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1 Introduction

1.1 Hardened cement paste

Cement is the product of the reaction between water and cement powder. Such powder is
obtained thanks to clinkering reaction, by heating up to 1500°C limestone and clay in a long
rotating cylinder [1]. The reaction is complex and has a lot of products but the most impor-
tant ones are the following reactive minerals : calcium oxide (CaO, that is called C), product
of decalcination process of limestone, and silicon dioxide or silica (SiO2) called S, contained in
clay. The clinkering reaction leads to the formation, among other components, of different cal-
cium silicates like alite (CaO)3SiO2 (C3S) or belite (CaO)2SiO2 (C2S) that are called clinker. In
contact with water (called H), the clinker dissolves, forming a colloidal suspension of hydra-
tion products when the solution becomes over saturated in free calcium. The main products
of hydration are calcium hydroxide Ca(OH)2, called Portlandite, and calcium silica hydrates
C-S-H. There is also water, different from the structural water included in the C-S-H group,
adsorbed on the colloids. As the hydration goes on, the colloids grow and precipitate until
reaching a percolation threshold and forming a gel that hardens to form a cement paste. The
result of such hydration is called hardened cement paste. Cement is a porous material, and
the porosity is controlled by the water to cement ration (w/c), the ratio between water and
cement powder initially used to make the cement paste (see a numerical simulation of harde-
ned cement paste showing the porosity in Fig 1a). The process of hydration of the clinker, that
creates several hydration products, makes the cement a composite material. The main phases
are Portlandite as discussed previously, and phases of calcium-silica-hydrates with different
density, depending on their local packing fraction. Commonly, we make the distinction bet-
ween the low density CSH phase and the high density CSH phase, as represented on Fig. [2]
1b. The goal of my internship was to create electronically conductive cement. The resistivity
of standard hardened cement paste is about 106W.m [3], this material is an insulator. Such ce-
ments could be used for example as electrodes for energy storage, electronically conductive
with strong mechanical properties. How can one make such cement?

FIGURE 1 – Numerical simulation of hardened cement paste. (a) Close-up view of the pore network
for a hardened cement paste sample. The box size is L = 195.22 nm. (b)Numerical simulation of har-
dened cement paste showing the different phases of the cement, depending on the packing fraction of
the CSH. In orange, high density CSH with high packing fraction, in blue low density CSH, with lower
packing fraction. The size of the box is L = 585.54nm.Images extracted from [2].

1.2 From standard to conductive hardened cement paste

In this study, we chose to incorporate conductive carbon black nanoparticles to the com-
position of cement. The carbon black nanoparticles are residues from combustion, and thus a
cheap material, as cement is. The carbon black nanoparticles consist in unbreakable aggregates
(about 300 nm) composed of nanometric carbon nodules (about 20 nm) and fractal shape [4].
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Carbon black nanoparticles form breakable agglomerates of a microns thanks to Van der Waals
forces [5]. The problem of adding carbon black nanoparticles to the cement composition is that
carbon black is hydrophobic, making it difficult to mix with water during the synthesis of the
cement paste. We overcame this problem by using a polymer, carboxymethyl cellulose (CMC),
to disperse the carbon black nanoparticles. The polymer is hydrophilic enough to allow the
synthesis of a cohesive cement paste [6], containing carboxymethyl cellulose and carbon black
nanoparticles. Mishra et al already added carboxymethyl cellulose in cement and studied the
influence on the mechanical properties at macroscale. They observed a drop in the mechanical
properties at the macroscale above content of about0.5%.wt in CMC [7]. Wen et al. [8] used mix
of carbon fibers and carbon black nanoparticles to reinforce and make conductive hardened ce-
ment paste. In their study, a combination of both conductive particles gave the smallest value
for the resistivity. Adding nanoparticles to reinforce cement (not necessarily conductive par-
ticles) has been studied a lot as reinforcement of hardened cement paste. For instance, Musso
et al. [9] used carbon nanotubes to reinforce hardened cement paste, with a modified surface
allowing the incorporation in the composition. They established that functionalizing the sur-
face of the nanotubes worsened the mechanical properties. Moreover, Li et al. [10] observed
a reinforcement of the hardened cement paste by adding carbon nanotubes treated in acid :
improvement of the flexural and compression strengths, and failure strain of the cement ma-
trix composites. Going beyond the sole mechanical properties at the mechanical properties at
the macroscale, the objective of my internship was to answer the two following questions :
are carbon-loaded cement electrically conductive? Does the presence of carboxymethyl cellu-
lose and carbon nanoparticles affects the hydration scenario and the structural and mechanical
properties of hardened cement paste?

FIGURE 2 – Carbon black nanoparticles, from nodules to agglomerates. (a) Scheme of the hierarchy
nodule - aggregate - agglomerate. Extracted from [11]. (b) Transmission Electron Microscopy (TEM) of
Vulcan (left) and Ketjen (right) primary aggregates – inset is the primary particle size distribution deter-
mined using image analysis and the solid black line is the fit of this distribution to a Schultz distribution
with polydispersity index of 0.30 being adequate to describe both Ketjen and Vulcan. Extracted from
[12].

2 Materials and methods

2.1 Sample preparation : synthesis and surface polishing

Cement paste is prepared by mixing Portland cement and distilled water, with a mechani-
cal agitator equipped with stirring blades. The proportions set the water to cement (w/c) ratio,
which controls the terminal properties of hardened cement paste. To prepare the carbon black
loaded cement, sodium carboxymethyl cellulose (CMC, Sigma Aldrich, that will be called cel-
lulose in the rest of the text) is first dispersed in distilled water under magnetic agitation for
a day. Then, carbon black nanoparticles powder (PBX 55, Cabot Corp.) is added to this poly-
mer solution and left under agitation until obtaining a homogeneous black ink, that we mix
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with cement. This dispersion is poured in a 2.2cm-diameter-cylindrical-mold, closed at its two
extremities with paraffin. The cylinder is left in a calcium oxide solution to avoid the dehy-
dration of the sample, that would lead to microcrack formation. The hydration creates C-S-H
particles, that form a gel, which hardens as the hydration precess goes on. After 7-day-curing,
the cement is taken out of the bath.

For mechanical testing, we need a surface roughness of the sample that is typically smaller
than the indentation depth, which requires a preparation of the samples surface. We start the
preparation by cutting the cement paste, with a metallic saw equipped with a diamond blade,
into cylindric specimens, of thickness ranging between 0.5 and 1 cm. The 2.2-cm-diameter of
the sample is set by the mold (Fig.3.b). Then we make the top and bottom faces of the sample
as parallel as possible and polish the surface [13]. By preparing the sample surface, we make
sure that it is as flat as possible, to get ride of any surface effect during mechanical testing.
To do so, we perform manual polishing using abrasive discs of silicium carbyde of decreasing
roughness : 35 µm (to set the parallelism between the two faces of the sample), 22, 14, 10 and 5
µm (Fig. 3c). We finish the polishing by gently brushing the specimen for a minute on a 1 µm
abrasive disc mounted on a flat glass surface, which yields polished samples with a surface
roughness lower than 500nm (Fig. 3d). We polish only one side of the sample for mechanical
testing, and both sides for conductivity measurements.

FIGURE 3 – Pictures of samples of hardened cement paste at different steps of surface preparation
(a) Cement paste in the mold, after being taken out of the calcium oxide bath. (b) Specimen of harde-
ned cement paste containing carbon black. (c) Specimen of hardened cement paste during the manual
polishing step. Their faces are parallel but polishing is not over yet. (d) Polished surface of a sample
containing carbon black. The surface has become optically reflective, which confirms that the surface
roughness of the sample is lower than 1 µm.

In Fig. 4 are summarized the different cement samples prepared before and during my
internship, and the parameters that were varied to study their influence on the mechanical
and electrical properties : content in cellulose and carbon black nanoparticles, w/c ratio. In
this report, the concentrations in cellulose and/or carbon black will be given in weight% with
respect to the weight of the whole sample.

2.2 Mechanical testing

In this section, we present the techniques we use to test the mechanical properties of har-
dened cement paste at two different length scales : about 60 µm (microindentation) and about
1 µm (nanoindentation). The objective is to determine the influence of the cellulose and the
carbon black nanoparticles on the mechanical properties of hardened cement paste. To do so,
we perform several different mechanical tests, detailed hereafter.
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FIGURE 4 – List of the different samples prepared to determine the influence of cellulose content,
carbon black nanoparticles content and w/c ratio on the properties of hardened cement paste.

2.2.1 Microindentation and nanoindentation

Indentation consists in applying a load on a sample with an indenter, and measuring the
indenter penetration depth into the material. The indenter used is a triangular Berkovitch py-
ramid, which is a sharp and geometrically self-similar indenter. From this experiment, in 1992,
Oliver and Pharr introduced a method to measure the indentation modulus M and the hard-
ness H of a material from indentation load-displacement data obtained during one cycle of loa-
ding and unloading (Fig. 5a) [14]. The indentation depth of the indenter d is measured (Fig. 5b),
and we obtain a force vs depth curve (Fig. 5c) that we will explain thereafter. By maintaining
a constant load in between loading and unloading phases, the material creeps, which makes it
possible to determine the creep modulus C of the sample (Fig. 5d). The method is equivalent
for micro-and-nanoindentation, the difference being the maximum depth of indentation : 20
to 25 µm for microindentation and 300 to 400 nm for nanoindentation. Each microindentation
experiment consists in performing a grid of 15x15 = 225 indents on the polished surface of the
sample, separated by 300 µm, which corresponds to a grid of 4.5mmx4.5mm. A nanoinden-
tation grid is composed of 21x21= 441 indents, separated by 10 µm, which corresponds to a
grid of 200µmx200µm. This large number of indents allows us to analyze the results statisti-
cally. Following the Oliver and Pharr method, we can calculate the hardness H knowing the
maximum Fmax load applied on the sample, and the area B of the indenter in contact with the
sample at Fmax : H = Fmax/B. The surface B can be determined by measuring the indentation
depth d of the indenter, which in the case of the Berkovitch indenter is : B(d) = 24.5 d2. This
method also allows us to calculate the indentation modulus of the sample M, thanks to the
force-depth data, knowing the effective stiffness S, defined as the slope of the upper portion of
unloading curve, that corresponds to elastic recovery (Fig. 5c). The stiffness S reads as follow :

S = b
2

p1/2 Ee f f B1/2 (1)

where b is a dimensionless parameter of the order of a unity, and Ee f f is the effective in-
dentation modulus. Ee f f takes into account the elastic deformation of both the sample and the
indenter during the indentation test, and is defined below, where n is the Poisson ratio :

Ee f f =
1 n2

sample

M
+

1 n2
indenter

Eindenter
(2)

From the creep curve, Vandamme and Ulm developed a method to calculate the creep mo-
dulus C [15, 16]. In Fig. 5d, we see that after a few seconds, the depth of the indenter scales
linearly with log(t). We fit this curve to obtain the prefactor a in front of the logarithm. Kno-
wing the maximum load Fmax, the maximum indentation depth dmax and the radius of the
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projected area of contact during the holding phase B, one can establish the following relation
for the creep modulus C :

C =
Fmax

2a[B(dmax)]1/2 (3)

The creep modulus C is the inverse of a creep rate : the larger it is, the less the material
deforms under constant external load. In our case, we chose the creep phase to be 180s long,
based on previous experiments conducted in the lab [15, 16]. This allows us to see clearly the
creep phase, that we can then fit reliably, and is a good compromise for the overall duration of
the experiment (about 20 hours for microindentation and about 48 hours for nanoindentation).

FIGURE 5 – Example of microinden-
tation curves (a) Prescribed normal
load vs time, showing 180s-holding
phase between symmetric loading and
unloading phases at a rate of 14N/min
(b) Indentation depth vs time showing
loading, creep and unloading phases.
(c) Load-displacement curve showing
the effective stiffness, defined as the
slope of the unloading curve. (d) Tem-
poral evolution of indentation depth
during creep phase. t0 and h0 denote
respectively the time and the depth of
the indenter at the start of the creep
phase. The semilog scale shows that
after a few seconds, Dh scales as log(t).
The prefactor corresponds to a creep
rate, the inverse of the creep modulus
C.

2.2.2 Scratch test

The fracture toughness Kc of a material quantifies its ability to resist the propagation of a
fracture. To measure the fracture toughness Kc, we performed a scratch test, which consists in
producing a scratch with an indenter on the surface of a sample (Fig. 6a). We use a Rockwell
diamond indenter, with a conical-shape tip ending on a diamond sphere of radius R = 200 µm.
The test goes as follows : we prescribe a linear increase of the normal load from 0.5N up to
30N at a rate of 60N/min (Fig. 6b) while the sample moves horizontally at a speed of 6 mm/s,
which generates a scratch of 3mm length (Fig. 6c). During the scratch test, the stress field ahead
of the probe is assumed to be uniaxial : sxx = - FT/A, where A is the projected horizontal load
bearing contact area, which depends on the depth of the indenter d. With this experiment, we
can plot the tangential force FT measured during the test vs depth (Fig. 6d). We normalize
the depth by the radius of the indenter R, and FT by [2p(d)A(d)]1/2 with p is the perimeter
(Fig. 6e). The normalized tangential force converges to Kc for large enough depth [17, 18] :

Kc = lim
d/Rg0.4

F =
FT(d)

[2p(d)A(d)]1/2 (4)

2.3 Electrical resistivity measurement

To measure the electrical resistivity r of the cement sample, we sandwich the cylindrical
sample between two conductive graphite layers, connected to a power source (Fig. 7a). We
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FIGURE 6 – Characteristics of thes-
cratch test. (a) Scheme of a scratch test.
Extracted from [19]. (b) We prescribe
the vertical load FV and measure the
tangential force FT and the penetration
depth d during a scratch test. (c) Picture
of a 3mm long scratch. (d) Tangential
force FT vs depth d. (e) Normalized tan-
gential force vs normalized depth d/R.
We can extract the value of the fracture
toughness Kc : we average the value of
the normalized force over the range of
d/R where the normalized tangential
force is constant, i.e. range between the
2 vertical dashed lines. Here, Kc = 1.7
MPa.m1/2.

first measure the open circuit voltage of the sample by applying a zero current for 50s. We then
apply a voltage ramp from 5V to 0V, with respect to the reference measured with the previous
test, and measure the current I. Thanks to Ohm’s law U = R x I, we determine the resistance
R, then the resistivity r of the sample knowing the thickness L and radius r of the sample :
r = Rr2p/L. We perform resistivity measurement on standard samples, which contain water
(Fig. 6b). The ions contained in the water allow ionic conduction, that covers the electronic
conduction. Indeed, the curve does not pass through the origin of the graph. We then store the
sample for 2 weeks in a thermal chamber at 60°C, before performing the same measurement
again (Fig. 6c). The water has evaporated as confirmed by measuring the mass of the sample,
which is constant after two weeks. We obtain linear U(I) curves, in respect with Ohm’s law,
which allow us to determine the purely electronic conduction. The resistivity is smaller for dry
samples than for standard ones, because there is only the electronic contribution to conduction.

0 0.5 1 1.5 2 2.5
0
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3

4

5
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0

1
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a) b) c)
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FIGURE 7 – Resistivity measurement : set up and curves (a) Scheme of the experimental set up : the
sample, thickness L and radius r, between two conductive layers connected to a power source. (b) Plot
of U vs I for a standard sample. The linear fit is plotted is red dashed line. The resistivity r is estimated
from the resistance R, knowing the samples dimensions. (c) Plot of U vs I for the same sample, dried
in a thermal chamber at 60°C for 2 weeks. The linear fit is plotted as a red dashed line. The resistivity is
smaller for the standard sample than for the dry one, because of both ionic and electronic contribution
to conduction.
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3 Results and discussion

3.1 Resistivity measurement

In Fig.8a is plotted the resistivity r of the hardened cement paste vs the content in carbon
black nanoparticles. All the standard samples show low resistivity and the resistivity decreases
exponentially for increasing carbon black content. Without any specific treatment, cement still
contains water, and we measure both ionic and electronic conduction. We first measure the
open circuit voltage of the cement (Ūopc) for 50s, which is all the more close to zero than the
sample is conductive. We perform a first resistivity measurement by applying a decreasing vol-
tage ramp from 5V to 0V. We see that after applying this voltage ramp, Ūopc is no longer close
to 0V. The voltage ramp has indeed polarized the sample by mobilizing the ions contained in
the sample, and we can measure a residual voltage. That residual voltage is also decreasing
for increasing carbon black content (Fig.8b). Knowing that carbon black is hydrophobic, it is
possible that carbon black has increased the free water migration out of the cement. Therefore,
there is less free water in cements highly loaded with carbon, smaller polarization and less
ionic conduction. Once the samples were dried at 60°C for two weeks, we measure directly the
electronic conduction, plotted in Fig. 8a. Below a threshold of about 3%wt. in carbon black, the
samples are insulator, with resistivity greater than 106 W.m. Above this threshold, which we
interpret as the percolation threshold of the carbon black particles inside the cement matrix,
the cement samples become conductive, and again the resistivity decreases exponentially for
increasing carbon black content. The plot of Ūopc in Fig. 8c confirms that the samples contain
a negligible amount of free water, since there is almost no difference between Ūopc before and
after voltage ramp : there is no polarization of the sample, therefore a negliglible amount of
free water in them.

0 2 4 6 8
100

102

104

106

108
standard
dried

0 2 4 6 8

0

0.5

1
before voltage ramp
after voltage ramp

0 2 4 6 8

0

0.5

1
before voltage ramp
after voltage ramp

a) b)

c)

FIGURE 8 – Resistivity of hardened cement paste containing 0.6%wt. of cellulose and various
amounts of carbon black nanoparticles. (a) Resistivity of standard and dried samples. For the stan-
dard samples, there is both ionic and electronic conduction, whereas there is only electronic conduction
in dry samples. The red dashed lines corresponds to the assumed carbon black content above which the
dry samples are electronically conductive (formation of a percolated network of carbon black particles).
(b) Measure of the open circuit mean voltage (Ūopc) before and after the voltage ramp for standard ce-
ment samples vs carbon black content. Ūopc is larger after the voltage ramp, showing the presence of
free water in the samples, that have been polarized. (c) Measure of the Ūopc before and after the voltage
ramp for dry cement samples vs carbon black content. Above the percolation threshold, there is no dif-
ference before and after the voltage ramp : there is no polarization because there is a negligible amount
of free water left in the samples.
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3.2 Mechanical properties of blank cement

We started by measuring the mechanical properties of hardened cement paste (w/c = 0.8 at
30 days) at different spatial scales. In Fig. 9 are plotted the probability density functions (pdf)
of hardness H, indentation modulus M and creep modulus C obtained with microindentation
and nanoindentation (Fig. 9) experiments on blank cement. Since the distributions of H, M
and C are Gaussian (Fig. 9a,b,c), the blank cement is homogeneous at the scale probed by the
microindenter, which is about 3 to 5 times the depth of the indent, i.e. about 60µm. However,
the distributions for H, M and C are non Gaussian at the scale of the nanoindenter (Fig. 9d,e,f),
which is about 3 to 5 times the depth of the indent, i.e. about 1µm. Hardened cement paste
is heterogeneous at the scale of 1µm, composed of several phases (larger than 1µm but smal-
ler than 60µm) with different mechanical properties. In order to determine the phases, we use
a Gaussian Mixture Modeling algorithm : it allows to perform a deconvolution of the distri-
butions of H, M and C into a superposition of gaussian distributions, corresponding to the
different phases. Following a Bayesian Information Criteria, the GMM algorithm determines
the most probable number of phase based on the values of H, M and C and gives the mean
value and the standard deviation of the distribution of H, M and C for each phase. For the har-
dened cement paste, the GMM algorithm gives 4 different phases, plotted in Fig. 9d,e,f with
the color legend displayed in Fig. 9h. Based on the mean value of H, M and C and previous
studies, we were able to determine that the phases correspond to low density CSH (LDCSH),
high density CSH (HDCSH), calcium hydroxide (Ca(OH)2) and unhydrated clinker, with very
high mechanical properties.

3.3 Influence of cellulose on hardened cement paste properties

In order to determine the influence of cellulose on the mecanichal properties of cement at
the spatial scale larger than 60µm, we performed a 25x 25 microindentation map, which cor-
responds to an area of 4.5mmx4.5mm on samples with different content in cellulose. For the
samples containing increasing content of cellulose, the pdf of H, M and C are no longer Gaus-
sian, and spread towards higher values of H, M and C (Fig. 10a to f). This shows that cement
containing cellulose are heterogeneous at the scale probed by the microindenter (60µm). To
understand this heterogeneity, we need to probe the sample a smaller length scales. To do so,
we performed a 41x41 nanoindentation map on the sample containing 0.6%wt. cellulose. The
distributions of H, M and C are not Gaussian (Fig. 11a,b,c), showing that the sample is hete-
rogeneous at a scale of about 1µm (3 to 5 times the penetration depth of the nanoindenter). By
applying the GMM algorithm, we see the different phases (Fig. 11f) : there are only three, not
four as for the blank cement. We can first see that there is no unhydrated clinker in the cement
containing cellulose : there is no value of H, M or C as high as those of the clinker, which has
been fully hydrated. We also plotted the nanoindentation grid (Fig. 11e) where each square is
an indent, the color corresponding to the phase it belongs to : low density CSH (LDCSH), high
density CSH (HDCSH) and calcium hydroxide. We are here at a junction between a region of
LDCSH and a region of HDCSH, of typical length larger than the size of the grid since we
do not see the phases edges. Each phase (LDSCH and HDCSH) has a typical size larger than
100µm, which is larger than the size of the LDCSH and HDCSH phases observed in the blank
hardened cement paste. When cement contains cellulose, LDCSH and HDCSH domains are
bigger than in blank cement, creating heterogeneity at the microindentation scale (60µm).

We now summarize the results obtained with microindentation and scratch determined
at the microscale on samples containing cellulose. In Fig. 12a, b and c. are plotted the values
of respectively H, M and C corresponding to the position of the maximum of the pdf, and the
fracture toughness Kc versus cellulose content. The error bars on M, H and C correspond to the
width of the distributions reported in Fig.10. For w/c = 0.8 at 30 days, the cellulose content has
no influence on H and M. However, at lower w/c ratio (0.43), the mechanical properties are
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FIGURE 9 – Mechanical properties of blank cement at the microscale and the nanoscale (w/c = 0.8 at
30 days). Distribution of (a) hardness H, (b) indentation modulus M and (c) creep modulus C for blank
cement at the microscale. Distribution of (d) hardness H, (e) indentation modulus M and (f) creep mo-
dulus C for blank cement at the nanoscale. Each gaussian represents a different phase composing the
material, the color code is given in (i) with the relative weight of each phase. (g) Picture of the nanoin-
dentation map, which dimensions are 200µm x 200 µm and contains 21x21 = 441 indents separated by
10 µm delimited by the red border. (h) Cluster map after gaussian mixture modeling. Each square re-
presents an indent, the color code is given on (i). The black squares are the missed indents, for which
the force vs depth curve was not exploitable.

enhanced for increasing cellulose content. The ratio of 0.43 corresponds to the stoichiometric
quantity of water to hydrate all the clinker initially introduced. Adding cellulose to the cement
leaves less water to hydrate the clinker, which is left partially unhydrated, playing the role of
local hard inclusions. Since the clinker has higher H and M than the C-S-H phases, globally the
material is reinforced in presence of cellulose. However, there is no significant increase of C at
30 days : creep seems to be insensitive to hard inclusions left. At 60 days, the aging of the blank
cement associated with the hydration process reinforces the mechanical properties. There is no
significant evolution of H, M or C, but we can see that the cement with the highest cellulose
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FIGURE 10 – Probability density functions for H, M and C for various concentrations of cellulose for
w/c =0.8 at 30 days. Distribution of (a) hardness H, (b) indentation modulus M and (c) creep modulus
C for blank cement and cement loaded with 0.6%wt. of cellulose. Cellulose loaded cement show non
Gaussian distributions. The distribution of H, M and C for cement loaded with 0.9% cellulose are added
to the previous plots, respectively on (d), (e) and (f).

FIGURE 11 – Results of nanoindentation on a cement sample containing 0.6%wt. of cellulose. The
penetration depth of the indenter is typically 300nm, which gives access to the mechanical properties at
a scale of 3 to 5 times dmax, i.e. about 1 µm. Distribution of H (a), M (b) and C (c) at the nanoscale. Each
Gaussian represents a different phase composing the material, the color code is given in (f) with the
relative weight of each phase. (d) Picture of the nanoindentation map, which dimensions are 200µm x
200 µm and contain 21x21 = 441 indents separated by 10 µm and delimited by the red border. (e) Cluster
map after gaussian mixture modeling. Each square represents an indent, the color code is given in (f).
The black squares are the missed indents, for which the force vs depth curve was not exploitable.
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FIGURE 12 – Evolution of
the mechanical properties
of hardened cement paste
[w/c = 0.43 or 0.8] loa-
ded with different concen-
trations of cellulose. The er-
rorbars of H, M and C cor-
repond to the width of the
pdf distribution reported in
Fig. 10. Symbols encode the
samples age and colors the
ratio w/c. O : 30 days ; † : 60
days ; red : w/c = 0.43 ; black :
w/c = 0.8. Evolution of (a)
the hardness H, (b) the in-
dentation modulus M, (c) the
creep modulus C and (d) the
fracture toughness Kc with
cellulose content.

content has lower mechanical properties than the others. This suggests that the clinker hydra-
tion process is slower in presence of cellulose, and the hydration takes longer for increasing
cellulose content. We also see a drop of Kc for cellulose content beyond 1%wt (Fig. 12d) .

Knowing H, M, C and Kc, we can compute other physical quantities that we discuss be-
low. At 30 days, the fracture energy, defined as } = Kc

2/M is smaller for cement containing
cellulose than for hardened cement paste (Fig. 13a). At 60 days, the fracture energy is constant,
independent of cellulose content for cement containing less than 1% cellulose. We observe
a drop of the fracture energy beyond this cellulose content. Therefore, we choose a cellulose
content of 0.6%wt in the rest of our study. We also plotted the plastic length, defined as (Kc/H)2

and which corresponds to the typical length of plastic deformation at the tip of a crack in a
material. A high plastic length indicates that the material can deform plastically. at 30 days,
the plastic length is smaller for cement containing cellulose, as H and Kc are higher for blank
cement. However, it seems to have a parabolic behavior at 60 days : there is a maximum of
plastic length around 1% of cellulose content, after what it drops for higher cellulose content.
The ductility M/H is almost unchanged for increasing cellulose content (Fig. 13c), as M and H
remain constant for w/c = 0.8. Ductility is also constant for w/c = 0.43 for increasing cellulose
content. However it is smaller than the ductility for cements with 0.8 ratio. This can be explai-
ned because H is strongly increased for cement with 0.43 (x5) whereas M is doubled, globally
decreasing the ductility. At 60 days, ductility remains independent of the cellulose content.

3.4 Influence of carbon black nanoparticles on hardened cement paste properties

3.4.1 Mechanical testing at the microscale

Let us first discuss the influence of carbon black nanoparticles on the mechanical properties
of hardened cement paste at the microscale. In Fig. 14 are plotted the probability density func-
tions of H, M and C for cement containing various amount of carbon black (CB). Like with the
cellulose alone, the pdfs are non Gaussian, showing that the material is heterogeneous at the
spatial scale probed by the indenter, i.e. 60µm. Moreover, we see that the peak of distributions
tend to be shifted towards higher values of H, M and C for increasing carbon black content.

At 30 days for spatial scale larger than 60µm, the average value of H, M, C and Kc increase
linearly with carbon content (Fig. 15a,b,c and d), cement is reinforced. We also see that the
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FIGURE 13 – Evolution of the me-
chanical properties of hardened ce-
ment paste reinforced with different
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FIGURE 14 – Probability density functions for H, M and C for various concentrations of carbon
black for w/c = 0.8 at 30 days. The cellulose concentration is 0.6%wt. for all the cements except the
blank reference, which does not contain cellulose.

dispersion of the distribution of H, M and C, represented as errorbars, is independent of the
load in carbon black. The reinforcement due to the aging (60 days) of the cement can only
be seen on the blank cement, which has higher mechanical properties. At 60 days, there is so
significant change of the mechanical properties for carbon black loaded cements, which stay
the same as the ones at 30 days.

Like for the cement containing cellulose, we can compute physical quantities. The increase
of M and Kc results in a linear increase of the fracture energy with carbon black content
(Fig. 16a). There is no significant change in its value at 60 days for each carbon loaded sample.
Carbon black content has no influence on plastic length at both 30 and 60 days. As both M
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FIGURE 15 – Evolution of the
mechanical properties of harde-
ned cement paste reinforced with
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tions of carbon black nanopar-
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(c) the creep modulus C and (d) the
fracture toughness Kc with carbon
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FIGURE 16 – Evolution of the
mechanical properties of harde-
ned cement paste reinforced with
cellulose and different concen-
trations of carbon black nano-
particles. Symbols encode the
samples age and colour their com-
position. O : 30 days, † : 60 days,
white : blank cement ; grey : ce-
ment + cellulose ; black : cement
+ cellulose + carbon black. The er-
rorbars of H,M and C are the with
of the pdf distribution. Evolution
of (a) the fracture energy Kc

2/M,
(b) plastic length (Kc/M)2, (c)
ductility M/H and (d) C/H with
carbon black content.

and H increase with carbon content, the ductility M/H is unchanged for increasing carbon
black content (Fig. 16c). Moreover, their is no significant variation of the ductility at 60 days,
which is not affected by the aging of the cement. C/H remains constant for increasing carbon
black content at 30 days (Fig. 16d). As there is a slight increase of this ratio at 60 days, cement
is consolidated with age, but their is no impact of carbon black content on this consolidation
effect.

3.4.2 Mechanical testing at nanoscale

One can ask about the structure of the cement paste containing cellulose and carbon black
nanoparticles. Are the carbon particles filling the pores of the cement, and the reinforcement
due to filler effect, or is the structure of the cement modified by the carbon nanoparticles? To
see the influence of carbon black nanoparticles on the structure of hardened cement paste, we
performed nanoindentation on a cement containing 0.6%wt. of cellulose and 5%wt. of carbon
black, and used the GMM algorithm together with the BIC criteria on the obtained distribu-
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FIGURE 17 – Results of nanoindentation on hardened cement paste containing 0.6%wt. cellulose and
5%wt. carbon black. The penetration depth of the indenter is typically 300nm, we see the mechanical
properties of the material at a spatial scale typically larger than 1µm. Distribution of H (a), M (b) and C
(c) at the nanoscale. Each Gaussian represents a different phase in the material, the color code is given in
(f) with the relative weight of each phase. (d) Picture of the nanoindentation map, which dimensions are
200µm x 200 µm and containing 21x21 = 441 indents delimited by the red border. (e) Cluster mapping
after Gaussian Mixture Modeling. Each square represents an indent, the color code is given in (f). The
black squares are the missed indents, for which the force vs depth curve was not exploitable.

tions of H, M and C to determine the number of phases, which is four. Like for the cement
containing cellulose, no phase corresponds to the clinker, which seems to have all been hydra-
ted to low density CSH and high density CSH. The phases identifiable are low density CSH,
high density CSH and calcium hydroxide, and a fourth phase. Considering the mean value
of M for this unknown phase and the weight of that phase, we assume this is carbon black.
This assumption has to be confirmed with chemical analysis of the indentation grid. Moreo-
ver, the mean values of H, M and C for the 3 other phases seem to be shifted toward smaller
values compared to those of the blank cement as illustrated in Fig. 18. In that figure are plot-
ted the mean value of the hardness H (Fig. 18a), the indentation modulus M (Fig.18b) and
the creep modulus C (Fig. 18c) for each phase : low density CSH, high density CSH, calcium
hydroxide and carbon for hardened cement paste, cement containing 0.6%wt. cellulose and
cement samples containing 0.6%wt. cellulose and various carbon black content. We can see
that there is a sharp drop for H, M and C when cement contains carbon black, compared to the
reference sample and the sample with only cellulose. We observe the same trends for H, M and
C : the mechanical properties at nanoscale drop to lower values when cements contain carbon
black. One could test some intermediate carbon black concentration at 1% or 2% to determine
whether the mechanical properties drop abruptly even with minute amounts of carbon black.
Since the mechanical properties of each phase are much smaller when cement contain carbon
black, we can conclude that we do not observe filler effect, but rather a new structure of the
hardened cement paste.
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FIGURE 18 – Evolution of the mechanical properties of each phase for hardened cement paste, ce-
ment containing 0.6%wt. cellulose and various amount of carbon black. The blank circles of the legend
represent the cement, and the colored ones contain 0.6%wt. cellulose + various carbon black concentra-
tions. The values of H, M and C are the mean value of their distributions in each phase. Evolution of
(a) hardness H, (b) indentation modulus M and (c) creep modulus C for each phase composing the
material. The red dashed line on each graph corresponds to the carbon black content beyond which the
samples are electrically conductive.

3.5 Influence of w/c ratio on mechanical properties at the microscale

To see the influence of water to cement ratio on the mechanical properties, we performed
microindentation and scratch on cement samples at high stage of hydration (160 days) contai-
ning 0.6%wt. of cellulose and 3.3%wt. of vulcan carbon black nanoparticles (and so above the
percolation threshold determined with the resistivity measures) for various w/c ratios. The
results are plotted in Fig. 19. The mean value of C is globally unchanged by w/c ratio, but
the mean value of H, M and Kc decreases for increasing w/c ratio. This result has been obser-
ved for hardened cement paste : when w/c increases, the hardened cement paste has higher
porosity (more pores and bigger pores), which weakens the mechanical properties. Adding
cellulose and carbon black nanoparticles to the composition of cement does not allow us to
overcome the decrease of mechanical properties due to the increase of porosity.
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the fracture toughness Kc
with water to cement ra-
tio. The errorbars of H, M
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pdf distributions of H, M
and C, not shown in this
report.
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4 Conclusion

We managed to synthesize samples of hardened cement paste containing conductive car-
bon black nanoparticles. The samples are electronically conductive when containing over 3%wt.
of nanoparticles due to the presence of a percolated network of carbon particles. Moreover,
beyond this conductivity threshold, the resistivity decreases exponentially for increasing car-
bon black content.
We studied the influence of cellulose on the mechanical properties of cement paste. At low wa-
ter to cement ratio (w/c = 0.43), cellulose reinforces the material at the microscale by leaving
unhydrated clinker in the cement paste. At high water to cement ratio (w/c = 0.8), we have
observed a drop of the mechanical properties above a critical content of 1%wt. in cellulose.
Under the 1%wt. limit, cellulose content has no influence on the mechanical properties at the
microscale, but the cement paste is heterogeneous. This can be explained by probing the ma-
terial at the nanoscale : we saw that the phases (LDCSH and HDCSH) composing the cement
paste have a bigger size (of about 200µm) than those of the blank cement, which corresponds
to the heterogeneity observed at the microscale. Moreover, all the clinker has been completely
dissolved and turned into LD-and-HD-CSH.
We then studied the influence of carbon black nanoparticles on the mechanical properties of
cement paste. At the microscale, the mean values of H, M, C and Kc increase linearly for in-
creasing carbon black content, which means that the material is reinforced at age younger than
30 days. To study the structure at a smaller lengthscale and try to see the role of carbon in the
structure, we performed nanoindentation on the samples. The mean values of H, M and C for
each phase composing the material were smaller than for the blank cement. That means that
the microstructure of the hardened cement paste has been modified by adding carbon black
nanoparticles, which did not just fill the pores of the cement. We also observed the phase cor-
responding to the carbon black. If each phase is weakend with the presence of carbon black,
globally the adhesion between the different phases must be stronger, which could justify the
reinforcement of the mechanical properties measured at the microscale.

17



Références

[1] F.-J. Ulm. Lecture notes : EARLY-AGE CONCRETE : CHEMO-PORO-MECHANICS, Ja-
nuary 2017.

[2] K. Ioannidou, K.J. Krakowiak, M. Bauchy, C.G. Hoover, E. Masoero, S. Yip, F.-J. Ulm, P. Le-
vitz, R. J.-M. Pellenq, and E. Del Gado. Mesoscale texture of cement hydrates. Proceedings
of the National Academy of Sciences, 113 :2029–2034, 2016.

[3] J. Ou H. Li, H. Xiao. Effect of compressive strain on electrical resistivity of carbon black-
filled cement-based composites. Cement and Concrete Composites, 26 :824–828, 2006.

[4] S. Misono F. Ehrburger-Dolle and J. Lahaye. Characterization of the aggregate void struc-
ture of carbon blacks by thermoporometry. Journal of Colloids and Interface Science, 135 :468–
485, 1990.

[5] P.A. Hartley and G.D. Parfitt. Dispersion of powders in liquids. 1. the contribution of the
van der waals force to the cohesiveness of carbon black powders. Langmuir, year = 1985,
volume = 1, pages = 651-657,.

[6] A. Y. Akbar, Y. Lestari, G. Ramadhan, S. Candra, and E. Sugiarti. The influence of carboxy
methyl cellulose (cmc) and solution ph on carbon fiber dispersion in white cement matrix.
Applied Mechanics and Materials, 493 :661–665, 2014.

[7] P.C. Mishra, V.K. Singh, K.K. Narang, and N.K. Singh. Effect of carboxymethyl-cellulose
on the properties of cement. Materials and Engineering, A357 :13–19, 2003.

[8] S. Wen and D.D.L. Chungt. Partial replacement of carbon fiber by carbon black in multi-
functional cement-matric composites. Carbon, 45 :505 –513, 2007.

[9] S.Musso, J.-M. Tulliani, and A. Tagliaferro G. Ferro. Influence of carbon nanotubes struc-
ture on the mechanical behavior of cement composites. Composites Science and Technology,
69 :1985–1990, 2009.

[10] G.Y. Li, P.M. Wang, and X. Zhao. Mechanical behavior and microstructure of cement com-
posites incorporating surface-treated multi-walled carbon nanotubes. Carbon, 43 :1239–
1245, 2005.

[11] V. Grenard. Structuration et fluidification de gels de noir de carbone. PhD thesis, ENS Lyon,
2012.

[12] J.J. Richards, J. B. Hipp, J. K. Riley, N.J. Wagner, and P. D. Butler. Clustering and percola-
tion in suspensions of carbon black. Langmuir, 33 :12260–12266, 2017.

[13] M. Miller, C. Bobko, M. Vandamme, and F.-J. Ulm. Surface roughness criteria for cement
paste nanoindentation. Concrete and Cement Research, 38 :467 –476, 2008.

[14] W.C. Oliver and G.M. Pharr. Measurement of hardness and elastic modulus by instrumen-
ted indentation : Advances in understanding and refinements to methodology. Journal of
Materials Research, 19 :3–20, 2004.

[15] M.Vandamme and J.-F. Ulm. Nanogranular origin of concrete creep. Proceedings of the
National Academy of Sciences, 106 :10552–10557, 2009.

[16] M.Vandamme and J.-F. Ulm. Nanoindentation investigation of creep properties of calcium
silicate hydrates. Cement and Concrete Research, 52 :38–52, 2013.

[17] A.-T. Akono, N.X. Randall, and F.-J. Ulm. Experimental determination of the fracture
toughness via microscratch tests : Application to polymers, ceramics, and metals. Journal
of Materials Research, 27 :485–493, 2012.

[18] C.G. Hoover and F.-J. Ulm. Experimental chemo-mechanics of early-age fracture proper-
ties of cement paste. Cement and Concrete research, 75 :42–52, 2015.

[19] A.-T. Akono, P.M. Reis, and F.-J. Ulm. Scratching as a fracture process : From butter to
steel. Physical Review Letters, 106 :204302–1 – 204302–4, 2011.

18


	Introduction
	Hardened cement paste
	From standard to conductive hardened cement paste

	Materials and methods
	Sample preparation: synthesis and surface polishing
	Mechanical testing
	Microindentation and nanoindentation
	Scratch test

	Electrical resistivity measurement

	Results and discussion
	Resistivity measurement 
	Mechanical properties of blank cement
	Influence of cellulose on hardened cement paste properties
	Influence of carbon black nanoparticles on hardened cement paste properties
	Mechanical testing at the microscale
	Mechanical testing at nanoscale

	Influence of w/c ratio on mechanical properties at the microscale

	Conclusion

