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ABSTRACT

In this study, titanium dioxide (TiO,) and polyethylene (PE) fibers were employed to develop
photocatalytic high-performance fiber-reinforced cement composites (HPFRCCs). To ach-
ieve high NO, removal capacity, it was necessary to confirm the dispersion of the TiO,
powder. For this purpose, various amounts of viscosity-modifying agent (VMA), ranging
from 0% to 1% by weight to cement, were considered along with two types of white Port-
land cement: Union and Aalborg. Additionally, the PE fiber surface was modified via cold
gas plasma and chromic acid treatment to improve the tensile performance of the
HPFRCCs. The experimental results indicated that the plastic viscosity of the mortar in-
creases with the addition of VMA. Optimum NO, removal capacities of 5.72 and 8.10 umol
were respectively achieved for the Aalborg and Union cement types in the mortar at a VMA
content of 0.5%. The compressive strength of the tested photocatalytic HPFRCC was
approximately 72.7—91.8 MPa. In the case of the hybrid argon (Ar) and oxygen (O,) gases
being subjected to plasma treatment, optimum tensile performance—in terms of tensile
strength, strain capacity, and g-value—was achieved, whereas the samples subjected to
chromic acid treatment exhibited poorer tensile performance. Moreover, the single Ar—or
0O,-gas-based plasma treatment yielded an intermediate tensile performance. The cracking
behavior showed trends similar to those of the g-value: the hybrid plasma treatment
produced the most microcracks because of its high fiber bridging capacity.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In addition to global warming, the problem of fine dust is one
of the most serious environmental issues focused on by the
international community. Although various approaches have
been presented to solve these significant issues, it is too early
to say whether notable progress has been achieved. An anal-
ysis of these issues indicates that the source for most of them
is the use of fossil fuels. Burning fossil fuels for energy gen-
eration releases several components that cause environ-
mental pollution. In particular, the generation of nitrogen
oxides (NOy) is closely related to that of fine dust. NOy is a
generic term used to represent nitrogen monoxide (NO) and
nitrogen dioxide (NO,), which react with water vapor present
in the atmosphere to form fine dust. In these circumstances, a
photocatalyst is considered to be a promising material that
can eliminate NOy under certain conditions. Upon exposure to
ultraviolet (UV) light, the photocatalyst material reacts with
NO,, which leads to its oxidation and the subsequent pro-
duction of nitrate ions (NO3) as byproducts [1,2]. From the
perspective of building materials, architectural engineers
have sought to adopt this concept to mitigate NO, concen-
tration in the atmosphere effectively via the exterior walls of
buildings exposed to the atmosphere. Considering the above
conditions, many previous studies have adopted titanium
dioxide (TiO,) as a photocatalyst. Besides its excellent photo-
catalytic reactivity, its similar particle size to that of fine ag-
gregates employed in traditional concrete is the most
important factor rendering TiO, powder a suitable construc-
tion material [3—5]. An overall conceptual diagram of the
photocatalytic reaction occurring through the building walls is
presented in Fig. 1.

White Portland cement has been employed in buildings to
exploit its advantageous bright color from an aesthetic
standpoint. Moreover, this property supports the photo-
catalytic reaction much more effectively. Rhee et al. [6] re-
ported that ordinary Portland cement exhibits better light
absorption capacity than white cement does, leading to the
production of fewer electron—hole pairs (EHPs) and achieve-
ment of lower TiO, efficiency. Better NOy removal perfor-
mance can be observed in a mixture containing white cement.
According to Guo et al. [7], white cement contains less Fe,03
than that in ordinary Portland cement. For this reason, con-
crete with white cement and TiO, powder exhibits better NOy
removal performance than that of ordinary concrete for the
same type and amount of TiO, powder used.
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Fig. 1 — Conceptual description of NO, removal by TiO,.

To overcome the limitations of concrete structures (such
as curved structures) relying on steel bars [8—10], the use of
ultra-high-performance concrete (UHPC) has been proposed.
Owing to its high strength and durability, UHPC has also been
successfully applied in high-rise buildings and facilities that
require a high level of safety [10]. UHPC contains high
amounts of steel fibers; under flexural or tensile stress, fric-
tional force is generated between the fiber surface and ma-
trix. Based on these characteristics, steel fibers are used to
achieve higher strength and ductility. The steel fibers used
most have a positive effect on both the compressive and
tensile strengths of UHPC and are excellent substitutes for
securing ductility in replacing a portion of the steel rebars. In
particular, these materials address the crack and corrosion
problems occurring in concrete, which are fatal to steel re-
bars [11]. Recent studies [12—16] have attempted to increase
the friction between the fiber and concrete matrix by means
of increasing the surface roughness—e.g., via intentional
scratching or coating of the fiber surface. A conventional
method is to elicit the chelate effect through an electrolyte
solution comprising ethylenediaminetetraacetic acid [16].
Based on the fiber surface modification, superior tensile
performance of UHPC can be achieved, such as in terms of
tensile strengths of 17.5-20.4 MPa and energy absorption
capacities of 106.7—113.0 kJ/m? [16].

Yoo and Kim [17] reported that the use of polyethylene (PE)
fiber as a replacement for a portion of steel fiber is effective for
improving the strain capacity and energy absorption capacity
of UHPC under tension. Such attempts to modify the fiber
surface, particularly by increasing its surface roughness, have
also been made for polymeric fibers [18—21]. Some polymeric
fibers are further used to improve the hydrophilicity of UHPC.
Unlike steel fibers, however, they are hydrophobic and thus
develop weak chemical bonds with the surrounding cement
matrix. Therefore, if the hydrophilization of polymeric fibers
can be addressed, a significant performance improvement can
be achieved. Accordingly, from the perspective of high energy
absorption capacity, a high-performance fiber-reinforced
cement composite (HPFRCC) has been adopted as an eco-
friendly exterior building material by incorporating poly-
meric fibers [22,23].

To date, no study has reported the development of pho-
tocatalytic HPFRCCs containing TiO, powder and surface-
treated PE fibers. In this study, rheological analysis was first
conducted, and NO, removal test was performed subse-
quently. Through these tests, the optimal amount of viscosity-
modifying agent (VMA) that improved NOy removal efficiency
was determined. VMA have been commonly used to increase
the dispersion of fibers. The fibers evenly distributed over
matrix can lead to full saturation of the cracks, improving
tensile performance. In addition, it was also considered that
the TiO, powder in the matrix could be distributed uniformly
by VMA. Due to the influence of VMA, however, larger and
more pores may occur in cement matrix, which can lead to
strength reduction of cement composites [24]. In this study,
the corresponding property that have been considered
weakness in cement research was utilized to NO, removal. We
focused the possibility that the occurrence of pores would
increase the probability of TiO, being exposed to the external
conditions, and we observed whether this will lead to
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improved NO, removal capacity according to previous studies
[1,5,25,26]. After then, the PE fiber surface was treated using
various approaches, such as cold gas plasma and chromic acid
treatments, to determine the optimal treatment method in
terms of the mechanical properties of an HPFRCC containing
photocatalyst TiO, particles. Finally, the tensile properties of
this composite were confirmed via scanning electron micro-
scopy (SEM) image analyses.

2. Experimental program
2.1. Material properties and mixture organization

Two types of white Portland cement were employed: white
cement produced by Union Co. and Aalborg Co. (hereafter, the
capital letters “U” and “A” indicate the Union white cement
and Aalborg white cement, respectively). The physical prop-
erties of the two types of white cement and their KS L 5204
standards are listed in Table 1. Although the whiteness index
by Hunter was almost the same for both types, the early age (2
days) and 28-day compressive strengths of A were higher than
those of U. In addition to cement, silica fume (SF) was also
used as a cementitious material. For maintaining a higher
denseness and homogeneity, coarse aggregates were not
used, while silica flour and sand were adopted as inert filling
materials. In addition, NP-600, a highly utilized variant of TiO,
powder, was employed as the photocatalytic material. This
material has a particle size similar to that of silica flour and
exhibits low reactivity; thus, it can also be used as a filling
material [27]. Furthermore, distilled water under a low water-
to-binder (W/B) ratio of 0.2 was used. The W/B ratio value in-
dicates the amount of water contained in the superplasticizer
(SP). The employed SP was polycarboxylate type, and utiliza-
tion of this admixture was intended to achieve the self-
compacting properties of the mixture. A 19-mm-long PE fiber
was mixed with 2% of the total volume of the mixture; the
density of the corresponding PE fiber was 0.96 kg/m>. The
shape of the fiber is shown in Fig. 2, and its geometrical and
physical properties are listed in Table 2.

The variable settings were classified into two categories
depending on the test type. The primary objective was to
determine the optimal amount of VMA to be mixed into the
HPFRCC. Thus, the VMA addition ratio was considered as the
primary variable for each test, except for the mechanical ex-
periments. The amounts of VMA incorporated were set to

Table 1 — Mechanical properties of several types of white

cement and standard for white cement.

Mechanical Unit KSL5204 Union Aalborg

parameter Standard

Fineness (Blaine) cm?/g >3000 3400 3690

Initial setting time  minutes >60 180 148
(Vicat)

2 day strength MPa >12.5 23.4 313

28 day strength MPa >42.5 46.5 64.3

Whiteness (Hunter) — >89 90.2 91.4

Fig. 2 — Picture of used PE fiber.

0.25%, 0.50%, 0.75%, and 1.00% relative to the cement weight,
and this material was added to the HPFRCC without replacing
other materials [28,29]. Additionally, a plain sample without
VMA was prepared as the control sample. Including the con-
trol sample, a total of 10 samples were prepared by consid-
ering the abovementioned two types of white cement (i.e., U
and A). The labeling of the specimens and their mixture de-
tails are summarized in Table 3, wherein the percentage of
VMA is provided after a hyphen following the cement type. For
example, U-0.25% indicates a mortar formed of Union white
cement with 0.25% VMA.

The secondary objective was to determine the optimal fiber
treatment method for the HPFRCCs. The PE fibers were thus
incorporated into the mixture, unlike in the previous variable
setting, and the optimal amount of VMA was determined by
conducting the preceding tests. The amount of fibers mixed in
the HPFRCCs was set to a volume fraction of 2%. The other
materials used and the mixing ratios were the same as in the
previous tests.

The following two types of PE fiber treatment methods
were employed: plasma coating and chromic acid oxidation.
In the case of the former, all gases and moisture present inside
the plasma treatment machine were first removed before the
coating process was performed. This is essential for prevent-
ing other gases from acting as impurities and for ensuring
constant performance of each variable. The treatment was
conducted at a low humidity, and argon (Ar) and oxygen (O,)
gases were used in the plasma coating. From the standpoint of
the type and utilization ratio of the gases, methods involving
100% Ar utilization, 100% O, utilization, and utilization of a
mixture of 50% Ar and 50% O, were employed. In the case of
the latter treatment, the PE fiber reacted with activated
chromic acid to regulate the roughness of the fiber surface.
The reaction time determines the roughness of the PE fiber,
and an optimum reaction time should be set, as the PE fiber
burns or is considerably damaged if it reacts excessively.
Devaux and Cazé [30] reported that a PE fiber surface can be
considerably modified upon its immersion in a chromic acid
solution for 10 min. Therefore, in this study, methods for re-
action in chromic acid for 5 and 10 min were explored.
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Table 2 — Geometrical and physical properties of PE fiber.

Fiber Diameter, Length, Aspect Density Tensile Elastic
classification ds [mm] Iy [mm] ratio [l7/dy ] [g/cm?] strength [MPa] modulus [GPa]
PE fiber 0.03 18 600 0.97 3,000 88
2.2. Experimental methods speed for an additional 10 min after addition of water and SP.
As the mixing process showed proper flexibility, the PE fiber
2.2.1. Rheological test was inserted, and stirring was performed again at a high

Several models can be used to measure the fluid viscosity. In
this study, the Bingham model was used for this purpose. In
this model, the stress applied to a fluid and its moving speed
are called shear stress (r) and shear rate (y), respectively.
Shear rate occurs when the shear stress exceeds a certain
value (called yield stress), which indicates that the fluid has
started moving. When a fluid is moving, its viscosity affects its
movement, and the shear stress and shear rate increase pro-
portionally under ideal circumstances. Plastic viscosity in-
dicates the relation between shear stress and shear rate and
can be calculated from the slope of the shear stress—rate
(1 —v) curve presented in Fig. 3a [19]. Arheometer was used for
the viscosity measurement test, as shown in Fig. 3b, and to
calculate the shear stress corresponding to the shear rate of
each variable. The shear rate was set to increase linearly by
means of steadily increasing the rotation speed of the
rheometer, and the shear rate was set to range from 15 to
30 s~ In this test, a curing process was not required. After dry
and wet mixing for 10 min each, the viscosity was immedi-
ately measured by considering the mixture hardening, and the
measurement time was set to 5 min. As a result, the shear
stress—rate curves for each variable were drawn through the
process, and the average slope was calculated using linear
regression.

2.2.2. Mixing process

Because a larger-capacity mixing process was required
compared to those needed in previous tests, mixing was per-
formed using a 20-L-capacity Hobart-type mixer. For a uni-
form distribution of materials, dry materials, including
cement, SF, silica flour, silica sand, and TiO, powder, were
stirred at a low speed for 10 min and then mixed at a high

speed for 5 min to complete the mixing.

2.2.3. Fiber surface treatments

PE fibers exhibit hydrophobic characteristics and thus exhibit
poor adhesion to the cement matrix and dispersibility [31].
Thus, for improving its wettability, the fiber surface was
modified via cold gas plasma and chromic acid treatments. For
the former treatment, two types of inert and reactive gases, Ar
and O,, were adopted at a frequency of 40 kHz and power level
of 120 W for 2 min. This condition was determined as per the
study of Felekoglu et al. [32], who indicated that a 2-min
plasma treatment can sufficiently enable the wetting angle
to converge to the lower limit at a frequency of 40 kHz and
power level of 120 W or higher. The size of the plasma
chamber was 500 mm x 500 mm x 500 mm. A vacuum rotary
pump with a capacity of 660 LPM was used to facilitate a low-
vacuum condition; once the background pressure in the
chamber reached 7.0 x 1072 torr, 100 cc of gas was added.
Then, the plasma was activated at a working pressure of
2.2-2.5 x 107* torr.

Devaux and Cazé [30] reported that the PE fiber surface can
be modified via immersion in a chromic acid solution for
10 min, whereby the surface roughness is increased from 18.3
to 49.7 nm. Thus, in this study, a chromic acid solution was
prepared based on a mixture of potassium dichromate
(KoCry0y), distilled water (H,0), and sulfuric acid (H,SO4), as
follows: K,Cr,0,:H,0:H,SO, = 4.4:7.1:88.5. After K,Cr,0; and
H,0 were mixed together, H,SO, was added to the solution
and the entire mixture was stirred. The pristine PE fibers were
immersed in the chromic acid solution for 5 and 10 min at
20 °C (room temperature). They were then removed from the
solution and cleaned using methanol and distilled water for

Table 3 — Labeling and mixture details of HPFRCCs with various amount of viscosity agent.

Specimen Cement Mix proportions [kg/m?] W/BP
e Cement Silica fume Silica sand Silica flour TiO, powder Viscosity agent Water SP*

U-Plain Union 788.5 197.1 867.4 59.2 177.4 0 160.3 526 0.2

U-0.25% 1.97

U-0.50% 3.94

U-0.75% 5.91

U-1.00% 7.89

A-Plain Aalborg 0

A-0.25% 1.97

A-0.50% 3.94

A-0.75% 5.91

A-1.00% 7.89

2 Superplasticizer includes 30% solid (= 15.8 kg/m°) and 70% water (= 36.8 kg/m?).
® W/B is calculated by dividing total water content (160.3 kg/m> + 36.8 kg/m?) by total amount of binder (788.5 kg/m? + 197.1 kg/m?).
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(a)

Shear stress (1)

u = Plastic viscosity

T, = Shear yield stress

Shear rate ()

Fig. 3 — (a) Rheology concept and (b) test setup.

15 min or more until their original color was restored. Finally,
they were dried in air for 24 h before being used for mixing.

The letters “P” and “Cr” denote plasma and chromic acid
treatments, respectively. The letters “Ar,” “O,,” and “Hy” after
a hyphen in the case of plasma treatment indicate Ar-, O,-,
and hybrid gas-based plasma treatments, respectively. The
numbers of 5 and 10 appearing subsequently in the case of
chromic acid treatment indicate the treatment time. For
example, P-Hy denotes a PE fiber sample having undergone
hybrid Ar and O,-based plasma treatment.

2.2.4. NO removal test

The NO, removal test was performed in accordance with the
ISO 22197-1 standard [33]. For this test, panel specimens were
fabricated with dimensions of 50 x 100 x 10 mm® As
mentioned above, the curing procedure involves 48 h of dry
curing and 7 days of moisture curing in a water tank at 40 °C.
In addition, scratches were intentionally created on the sur-
face of each specimen to achieve better performance. This
surface treatment enabled more efficient absorption of NOy
[6,34]. The specimen was exposed to UV radiation within the

UV radiation generator

el [ F

removal performance evaluation device because the photo-
catalysts react to reduce NO concentration. The removal
performance was evaluated for 5 h, and 2 h of pre-exposure
just before the full-scale evaluation was required to stabilize
the initial bound. The concentration of NO gas at the begin-
ning of the test was set to 1 ppmv, based on which the
reduction performance was evaluated. During the test, the
temperature inside the equipment was maintained at 20 °C,
and the relative humidity was 50%. The NO, removal test
setup is shown in detail in Fig. 4.

2.2.5. Mechanical tests

A compressive strength test was conducted in accordance
with ASTM C 109 [35], whereas a direct tensile test was per-
formed according to the JSCE recommendation [36]. To eval-
uate the compressive strength, three 50 x 50 x 50 mm?
specimens were fabricated for each variable. In contrast, to
investigate the tensile behavior, a dog-bone-shaped test
specimen with a central cross-section measuring 30 x 13 mm?
was fabricated. Five specimens were produced for each vari-
able, whose specific shapes are presented in Fig. 5a.

m

Gas Tank

Transparent plate for checking specimen

NO, gas flow

3 / Air
= Compressor

Humidifier

Gas Tank

NO, Reacting
Equipment

Air Compressor

NO,
Concentration
Measuring device

NO, Reacting
Equipment

Humidifier

Fig. 4 — Test Setup of NO, removal.
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Immediately after the installation of the fresh mixture, the
exposed surfaces of all the types of test specimens were
covered with polyester film to prevent evaporation of the in-
ternal moisture, thereby ensuring a sufficient hydration re-
action. As mentioned above, the deforming process was
performed after 48 h of dry curing, followed by 7 days of
moisture curing in a water tank at 40 °C.

Two types of universal testing machines (UTMs) with
different capacities were used for the compressive and tensile
tests. The maximum load capacity of the UTM used in the
compressive strength test was 3,000 kN, whereas that of the

UTM used in the tensile performance test was 250 kN. Loading
rates of 0.1 and 0.4 mm/min were adopted for the compressive
and tensile tests, respectively. Unlike in the compressive test,
where only strength was measured by dividing the maximum
applied load by the cross-sectional area of the cube, additional
test equipment was required in the tensile test for the tensile
strain measurement. The elongation of each specimen was
measured using linear variable displacement transformers
(LVDTs) fixed to the aluminum frame, and the maximum
measurable value of an LVDT was 10 mm, as shown in Fig. Sb.
After completion of the tensile test, cracks formed on the

(@)

40 13
=——
Pin support
(9]
Dog-bone «©
sample
Aluminum v
frame =
<
A =
=)
g
LVDT = § = 30 I Y
(=]
=
@©
¥ YO
o
<
Grip jig ot I
0
. %}
Fixed support
(Unit: mm)

(b)

Fig. 5 — Test setup of (a) compressive strength and (b) tensile behavior.
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specimens were examined; the number of cracks and the
distance between the two ends of each crack were measured.
From these values, the average length between the cracks was
calculated to determine the tendency of each variable to
crack, as follows:

Average crack spacing (mm) = D¢/Cayg, ()

where D, indicates the distance between the two ends of the
cracks, and C,y4 indicates the average number of cracks. In
addition, microphotographs of the fibers were captured to
examine their failure models.

3. Determination of optimal amount of VMA

3.1.
mortar

Effect of VMA on plastic viscosity of white cement

Rheological properties of specimens are presented in Fig. 6.
The plastic viscosity of both U and A specimens tended to
increase with the addition of VMA, which is consistent with

[U-1.00%] p = 9.908
[U-0.75%] p = 9.678
[U-0.50%] p = 9.889

[U-0.25%] u = 9.333

Shear stress (Pa)

[U-p] u = 8.466

15 20 25 30
Shear rate (1/sec)

[A-1.00%] p = 9.046
[A-0.75%] p = 9.521
[A-0.50%] p = 9.132

[A-0.25%] u = 8.387

Shear stress (Pa)

[A-p] p = 9.017

Shear rate (1/sec)

the findings of Leemann and Winnefeld [37]. The U-1.00%
specimen exhibited the highest viscosity, whereas the U-p
specimen exhibited the lowest viscosity, which tended to in-
crease with the amount of VMA added. The highest value of
9.91 Pa-s recorded for the U-1.00% specimen was 17% higher
than the value of 8.47 Pa-s recorded for the U-p specimen. The
second highest plastic viscosity of 9.89 Pa-s was recorded for
the U-0.5% specimen, which was slightly lower (by <1%) than
the highest value. Compared to that for the U cement type, the
increase rate of plastic viscosity obtained via VMA addition
was minor for the A cement type. The highest viscosity
(9.52 Pa-s) was recorded for the A-0.75% specimen, whereas
the A-0.25% specimen achieved the lowest value of 8.39 Pa-s.
The second highest value of 9.13 Pa-s was obtained at a VMA
content of 0.5%. Thus, it can be concluded that the addition of
VMA increases the viscosity of the fresh mixture of cement
mortar and is more effective for the U cement type.

3.2.  NO, removal capacity

Fig. 7 shows the NO gas concentration and time relations of
the A and U cement-based samples with the addition of

—
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Fig. 6 — Rheological properties of HPFRCC paste incorporating viscosity agent for various weight content: (a) shear
stress—rate curves and (b) plastic viscosity of Union specimens, (c) shear stress—rate curves and (d) plastic viscosity of

Aalborg specimens.
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Fig. 7 — Comparative NO concentration and time behaviors: (a) Union specimens (b) Aalborg specimens.

various amounts of VMA. The NO gas removal capacities are
summarized in Fig. 8. Compared to that of the ordinary Port-
land cement (OPC) sample without TiO,, the NO gas concen-
tration of TiO,-containing mortar panels evidently decreased
under UV irradiation, owing to the photocatalytic action. The
NO concentration sharply decreased immediately after the UV
light was turned on and then remained constant till the light
was turned off. Once the light was turned off, the NO con-
centration increased owing to the continuous flow of NO gas,
which is consistent with previous observations [34,38] and
indicates the active photocatalytic reaction of the incorpo-
rated TiO, particles. Park et al. [34] noted that TiO, first ab-
sorbs a photon from the light and generates an EHP. This
photon is then converted to a nitrate ion from the water and
O, present in the air, which decreases the NO concentration.
For both A and U cement types, when 0.5% of VMA was added,
the highest amount of NO was removed (ie., 572 and
8.10 pmol, respectively). The NO removal rates, calculated via
dividing the removed NO gas by the input NO gas, were 12.4%

(@)

10 [
i 8.10

g [ 762 7.97
5 °f 6.97 6.90
IS [
3 L
s °Ff 4.90
é [ 430 =
o 4 r
— -
o) :
zZ [

2t

0 i I . Beima | sy

Plain  0.25% 0.50% 0.75% 1.00%

and 17.3%, respectively, in the cases of A- and U-0.5%. In the
case of A cement, a higher NO removal capacity was achieved
by adding VMA, whereas 0.5% and 0.75% VMA contents were
only effective in improving the NO removal capacity of U-
based mortar.

Fig. 9 shows the relation between the NO removal capacity
and plastic viscosity. There is a minor correlation between
the plastic viscosity of the cement mortar and its NO removal
capacity, which is attributable to the sufficient viscosity of
the mortar mixture used in this study. This is supported by
the results obtained by Li and Li [24], who reported that the
fiber dispersion coefficient in engineered cementitious
composites (ECCs) increases with the plastic viscosity but
shows a plateau-like trend after the Marsh cone flow time
reaches 24 s. They [24] suggested a simple equation for the
relation between the plastic viscosity (x) and Marsh cone flow
time (y): y = 2.3737x +5.9715. The minimum and maximum
plastic viscosities obtained were 8.39 and 9.91 Pa-s, respec-
tively, corresponding to the Marsh cone flow time periods of
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Fig. 8 — NO removal comparisons.
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25.9 and 29.5 s, according to the suggested equation. This
means that the viscosity of the cement mortar considered for
producing HPFRCCs was sufficiently high owing to its low W/
B value and high amount of fineness ingredients. The
increased plastic viscosity is generally effective in improving
the dispersibility of fibers; however, it also leads to larger
sizes and amounts of entrapped air pores, which result in
lower net cross-sectional areas and amounts of fibers in the
weakest zone [24]. For these reasons, the dispersibility of
TiO, particles did not linearly increase with plastic viscosity,
and there was a minor correlation between the NO removal
capacity and plastic viscosity.

Compared to A cement, U cement showed better NO
removal through the photocatalytic action of TiO, particles at
all ranges of VMA contents. For example, the NO removal of U
white cement-based mortar was approximately 51% higher
than that of A white cement-based mortar on average. Guo
and Poon [7] noted that a higher light absorption of OPC results
in fewer EHPs, which mitigates the NO removal capacity of
TiO, particles. Among the two types of white cement, the U
cement is recommended for use in terms of the NO removal

88.0
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60 |
40 f

20 |

Compressive strength, f.' (MPa)

U-Ar U-0 U-M U-5 U-10

capacity of cement mortar, compared to the A cement. In
addition, based on the NO removal test results, the most
appropriate amount of VMA for both A and U white cement
cases, in terms of both performance and efficiency, was
determined to be 0.5%. When the input amount of VMA ex-
ceeds 0.5%, the efficiency of NO removal rather decreased
because the flowability of composite already significantly
reduced due to utilization of TiO,. Thus, it was decided to add
an equal amount of VMA to 0.5% of the weight of cement for

the tests conducted for evaluating the mechanical
performance.
4. Determination of appropriate fiber

treatment method through mechanical
properties

4.1. Compressive strength

The compressive strengths of the two cement specimens are
presented in Fig. 10. The difference between the highest
compressive strength (91.8 MPa) and lowest strength
(85.6 MPa) was only approximately 6.2 MPa for the U cement
type (Fig. 10a). This means that the surface treatment method
of the PE fiber insignificantly influences the compressive
strength of HPFRCCs. Although the lowest value was achieved
for the U-M specimen, the plasma coating specimens with a
single gas type showed a higher compressive strength than
that of the others: only U—Ar and U—-O specimens showed a
compressive strength above 90 MPa. Compared to those for
the U cement type, slightly lower compressive strengths were
obtained for the A cement samples. One potential reason for
this is the lower viscosity of the A cement samples (Fig. 6),
which limits the uniform dispersion of the PE fibers in the
matrix. The HPFRCC samples having undergone plasma
treatment and chromic acid treatments for 5 min exhibited
similar compressive strengths, while those subjected to 10-
min chromic acid treatment exhibited the highest compres-
sive strength of 91.5 MPa. Owing to the worse fiber dis-
persibility, larger data deviations were found in the A cement
samples.
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Fig. 10 — Compressive strength of HPFRCC using surface-treated PE fiber of (a) Union specimens and (b) Aalborg specimens.
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Felekoglu et al. [32] reported that cementitious composites
containing plasma-treated polypropylene fibers on the sur-
face exhibited higher flexural strength than that in plain
specimens. In particular, the flexural strength was the highest
in the specimen that used Ar during plasma treatment. Pay-
row et al. [39] noted that the effect of chromic acid treatment
for polymer fibers on the compressive strength of concrete
incorporating fibers was negligible. Yoo et al. [40] reported a
significant increase in the compressive strength of a rapidly
hardening mortar when using surface-treated PE fibers. The
compressive strength evaluation presented in this study does
not indicate a dramatic difference from the previous studies
[32,39,40]. These results are attributed to the dense matrix of
an HPFRCC. Based on this consideration, the compressive
strength of an HPFRCC is considered to be affected more by
the specific properties of the matrix (such as the viscosity of
the composite) than the surface condition of the incorporated
fiber.

4.2. Tensile behaviors

Fig. 11 shows the tensile stress—strain curves of specimens
separated according to the cement type, and Figs. 12 and 13
show several parameters related to their tensile perfor-
mance. Unlike the compressive strength measurements, the
tensile test measurements showed a distinct tendency
regardless of the cement type. Among the U cement variables,
the U-M specimen exhibited outstanding performance for all
parameters. The U-M specimen had the highest tensile
strength (13.3 MPa), which was approximately 10% higher than
the second highest value (12.1 MPa) recorded for the U-10
specimen and approximately 33% higher than the lowest value
(10.1 MPa) recorded for the U—Ar specimen. In case of the strain
capacity, the U-M specimen exhibited the highest value of
1.47%, which was 50% higher than the second highest value of
0.98% recorded for the U—O specimen and 164% higher than the
lowest value of 0.56% recorded for the U-5 specimen. The
highest tensile strength (12.4 MPa) was achieved by the A-M
specimen, which was 5% higher than the second highest value
of 11.8 MPa recorded for the A-10 specimen and 23% higher
than the lowest value of 10.1 MPa recorded for the A-Ar spec-
imen. In addition, among the A cement specimens, the A-M
specimen exhibited the highest strain capacity of 1.28%, which
was approximately 25% higher than the second highest value
of 1.02% recorded for the A-O specimen.

As aresult, the U- and A-M specimens achieved the highest
energy absorption capacity up to the peak (called g-value). For
instance, the recorded g-values were 160.7 and 137.5 kJ/m3,
respectively, for the U-M and A-M specimens. The highest
performance level of fiber-reinforced concrete is known to
have a g-value exceeding 50 kJ/m? [41]. In addition, ECC, which
is one of the best strain-hardening cement composites, ex-
hibits a g-value of 148 kJ/m? [42]. Thus, the photocatalytic
HPFRCC containing the plasma-treated PE fibers could absorb
energy, similar to the case of ECC. Regardless of the white
cement type, the O,-gas plasma-treated fiber samples yielded
the second-best energy absorption capacity, followed by the
Ar—gas plasma-treated fiber samples. This is attributable to

the higher surface oxidation. Tosun et al. [43] reported that O,-
gas and Ar—gas increase the bond between cement matrix and
fiber through different mechanisms. Plasma treatment
cleaves the C—C/C—H bonds and creates oxygen-containing
functional groups in the molecular chain of the surface of PE
fibers. Thus, the O,-gas plasma treatment was more effective
in incorporating the oxygen-containing functional groups,
which helped to disperse the PE fibers in the mixture and in-
crease their chemical bond to the cement matrix. On the other
hand, Ar—gas plasma treatment was more effective in
improving nano-roughness of the fiber surface, which led to
improve physical bond [43]. Comparing the two cases, it was
the formation of oxygen-containing functional groups rather
than the improvement in nano-roughness that had a greater
impact on tensile performance of HPFRCCs. Consequently, a
remarkable point of this study is that using the mixed gas
simultaneously increases physical and chemical bond be-
tween cement matrix and fiber, which brought about positive
synergies to achieve better tensile performance than the case
of using single gas. Worse tensile properties were obtained for
the chromic-acid-treated PE fiber samples. In particular, the 5-
min chromic acid-treated fiber samples yielded the lowest g-
values, which increased with the treatment time increased to
10 min. Such an improved energy absorption capacity of
HPFRCCs obtained by increasing the time of chromic acid
treatment was potentially caused by the highly oxidized PE
fiber surface. Yoo et al. [44] reported that the O/C atomic ratio
increased from 10.8% to 17.4% with an increase in the chromic
acid treatment time from 5 to 10 min; they also reported the
enhanced tensile properties of strain-hardening cementitious
composites owing to the increased treatment time of chromic
acid. The insufficient surface oxidation but highly roughened
surface and fibrillation of the U- and A-5 specimens can limit
further increases in the tensile stress and deformability,
resulting in the worst energy absorbing capacity.

To validate the achieved tensile performance, the fiber
states located at the localized crack plane were analyzed
through SEM images. Fig. 14 presents the surface states of the
pulled-out PE fibers from the cement matrix. More severe
scratches were observed on the surface of the fiber acquired
from the specimen, which yielded a higher tensile perfor-
mance. In particular, fibers extracted from U- and A-M spec-
imens exhibited a certain level of deformation because of the
intense scratches produced by the adherent fine matrix par-
ticles at the interfacial zone. However, the fibers obtained
from the U- and A-5 specimens, which exhibited extremely
low tensile performance, had smooth surfaces without
noticeable surface abrasion, indicating the presence of insuf-
ficient interfacial shear resistance required to suppress the
fiber pull-out.

4.3. Crack patterns

Figs. 15 and 16 illustrate the multi-cracked samples obtained
after the completion of the tensile test, and Fig. 17 presents
the crack parameters. The trend of the number of cracks was
quite similar to that of the g-value acquired from the tensile
test. The average number of cracks on the specimens
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Fig. 15 — Crack patterns for Union specimens: (a) U—Ar, (b) U-O, (c) U-M, (d) U-5, and (e) U-10.

containing PE fibers treated by mixed-gas plasma yielded the
highest value. The U-M sample produced 15.2 cracks on
average, whereas the A-M sample produced 13.6 cracks. This
multiple cracking behavior verified the strain-hardening
behavior under tension. Additional cracks in the matrix can
be formed when the tensile stress transferred through the
fiber—matrix interfacial bond exceeds its tensile strength.
Thus, multiple crack formation indicates excellent fiber
bridging strength, allowing the transfer of higher tensile
stresses to the surrounding matrix. Among the U cement
specimens, the least average cracks (3.2) were observed for U-
5. In contrast, the A-Ar and A-5 samples possessed equal
numbers of least average cracks (2.8) for the A cement sam-
ples. The number of cracks was inversely proportional to the
average crack spacing. The lowest average crack spacing

(7.9 mm) was observed for the U-M specimen, the minimum
among the U cement cases, which confirmed that the cracks
occurred most closely in this specimen. The lowest average
crack spacing was reported for the A-5 specimen among the A
cement variables, which is attributable to the fact that the
cracks were concentrated in a certain part because of early
failure. The corresponding fiber fracture pattern is shown in
Fig. 18. Excluding the exception corresponding to the A-5
specimen, the average distance between the cracks in the A-M
specimen was the narrowest (8.8 mm) in the A cement case.
The most probable reason for the crack concentration iden-
tified in several specimens was poor fiber dispersion. TiO,
reduced the flowability of specimens, which led to deteriora-
tion of fiber dispersibility. To improve the fiber dispersion
capacity, further research needs to be conducted.

Fig. 16 — Crack patterns for Aalborg specimens: (a) A-Ar, (b) A-O, (c) A-M, (d) A-5, and (e) A-10.
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Fig. 18 — Examples of fiber fracture pattern: (a) completely pulled out fiber from A-M specimen, (b) failed fiber from A-5

specimen.

5. Conclusions

This study determined the optimal amount of VMA and an
appropriate fiber treatment method required to increase the
NOy removal capacity and mechanical properties of HPFRCCs
containing white Portland cement and TiO, powder. Based on
the test results and the above discussion, the following con-
clusions can be drawn.

1) The plastic viscosity of the cement mortar tended to in-
crease with VMA addition. Owing to the sufficient viscosity
of the plain mortar, no correlation between the NO removal
efficiency and plastic viscosity existed according to the
amount of VMA.

2) The TiO,-containing mortar showed an evident decrease in
NO gas concentrations up to 17.3%. As 0.5% VMA was
added, the highest amounts of NO gas could be removed
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for both Aalborg and Union cement types (i.e., 5.72 and
8.10 umol, respectively).

3) Union cement was more effective in removing NO gas
through the photocatalytic action of TiO, particles than the
Aalborg cement under all ranges of VMA content. It also
achieved a higher compressive strength than that of its
counterpart.

4) The compressive strength of HPFRCCs was influenced by
the surface treatment method of the PE fiber; however, the
difference was insignificant. The compressive strength of
the tested photocatalytic HPFRCCs was determined as
72.7—-91.8 MPa.

5) In contrast to the compressive tests, the tensile tests showed
a significant difference in the performance parameters be-
tween each variable depending on the treatment method
used. For both cement types, the plasma treatment of the
hybrid Ar—gas and O,-gas (i.e., the U-M and A-M specimens)
yielded the optimal tensile performance, whereas the spec-
imens subjected to chromic acid treatment exhibited worse
tensile performance. The Ar- and O,-gas-based plasma
treatments exhibited intermediate performance.

6) The number of cracks tended to show similar trends with
the g-value, meaning that the hybrid Ar- and O,-gas-based
plasma treatment produced the maximum microcracks,
owing to its excellent fiber bridging capacity.
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Appendix A

The average values and standard deviation of mechanical
properties (compressive strength, tensile strength, strain ca-
pacity, and g-value) are summarized in Table Al.
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Table A1 — Summary of mechanical test results of HPFRCCs

Specimen Compressive strength f,’ [MPa] Tensile strength f, [MPa] Strain capacity ey [%] g-value [kJ/m?]
U—Ar 91.8 (7.4) 10.1 (0.6) 0.83 (0.00) 70.0 (3.7)
U-0 91.1 (10.7) 10.8 (2.2) 0.98 (0.66) 100.5 (79.4)
U-M 85.6 (8.7) 13.3 (0.8) 1.47 (0.37) 160.7 (50.5)
U-5 88.0 (18.5) 11.5 (0.9) 0.56 (0.11) 51.0 (10.6)
U-10 86.5 (10.6) 12.1 (1.3) 0.80 (0.57) 76.7 (57.0)
A-Ar 80.9 (7.7) 9.0 (1.6) 0.39 (0.08) 28.4 (3.3)
A-O 72.7 (17.5) 11.7 (1.9) 1.02 (0.42) 91.3 (23.9)
A-M 83.1 (5.6) 12.4 (0.7) 1.28 (0.08) 137.5 (12.3)
A-5 84.9 (20.5) 10.1 (1.7) 0.03 (0.02) 1.7 (1.1)
A-10 91.5 (5.9) 11.8 (0.6) 0.39 (0.30) 35.0 (26.8)

*Bold = average value and parentheses () = standard deviation.
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