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Abstract: The early-age hydration characteristics of composite binder containing graphite powder
(GP) with two different finenesses were investigated by determining the hydration heat, thermo gravimetric,
morphology of hardened paste as well as the compressive strength of mortar. The experimental results show
that: replacing 2%-6% of cement with graphite powder significantly improves the piezoresistive effect of
early age mortar, can be used to monitor accidental loads caused by dropped objects, collisions, or other
accident events, and thus avoids initial damage. Some GP provides additional nucleation sites that lead to a
fast formation of hydration products (nucleation-site effect). However, due to the almost hydrophobic water
contact angle, most of the GP causes a large number of micro-cracks in the hydrated paste (gap effect). Because
of the lamellar shape and high surface energy, GP is easily balled and can not be uniformly distributed in the
composite, resulting in clumping together and wrapping some of the cement particles (barrier effect). Due to
nucleation-site effect, when the dosages of coarse and fine GP reached 2% and 4%, 1 d strength were increased
by 9.1% and 9.6%, respectively. At 3 days, as the interior damage caused by the gap effect gradually increased,
and the retarding effect on cement hydration caused by barrier effect was enhanced. GP has an obvious negative
effect on compressive strength. However, micro-cracks caused by fine GP are less, so its negative effect on 3 d

compressive strength is lower.

Key words: graphite powder; Portland cement; early-age hydration; piezoresistive effect; comprehensive

strength

1 Introduction

Concrete has been used as a primary construction
material for many years owing to its excellent engineer-
ing properties and durability!"’. Although the resistivity
of the pore solution in cement paste is only 0.25-0.35
Q-m", the resistivity of the main components of con-
crete such as aggregates, hydrates and unhydrated ce-
ment, are at least tens of thousands of times higher™".
Thus, the resistivity of conventional concrete is usually
higher than 10° Q-m". Conventional concrete is a poor
electrical conductor, especially under dry conditions.
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Electrically conductive concrete (ECC) is a kind
of concrete which prepared by adding electrically con-
ductive fillers. After adding, the electric resistivity of
concrete can be reduced to a certain value for various
applications, such as: resistance heating material for
snow and ice melting'®”
blocker for EMI shielding™”, grounding electrode for
electric equipment!'™'"), self-sensing construction mate-
U%] and structural health monitor-

, electrode material for cathodic protection'>'"),

, electromagnetic radiation

rial for traffic motion
ing[|3,|4]
etc.
The electrical conductivity of ECC mainly relies
on the conductive network formed by conductive fillers
to achieve. Under voltage, the current conduction is
formed through electrons or holes moving in local con-
ductive net and jumping barrier between electric ma-
terials by tunneling effect. When the conductive fillers
are not enough to form a conductive network, the re-
sistivity of the concrete reduces slowly with increasing
content of conductive fillers. But as soon as the content
of conductive fillers reaches to the threshold value, as a
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consequence of the first appearance of the network, the
resistivity will show a sudden reduce"”'*.

The conductive fillers used in ECC generally

include graphite powder, carbon black, carbon fiber,
steel fiber and metal powder, etc. The early electrical
conductivity of ECC can be well improved by steel
fiber and metal powder, but due to the strong alkaline
environment of concrete, a non-conductive passivation
layer gradually forms, and the conductivity decreases
rapidly**”. As an ideal conductive filler, carbon fiber
not only improve the conductivity”"**, but also the me-
chanical performance of ECC*”. However, high cost
leads to limit its application in engineering. Although
the price is low, carbon black needs a very big dosage
to present a good performance in reducing electrical
resistivity, and it will have a significant negative effect
on the workability and strength of concrete”**”. Graph-
ite powder is a little more expensive than carbon black,
and has the same problems with carbon black, but to a
lesser extent than it does””.Recent research also sug-
gests that when graphite powder and carbon fiber are
used together, conductive network can be formed at a
relatively low dosage””. For one thing, the cost is rel-
atively acceptable, and for another, the negative effect
on mechanical performance is acceptable. When a low
dosage of graphite powder is used alone, although the
graphite-cement based composites still shows a high
level of electrical resistivity, the high sensitive linear
piezoresistive response demonstrates its potential for
application in important structure as a self-sensing ma-
terial®®,
However, existing research about the effect of
graphite powder finenesses and content on the piezore-
sistive performance of cement-based material is still
rare at present. Additionally, as well known, it is evi-
dent that the hydration properties of Portland cement
are affected by inert powder materials. For example,
limestone powder can act as fine filler™, and its sur-
face can provide additional nucleation sites for the
hydration products of cement clinker, which contribute
to the development of early strength”**"". But so far,
there is very little research regarding the influence of
graphite powder on the hydration properties of cement,
especially in the early age.

In this paper, two flake graphite powder with dif-
ferent finenesses were used as substitutes in the blends.
The influence of graphite powder’s fineness and dosage
on the early-age hydration properties of composite the
binder, as well as mortar strength and piezoresistive ef-
fect, were investigated.
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2 Experimental

2.1 Raw materials

A reference cement in accordance with the Chi-
nese National Standards GB 8076-2008 from China
United Cement Corporation was used in this study. The
strength grade of the cement is 42.5, and its specific
surface area is 312 m’/kg. The chemical compositions
of cement determined by XRF is given in Table 1.

Table 1 Chemical composition of cement/wt%

CaO SiO, AlLO, SO;  Fe,0, MgO  others
61.48 2147 4.49 4.12 3.71 3.38 1.35
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Fig.1 Particle size distribution of graphite powder

High purity graphite powder with two different
finenesses were used. The particle size distributions of
the graphite powder measured by a laser particle size
analyzer (Mastersizer 2000) are presented in Fig.1. It
shows that the particle size of the fine graphite powder
is significantly smaller than the coarse one. Almost all
of the fine graphite powder is smaller than 11 pm. But
for the coarse graphite powder, nearly half of it is great-
er than 11 pm. The specific surface area of the coarse
and fine graphite powder are 375.1 and 1 002.0 m’/kg,
respectively.

(b) Fine graphite powder

)

(a) Coarse graphite powder

Fig.2 SEM images of graphite powder

SEM images of the coarse and fine graphite pow-
der are shown in Fig.2. It can be seen that the appear-
ance of the coarse and fine graphite powder is almost
the same and their shapes are both lamellar.

ISO standard sand complying with the Chinese
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National Standard GB/T 17671-1999 was used as fine
aggregate. Commercially available powdery naphtha-
lene superplasticizer was used to offset the adverse
effects of graphite powder on mortar workability.

2.2 Preparation of samples

In order to reveal the influence of graphite powder
with different finenesses on the compressive strength
and piezoresistive effect of mortar at an early age, mor-
tar specimens were prepared by mixing reference ce-
ment, graphite powder, ISO standard sand, water, and
powdery naphthalene superplasticizer.

Due to the significant negative effect on work-
ability and strength™, graphite powder is often used in
conjunction with carbon fiber as conductive filler, at a
low dosage, such as 2.5%"", 10%"* (mass fraction of
cement). What’s more, Gan et al”*' found that when 3%
graphite powder was used alone, although there was
little change in mortar electrical resistivity, the piezore-
sistive effect was significantly enhanced. Thus, in this
research, cement was partially replaced by graphite
powder residue as 2%, 4%, and 6%.

Table 2 Mix proportions of mortars/wt%

Mortar Composition of the binder Naphthalene
samples  Cement Coarse GP  Fine GP  superplasticizer
MRO 100.00 / / 0.00
MC2 98.00 2.00 / 0.30
MC4 96.00 4.00 / 0.60
MC6 94.00 6.00 / 0.90
MF2 98.00 / 2.00 0.30
MF4 96.00 / 4.00 0.60
MF6 94.00 / 6.00 0.90

For mortar specimens, the mixing amount of the
powdery naphthalene superplasticizer is 0, 0.3%, 0.6%,
and 0.9% of the binder, as shown in Table 2. The bind-
er-to-fine aggregate and water-to-binder ratio adopted
in this study are 1:3 and 0.5, respectively.

Constituents were weighed separately and then
in the laboratory, and then mixed in an electric mortar
mixer to ensure homogeneity. Within 24 h, the mortar
specimens sized 40 mm»40 mmx160 mm for compres-
sive strength test were demoulded and then were cured
in a room with a temperature of 201 °C and a relative
humidity higher than 95% till testing ages (1 and 3
days).

Owing to the advantages of rapid testing, repeat-
31" electrode probe
method was adopted to study the piezoresistive re-
sponses of the mortar with different content of graphite

ability, and simple geometry factor
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powder. Copper mesh electrodes were embedded in
fresh mortar (as shown in Fig.3), then the specimens
were cured at 20£1 ‘C and =95% RH in a standard
curing box for 24 h. After 24 h, specimens were re-
moved from the molds and cured until the testing age
of 3 days.

Copper mesh electrodes
Mortar . T

Electrode spacing

40 mm

L
-

— S
20 mm 120 mm 20mm ¥

Fig.3 Schematic of specimens with embedded electrode

In order to reveal the influence of graphite pow-
der on the hydration properties of the graphite-cement
composite binder, pastes samples were prepared. By
removal of sand and naphthalene superplasticizer com-
ponents, mortar samples were made into pastes. Table 3
shows the mix proportions of the pastes.

Table 3 Mix proportions of pastes/wt%

Composition of the binder
Paste samples

Cement Coarse GP Fine GP
PRO 100.00 / /
PC2 98.00 2.00 /
PC4 96.00 4.00 /
PC6 94.00 6.00 /
PF2 98.00 / 2.00
PF4 96.00 / 4.00
PF6 94.00 / 6.00

The paste samples for SEM and BSE tests were
mixed uniformly by a mechanical mixer for 3 min and
then cast into plastic centrifuge tubes. After that, the
tubes were sealed and then were cured in a room with a
temperature of 20+1 °C till 3 days.

2.3 Test methods
2.3.1 Piezoresistive effect

To avoid measurement difficulty associated with
polarization effect induced by direct current (DC)
method”™, alternating current (AC) with a frequency of
1000 Hz and sine-wave amplitude of 2.5 V (virtual val-
ues 1.7678 V) was generated by a UTG2122B wave-
form signal generator. The voltage and current values
are continuously measured while compressive loading
is applied along the length of the specimen using a hy-
draulic mechanical testing system, as shown in Fig.4.
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The bulk resistivity p can be calculated according
to Eq.(1):

11 )

where, p stands for the bulk resistivity, S the cross-sec-
tional area between the electrodes, U the applied volt-
age, I the current, and L the electrode spacing length.
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Fig.4 Resistance measurement

2.3.2 Compressive strength

At the age of 1 and 3 days, the compressive
strength test was performed for three mortar specimens
of each composition, these tests were run in the equip-
ment ShiDai-ShiJin model YE-200A at a loading rate
of 2 400 N/s as per Chinese National Standard GB/T
17671-1999. The results were presented as the average
of six replicate.
2.3.3 Hydration heat

The hydration heat evolution and total hydration
heat of the mixture (cement, graphite powder, and wa-
ter) were measured using TAM Air Calorimeter with
an accuracy of 20 uW at constant temperatures of 25
‘C within 72 hours. TAM Air Calorimeter has eight
parallel twin-chamber measuring channels maintained
at a constant temperature: one chamber containing the
sample, another containing the reference. After mixing
homogeneously, the samples were immediately placed
into the chamber. The hydration heat evolution rate of
the composite binder can be continuously monitored as
a function of time.
2.3.4 SEM, BSE, and TG analyses

At the age of 3 days, the hardened pastes were
cut into pieces and put into anhydrous alcohol. The un-
reacted water in the hardened paste could be removed
by anhydrous alcohol due to concentration difference,
so the further hydration of cement was stopped. Then,
the paste samples were dried overnight in a forced-air
oven at 40 “C. After that, scanning electron microscope
(SEM) and back-scattered electron (BSE) tests were
performed on PC4 sample, and thermal gravimetric

(TG) was performed on all paste samples.

SEM and BSE tests were carried out with QUAN-
TA 200F field emission scanning electron microscope.
TG was carried out with a TA Instruments TGA Q5000
V3.17 build 265 under nitrogen at a heating rate of 10
‘C/min from 25 to 900 C in 50.0 mL/min N, flow.

3 Results and discussion

3.1 Influence of graphite powder on the ear-
ly piezoresistive effect of mortars

At the age of 3 days, when no external force is
applied, the bulk resistivity (p) of MRO is 23.42 Q-m.
Replacing 2%, 4%, and 6% of the cement with coarse
GP cause the bulk resistivity of mortar specimen to
reduce to 21.71, 19.17, and 17.71 Q-m, while using
fine graphite powder reduce to 18.94, 17.10, and 16.97
Q-m. Although increase in graphite powder content
or fineness can play a role in enhancing the electric
conductivity, the role is not significant. This is partly
because the bulk resistivity of early age mortar is low,
and partly because the dosage is a little far form perco-
lation threshold value, only beyond which the electrical
resistivity is reduced sharply””.

When ECC is used as self-sensing material for
monitoring, it is subjected to external loads, and should
be regarded as part of the bearing structure. Thus, in
practical application, the data form monitoring is the
change of stress, not the value of load. Therefore, at
first, the specimen was loaded to 5 MPa at a very slow
speed. Then, mechanical compressive stress up to 15
MPa with a loading rate of 0.04 MPa/s was applied to
the preloaded specimen. The influence of loading stress
on the resistance of mortar with different content of
graphite powder are shown in Fig.5. In this figure, the
resistance ratio p,/ps is defined as the ratio of the resis-
tance (p,) of the specimen at x MPa to the resistance of
the specimen at 5 MPa.

As can be seen in Fig.5, for MRO, the resistance
ratio p,/ps is lightly inversely related to stress, just de-
creased by 6.98% when the stress raises from about 5
MPa to 15 MPa, and the linear correlation coefficient
barely reaches 0.8963. With the increase of graphite
powder content, the reduction rate of p,/ps and the
degree of linearity between p,/ps and stress are signifi-
cantly improved. After 6% of the cement was replaced
by coarse and fine graphite powder, the resistance ratio
is reduced by 31.9% and 29.6%, respectively, and caus-
ing correlation coefficient to increase to over 0.99. Ad-
ditionally, it is obvious that the piezoresistive effect of
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coarse graphite powder is higher than fine one for the
same dosage (up to 12.1%, 19.7%, and 20.4% at 2%,
4%, and 6%).

As well-known, the increased curing time re-
duces resistivity due to the hydration progress, which
is opposite to the trend of piezoresistive effect. Thus,
low dosage of graphite powder (2%-6%, especially
efficient at 6%) can well monitor the early-age loads of
cement-based material, to avoid initial damages caused
by overlarge early loading.

3.2 Influence of graphite powder on the
properties of composite binder
3.2.1 Distribution of graphite powder

For the samples with smooth surface, the contrast
of BSE image is only related to the atomic number of
the sample surface, and has nothing to do with the con-
trast of the morphology. If there is an uneven distribu-
tion of elements on the surface of the sample, the area
with a larger average atomic number shows a brighter
contrast, otherwise it is displayed as a dark area”". The

100 fss

90

80

Pps%

Mr0: y = —0.642 6x+101.67, R =0.896 3

L 7
T0F MC2: y= —1.510 1x+105.78, B =09547 MC6
MC4: y = —2.226 4x+107.38, R =0.965 6
oo MCE:y = ~3324 0c+117.94 B =09979 .
5.0 7.5 10.0 12,5 15.0

Stress/MPa
(a) Coarse graphite powder
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image characteristics (SEM and BSE) of PC4 at the age
of 3 days are shown in Fig.6. The dark parts shown in
Figs.6(b), 6(d), 6(f), and 6(h) are graphite powder.

As shown in Figs.6(a)-6(b), the surface of
graphite powder at AREA 1 is thicker and rougher
in SEM image, but thinner and flatter in BSE image,
which indicates that the surface of the graphite powder
provides additional nucleation sites for the formation of
hydration products (named as ‘nucleation-site effect’).
However, the proportion of this kind of graphite pow-
der is not very high.

To the contrary, Figs.6(c)-6(d) and 6(e)-6(f) show
that, for AREA 2 and 3, the appearance of graphite
powder in the BSE and SEM images is almost the
same, indicating that there is no hydration product cov-
ering on, and it will not promote the hydration process.
In addition, graphite powder at AREA 2 and 3 have
smooth surfaces and lots of gaps with the hydration
products. Those micro-defects may cause a decrease in
strength (named as ‘gap effect’).

100

=y

Mr0: y= —0.642 6x+101.67, R*=0.896 3

70+ MF2: y= —1.327 0x+105.36, R’=0.9853  MF6

MF4: y= —1.787 5x+105.25, R’=0.966 0

MF6: y= —2.644 6x+110.62, R=0.993 2

60 1 1 1 J
5.0 7.5 10.0 12.5 15.0

Stress/MPa
(b) Fine graphite powder

Fig.5 Influence of graphite powder on the piezoresistive effect

120.0 um

(e) SEM of AREA 3 (2 200) (f) BSE of AREA 3 (2 200%)

(2) SEM of AREA 4 (291%)

(h) BSE of AREA 4 (291x)

Fig.6 SEM and BSE images of PC4 at the age of 3 days
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The reason for the contradiction phenomenon be-
tween AREA 1 and AREA 2,3 is that graphitic surfaces
are nearly hydrophobic with water contact angle within
the 75°-98.3° range””*). Generally, when the water
contact angle is smaller than 90°, the solid surface is
considered hydrophilic and when it is larger than 90°,
the solid surface is considered hydrophobic'". Since
graphite is nearly hydrophobic, only a small number of
graphite powder surfaces have hydration products, and
most surfaces have no hydration products.

After the magnification is reduced by nearly 10
times, it is seen from Figs.6(g)-6(h) that due to the high
surface energy (54.8 mJ/m* at room temperature)'*”,
graphite powder has bad dispersion and obvious ag-

gregate phenomenon"*®

, resulting in graphite powder
clumping together and wrapping some cement particles
(named as ‘barrier effect’). On the one hand, the barrier
effect reduces the contact between water and cement
particles to some extent, resulting in retarding the dis-
solution of the cement particles (as shown Fig.7(a)).
On the other hand, the ions diffusion of the wrapped
cement particles was also delayed by the barrier effect.
Due to the high ions content surrounding cement parti-
cles, the further hydration of the cement particles was
retarded (as shown Fig.7(b)).
3.2.2 Hydration heat

The influence of graphite powder on the exother-
mal rate of the graphite-cement composite binders are

: . Water

1
I . Cement particle

' Graphite powder

w/\“

®q o
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shown in Fig.8.

As shown in Fig.8, due to the barrier effect, the
induction periods of all the samples containing graphite
powder were extended. Because of the nucleation-site
effect, the induction period was extended, and the
dissolution at the beginning of the acceleration period
was improved. Thereby, after adding 4%, 6% of coarse
graphite powder and 2%, 4%, 6% of fine graphite
powder, the second hydration exothermal peak was in-
creased from 3.92 mW/g to 4.14, 4.08, and 4.01, 4.12,
and 4.12 mW/g. However, for 2% coarse graphite pow-
der replacement level, the total surface area of graphite
powder is smaller than any other sample, having lowest
effect on providing additional nucleation sites. Thus,
when 2% cement was replaced by coarse graphite pow-
der, the second hydrated exothermic peak was decreas-
es from 3.92 to 3.81 mW/g.

In addition, the occurrence time of the second
exothermic peak was also delayed by graphite pow-
der, and the more it was added, the greater the effect.
For the control sample (PRO), the occurrence time for
the second rate of hydration rate is about 10.11 h after
introduction of water. However, after 2%, 4%, 6% of
coarse and fine graphite powder added, the appearance
time of the second hydration peak is delayed by 9.4%,
20.4%, 26.2%, and 10.1%, 23.8%, 25.1%. It seems like
that the effect of coarse and fine graphite powder on the
appearance time of the second hydration peak is almost
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- P : ® Ions .

o® |© Cement particle :
’..o ‘ I '

1 Graphite powder 1
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els) =@. I B - 1

(b) Delaying the ions diffusion

Fig.7 Schematic diagram of the barrier effect
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Fig.8 Exothermal evolution rate of graphite-cement pastes with increasing replacement level of graphite from 0% to 6% of solids by weight
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the same. After 24 h, both coarse and fine graphite
powder have no significant influence on the exothermic
curve of hydration after 24 h.
3.2.3 Calcium hydroxide content

Calcium hydroxide (CH) is one of the major
hydration products of cement. Its decomposition tem-
perature range is different from any other hydration
products, such as C-S-H and AFT. Thus, the amount
of CH in hardened paste can be determined by thermo
gravimetric analysis (TG) and derivative thermo grav-
imetric (DTG). To a certain extent, its content can be
used to represent the hydration degree of the binder.

The decomposition formula of CH is as follows:

Ca(OH),— CaO + H,01 ©)

CH usually decomposes in a temperature interval
about from 300 to 500 °C, and its content can be calcu-

lated by the following formula™”"

CH= M, m
H= M, 1 (3)
where, M, is the molecular weight of H,0, M,=18; M,
the molecular weight of CH, M,=74; m, the weight loss-
es measured from the TG curves between the initial and
final temperatures of the corresponding DTG peaks.

—— Coarse graphite powder

100 F— i~ - - Fine graphite powder

99 T

98-

TG/%

97

96 -

95 1 1 1 1 J
150 300 450 600 750 900

Temperature/C

Fig.9 TG curve of the graphite powder

Fig.9 shows characteristic shapes of TG curves
of graphite powder with two finenesses. In N, gas, the
melting point of graphite is at least 4 000 ‘C"*), but
impurities in graphite ore or grinding aids added during
the grinding process are easy to decompose in relative-
ly low temperature. In the temperature range of 300-
500 °C, the mass loss of the coarse and fine graphite
powder is almost the same, only 0.5436% and 0.5053%,
respectively. However, after the temperature is higher
than 600 °C, the TG curves decrease rapidly.

After being calculated, when the dosage of graph-
ite powder is up to 6%, the mass loss rate of the paste
caused by graphite powder in the temperature range of
300-500 °C is 0.03262% (for coarse graphite powder)

Vol.37 No.6 HE Wei et al: Early-age Hydration Characteristics of Composite Binder Con...

and 0.03032% (for fine graphite powder), which are ob-
viously less than the CH content in the hardened pastes
hydrated for 3 days. Thus, the influence of graphite
powder decomposition on the analysis of CH content
can be ignored.

Fig.10 shows characteristic shapes of TG/DTG
curves of the hydrated pastes containing graphite pow-
der with different finenesses after 3 days of curing.

100y, s 0.0
0.1
95
g
g 02 ¥
] <
& 90 o
[a)
0.3
85
1 1 1 1 0.4
0 200 400 600 800
Temperature/C

Fig.10 TG/DTG curve of the graphite-cement composite binder hy-
drated for 3 days

As can be seen from Fig.10, DTG curves are simi-
lar in shape, but significant differences can be observed
in TG curves, indicating that although graphite powder
doesn’t modify the composition of the cement hydra-
tion products, it caused a significant change in content.
The temperature ranges of thermal decomposition of
hydration products have great discrepancy in different
studies'”**!. The recent research”'’ shows that 81-91
C for dehydration of AFt, 80-240 “C for major dehy-
dration of C-S-H, 241-244 °C for hydrogarnet, 129-
138 C for AFm, 411-427 "C for Ca(OH),, and 648-691
C for CaCO;. Since the decomposition temperature
range of the main hydration products is less than 427
C, and after adding graphite powder, the mass loss up
to 427 °C is bigger, indicating that graphite powder has
a significant promoting effect on the hydration of the
composite binder.

According to Formula 2, CH content can be cal-
culated from the mass losses measured from the TG
curves between the initial and final temperatures of the
corresponding DTG peaks, as shown in Fig.11.

As shown in Fig.11, at the age of 3 days, whether
graphite powder is coarse or fine, CH content increases
first, and then decreases with the increasing dosage of
graphite powder. The reason for this phenomenon is
that graphite powder provided additional nucleation
sites for CH growth, and with graphite powder content
increased, its dispersion decreased, the barrier effect
was enhanced, thereby delaying the hydration process.
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In addition, similar to fly ash® and limestone pow-
der”!, after cement was replaced by graphite powder,
the effective water to cement ratio was increased, and
the cement hydration was promoted. However, due to
the reduction in cement component, after maximum
value reaches, with the increasing of content, the CH
content gradually decreases.

16.0r

CH content/%
I
[=]
T

14.5

0.0 /

Coarse graphite powder

Fig.11 CH content of paste containing graphite powder with differ-
ent finenesses

It can also be seen in Fig.11 that 2% fine graph-
ite powder increased the CH content by 3.4%. But for
coarse graphite powder, its dosage should reach 4% to
make the CH content achieve a similar value. This may
due to the fact that fine graphite powder has a larger
specific surface area, and at the same replacement ratio,
it can provide more nucleation sites for the growth of
CH.

3.3 Influence of graphite powder on the ear-
ly compressive strength of mortars

1-d and 3-d compressive strength of the control
and graphite powder mortars are shown in Fig.12.

It can be seen from Fig.12(a) that, in general,
1-day compressive strength increases at first and then
decreases with coarse or fine graphite powder content.
Under a relative low dosage (2%), the enhancing ef-
fect of fine graphite powder on mortar strength is not
as good as that of coarse graphite powder. However,
under a relative high dosage (6%), weakening effect
of fine graphite powder on strength is less than that of

17.5

15.0
107 ’

Coarse graphite powder  Fine graphite powder
(a) Cured for 1 day

Compressive strength/MPa
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coarse graphite powder. 1-day compressive strength of
the control mortar (MRO) is 17.45 MPa, and it can be
increased by 9.1% and 9.6% under the optimum mix
amount of coarse and fine graphite powder, respec-
tively. This is probably due to the fact that within the
first 24 hours of portland cement hydration, the major
hydration products are CH and AFt"”, and graphite
powder can increase CH content. In addition, because
of the large specific surface area, graphite powder may
fill and fine the pores and capillary pores in hardened
paste as well.

On the other hand, as shown in Fig.12(b), coarse
and fine graphite powder have significant negative im-
pact on 3-day compressive strength. After adding 2%,
4%, and 6% of coarse and fine graphite powder, the 3-d
compressive strength was decreased by 13.8%, 17.1%,
19.1%, and 9.4%, 14.0%, and 15.7%. Although graph-
ite powder has a serious adverse effect on the mortar
strength, the further deterioration at a relatively large
dosage is acceptable. What’s more, at the same dosage,
the adverse effect of fine graphite on mortar strength
is smaller than that of coarse graphite. This phenome-
non probably due to the fact that the gaps between fine
graphite powder and hardened paste is smaller than the
coarse one.

4 Conclusions

a) When graphite powder is used as the only
conductive component and the dosage is much lower
than percolation threshold, such as 2%-6% of the bind-
er, although the conductivity of the graphite-cement
based composites can not be significantly improved,
the piezoresistive effect will be significantly enhanced.
The results demonstrate the potential usefulness of low
dosage of graphite powder as self-sensing construction
material. Generally, better piezoresistive effect can be
obtained either by increasing graphite powder content
or using coarse graphite powder (500 mesh) rather than

35f 7

10F

Compressive strength/MPa
(%)
=3
T

-

[=RENV ]

Coarse graphite powder ~ Fine graphite powder
(b) Cured for 3 days

Fig.12 Compressive strength of mortar
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fine (5000 mesh).

b) Although it’s difficult for graphite powder to
form chemical bonds with hydration product or cement,
it still has a significant influence on the hardened paste
and the hydration process of cement. Shown in the
following several aspects: Some of the graphite pow-
der provides additional nucleation sites, resulting in
some hydration products growing on it (Nucleation-site
effect); However, because of the high water contact
angle, most of the graphite powder not only has no hy-
dration product covered with, but also has lots of gaps
with the hydration products, causing interior damage to
the hardened paste (Gap effect); Because of the lamel-
lar shape and high surface energy, graphite powder
easily clump together, and part of the cement particles
are usually encapsulated by them (Barrier effect). The
barrier effect of graphite powder not only hinders the
contact between cement and water, but also blocks the
outward diffusion of ions near cement particles.

¢) Due to the barrier effect, the induction periods
of the samples containing fine or coarse graphite pow-
der are extended. With the increase of induction period,
the dissolution degree of the cement particles at the be-
ginning of the acceleration period was higher. In addi-
tion, the hydration rate was enhanced by nucleation-site
effect. Thus, the second hydration exothermic peak has
a maximum increase of 5.1% when the coarse graphite
powder content is 4%, 6% and the fine graphite powder
content is 2%, 4%, and 6%. However, for the group
with 2% coarse graphite powder, the surface area for
nucleation sites is smaller. So that when 2% cement
was replaced by coarse graphite powder, the hydration
exothermic peak is 2.8% lower than the control group.

d) As graphite powder provides additional nu-
cleation sites that lead to a fast formation of hydration
products, 1-d compressive strength of the mortar was
increased by 9.1% and 9.6% under the optimum mix
amount of coarse and fine graphite powder, respective-
ly. However, due to micro-cracks causing by graphite
powder, the 3-d compressive strength was significantly
decreased. Under the same dosage, the micro-cracks
caused by fine graphite powder are smaller, so the ad-
verse effect of fine graphite powder is slightly lower
than coarse graphite powder.
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