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Abstract The formation of microcracks is a major con-
cern for the integrity and durability of concrete and other
cementitious composites, since such microcracks cannot be
easily controlled and detected within the matrix of com-
posite. This work explored the possibility of using surface-
sulfonated polystyrene microspheres (SPSM) featuring an
average diameter of 0.7 & 0.5 um to improve the crack
resistance of carbon microfiber-reinforced mortar. The
compressive strength and EIS data demonstrated that the
incorporation of SPSM at 0.15% by weight of cement led
to a denser and more refined microstructure of the cement
mortar composite, likely attributable to the active interac-
tions between SPSM and cement hydration products as
well as carbon microfibers. The crack resistance of these
cement-based composites was evaluated using a non-
destructive test under uniaxial compression loading along
with a fatigue test under uniaxial compression cyclic
loading. The data, in the form of critical stress, specific
crack area, and fatigue strain, revealed that even at a small
dosage the incorporation of SPSM to carbon microfiber-
reinforced mortar retarded the initiation of unrecoverable
microcracks and slowed down the propagation of micro-
cracks under uniaxial compression loading, and improved
the crack resistance and toughness of the specimens under
fatigue loading.
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Introduction

Cracking is a major culprit for the premature deterioration
of structures and buildings made of concrete or other
cement-based materials. Both conventional concrete and
high performance concrete are inherently brittle and tend to
crack under stress, posing a risk for the durability, reli-
ability, serviceability, and even safety of concrete infra-
structure [1]. The direct and indirect costs of concrete
cracking are substantial, as it entails additional repair,
rehabilitation, and monitoring activities to ensure the
functionality and aesthetics of concrete structures and
components. A recent estimate from the industry places
early age cracking as a $500 million problem in the U.S.
alone, not to mention other types of cracking that can occur
at different stages in the service life of concrete infra-
structure [2].

Microcracks often develop in cementitious composites as
a result of mechanical loadings (static or cyclic), environ-
mental loadings (e.g., freezing and thawing, rebar corrosion,
alkali aggregate reactions, sulfate attack), and volumetric
instability (e.g., shrinkage in fresh or hardened concrete,
thermal contraction). Once formed, they are extremely dif-
ficult to be detected and repaired by conventional methods
before they develop, coalesce and grow into macrocracks.
For prestressed or reinforced concrete structures, cracking
of the concrete accelerates the ingress of water, chlorides,
and other deleterious species and further undermines the
integrity of the structure through aggravated corrosion of
the metal inside concrete. As such, both microcracks
and macrocracks can compromise the ability of the structure
to withstand loads, which eventually leads to structural
failure.

In recent years, the use of various natural or synthetic
short fibers to reinforce cementitious composites and other
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types of composite materials has gained popularity, as
fibers feature the strain-hardening behavior associated with
the enhancement of tensile/flexural strength and fracture
toughness [3-9]. On the other hand, the incorporation of
electrically conductive short fibers (e.g., carbon microfi-
bers) to cementitious materials can endow them with
enhanced electrical conductivity and lower activation
energy in certain temperature ranges, which subsequently
opens up a wide array of non-structural applications [10,
11]. Owing to their small diameter and high aspect ratio,
short fibers have a large numerical density in the matrix
even when admixed at relatively low volume fractions and
thus have the potential to interact with microcracks formed
in composite materials. As such, short fibers have been
proven to effectively flank and bridge microcracks before
they become coalescent and form macrocracks [9, 12]. The
admixing of short fibers in cementitious composites has
shown many prospective benefits, but the effectiveness
hinges on the uniform dispersion of fibers in the matrix.

The use of polymer as a modifier in new structures has
also been proven to be a promising strategy in improving
the microstructure and durability of cement mortar and
concrete [13—15]. As a thermoplastic polymeric material,
plastic granules of polystyrene have been used as light-
weight aggregate to produce low-density concrete and as a
good thermal insulation material required for some spe-
cialized building applications [16—18]. In fields other than
civil engineering, monodispersed microspheres of poly-
styrene have also been widely used for a long time [19, 20].
Nonetheless, little research has been conducted to examine
the use of polystyrene microspheres in cement-based
materials or to investigate the possible synergy between
such microspheres and short fibers in improving the crack
resistance of cement-based materials.

This work aimed to evaluate the feasibility of using
surface-sulfonated polystyrene microspheres (SPSM) fea-
turing an average diameter of 0.7 = 0.5 pm to improve the
crack resistance of carbon microfiber-reinforced cementi-
tious composites. Various experiments, including com-
pressive strength test, microcracking evaluation under
uniaxial compressive loading, fatigue test under uniaxial
cyclic loading, and electrochemical impedance spectros-
copy (EIS) measurements were carried out to investigate
the properties of these cementitious composites with or
without the SPSM admixed.

Experimental
Materials

Commercially available styrene monomers and concen-
trated sulfuric acid (98%) were obtained from Fisher
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Table 1 Basic physical properties of carbon microfibers

Property Test result
Tensile strength 670 MPa
Tensile elastic modulus 30 GPa
Elongation 2.2%
Volume resistivity 150 pQ
Specific gravity 1.63
Thermal conductivity 5-10 W/m/K
Carbon content Min 95 wt%
Oxidation onset temperature 310 °C

Scientific Inc. and used without further purification. Ana-
lytical grade dimethyl sulfoxide (DMSO), methanol, etha-
nol, and sodium hydroxide were also obtained from Fisher
Scientific Inc. and used as received. Deionized water
(resistivity > 18.2 MQ cm™ ') prepared by Milli-Q 185
system (Millipore, USA) was used for all experiments. The
carbon microfibers were KRECA chop C-103T, 3 mm in
length with a filament diameter of 18 um, as obtained from
Kureha Co. (Tokyo, Japan). ASTM C1240 silica fume
obtained from BASF/MB admixtures, Inc. (Henderson,
NV) was used as a dispersant for the fibers in the mixes.
The basic physical properties of the fibers are shown in
Table 1. ASTM C150-07 Type I/I low-alkali Portland
cement (ASH Grove Cement Company, Clancy, MT, USA)
was used in our study. The chemical composition and
physical properties of the cement were presented in a
previous reference [15]. The fine aggregate used was river
sand sifted to allow a maximum aggregate size of
1.18 mm. Before proportioning and admixing, the aggre-
gate was pretreated and taken to a saturated surface dry
(SSD) condition.

Preparation of surface-sulphonated polystyrene
microspheres

Monodispersed polystyrene microsphere powder was pre-
pared by radiation-induced dispersion polymerization as
described elsewhere [21]. The polystyrene microspheres
were sulphonated in concentrated sulfuric acid for 60 h at
40 °C. After diluting, the sample was repeatedly centrifuged,
washed with ethanol-water, and then dried in vacuum.

Preparation of mortar specimens

All specimens were prepared in a rotary mixer with a flat
beater at a constant water-to-binder mass ratio of 0.52 and
a constant sand-to-binder mass ratio of 2. The carbon
microfiber content in the mortar mix was 2.0% by volume.
The silica fume as a dispersant was used in the amount of
15% by weight of cement. SPSM powder was used in the
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amount of 0.15% by weight of cement and first dissolved in
water and then sodium hydroxide was added. The mixture
was then stirred to obtain a homogeneous solution with a
final pH value around 8. Then this mixture (if applicable)
was used with mixing water in the preparation of mortar
specimens. For both the control (without SPSM admixed)
and SPSM mortar specimens (with SPSM admixed), three
or more specimens were fabricated for each test to ensure
the statistical reliability of the test results. The mixing
sequence was the following: the cement, silica fume, and
mixing water were first mixed to form a paste, and then the
fibers were slowly added while mixing continued, and
finally the sand was incorporated. After mixing, the fresh
mixture was cast into molds to form ®50 x 100 mm cyl-
inders, and was carefully compacted to minimize the
amount of entrapped air. The mortar specimens were
de-molded after 24 h and then cured in a wet chamber
(20 £ 2 °C, relative humidity > 95%) for 27 additional
days, before being subjected to the tests.

Characterization and property testing
FESEM imaging of SPSM

At the completion of the SPSM fabrication, a Zeiss Supra
55VP PGT/HKL FESEM system was employed to examine
the morphology of the SPSM.

Compressive strength testing of mortar specimens

The compressive strength test was carried out by breaking
cylindrical mortar specimens in a hydraulic Material
Testing System (MTS Model 880) using a loading rate of
64 1bf/s, and the load and displacement data were auto-
matically recorded. The ultimate compressive strength was
then calculated by dividing the load at failure by the cross-
sectional area resisting the load. In our study, the speci-
mens cured for 1 day and 28 days after casting were
surface-ground to ensure their square dimensions and then
polished with fine silicon carbide paper before being sub-
jected to the compressive strength test to ensure a uniform
surface finish (and thus a uniformly distributed load). The
test results are the average of at least three specimens made
from the same batch mixture and tested at the same age.

Microcrack evaluation during the uniaxial compression
loading

Many different methods have been developed to investi-
gate the microcracking or cracking in cement-based
materials over the last several decades. In our study, we
used the non-destructive method of microcrack evaluation
proposed by Loo [22] to evaluate the microcracking in

mortar specimens during the uniaxial compression test. The
method provides a quantitative indication of the extent of
microcracking in a prismatic concrete specimen under
uniaxial compression. The formula was derived on the
assumption that the change in cross-sectional area of a
prismatic concrete specimen during the test equals the sum
total of the elastic change in cross-sectional area due to
Poisson’s ratio effects and the dilation due to microcrack-
ing. Thus,

AAT = AApr + AAc,

where AAr is the total change in cross-sectional area of
concrete, AAc the change in cross-sectional area due to
microcracking, and AApg is the change in cross-sectional
area due to Poisson’s ratio effects. For the case of concrete
cylinders

A =7,

where A is the cross-sectional area of cylinder and r is
radius of cylinder. Based on this assumption, the specific
crack area (¢.) of cylindrical specimens can be estimated
by the equation below:

Eer = 2(8): - ,ugy)v n= gy/ng

where ¢, and ¢, are the transverse and axial strains,
respectively, u is the elastic Poisson’s ratio, g, and g, are
the gradients of the linear portion in the stress—transverse—
strain curve and stress—axial-strain curve, respectively.
The specific crack area has the same unit as the ¢, and ¢,
and is expressed in microstrain.

After curing for 28 days, one CEA-06-250UT-350 90°
foil strain gage rosette from Vishay Micro-Measurements
group, Inc. (Raleigh, NC) was attached to each specimen at
mid-height, allowing for the measurement of strain in both
the axial and transverse direction. Both the axial and
transverse gages had a gage length of 6.35 mm, and a gage
factor of 2.090 £ 0.5% and 2.110 %+ 0.5%, respectively.
The specimens were then placed between two steel platens
mounted in a hydraulic Material Testing System (MTS
Model 880) and progressively loaded from 30 to 90% of
their static ultimate compressive strength (f.') in increments
of 5%. Strain data was recorded using a Campbell Scien-
tific® CRS5000 data logger. A ram displacement of
0.09 mm/min for loading and 2.0 mm/min for unloading
was used. The specimen was unloaded immediately after
reaching the determined load, and the next loading cycle
was delayed until the change in strain recovery was
negligible.

Fatigue test under uniaxial compression cyclic loading

The cylindrical mortar specimens were first loaded to 80%
of their static ultimate compressive strength using a
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hydraulic Material Testing System (MTS Model 880) and
then cyclically loaded between 25 and 95% of their static
ultimate compressive strength until failure. Fatigue strain
data was recorded using a strain gage from Vishay Micro-
Measurements group, Inc. (Raleigh, NC). As the maximum
aggregate size used was 1.18 mm in diameter, a gage
length of 6.35 mm (larger than the minimum recommen-
dation of 5.89 mm) was deemed sufficient. The frequency
of loading was 1 Hz, and was applied sinusoidally with
time. Data was recorded using a Campbell Scientific®
CR5000 data logger. A Tektronix® CPS250 power supplier
was used to supply power to the strain gage circuitry. The
voltage supplied by the CPS250 was 12 V but was regu-
lated down to 5 V and was applied across a 350Q-resistor
Wheatstone bridge.

Electrochemical impedance measurements

A Gamry Reference 600™ Potentiostat/Galvanostat/ZRA
instrument was employed to measure electrochemical
impedance spectra of mortar specimens in order to char-
acterize their microstructural properties. To evaluate the
microcracking effect in mortar specimens, electrochemical
impedance measurements were conducted at 28 days and
just after the samples were loaded to 80% of their ultimate
compressive strength using specimens prepared from the
same batch of mixture. All the EIS measurements were
carried out in a local-room air environment (relative
humidity around 15-20%, temperature 20 £ 2 °C). The
experimental setup is illustrated in Fig. 1.

The ends of the specimen were carefully polished and
coated with a layer of silver paint and then a carbon con-
ductive sheet was adhered to eliminate possible errors
resulting from poor contact between the specimen and
electrodes. The EIS measurements were taken by polariz-
ing the working electrode at £10 mV around its open

Carbon Conductive

Plexiglass
Sheet and Silver Pairg J

o ) _ !
IIIZZZ:{:

Stainkss Steel Ekctode ‘

C-Clanyg

7 Specimen

Gamry
Reference 600

Fig. 1 Schematic illustration of experimental setup for electrochem-
ical impedance measurements of mortar specimen
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circuit potential (OCP), using sinusoidal perturbations with
a frequency between 1 MHz and 0.01 Hz (10 points per
decade). The Gamry Echem Analyst™ software was used
to plot and fit the data.

Results and discussion
Morphology of the SPSM

The morphology of SPSM was examined by FESEM as
shown in Fig. 2. We used Adobe Photoshop CS4 software
to measure at least 100 microspheres in the photos and
discovered that the diameter of the SPSM had an average
value of 0.7 £ 0.5 pum.

Compressive strength of the mortar

Compressive strength test results of the two types of mortar
specimens at 1-day and 28-day curing ages are illustrated
in Fig. 3. Relative to the control, the SPSM specimens
showed a higher compressive strength at both 1 day and
28 days for the given mixing proportion (i.e. water-to-
binder ratio of 0.52, sand-to-binder ratio of 2, silica fume at
15% by weight of cement, and carbon microfibers at 2% by
volume). In particular, the incorporation of SPSM at 0.15%
by weight of cement increased the 1-day and 28-day
compressive strength of the mortar by 22.2 and 14.8%
respectively.

Fig. 2 Typical FESEM photograph of surface-sulfonated polystyrene
microspheres
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Fig. 3 Compressive strength of mortar specimens with SPSM and
without SPSM admixed (control) at 1-day and 28-day curing ages

Microcracking behavior of the mortar
Critical stress

The critical stress (g.s) corresponds to the maximum value
of volumetric strain at which the stress—volumetric strain
curve deviates from linearity and the volume of the spec-
imen starts to expand rather than continuing to decrease.
A study of the correlation between external volume chan-
ges and internal microcrack propagation in mortar and
concrete specimens showed that the critical stress indicates
the onset of unstable or unrecoverable microcrack propa-
gation and is related to a significant increase of micro-
cracks throughout the matrix [23, 24]. The variation of
axial, transverse, and volumetric strain during the uniaxial
compression loading through the non-destructive method
of microcrack evaluation was analyzed and is presented in
Fig. 4. Volumetric strain was calculated from the small
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Fig. 4 The variation of axial, transverse, and volumetric strain during
uniaxial compression loading of control (top) and SPSM (bottom)
mortar specimens

strain relation: AV/V = ¢, — 2¢, and the critical stress is
indicated by a horizontal arrow on the volumetric strain
curve. As shown in Fig. 4, relative to the control, the
incorporation of SPSM (0.15% by weight of cement)
increased the critical stress of mortar specimens from 0.78
to 0.86. This 10.3% increase shows a notable effect of
SPSM on retarding the initiation of unrecoverable micro-
cracks in the cementitious composite matrix and thus
improving its crack resistance.

Specific crack area

Results of specific crack areas were calculated from the
strain data using the non-destructive method of microcrack
evaluation and plotted against the corresponding stress—
strength ratios as shown in Fig. 5. The initiation stress is
the point beyond which microcracks begin to propagate in
mortar or concrete. This can be determined from the curves
in Fig. 5 as the point when the curve begins to deviate from
the initial vertical line. In our study, the initial stress of the
control and SPSM mortar specimens was found to be 15
and 25% of their respective static ultimate compressive
strengths, suggesting the beneficial role of SPSM in
slowing down the propagation of microcracks in the
cementitious composite under uniaxial compression load-
ing. Another observation is related to the acceleration of
microcracking with stress beyond the initial stress. As can
be seen in Fig. 5, the curve of stress versus specific crack
area of the control samples bends much more sharply
toward the crack axis, corresponding to a significant
increase in the level of cracking. Relative to the control, the
specific crack area of the mortar specimen with SPSM
admixed at 0.15% by weight of cement increased slowly as
the stress—strength ratio increased from 30 to 90%,
indicating a significant decrease in crack initiation and
propagation in the SPSM specimen under progressively
increasing loads.
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Specific crack area ( in microstrain )
Fig. 5 Relationship between specific crack area and stress—strength

ratio for control and SPSM mortar specimens under uniaxial
compression loading
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Fatigue behavior of the mortar

Fatigue is progressive and permanent internal damage in a
material subjected to repeated loading. This is attributed to
the propagation of internal microcracks which results in a
significant increase of irrecoverable strain. In general,
fiber-reinforced concrete is used as paving material for
airfields, highways, bridge decks, and industrial floors,
which experience significant cyclic loadings during their
service lives. The use of fibers in engineering applications
has promoted the need to study their fatigue behavior under
cyclic loading. Previous studies have found that the addi-
tion of fibers can benefit the fatigue performance of con-
crete [25]. However, the benefit under compressive fatigue
loading derived from the addition of fibers is not as sig-
nificant as that under the flexural fatigue loading. In
addition, it has been suggested that the presence of fibers
only help to enhance the fatigue behavior in low cycle
regions and is limited in providing any improvement at a
higher number of cycles [26, 27]. In our study, the typical
history of fatigue behavior of both control and SPSM
specimens under uniaxial compression cyclic loading was
depicted by the relationship between the number of loading
cycles until failure and the fatigue strain as shown in
Fig. 6. It was found that the fatigue strain development of
both types of specimens featured three definite stages: the
first stage is the quick strain increase up to about 10% of
the total life, the second stage attributed to the development
of a large amount of small cracks in matrix features the
gradual strain increase from 10% to about 80% of total life,
and the last stage is another quick strain increase until
failure. Relative to the control, the SPSM specimen has a
significantly prolonged second stage of its curve, illus-
trating the beneficial role of SPSM in inhibiting the
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Fig. 6 Relationship between fatigue strain and the number of cycles

for control and SPSM mortar specimens under uniaxial compression
cyclic loading
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initiation and propagation of cracks. This also translates to
higher load carrying capacity of fiber-reinforced mortar
specimens when they are admixed with SPSM even at a
relatively small dosage. Relative to the control, the SPSM
specimen has smaller fatigue strain after the same number
of load cycles and its strain increment curve is less steep,
illustrating the beneficial role of SPSM in enhancing the
toughness of the cementitious composite under fatigue
loading.

Electrochemical characterization of the mortar

As a non-destructive test method, EIS has been found to be
effective in revealing the microstructure of cementitious
composites [28—-31] and thus was utilized to shed light on
the microstructural properties of the fiber-reinforced
cement mortars in our study. The complex impedance of
the composite material depends on the frequency of an
externally imposed alternating current (AC) polarization
signal, allowing for the representation of a system with an
equivalent circuit typically consisting of resistors and
capacitors. The equivalent circuit (upper) and the micro-
structure of a mortar specimen (lower) shown in Fig. 7
were used to interpret the EIS data. Constant phase ele-
ments (Q) instead of pure capacitors were used in this
equivalent circuit. Such modification is obligatory when
the phase angle of capacitor is different from —90°.

As shown in Fig. 7 (lower), there are three kinds of
paths in such a carbon microfiber-reinforced mortar struc-
ture: continuous conductive paths (CCPs), discontinuous
conductive paths (DCPs), and matrix conductive paths. The
CCPs are the continuously connected pores or microcracks
in the mortar microstructure, whereas the DCPs are the
discontinuous pores or cracks whose continuity is blocked
by the cement paste layers denoted as “discontinuous
points” (DPs). Apart from the DCPs and CCPs, the mortar
matrix consisting of cement paste particles and carbon
microfibers, can act as another kind of conductive path.
Based on the above considerations, the EIS parameters we
used to represent the microstructure of fiber-reinforced
mortar were: R, Rccp, and Rcp, the resistances of the
mortar matrix and that of the continuously and discontin-
uously connected pores or cracks in the mortar, respec-
tively; Omat and Qy,, the constant phase element (in place
of pure capacitance) across the mortar matrix and that of
the cement paste layers blocking the discontinuously con-
nected pores or cracks (i.e., “discontinuous points”) in the
mortar, respectively. In addition, we assigned the Warburg
impedance (W) to one electrode/mortar interface charac-
terizing the diffusion of species through the interface and
Ry to represent the total resistance of metal electrodes,
carbon conductive sheet, and electrical wires in the des-
ignated circuit.
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Fig. 7 The equivalent circuit
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Table 2 Equivalent circuit parameters of the carbon microfiber-reinforced mortar specimens at various experimental stages
Testing time 28-day curing age 28-day curing age after 0.8 f.
Specimen Control SPSM Control SPSM
Runat (Q cm?) 583 + 12.2 585 + 8.24 483 + 891 473 + 1.66
Omac (nScm™?) 19.3 £ 4.99 5.28 £ 0.31 20.2 £ 291 691 £ 1.77
Mimat 0.81 £+ 0.09 0.99 £ 0.01 0.68 £ 0.03 0.97 £ 0.03
Rccp (KQ cm?) 11.1 £ 041 13.4 £ 0.25 273 £ 0.13 6.28 £ 0.32
Rcp (Q cm?) 209 + 3.00 333 £ 11.2 332 £ 1.38 99.3 £ 3.54
Odp (uScm™?) 6.04 £ 0.73 4.65 + 0.02 12.7 £ 1.25 8.27 £ 0.04
Nap 0.52 £+ 0.00 0.51 £ 0.00 0.52 £ 0.00 0.47 £ 0.00

The electrochemical impedance measurements began
just after the samples were cured for 28 days. Table 2
shows the key equivalent circuit parameters of the two
kinds of mortar specimens at two experimental stages
designed to investigate the cracking behavior in mortar
specimens, in which n (0 < n < 1) is the fitting coefficient
for Q, the constant phase element (with 1 being the perfect
fit of a capacitor and O being the worst). All of the
“Goodness of Fit” was found to be in the acceptable range.
R, ranged from 0.62 to 3.22 Q cm” and W ranged from 157
to 785 puScm 2.

The parameters Rccp, Rcp, Qap, and np, are charac-
teristic of the microstructure of the cementitious composite
defined by the pores, cracks, and possibly air voids. As
shown in Table 2, relative to the control, the 28-day SPSM
specimen had higher values of Rccp and Rcp as well as
lower values of Qg,. This observation, along with the
increased n,,, and decreased capacitance Q,,, of the SPSM
specimens, suggests that the incorporation of SPSM led to
a denser and more refined microstructure of the cementi-
tious composite. This is consistent with the findings related

to increased compressive strength and reduced specific
crack area during compression loading of the SPSM mortar
specimens, discussed in previous sections (also shown in
Figs. 3, 5).

At the completion of the first EIS measurements at the
28-day curing age, both control and SPSM specimens were
loaded under 80% of their ultimate compressive strength to
generate artificial microcracks in them and subsequently,
the EIS measurements were performed. As shown in
Table 2, compared with the mortar specimens prior to this
significant loading, the mortar specimens after the loading
showed lower ny,,., Rccp, and Rep values and higher Q.
and Qg values, indicative of the compromised integrity of
their microstructure resulting from artificial cracks. During
the process of compressive loading, some continuously
connected micro-pores or microcracks may transform into
the discontinuously connected micro-pores or microcracks
blocked by cement paste layers, whereas some blocked
discontinuously connected micro-pores or microcracks
may become continuously connected in such a short fiber-
reinforced mortar system. Therefore, in this case, the total
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28-day after 0.8f'c

Ry ( kaem? )

SPSM  Control SPSM  Control

Fig. 8 Resistance (R, left) and capacitance (Qqp, right) values at the
28-day curing age after the mortar specimens being loaded to 80% of
ultimate compressive strength

resistance values of Rccp and Rcp instead of individual
resistance values would be a better indicator of the changes
in the composite microstructure.

The total resistance value (R,) calculated as RccpRcp/
(Rccp + Rcp) and the capacitance of discontinuous points
(Qqp) at the 28-day curing age after being loaded to 80% of
compressive strength are depicted in Fig. 8. After this sig-
nificant loading, the SPSM specimen exhibited higher R,
value and lower Qg value relative to the control. Since R,
represents the total resistance of the micro-pores and
microcracks and Qg represents the capacitance of the
cement paste layers blocking the discontinuously connected
micro-pores or microcracks, this observation confirms the
beneficial role of SPSM in reducing the level of cracking in
the cementitious composite under compressive loading.
These data suggest that after the loading the SPSM-modi-
fied composite had lower number of cracks and/or smaller
cracks formed in the matrix relative to the control.

Possible role of the SPSM in cementitious composite

There are multiple mechanisms that may account for the
beneficial effects of the incorporation of SPSM in the
cementitious composite investigated in this specific study.
First, these microspheres (SPSM) can serve as micro-fillers
and fill in the voids within the hydrated cement paste and at
the interface of cement paste and microfibers, leading to
denser microstructure of the cementitious composite. Sec-
ond, these microspheres can participate in the cement
hydration process at the microscopic level as shown in
Fig. 9. The substitution of Na* by Ca** and the binding of
Ca*" to two adjacent monobasic groups would act to
promote the precipitation of calcium-rich hydration prod-
ucts which provide the chemical interlocking responsible
for the development of cement—fiber interfacial bonds and
therefore improving the mechanical properties of fiber-
reinforced cement mortar. Third, these microspheres along
with the silica fume particles are expected to assemble
around the surface of carbon microfibers via physico-
chemical interactions, facilitating the dispersion of mi-
crofibers in the cementitious matrix. Finally, these micro-
spheres along with the silica fume particles could
potentially act as microbridges between carbon microfibers
and mortar matrix, and consequently improve the ability of
the composite to absorb the fracture energy when under
mechanical loading.

Conclusions
SPSM of 0.7 £ 0.5 pm in average diameter were suc-
cessfully prepared and incorporated into the carbon mi-

crofiber-reinforced mortar specimens that were prepared
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with silica fume at 15% by weight of cement, carbon mi-
crofibers at 2% by volume, water-to-binder ratio of 0.52,
and sand-to-binder ratio of 2.

Various experiments were conducted to investigate the
crack resistance of these cementitious composites with or
without the SPSM admixed at 0.15% by weight of cement.
The compressive strength and EIS data demonstrated that
the incorporation of SPSM led to a denser and more refined
microstructure of the cement mortar composite, likely
attributable to the active interactions between SPSM and
cement hydration products as well as carbon microfibers.
The crack resistance of these cement-based composites was
evaluated using a non-destructive test method under uni-
axial compression loading along with a fatigue test under
uniaxial compression cyclic loading. The data, in the form
of critical stress, specific crack area, and fatigue strain,
revealed that even at a small dosage the incorporation of
SPSM into carbon microfiber-reinforced mortar retarded
the initiation of unrecoverable microcracks and slowed
down the propagation of microcracks under uniaxial
compression loading, and improved the crack resistance
and toughness of the specimens under fatigue loading.

While this exploratory research demonstrated the fea-
sibility of using SPSM to enhance the crack resistance (and
also load carrying capacity) of the carbon microfiber-
reinforced mortar, more research is needed to optimize the
combined use of SPSM and microfibers in “crack-free”
concrete, in areas related to design, fabrication, character-
ization, and performance assessment.
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