were modeled by a reactive force field
[46,47], which can simulate the breaking and reformation of
the chemical bonds. Parameters of this force field were ob-
tained from previous studies that show a good agreement in
the systems containing C, H, Ca, Si, Al, and Fe [48—50]. After
the NPT ensemble, shear loading was applied by dilating the
simulation cell along the shear direction (x-direction) at a
constant rate and simultaneously adjusting the atoms’ posi-
tions and velocities based on canonical (NVT) to keep the
equilibrium of the systems. The displacements of the atoms at
the top of the simulation cell were around 1 A/ps at a time step
of 2.5 x 107* ps, leaving enough relaxing time to avoid tem-
perature accumulation in the local area. Stress distribution
was calculated based on the Virial theorem [51—-53], and visual
molecular dynamic (VMD) was applied to visualize the simu-
lation process.

3. Results and discussion
3.1.  Results of electric conductivity and mechanical test

Fig. 4 depicts the impacts of each conductive additive on ECCC
behaviours in mechanical and resistivity aspects. Compared
with the parent specimen, 5% SS addition improved the
strengths of concrete, from 57.5 to 60.7 MPa (5.6%) in
compressive and from 3.9 to 4.31 MPa (10.5%) in flexural aspects
after 28 days of curing. The explanation was that tiny SS par-
ticles (0.5—1 um) could fill pores in cement and therefore pro-
vide a massive interaction area with components in concrete,
enhancing the mechanical properties of ECCC [35,54]. Unlike
SS, GGBS and GP were proved to weaken the mechanical

strengths of ECCC to different extents in this study. From
Fig. 4(a) and (b), the sample prepared with 5% GGBS owned 55.9
and 3.8 MPa in compressive and flexural performance respec-
tively, lower than the 57.5 and 3.9 MPa of the control specimen.
This decreasing trend of GGBS was more likely caused by two
possible reasons, in contrast to the increasing tendency of SS
having similar major components. One possible explanation is
its less Fe,O5 content (1.8%), which could undertake external
load in the experimental process based on MD results. Another
reason is the larger particle size of GGBS, leading to the
decreasing contact area. Moreover, GGBS has the slow hydra-
tion characteristic that developed final strengths after 28 days
[55,56]. As for the GP impact, it was clear that the 5% GP
destroyed the strengths of ECCC, decreasing to 44.6 (28.9%) and
3.04 MPa (28.2%). This phenomenon was attributed to the
smooth micro-structural surface of GP, lubricating and weak-
ening the bonding relationship between aggregates and inter-
facial transition zone (ITZ) [57].

Referring to the resistivity aspect, all three conductive
fillers enhanced the electrical conductivity of the ECCC. From
Fig. 4 (c), SS and GGBS reduced the resistance efficiently from
the original 4205411 Q cm to 315907 (92.5%) and 642626 Q cm
(84.7%) respectively when fully cured. Metal oxides of these
two additives could be responsible for the conductivity pro-
motion efficiency of ECCC samples. As for the GP, it behaved
outstandingly among three conductive fillers in the conduc-
tivity aspect, lowering resistance to 94128 Q cm (97.8%). The
substantial improvement caused by GP addition in electrical
conductivity came from two aspects. One is the great con-
ductivity of GP itself, and another is the formation of the GP
network [58].

Although the influence of sole filler addition was deter-
mined, the overall impact of combined conductive additives
was still uncertain. To demonstrate it, a series of samples
involving SS, GGBS, as well as GP, were prepared as mentioned
above, and their corresponding results were described in Fig. 5.
From Fig. 5(a), the sample prepared with 5% SS and 5% GGBS
owned 54.5 and 4.3 MPa for UCS as well as FS value at 2% GP,
which dropped to 44.7 and 3.41 MPa under 6% GP mixture. And
the increase in GP also reduced the resistivity sharply from
612034 Q cm (2% GP) to 82431 Q cm (6% GP). As for GGBS, a 5%
increment of GGBS between 5% and 10% resulted in the UCS
declining from 46.28 to 43.58 MPa, and the FS dropping from
3.95 to 3.84 MPa at 2% GP and 15% SS status from Fig. 5(c). It also
reduced the electrical resistance of ECCC from 284563 to
224366 Q cm when its proportion rose from 10% to 15%. Both GP
and GGBS verified the aforementioned conclusions derived
from Fig. 4. However, samples involving 2% GP and 5% GGBS
experienced strength reductions from 54.54 (5% SS) to
46.28 MPa (15% SS) in UCS and from 4.3 (5% SS) to 3.95 Mpa (15%
SS) in FS aspects, according to Fig. 5. This opposite conclusion
was caused by excessive SS content (15%), which replaced
cement clinker and therefore decreased reaction products to
impair the performances of concrete samples [59,60].

To explore the significance of filler content, several ECCC
samples were produced from limited conductive additives
that were within 5% cement clinker replacement in total, and
their results were plotted in Fig. 6. Among these samples, SS
was added instead of GGBS because it had greater efficiency in
ECCC performances on the basis of similar mineral
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Fig. 4 — Diagrams for influences of individual conductive fillers on performances of ECCC samples (a) UCS performance (b) FS
performance (c) Resistivity performance.

components. It is noted that the high efficiency of GP exhibi- 3.2. Results of molecular dynamic simulation

ted a degradation trend along with its decreasing content.

From Fig. 6(c), the resistance of ECCC experienced a sharp 3.2.1. Interfacial properties of the conductive fillers in
increase from 1.3 x 10° Qecm (SS1GP4) to 1.5 x 10° Qecm cementitious composites at the molecular level

(SS2GP3) and then rose slightly to 3.1 x 10° Qecm (SS4GP1). The The shear strength (o;) at the interface between filers and
threshold of 4% GP existing in ECCC conductivity promotion cement, as one of the interfacial properties, played a signifi-
may come from the GP network development. cant role in the mechanical performance of ECCC [61]. When
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ECCC s subjected to compressive or flexural load, cracks form simulation were employed to investigate the response of the
and propagate through the interface between fillers and interface between conductive fillers (GP, SS, and GGBS) and
cement, inducing shear deformation and shear stress [62,63]. cement matrices at the molecular scale. Because SS and GGBS
Therefore, in this study, shear tests performed in MD have complex mineral components, such as Al,03 Fe,03, SiO,,

| - .
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Fig. 8 — Stress flow in (a) GCSH, (b) FCSH, (c) ACSH and (d) SCSH under shear strain of 0 and 0.4 during MD simulation.
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as shown in Table 1, the insight into the slags’ interface with
cement matrix at a molecular scale was conducted by study-
ing the interface of each of their mineral components with
CSH (main components of cement hydrates representing
cement matrix). Therefore, including graphite, four targeted
MD simulation models were constructed: CSH with graphite
(GCSH), CSH with Al,05 (ACSH), CSH with Fe,O3 (FCSH) and
CSH with SiO, (SCSH).

The process of the shearing test conducted for the GCSH
model at different shear strains is illustrated in Fig. 7(a). Shear
strain is defined as 4x/h, where 4x is the displacement of the
top atoms and h is the height of the simulation box. A similar
shearing process was also repeated in ACSH, FCSH, and SCSH
systems, and the corresponding mechanical response was
collected.

As shown in Fig. 7(b), SCSH possesses the highest o;
(maximum value of stress) of all MD models in this loading
configuration. After reaching the peak at around 2.1 GPa, the
stress of SCSH decreased significantly to less than 1.6 GPa with
the strain continuing to increase from 0.3 to 0.4. This decrease
is mainly caused by the break of strong interfacial bonding
between SiO, and CSH at high shear strain. Similarly, the
stress of ACSH also rises gradually with the strain until
reaching around 1.4 GPa. Then, about 16.7% reduction of
stress is observed when strain further increases to 0.4.
Compared with SCSH, the reduction of stress after the peak is
much smaller in ACSH. This is because the interfacial bonding
between Al,0; and CSH is weaker than its counterpart be-
tween SiO, and CSH. On the other hand, because of the weak
interaction of graphite with CSH [64—66], the o5 of GCSH in this
MD simulation is only around 0.3 GPa, which is much smaller
than those in SCSH and ACSH. This result verified the
conclusion that GP behaved worse than the other two
conductive fillers.

To gain a deeper understanding of the shear response at
the interface of graphite and slags with CSH, stress flows of
GCSH, ACSH, FCSH, and SCSH were calculated from the
Cauchy stress tensor, plotted in Fig. 8. In terms of GCSH,
because the interlayer in graphite is mainly connected by
Van de Walls force [67,68], sliding between the layers can
easily occur, which makes the graphite substrate in GCSH
has limited effects in resisting the shear deformation.
Therefore, as illustrated in Fig. 8(a), the shear load is mainly
carried by the CSH structure itself. On the contrary, in terms
of FCSH, shown in Fig. 8(b), besides CSH, Fe,05 can effectively
resist the shear deformation [69,70], thereby large stress was
subjected to the Fe,03; substrate. This conclusion conforms
to the mechanical performances of GGBS samples having
less Fe,03 content (1.8%) than that of SS (21.3%) from Figures
Fig. 4(a) and (b). However, as shear deformation continues
growing with time, stress at the interface between Fe,05; and
CSH reduced rapidly, which indicates a weak interfacial
bonding of Fe,03; and CSH. On the other hand, for ACSH and
SCSH, besides the substrates carrying a large amount of high
shear stress, great stress was noticed at the interface, espe-
cially between CSH and SiO,. This strong interfacial bonding
between CSH and Al,0; or SiO, contributed remarkably to
resisting the shear deformation, which also explained the
reason why the ¢; of ACSH and SCSH more than 2.9 and 4.8
times higher than that of FCSH.

3.2.2. Impact of the conductive fillers on surrounding
cementitious matrix

To gain a comprehensive understanding of the interfacial
properties, apart from the mechanical shear strength, the
impact of the interfacial interaction on the cement matrix in
the fillers’ vicinity was also investigated. At the molecular
level, the structure of CSH at the conductive fillers’ vicinity
was studied by using MD simulation. Fig. 9(a) shows the in-
tensity distribution of CSH after the NPT ensemble in the MD
simulation, where the contact surface between CSH and the
substrates (graphite, Fe,03, Al,O3 and Fe,03) was normalized
at 0in the z-direction. Compared to FCSH and ACSH, a 2 times
wider interphase (the zone where CSH and the substrates
penetrated each other) is noticed in SCSH, which suggested a
stronger interaction between SiO, and CSH. On the other
hand, the weak interaction between graphite and CSH led to
smaller interphase, which also contributed to the low value of
gs. To further investigate the interphase between CSH and the
substrates, radial distribution functions (RDF) were calculated
by using: Eq. (2) [71,72].
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Fig. 9 — (a) Distribution of CSH in the z-direction, in
different MD models. (b) Radial distribution function (RDF)
of CSH and H,, to graphite (CSH-G, Hy,-G), Al,O3 (CSH-A,
H,,-A), Fe,0; (CSH—F, H,,-G), and SiO, (CSH-G, H,,-G).
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Fig. 10 — (a—d) Surface morphologies of (a) SS, (b) GGBS, (c) GP, and (d) ECCC mixed with conductive fillers.

where N is the total number of atoms of C—S—H adjacent
mineral nanoparticles; r is the distance between C—S—H
atoms and mineral nanoparticle atoms, and dn(r) is a function
that computes the number of adjacent atoms within a shell
thickness of dr (0.01 nm).

As shown in Fig. 9(b), the general value of RDF of CSH with
Al,03 (CSH-A) and SiO, (CSH—-S) is about 2.1 and 2.4 times
higher than that of CSH with Fe,05 (CSH—F), respectively. The
large value of RDF indicates a stronger spatial correlation be-
tween CSH and SiO, or Al,03; in comparison with CSH with
Fe,03, which accounts for the strong interfacial interactions.
However, it is also noticed that the RDF of CSH with graphite is
unexpectedly high, which was generally 30.5% higher than
that of CSH with SiO,. Because different from Fe,05, Al,05; and
SiO, minerals, graphene (components of graphite) shows
ultra-high flexibility [73—75]. Consequently, this high flexi-
bility leads to a ripple-like surface morphology of graphite at
its interface with CSH [76], which results in a high value of
CSH-G.

3.3.  SEM analysis

Besides the MD simulation investigating the interphase at the
molecular level, the microstructure of cement matrix at the
conductive fillers’ vicinity was also viewed in SEM. As shown
in Fig. 10(a—b), SS and GGBS equip massive square crystals of
sharp edges with the size around 0.5-1 pm and 5-10 um,
respectively. However, the morphology of GP (Fig. 10(c)) shows
a planar structure with hierarchical layers. Therefore, due to
their various morphologies, conductivity fillers: SS, GGBS, and
GP, can be identified in the cement matrix, as shown in

Fig. 9(d). Owing to the high content of Fe,05, Al,03, and SiO,
mineral components, SS or GGBS have a strong interaction
with cement, facilitating the formation of cement hydrates in
their vicinity [77—79]. On the other hand, the weak interaction
between GP and cement leads to a weak interfacial bonding
with less hydration product formed around GP. These findings
showed a good consistency of our MD simulation results,
where Fe,0s, Al,0s, and SiO, mineral components showed a
much stronger interaction with CSH than graphite.

4, Conclusion

In the present study, for the first time, the interfacial proper-
ties of graphite particles (GP) and two waste slags: steel slags
(SS) and ground granulated blast furnace slag (GGBS), were
studied at the molecular level. A framework was proposed
connecting these interfacial properties with the engineering
performance of electrically conductive cementitious com-
posites (ECCC). Based on the results from both molecular dy-
namic (MD) simulation and experiments, key findings can be
summarised as follows:

(1) The mechanical properties of ECCC with conductive
fillers were measured by the compressive test and
flexural test. Incorporation of 5% SS improved 5.6%
compressive strength and 10.5% flexural strength. On
the other hand, a load of 5% GP degraded 28.9%
compressive strength and 28.2% flexural strength.

(2) The electrical conductivity of ECCC was improved
significantly by GP, SS, and GGBS by reducing 97.8%,
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92.5%, and 84.7% of the resistance. This improvement
not only attributed to the conductivity of GP, SS, and
GGBS, the formation of a network of these fillers in ECCC
also enhanced the conductive performance of ECCC
significantly.

(3) The MD simulation revealed that the mineral compo-
nents of conductive fillers played a significant role in
the shear strength at the interface. The g5 in graphite-
CSH (GCSH) is more than 19.4%, 80.4% and 86.4% lower
than that in Fe,05-CSH (FCSH), AL,Os-CSH (ACSH), and
Si0,-CSH (SCSH), respectively, where CSH represents
calcium silicate hydrates. Further analysis of the shear
stress distribution indicates that this low value of ¢ in
GCSH is attributed to the combination of the weak
interlayer shear strength within graphite and the weak
interfacial bonding between graphite and CSH.

(4) The impact of conductive fillers on their surrounding
cement was studied by observation of the microstruc-
ture in SEM. Compared with GP, the growth of cement
hydrates was facilitated around SS and GGBS, suggest-
ing a stronger interaction between SS or GGBS with
cement. MD simulation results show that this strong
interaction is mainly attributed to the mineral compo-
nents, such as Fe,03, Al,O3 and SiO, in SS or GGBS.

In summary, although the incorporation of GP enhanced
the electrical conductivity of ECCC remarkably, the mechan-
ical properties of ECCC were degraded. This degradation of
mechanical properties can be offset by introducing SS in the
ECCC system. Therefore, the fundamental understanding of
the role of conductive fillers played at the molecular level in
ECCC shown in this paper can pave a way for designing high-
performance ECCC.
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