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This research focuses on creating and maintaining a stable dispersion of carbon nanofibers (CNFs) in portland cement based
materials. A microfine cement is used in conjunction with an untraditional dispersion method to encourage and stabilize the
dispersion of CNFs in concentrations up to 5% by mass of cement. A computational simulation was utilized to examine an effect
called geometric clustering on the dispersion of CNFs among Type I/II and microfine cement grains. The geometric clustering
simulation revealed a higher achievable dispersion for microfine cement than for Type I/II cement. Scanning electron microscopy
(SEM) was used to quantify the dispersion of CNFs among Type I/II and microfine cement grains. SEM image analysis indicated
excessive CNF clumping among Type I/II cement grains, while the dispersion of hybrid microfine cement mortar continued to
improve as the concentration of CNFs increased up to 5% by mass of cement. Mortar cube elastic stiffness and mortar prism
flexure tests revealed that high concentrations of CNFs had detrimental effects in hybrid Type I/II cement mortar, whereas similar
concentrations of CNFs had negligible or beneficial effects in hybrid microfine cement mortar.

1. Introduction

In the past decade, researchers focused on portland cement
based materials (PCBMs) have been attempting to incor-
porate carbon nanofibers (CNFs) and carbon nanotubes
(CNTs) into cement paste, mortar, and concrete to cre-
ate a composite with enhanced mechanical, electrical, and
thermal properties [1–10]. The susceptibility of nanoparti-
cles and nanofibers to thermal effects and van der Waals’
forces, especially in water where CNFs and CNTs display
hydrophobic tendencies, creates a ubiquitous hindrance to
successfully incorporating CNFs and CNTs into PCBMs.The
nanoparticles readily agglomerate together to form clumps
on the order of micrometers or millimeters that lead to
inconsistent material properties and potentially diminished
material strength and stiffness [11–16]. Sonicating theCNFs in
an aqueous solution of the PCBMmix water with a surfactant
such as superplasticizer is the most common procedure to
attempt to create a uniform distribution of CNFs in cement
paste; the surfactant decreases or eliminates the hydrophobic
tendencies of CNFs, and the sonication disentangles and

disperses the CNFs [6, 17–19]. However, evidence of CNF
and CNT clumps in hydrated cement paste samples suggests
that a uniform dispersion of CNFs in the mix water does
not guarantee a uniform dispersion of CNFs in the hydrated
cement paste [20]. One mechanism of the CNF agglomera-
tion is the free movement of CNFs between cement grains
before the cement hydrates [21]; another mechanism is the
apparent agglomeration of CNFs in aqueous solutions with
a pH in excess of 10 (such as cement pore water) [22]; a
third mechanism is compaction efforts (such as vibration)
in conjunction with the previous two mechanisms further
encouraging the agglomeration of CNFs in the fresh cement
paste.

There are currently two primary methods identified in
the literature to discourage CNF agglomeration and the
movement of CNF bundles through the fresh paste. The
first method is to use concentrations of nanofibers as low as
0.048% by mass of cement or 0.10% by volume of cement
in the mixture, discouraging reagglomeration by drastically
lowering the probability that CNFs will be in close proximity
[23–25]. The second method is to use nanoparticles such as
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silica fume to mechanically impede the transport of CNFs
through the fresh paste. Yazdanbakhsh showed that CNFs in
a cement paste solution without silica fumemoved freely, but
the addition of silica fume to the mixture allows the CNFs to
oscillate in place while preventing translation [20–22].

While silica fume does inhibit CNF transport in fresh
cement paste, it is a pozzolan and usually added in mass
fractions of ∼10% or less by mass of cement (14% by volume
of cement).Thus, the bulk of the particles present in the fresh
paste areOPC and are 1–100 𝜇min diameter [26]. LargerOPC
particles induce a geometric clustering effect that force CNFs
to clump together if used in high concentrations. Therefore,
it was hypothesized that using a microfine portland cement
with a grain size distribution similar to silica fumewould have
the same stabilization effects of silica fume while simultane-
ously allowing higher dispersed concentrations of CNFs than
an OPC mixture with 10% silica fume by mass of cement.

The objective of the work reported herein is to determine
the effect of using a microfine cement on dispersion of high
concentrations of CNFs in PCBMs and the stability of the
mixture. The analyses conducted are as follows:

(i) Scanning electron microscopy (SEM) images are
obtained to qualitatively examine the dispersion of
CNFs among unhydrated cement grains in concen-
trations up to 5% by mass of cement.

(ii) A computational simulation of OPC and microfine
cement grain size distributions is conducted and
their effects on the achievable dispersion of randomly
located nanoparticles are quantified.

(iii) A dispersion quantification algorithm utilizing the
finite element (FE)method is utilized to quantifyCNF
dispersion in OPC and microfine cement using SEM
images of the unhydrated hybrid cement powders.

(iv) Mortar cube elastic modulus and mortar prism
flexural strength measurements for both OPC and
microfine hybrid cement mortars are compared to
deduce the effect of dispersion on macromechanical
properties.

2. Experimental Equipment and Methods

2.1. Dispersion Procedure, Materials, and Sonication Setup.
This research experiments with concentrations of CNFs up
to 5.0% by mass of cement (wt%) or 10.5% by volume of
cement (vol%), which required an untraditional method of
dispersing the CNFs among the cement grains. Sonicating
the CNFs in the PCBMmix water limits the amount of CNFs
that can be disentangled due to the fixed volume of the mix
water. The authors found empirically that the approximate
maximum concentration of CNFs able to be disentangled
is ∼1 wt% CNFs in a mixture with a water-to-cement mass
ratio (w/c ratio) of 0.5. Typical purchased CNFs are initially
tangled together in “hairball” structures, and the CNFs fill
the aqueous solution as they expand during disentanglement
until they form a weak skeletal structure that is not sus-
ceptible to sonication efforts, and mechanical mixing during
sonication provided no benefit after the structural formation.
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Figure 1: Percent passing graph showing the grain size distributions
for OPC, microfine cement, and silica fume. The microfine cement
has a mostly uniform grain size distribution in the same size range
as silica fume, and all grains are smaller than those found in the
OPC. The Blaine fineness of the OPC and the microfine cement is
∼350m2/kg and >12,000m2/kg, respectively.

Therefore, a method of dispersing high concentrations of
CNFs throughout the cement grains was utilized based on
the work of Makar et al. [27]. The CNFs were sonicated in
pure ethyl alcohol with the cement in relatively low solid-to-
alcohol concentrations to allow the CNFs to fully disentangle
and disperse among the cement grains, and then the alcohol
was evaporated using a distillation column to leave behind
a premixed hybrid CNF/cement powder. The hybrid powder
was then used in lieu of a typical cement in the mixing
process. This dispersion technique is relatively new to the
PCBMs industry for producing bulk quantities of material,
but it is often used in dispersing nanoparticles through
materials like nanofiber-reinforced ceramics [28, 29].

The PR-24-XT-PS CNFs purchased from Pyrograf Prod-
ucts, Inc., had diameters of 50–150 nm and lengths of
50–200𝜇m as purchased. SEM imaging of the hybrid pow-
ders was conducted on a Jeol-7700 SEM. The cement types
used were a common Type I/II portland cement and a
microfine portland cement manufactured by Capitol Cement
in San Antonio, TX. The cement grain size distributions are
shown in Figure 1 along with that of a typical silica fume
for comparison purposes as determined by a Horiba LA-910
particle size analyzer. Table 1 shows no notable difference in
oxide composition of the two cement types as determined
using a Rigaku Supermini 200 X-ray fluorescence device.

The CNFs were initially sonicated in pure ethyl alcohol
for 15 minutes using a Sonics VCX750 sonicator with a CV33
probe at 20 kHz and 40% amplitude, and then either OPC or
microfine cement was added to the alcohol/CNF suspension
and further sonicated for an additional 30minutes. CNFs and
cement were added in exact proportions to maintain mass
ratios, for example, 2.00 grams of CNFs with 100.0 grams of
cement for 2wt% CNFs. Mechanical stirring was constantly
employed using a Corning PC-353 magnetic stirring plate
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Table 1: Pertinent oxide composition of microfine cement and Type I/II cement by percent of total weight indicating similar oxide
compositions between the two cement types.

SiO
2
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2
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Microfine 20.5% 5.3% 1.7% 63.2% 4.7%
Type I/II 20.0% 4.9% 3.8% 62.7% 3.4%
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Figure 2: Sonication setup showing (1) ventilation fans, (2) son-
icator, (3) CNF/cement/alcohol slurry, (4) acoustic noise-reducing
cabinet, and (5) magnetic stirring plate.

to encourage an even dispersion throughout the slurry.
The complete sonication setup is shown in Figure 2. After
sonication, the slurry was poured into a distillation column
to remove and recapture the bulk of the alcohol.Thematerial
remaining in the distillation column was then transferred to
a well-ventilated oven for 24 hours at 105∘C to ensure that all
alcohol was removed. A cement/CNF “cake” was produced in
this process that was easily powdered using a metal utensil or
a mortar and pestle.

2.2. Quantitative Dispersion Analysis. A unique, nonbiased
method was utilized to quantitatively analyze the dispersion
of the CNFs in the cementitious matrices [30, 31]. In this
method, the dispersion parameter is defined based on where
a distribution of interest stands between two extrema: fully
uniform and fully nonuniformdispersions.The fully uniform
dispersion is defined as one in which the mean distance from
oneparticle to its nearest neighbors has amaximumvalue and
the standard deviation of such distances a minimum value.
The fully nonuniform dispersion is defined as one in which
the mean distance from one particle to its nearest neighbors
and the related standard deviation have minimum values,
and the particles form a close-packed agglomeration as far
as possible from the centroid of the domain to maximize
the total distance required to move particles to the fully
uniform dispersion. This definition of the fully nonuniform
dispersion ensures a dispersion parameter between 0 and 1 for
any analyzed domain of partially dispersed discrete particles.

The dispersion of a given set of bodies within a given domain
of interest (e.g., CNFs in an SEM micrograph) is quantified
based on the minimal amount of work required to move
the bodies from their current positions in the domain to
the fully uniform state, in comparison to the work required
to move the bodies from the fully nonuniform state to the
fully uniform state. That is, the amount of work required to
move the bodies/particles in the domain of interest to the
fully uniform dispersion (𝑆

𝑖
) is calculated and normalized

by the amount of work required to move the particles in the
fully nonuniform dispersion to the fully uniform dispersion
(𝑊
𝑖
)—see Figure 3.The dispersion parameter (𝐷) is then cal-

culated such that a dispersion parameter close to 1 represents
a well-dispersed distribution while a dispersion parameter
close to 0 represents a poorly dispersed distribution; that is,

𝐷 = 1 −
∑𝑆
𝑖

∑𝑊
𝑖

∋ 0 ≤ 𝐷 ≤ 1. (1)

The scalar sum of the distances has an equivalent magnitude
to the sum of the work to move the particles since one may
assume a force vector with the magnitude of 1 without loss
of generality in the calculated dispersion. One may solve
for the minimum sum of distances to move the particles by
tracking themotion of each individual particle or, in a system
of many particles, by tracking the flux of particles in a finite
element meshed domain. Note that the absolute length scale
of analyzed images is normalized in the dispersion parameter
(owing to the ratio); thus, the dispersion parameter used in
this research is independent of image scale. A more detailed
discussion of the dispersion quantification method and the
supporting theory may be found in [30–32]. The dispersion
parameter algorithm in this analysis does not account for
rotational uniformity and calculates a dispersion parameter
based solely on translational uniformity.

One of the goals of this research is to analyze the effect
of grain particle size on the dispersion one might obtain
for high concentrations of CNFs or other nanoparticles.
Since dispersion quantification of the CNFs based on SEM
images can be biased depending on the level ofmagnification,
location of image capture, and image clarity, an unbiased
computational simulation was conducted to determine the
effect on dispersion of a concept called “geometric clus-
tering.” The work of Yazdanbakhsh and Grasley demon-
strates that there is a maximum achievable dispersion of
small filaments throughout a matrix composed of discrete
particles—for example, CNF filaments and cement particles
[31, 32]. Geometric clustering occurs due to the fact that
CNFs and an unhydrated cement grain cannot cooccupy the
same space, and this effect is intensified if the particle size
distribution spans several orders of magnitude.
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Figure 3: A schematic showing the work vectors to be used in (1). The red circles represent a uniform dispersion. The blue circles in (a)
represent a random dispersion.The blue circles in (b) represent a fully nonuniform dispersion.The ratio of∑𝑆

𝑖
and∑𝑊

𝑖
is used to determine

the dispersion parameter.

Figure 4 displays the effect of geometric clustering on
the dispersion of nanoparticles due to the particle size dis-
tribution of cement grains as determined by the distributions
presented in Figure 1. An image of filled circles representing
cement grains was generated based on a given circle area
fraction of 0.6 with circle radii determined using the particle
size distributions presented in Figure 1 and subject to the
constraint that no circle could touch or overlap the edge of
the image or another circle.The sizes of the imageswere based
on the size of the largest circle; that is, the OPC image frame
length shown in Figures 4(a)–4(c) was 3x larger than the
diameter of the largest circle. A brute-force algorithm placed
the largest circle first utilizing a random-number generator,
followed by the second-largest circle, and so on until all
circles were placed subject to the aforementioned constraints
(Figures 4(a) and 4(d)). Points representing nanoparticle
“centroids” were then placed in the open space around the
circles subject to the constraint that no point centroid could
be placed inside of a circle (Figures 4(b) and 4(e)). Since a
defined “centroid” size would create an upper limit to the
number of points that could be placed in an image without
overlapping the existing cement grain circles, the nanoparti-
cles were graphed as small, filled circles, but mathematically
treated as points such that they had no effective size (i.e., the
plotted, filled nanoparticle circles could overlap so long as
their centroids did not coincide) to more clearly accentuate
the geometric clustering effect. A distribution of only the
nanoparticles without the cement grain circles (Figures 4(c)
and 4(f)) was compared to two other distributions: one in
which the same number of points is placed in a hexagonal
distribution (fully uniform), and the other in which the same
number of points is placed in one spot in the corner of the
image (fully nonuniform). In this latter case, since the points
had no size, they were all placed at the (0, 0) coordinate of the

image where (0, 0) is the bottom left corner. The dispersion
of the points was calculated using (1).

In addition to the 2D geometric clustering simulations,
the finite element based implementation of the dispersion
quantification algorithm was performed on multiple SEM
images for each concentration of CNFs. For the sake of
brevity, the reader is directed to [30–32] for a discussion of
implementing FEA for dispersion analysis. It should be noted
that if one were to quantify the dispersion in a 3D domain
rather than 2D, the dispersion parameters might change for a
given concentration of discrete particles. However, the rank-
ing between different concentrations would remain unal-
tered. In addition, data received from 2D simulations and
images can give insight to 3D systems but can quantitatively
be applied only to 2D systems; quantitative measurements
involving 3D systems must be obtained from 3D models and
data sets [33].

2.3. Mortar Cube Elastic Modulus and Mortar Flexure Prism
Preparation and Testing. Mechanical testing of mortar sam-
ples prepared using the hybrid cement types was conducted
to determine the effect of the high concentrations of CNFs on
the ultimate flexural strength and the relative elastic stiffness
of the cementitious mortars. ASTM standards were followed
when possible, but the combination of high concentrations
of CNFs with a microfine cement required many nonstan-
dard procedures and material proportions. The mortar was
proportioned with a w/c ratio of 0.5 and a sand-to-cement
mass ratio of 1.75. The ASTM 20-30 Ottawa silica sand used
in the mortar mixtures was included primarily to assist in
breaking apart clumps of cement during mixing and was
specifically chosen for its minimal fines content and minimal
absorption capacity. A polycarboxylate high-range water
reducing admixture (HRWR) was used in OPC mixtures
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Figure 4: Examples of the geometric clustering of nanoparticles due to the particle size dispersion of cement grains. (a) A cement grain
particle size distribution based on the OPC with a cement grain area fraction of 0.6. (b) The particle size distribution from (a) with 2107
nanoparticle centroids randomly dispersed among the grains. (c) The nanoparticle centroids in (b) without the cement grains from (a)
showing the unreinforced regions left from the cement grains. (d) A cement grain particle size distribution based on the microfine cement
with a cement grain area fraction of 0.6; a sample size element is placed in (a) that shows the relative size of the images. (e) The particle
size distribution from (d) with the same number of nanoparticle centroids in (b) randomly dispersed among the grains. (f) The nanoparticle
centroids dispersed in (e) without the cement grains from (d) showing unreinforced regions left by the cement grains, but overall potential
dispersion is improved with the use of microfine cement when compared to (c).

with CNFs and in all microfine mixtures. OPCmixtures with
0wt% CNFs, 1 wt% CNFs, 2 wt% CNFs, and 3wt% CNFs
(0 vol%, 2.1 vol%, 4.2 vol%, and 6.3 vol%, resp.) required
0wt%, 0.1 wt%, 0.7 wt%, and 1.3 wt% HRWR by mass of
cement, respectively. Microfine mortar mixtures with 0wt%
CNFs, 1 wt% CNFs, 2 wt% CNF, and 3wt% CNFs required
0.8 wt%, 1.1 wt%, 1.4 wt%, and 1.8 wt% HWRW, respectively.
A sucrose-based chemical retarder was used in the micro-
fine mixtures since the microfine cement sets in less than 5
minutes in ambient conditions without it; all microfine mix-
tures used 3wt% retarder by mass of cement to delay set
to approximately 30 minutes. It should be noted that the
OPC mixture with 1 wt% CNFs was, for reasons unclear, sus-
ceptible to flash set, so 3-4 drops (∼0.2 milliliters) of retarder
were added to each kilogram of mortar.

The incorporation of such high concentrations of CNFs
and the use ofmicrofine cement required a nonstandardmix-
ing procedure. The water and liquid admixtures were mixed,
and then the liquids and sand were placed into the bottom of
the mixing bowl in a Hobart N50 mortar mixer. The cement
hybrid powderwas added andmixed on low for 60 seconds. A
metal spatula was used to scrape the sides of the bowl and the
mixing paddle to remove any material that may have become

congealed.Thematerial wasmixed (mixed on low if themate-
rial was still solid-like (resembling a powder or individual
particles) or on medium/high if the material was liquid-like
(a single, malleable mass or a liquid)) for an additional 120
seconds, and then the sides of themixing bowl and themixing
paddle were scraped again. The material was mixed for an
additional 180 seconds, and then the consistency of the mate-
rial was qualitatively examined. If the mixture was still solid-
like, the process was repeated in 120-second mixing intervals
until the mixture became fluid for at least 120 seconds. This
process could require 11 minutes of mixing for microfine
cement with 3wt% CNFs. Mortar was placed in the molds in
25mm lifts and rodded 75 times per lift with a 6mmdiameter
glass stirring rod, and each lift was vibrated for up to 120 sec-
onds per lift.Microfine cementmixtures required 120 seconds
of vibration per lift while OPC mixtures required less.

CNFs floated to the top of the hybrid OPC mortar
specimens in a layer of foam during vibration as shown in
Figure 5. The foam was ∼1mm and increased up to ∼3mm
in 1wt% CNFs and 3wt% CNFs hybrid OPC mortar mix-
tures, respectively. The foam layer appeared in hybrid OPC
mortar specimens but not in the microfine cement mortar
specimens, highlighting the instability of the hybrid OPC
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Figure 5: Foam layer as seen on the surface of a 50mm 2wt% CNF
OPC hybrid mortar cube.
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Figure 6: Load versus loading head displacement of a mortar
cube compression test. Elastic stiffness of the mortar cube was
approximated using a fit line through the roughly linear portion of
the load versus displacement curve.

mixture and the effectiveness of utilizing small particles (in
this case the small cement grains) to stabilize dispersions of
CNFs. This observed foam layer has also been seen in other
CNF-cement composite research [11].

Mortar samples were prepared for testing at 1 day, 3 days,
7 days, and 28 days. ASTM standards were followed for time
of testing; for example, 1-day testing occurred at 24 ± 0.5
hours. After 24 ± 0.5 hours, the samples were demolded
and exposed to 98% relative humidity (RH) and 23∘C until
time of testing. Three 50mm mortar cubes cast using molds
described in ASTM C109 were uniaxially compressed for
each mixture using a displacement-controlled load frame
at a rate of 1mm/min with data points recorded at 20Hz
[34]. An elastic modulus was approximated via the (roughly)
linear portion of the slope of the mortar cube load versus
loading head displacement curve as shown in Figure 6. Elastic
stiffness results as presented in Section 3.4 are normalized by
the control mixture for each cement type rendering the units
for elastic stiffness irrelevant.

Two 25mm × 25mm × 279mm mortar flexure prisms
using themolds specified in ASTMC490 were tested for each
mixture under a 4-point flexure test apparatus as described in

Top of specimen

25 mm

82.5 mm
82.5 mm 82.5 mm

Figure 7: Flexure testing schematic.The testing apparatus contacted
sides of the specimen that were in contact with the mold, with the
top of the specimen at 90∘ to the testing plane.

Figure 7 using a compression-controlled load frame at a rate
of 1mm/min with data points recorded at 20Hz [35]. Flexure
specimens were placed in the 4-point flexure apparatus such
that the top of the specimens was 90∘ to the force plane and
the flexure apparatus contacted sides of the specimens that
were in contactwith themold; this orientationminimized any
error from material settling or bleeding effects that occurred
during vibration.

3. Results and Discussion

3.1. SEM Images. Initial SEM imaging of the hybrid cement
powders revealed that the microfine cement with CNFs had
far fewer clumps of CNFs than did the OPC with the same
concentrations of CNFs as shown in Figure 8.

At 1 wt% CNFs (Figures 8(a) and 8(b)), the dispersion
is comparable between the OPC and the microfine cement
since there are no visible clumps (here we define clumps
as consisting of regions with many (at least 10 s) of CNFs
entangled about each other) of CNFs in either; however, the
grains shown in Figure 8(a) are median sizes of the OPC
distribution, and none of the larger grains are shown in that
particular image. At 2wt% CNFs, CNF clumping can be seen
in the OPC (Figure 8(c)) but not in the microfine cement
(Figure 8(d)); some of the larger cement grains in the OPC
are also shown. 3 wt%CNFs inOPC (Figure 8(e)) showCNFs
that arewell dispersed among the smaller cement grains of the
OPC, but they clump between the larger cement grains. The
microfine cement with 5wt% CNFs (Figure 8(f)) still shows
good dispersion without CNF clumping. There were clumps
within the 5wt%CNFmixtures (images not shown), but they
were sporadic and could likely be minimized in both size and
frequency by fine-tuning the applied dispersive effort during
sonication.

3.2. Dispersion of the Computational Simulated Microstruc-
tures. The dispersion of centroids around 2D cement grains,
calculated as described in Section 2.2, is presented in Figure 9
for three simulated powder mixtures: nanoparticles with
OPC, microfine cement, and pure random nanoparticles
with no cement grains. Five images were analyzed per data
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Figure 8: SEM images of hybrid cement powders. (a) OPC with 1 wt% CNFs. (b) Microfine cement with 1 wt% CNFs. (c) OPC with 2wt%
CNF showing some CNF clumping. (d) Microfine cement with 2wt% CNFs showing no CNF clumps. (e) OPC with 3wt% CNFs showing
severe CNF clumping between the larger cement grains; the regions between the large OPC cement grains are filled with CNF clumps mixed
with the smaller cement grains. (f) Microfine cement with 5wt% showing no CNF clumping. The cement grain size difference between OPC
and microfine is clear. As the concentration of CNFs increases in OPC, the CNF clumping between the larger cement grains becomes more
obvious, whereas increasing the concentration of CNFs in the microfine cement does not necessarily lead to CNF clumping.

point.The OPC andmicrofine cement dispersion parameters
are calculated using images similar to those in Figure 4. A
drawback of using images similar to those in Figure 4 is that
the image scale is not the same for both images—Figure 4(a)
has a length scale 80x larger than that of Figure 4(d). A

comparison of images with the same scale could not be con-
ducted due to computational limitations. Therefore, a “pure
random” simulation was created to represent the comparison
of OPC and microfine mixtures at the same length scale.
The pure random simulation was an image of nanoparticle
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Figure 9: Dispersion parameters of computational simulations.The
number of centroids in the simulation is shown in the legend on
the right side of the image. The dispersion parameter continued
to increase for all microstructures, but the dispersion parameter
reached closer to 1 in the pure random case since the OPC case was
limited by geometric clustering. Error bars are 0.5 ∗ range.

“centroids” placed without constraint which is what would
have been seen in an image of microfine cement grains with
the same length scale as an image of OPC grains. Figure 9
shows that themaximumachievable dispersion parameter for
nanoparticles in OPC grains is definitively lower than that for
nanoparticles in microfine cement: 0.98, 0.96, and 0.94 for
pure random, microfine, and OPC, respectively.

A product of geometric clustering is that the range of
the analyses decreased as the number of centroids in the
image increased, where range is defined as the difference
between the minimum and maximum values. The geometric
clustering effect may not be apparent in images with few
centroids (in the cases presented herein, less than 100) since
the dispersion parameters for each case fall within the others’
ranges. In other words, each successive image with new
randomly placed centroids can seem to be an image without
constraints, resulting in a large range. As the number of
centroids increases, each successive image of new randomly
placed centroids forms a pattern due to geometric clustering,
and the ranges decrease with increasing numbers of centroids
in each set of dispersion parameters.

3.3. Dispersion Parameters of SEM Images. The 2D FE-
implemented dispersion analysis of multiple SEM images of
each dry hybrid material resulted in the dispersion parame-
ters shown in Figure 10. Five images were analyzed per data
point. The dispersion parameters for both microfine cement
and OPC had similar dispersion parameters at 1 wt% CNFs.
At 2wt% CNFs, the dispersion parameter of the microfine
cement increased more than for OPC since the OPC disper-
sion was limited by geometric clustering. At 3wt% CNFs, the
microfine cement dispersion parameter continued to increase
(similar to the trend seen in the computational simulations in
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Figure 10: 2D FEA results of SEM images.The dispersion parameter
for the hybrid microfine cement continued to increase with higher
concentrations of CNFs while that of the hybrid OPC eventually
reduced due to excessive CNF clumping. Error bars are 0.5 ∗ range.

Section 3.2) while the OPC dispersion parameter decreased
due to excessive CNF clumping. SEM imaging in Figure 8
shows that the CNFs can disperse between the smaller OPC
grains, but they cannot entangle (wrap around) the larger
cement grains. Since the CNFs can only disperse among the
smaller cement grains, the apparent CNF concentration is
increased in the grains that surround the large OPC grains
while remaining at zero in the grains themselves. In addition,
the dispersion parameter decreased in this FE analysis due
to a limited image size. The image size has a limit since indi-
vidual CNFsmust be able to be seen and traced, and therefore
the larger cement grains in theOPC took large portions of the
image as seen in Figure 8(c). 5 wt% CNFs were not attempted
in OPC since the CNFs were subject to excessive clumping at
3 wt% CNFs. The dispersion parameter of hybrid microfine
cement continued to increase with 5wt% CNFs, quantita-
tively supporting the hypothesis that the use of microfine
cement reduces the geometric clustering effect on CNFs.

The ranges in Figure 10 shed light on the risk of inherent
bias and unreliability of using SEM imaging to quantitatively
determine dispersion of CNFs in cement grains. The hybrid
OPC results have a range of ±0.14; this range is a product
of the difficulty in finding images without excessively large
cement grains. The ranges of the hybrid microfine cement
show that the SEM images of the microfine cement can be
as biased as the hybrid OPC images; generally, the hybrid
microfine dispersion parameter ranges are smaller than those
of the hybrid OPC, but the hybridmicrofine 1 wt% dispersion
parameter has the largest range in the analysis.This shows the
unreliability of using only SEM images without supporting
experiments to quantitatively define dispersion in mixtures
whose constituents’ sizes range over several orders of magni-
tude.

3.4.Mechanical Testing. Theflexure prismultimate stress and
mortar cube elastic moduli for ages 1 day, 3 days, 7 days,
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Figure 11: Flexure prism and elastic modulus data for hybrid OPC and microfine mortars normalized by the control. (a) Elastic stiffness of
hybrid microfine mortar. (b) Elastic stiffness of hybrid OPCmortar. (c) Ultimate flexural strengths for hybrid microfine mortar. (d) Ultimate
flexural strengths for hybrid OPC mortar. Error bars are 0.5 ∗ range.

and 28 days at various concentrations of CNFS are shown in
Figure 11 as normalized by the control; that is, a value of 100%
indicates that the specimen had the same stiffness/flexural
strength as the specimen without CNFs. The elastic stiffness
of the hybrid microfine mortar shown in Figure 11(a) was
not significantly impacted and remained within 8% of the
control specimens.The elastic stiffness of hybrid OPCmortar
shown in Figure 11(b) revealed no specific trend, but 75%
of specimens had a lower stiffness than the control mixture.
The hybrid microfine cement flexural prisms in Figure 11(c)
showed a definitive trend that increasing the concentration
of CNFs increases the ultimate flexural strength by up to
50%. The hybrid OPC flexural prism strengths shown in

Figure 11(d) indicate a reduced strength versus the control
for 1 wt% CNFs addition while 2 wt% and 3wt% addition of
CNFs indicate a comparable strength to the control after a
time of 3 days.

The mechanical tests of mortar flexure prisms and com-
pression cubes reinforce the proposition that the dispersion
of CNFs is improved in the hybrid microfine cement versus
the hybrid OPC. The hybrid OPC had CNF clumping issues,
especially at concentrations above 1 wt% CNFs, and the flex-
ural strengths and elastic moduli of the hybrid OPC mortar
were often lower than the control specimens. CNFs in the
microfine hybrid mortar often increased flexural strengths
and had inconsistent but inconsequential effects on the elastic
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modulus, suggesting that the hybridmicrofine cementmortar
did not have clumping issues andhad amore stable dispersion
of CNFs.

4. Conclusions

This research documents the effect of cement particle size
distribution on the dispersion of CNFs in cementitious
materials. Unprecedented high concentrations of CNFs up to
3wt% and 5wt% (bymass of cement) were tested in OPC and
microfine cement mixtures, respectively, and results indicate
the following conclusions:

(i) Dispersing CNFs among cement grains using the
alcohol/sonication/distillation technique provided
excellent dispersion of CNFs among the microfine
cement at concentrations up to 5wt% by mass of
cement.

(ii) Geometric clustering of nanoparticles due to the
size of the cement grains creates a definitive differ-
ence in dispersion parameters between 2D OPC and
microfine cement simulations, withmicrofine cement
having a higher achievable level of dispersion. The
range in 2D geometric clustering simulations sub-
stantially decreased with the addition of more nano-
particles, proving that geometric clustering has
more impact as the concentration of nanoparticles
increases.

(iii) Hybrid OPC is susceptible to excessive clumping of
CNFs between large cement grains at concentrations
above 1 wt%CNFs, while CNFs showed only sporadic
clumping in hybrid microfine cement at concentra-
tions up to 5wt% CNFs. Dispersion analysis of SEM
imaging utilizing an FEA algorithm revealed that the
excessive CNF clumping in OPC can hinder disper-
sion. The large ranges of the dispersion parameters
determined from the SEM images suggested that
SEM imaging is susceptible to bias when calculating
quantitative information.

(iv) Mechanical testing revealed that concentrations of
CNFs up to 3wt% in OPC mortar resulted in reduc-
tions in mortar elastic stiffness or flexural strength in
over 60% of the specimens with the remaining speci-
mens showing no definitive change in performance.
Concentrations of CNFs up to 3wt% in microfine
mortar had inconsequential effects (±8%) on mortar
elastic stiffness and increased flexural strength up to
50% from the control mixture with 3wt% CNFs at 28
days.

(v) The segregation of CNFs out of the hybrid OPC
mortar during specimen compaction and vibration
revealed that hybrid OPC had an unstable dispersion
of CNFs while hybrid microfine cement mortar had a
stable dispersion of CNFs.While geometric clustering
does affect dispersion, the primary reason—in the
authors’ opinion—for the superior mechanical prop-
erties of the hybrid microfine mortar mixtures over

the hybrid OPCmortar mixtures is the stability of the
hybrid microfine mixture.
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