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ABSTRACT: The current study aims at exploring the beneficial effect of silica fume (SF) and acrylic emulsion polymer (PR) on
the enhanced properties of polypropylene fiber reinforced concrete (FRC) with the supplementary cementitious binder comprised
of the Portland cement, slag, silica fume and fly ash. The compressive strength and impact-abrasion resistance were used for the
estimation of engineering properties while the water absorption performance, surface electricity resistance, and rapid chloride
penetration resistance were used for estimation of durability. Experimental results showed that a sole addition of SF increased the
compressive strengths but decreased the abrasion-impact resistances of modified FRCs, which was just opposite to the influence
of a sole addition of PR. A sole addition of either the SF or PR could moderately improve the durability of modified FRCs,
respectively. However, due to the beneficial effect of the complementary interaction between SF and the optimal amount of PR,
the mechanical properties and durability of modified FRCs seemed to become significantly improved.
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RESUMEN: Hormigon reforzado con fibra de polipropileno mejorado mediante el uso de humo de silice y polimero de emulsion
acrilica. El estudio tiene como objetivo explorar el efecto beneficioso del humo de silice (SF) y el polimero de emulsion acrilica
(PR) en la mejora de las propiedades del hormigédn reforzado con fibra de polipropileno (FRC) y formado por cemento Portland,
escoria, humo de silice y cenizas volantes. La propiedades ingenieriles se evaluaron mediante la caracterizacion de la resistencia a
la compresion y a la abrasion, y las propiedades durables mediante la caracterizacion de la absorcion de agua, la resistencia eléctrica
superficial y la resistencia a la penetracion rapida del cloruros. Los resultados experimentales mostraron que la adicion de SF
aument? la resistencia a la compresion, pero disminuyd la resistencia al impacto-abrasion del FRC modificado, resultado opuesto
a lo ocurrido con la adicion de PR. La adicion unica, sea de SF o PR, podria mejorar moderadamente la durabilidad. Sin embargo,
debido a la interaccion entre SF y PR, tanto las propiedades mecanicas como la durabilidad del FRC modificado parecieron mejorar
significativamente.

PALABRAS CLAVE: Hormigén; Cenizas volantes; Escoria de alto horno; Humo de silice; Refuerzo de fibra.
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1. INTRODUCTION

For the past decades, concrete has been one of the
most dominant construction materials applied for
the sustainable infrastructural construction. When
compared with other common construction materi-
als such as steel or aluminum, the concrete struc-
tures consume less energy and have the satisfacto-
ry mechanical properties and excellent durability
(1). However, the existing issues of high energy
consumption and tremendous amount of released
flue gases induced by the ordinary Portland cement
(OPC) manufacture are still observed (2, 3). More-
over, the concrete structures with plain OPC illus-
trate the weak resistances to severe chemical attacks
such as the organic acid and sulfate, such that the
modern cement/concrete industries need to consider
to use the supplementary cementitious material as an
alternative binder with multiple enhancements of the
final concrete products (4, 5).

On the other hand, during the service life, the con-
crete structures have been vulnerable to the crack
issue taking place when the inner tensile stress of
concrete members reaches its tensile strength, possi-
bly due to high corrosion potential of the steel rebar
(6, 7). For the practical reinforced concrete design,
the allowable crack sizes have to be limited at a cer-
tain threshold dependent on the structural service-
ability and environmental attacks (8). By taking the
allowable controlled crack into account of concrete
structure design, the application of prestressed con-
crete structure has been a preferable consideration
(9, 10). However, in some specific situations where
the prestressed construction technique is restricted,
the enhancement of concrete capacity to restrain the
crack occurrence and propagation with an addition
of short fiber has become a crucial alternative.

Normally, the type and dosage of fiber are the
primary influencing factors to affect the improved
performance of a fiber reinforced concrete (FRC)
(11) or mortar (12). Recently, various types of steel,
glass, synthetic, and natural fibers have been practi-
cally used for manufacturing the FRC with signifi-
cant improvement of bearing capacity and durabil-
ity to withstand static and dynamic loads (13, 14).
With the beneficial properties of low specific den-
sity and high chemical stability, the synthetic fiber,
particularly the polypropylene, or acrylic emulsion
polymer (PR) becomes a high level of interest in re-
search (13, 15-18). Currently, the utilization of hy-
brid fiber for FRC becomes a research interest due to
the multiple beneficial effects when compared with
the mono FRC (19, 20). Although the FRC incor-
porated with polymer-polymer hybrid fiber has been
properly studied (19, 21), the study focusing on the
performance of FRC with hybrid fiber comprised of
acrylic emulsion polymer and polypropylene seems
to be relatively limited. For the purpose of gradu-
ally enriching the database for the FRC with poly-

mer-polymer hybrid fiber, the current study aims at
investigating the influence of using the acrylic emul-
sion polymer on the performance of polypropylene
FRC. Moreover, this study further explores the ef-
fect of interaction between the high reactive micro-
silica of silica fume and different amounts of hybrid
fiber on the properties of the modified FRC which
has not been previously studied.

2. EXPERIMENTAL PROGRAM

2.1. Materials

The Type I ordinary Portland cement (OPC),
ground granulated blast furnace slag (slag), low calci-
um Class F fly ash (FA), and commercial silica fume
(SF) supplied by imported Elkem 940U were used for
the preparation of supplementary cementitious bind-
er. The physicochemical properties of these materials
are shown in Table 1. Accordingly, the OPC and slag
mostly contained calcium oxide while the FA abun-
dantly contained oxides of aluminum and silicon. On
the other hand, the SF distinguished itself with tre-
mendous content of silicon oxide accompanying with
minor amount of other oxides. For concrete manufac-
ture, the natural sand with specific gravity of 2.65 and
finesse modulus (FM) of 2.72 and the crushed stone
with specific gravity of 2.67 and maximum size of
19 mm were used as fine and coarse aggregates, re-
spectively. The water absorptions of sand and crushed
stone were of 1.0 and 0.8%, respectively. The parti-
cles size distributions of the aggregates are shown
in Figure 1. According to the figure, the aggregates
essentially complied with ASTM C33 (22). To pro-
duce fiber reinforced concrete (FRC), the commercial
polypropylene fiber supplied by the local dealer, Pop-
lar Co. Ltd., Taiwan, with properties shown in Table 2
was used. On the other hand, for preparing the mod-
ified FRC with hybrid polymer fiber, the waterborne
acrylic polymer used in this study was a domestic
commercial product with a trade name of ETERSOL
6976, which was purchased from the Eternal Materi-
als Co., Ltd. Taiwan. It had a cream color, a solid con-
tent (150 °Cx15 mins) of 48 + 1%, viscosity (Brook-
field, LVF, No, 2, 60 rpm, 30°C) of less than 200 cps, a
pH value between 8.0 and 9.0 and a minimum filming
temperature (73% RH) of 14 to 16 °C. Both polymer
and fibers used in this study were available in Taiwan.
In this study, commercial Type G superplasticizer
(SP) supplied by local dealer, Poplar Co. Ltd., Tai-
wan (same dealer of polypropylene fiber), was used
for achieving the workable concrete. In addition, to
minimize the air trapped in the fresh concrete during
mixing process, the commercial milky white liquid of
antifoam agent supplied by local dealer, Hsin An In-
struments Co., Ltd., was also used.
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TaBLE 1. Physicochemical properties of OPC and three by-product materials.

Chemical compositions (wt.%) OPC Slag  Class F fly ash (FA) Silica fume (SF)
SiO, 2042  34.86 49.9 88.21
AlLO, 4.95 13.52 25.6 0.33
Fe O, 3.09 0.52 3.49 0.74
CaO 61.96  41.77 3.63 0.93
MgO 3.29 7.18 - 2.37
SO, 2.40 1.74 1.12 -
Loss on ignition 1.75 4.27 3.72 2.62
Insoluble residue 1.02 - - -
C;S 49 - - -
C,S 21 - - -
CA 7.9 - - -
CAF 9.4 - - -
Physical properties
Specific gravity 3.15 2.9 2.14 2.14
Surface area (cm?/g) 3450 6000 2630 -
Initial setting (min) 155 - - -
Final setting (min) 260 - - -
100 > TaBLE 2. Properties of polypropylene fiber.
80 —: Length, mm 19
;\; ] Diameter, mm 0.36
3 6045 g —
g 7 = Specific gravity 0.9
3 ] 1 5
; 40 _: l’ g Tensile strength, MPa 303
§ ] I, | ~ Elastic modulus, GPa  1.57
20 _; ! J'I / /’ = Stone Toughness, MPa 193
]l S - ) - Sand Melting point, °C 225
0 o T Appearance White
100 1000 10000 100000

Grain size (um)

FiGure 1. Particle size distributions of coarse and fine aggregates.

2.2. Mix proportions

The concrete proportions were based on an equiv-
alent fixed volumetric ratio of aggregate to concrete
of 0.62. The mass ratio of fine aggregate to total
aggregates was fixed at 0.4. The reference supple-
mentary cementitious binder contained the ternary
mixture of 50% OPC, 25% of slag, and 25% of fly
ash in volume. Three amounts of commercial silica
fume (SF) were used as partial replacement of OPC
with fraction at 0, 5, and 10% of total volume of the
powder, respectively. The commercial polypropyl-
ene fiber amount fixed at 0.2% of concrete volume

was used for the control set of FRC. To assess the
performance of the modified FRC with hybrid poly-
mer fiber, the commercial acrylic emulsion polymer
(PR) was used at 0, 5, and 10% of total weight of
powder. The water to binder ratio (w/b), in which
the water content included both the distilled water
and the water extracted from the PR, of all concrete
mixtures was fixed at 0.4. The mix proportions of
the concretes are illustrated in Table 3.

2.3. Specimen preparation and test methods

The fresh property of concrete was estimated with
the slump test in accordance with ASTM C143 (23).
Immediately after the slump test, the concrete cyl-
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TaBLE 3. Mix proportions for 1 cubic meter of concrete (kg/m?).

Mixes OoPC Slag FA SF PR PPF AF” SP™ Sand Stone  Water
SOPO 266 120 93 0 0 1.8 0 0.3 654 1000 191
SOP5 266 120 93 50 1.8 7.5 0.4 654 1000 166
SOP10 266 120 93 0 100 1.8 15 0.4 654 1000 140
S5P0 241 121 94 18 0 1.8 0 0.3 654 1000 190
S5P5 241 121 94 18 49 1.8 7.5 0.4 654 1000 164
S5P10 241 121 94 18 99 1.8 15 0.5 654 1000 138
S10P0 217 123 95 37 0 1.8 0 0.4 654 1000 188
S10P5 217 123 95 37 49 1.8 7.5 0.5 654 1000 163
S10P10 217 123 95 37 98 1.8 15 0.5 654 1000 137

Note: OPC = Ordinary Portland cement; FA = Class F fly ash; SF = Silica fume; PR = Acrylic emulsion polymer; PPF = Polypro-

pylene fiber; AF = Antifoam agent; SP = Superplasticizer; "Mass percent of total fiber; “Mass percent of total powder.

inders with dimensions of $100%200 mm? were cast
for the tests of compressive strength in accordance
with ASTM C39 (24). The durability of concrete
specimen was evaluated by using the tests of wa-
ter absorption in accordance with ASTM C642 (25),
the electricity surface resistance test using 4-point
probe equipment, and the rapid chloride penetration
test (RCPT) in accordance with ASTM C1202 (26).
On the other hand, the 100x100x100 mm? cubic
specimens of concretes were prepared for the abra-
sion resistance test. After 24 hours, all the concrete
specimens were demoulded and cured in room tem-
perature of 23+2°C and relative humidity (RH) of
50-70% until the ages of testing, without any water
curing.

In this study, a self-designed patented enclosed
cylindrical steel container of Rotary-drum Hydrau-
lic Impact-Abrasion Testing Machine (US patent
8,833,136 B2) as shown in Figure 2 was used to
evaluate the hydraulic impact-abrasion resistance
on 100x100x100 mm® cubic concrete specimens.
The testing machine had six 100x100 mm? openings
evenly distributed with an angle of 60° around its cir-
cumferential surface in which each opening allowed
a half of one 100x100x100 mm? cubic concrete spec-
imen to be inserted into the inner compartment of en-
closed container which was either filled with water
or empty accompanying with 12 steel balls. Thus a
half of 100x100x100 mm? cubic concrete specimen
which was inserted into the inner chamber would be
subjected to either the wet (container with water) or
the dry (container without water) impact and abra-
sion test simultaneously once the cylindrical con-
tainer was rotating. One to six 100x100x100 mm?
cubic concrete specimens could be installed for one
test. The contacting impact included fixed quanti-
ty of uniform steel balls free falling inside the cy-
lindrical steel container. To run the test, the whole
system was set to rotate with a fixed speed of 30 to
33 rpm similar to that of ASTM C535-16 for 500

revolutions. The weight loss of 100x100x100 mm?
cubic concrete sample computed after the test was
used for estimating the impact-abrasion resistance of
concrete mixture. In this study, the impact-abrasion
resistances of concrete specimen at both dry and wet
conditions were conducted. The wet condition of the
test was simulated by filling the enclosed chamber
with tap water during the rotating period.

Ficure 2. Experimental equipment for impact-abrasion test.

In order to continuously measure the water ab-
sorption rate of ¢$100x200 mm concrete cylinder
at time intervals of 0, 1, 5,10, 20, 30, 60, 180 and
360 minutes, a self-designed experimental cylindri-
cal plastic transparent container with dimension of
$120x210 mm? was used (Figure 3). After the ov-
en-dried concrete cylinder was set into the cylin-
drical container, a transparent cap equipped with a
vertical graduated capillary tube at the center was
sealed to the container. Then the graduated tube
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was used to measure the level of sinking water to
estimate the water absorption of oven-dried concrete
cylinder after the container being filled with tap wa-
ter. At beginning of the test, the initial level of added
water was recorded and used as the reference value
for computing the absorbed water. With the elapse
of testing time, the decrease of sinking water level
was continuously monitored and used for computing
the water absorption and water absorption rate of
concrete specimens. In this study, the water absorp-
tion rate of concrete was monitored up to initial 6
hours. On the other hand, the final water absorption
of concrete specimens was reported after 3 days of
immersion.

FiGure 3. Experimental equipment for water absorption test
(¢120x210 (a) mm? for cylindrical container, $20x300 (b) mm?
for graduated tube).

The compressive tests of polymer concrete speci-
mens were conducted at ages of 7, 14, 21, 28 and 56
days, respectively, while all the other four tests and
the scanning electron microscopic analysis of speci-
mens were performed at age of 28 days.

3. RESULTS AND DISCUSSIONS

3.1. Compressive strength

The influences of SF and PR on the compressive
strengths of the modified FRC specimens are shown
in Figure 4 and 5, respectively. Accordingly, the
compressive strengths of the concrete specimens in-
creased with the increase of curing ages regardless of
the concrete proportions. At the equivalent amount
of PR, the compressive strengths of the modified
FRC specimens were improved with the increase
of SF Figure 4 showed that without using PR, the
compressive strengths of modified FRC specimens
with 10% SF were higher than those of the reference
FRC specimens without SF addition at all ages of
curing. With the increase of PR at 5 and 10%, the
compressive strengths of the modified FRC speci-
mens with SF in range of 5-10% were improved in
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comparison with those of the control FRC without
SF addition at all ages. The observed results were
due to the SF having the pozzolanic property which
contributed to the enhancement of pore refinement
of binding system induced by the extra hydration
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products. Normally the utilization of silica fume
(SF) has a significant improvement on the compres-
sive strength and durability of the hardened concrete
with a high amount of Portland cement as the key
cementitious agent. As shown in Table 3, the cemen-
titious material for the concrete studied in this study
consisted of only 50 vol.% of Portland cement and
other 50 vol.% of slag, class F fly ash, silica fume
and acrylic emulsion polymer. The unique effect by
increasing the amount of silica fume from 0 to 10%
on the enhancement of compressive strength of con-
crete mainly from the pozzolanic reaction seems to
be smeared out with the effects from other pozzola-
nic materials of slag and fly ash and not as apparent
as expected. However, the remarkable filling effect
of extreme finer size of silica fume as compared with
that of slag and fly ash did effectively stuff in the
small pores in the microstructure of hydrated cement
paste, so that such impressive filling effects of fine
silica fume become very significant appeared in the
results of water absorption, electrical surface resis-
tance and rapid chloride ingress tests.

On the other hand, the influence of PR addition on
the compressive strengths of the modified FRC spec-
imens was minor. Figure 5 showed that irrespective
of the SF amount used, the addition of PR signifi-
cantly reduced the early compressive strengths of
modified FRC specimens. Without using SF, the
addition of PR illustrated a negative effect on the
compressive strengths of the modified FRC spec-
imens at all ages of curing. Consequently, the PR
addition normally led to the generation of internal
polymerization film causing the reduction of com-
pressive strengths of the modified FRC specimens
probably due to the diminished effect of mechani-
cal interlock among the ingredients (27). Howev-
er, with an addition in range of 5-10% for both SF
and PR, the modified FRC specimens had shown an
improvement of compressive strengths after 7 days
of curing. Therefore, the addition of SF obviously
compensated the negative effect of a sole addition
of FR and led to the modified FRC specimens with
enhanced compressive strengths at later ages. Such
result could be attributed to the improved bonding
strength at the interface between the fiber and the
high-strength binding matrix (28).

3.2. Impact-abrasion resistance

The impact-abrasion resistances of the FRCs with/
without modifiers consisting of SF and/or PR are il-
lustrated in Figure 6, which indicated that a sole ad-
dition of SF apparently reduced the impact-abrasion
resistance of the modified FRCs. On the contrary,
with the addition of SF, the modified FRCs with an
addition of PR illustrated the optimal impact-abra-
sion resistance being superior to that of the FRC
without the addition of PR. Such enhanced benefit of

W
(==

/
¢ _—
-%- 0% Acrylic emulsion
+ 5% Acrylic emulsion
- 10% Acrylic emulsion|

]
N

55+
1(a) 0% Silica fume

&2 50 E ‘_--__--Z
2 3 % _ -7
= 4 7 o e
B ELAT
S 40 o ﬁ _ -0
= ] > -
2354 %/ d
z 1
% ]
L ]
g 7"
E ;
Q -
0 .

20 |l|l|Il'llllllllllllllllllllll
0 10 20 30 40 50 o0

5 Age (days)

~ J(b) 5% Silica fume g
<50 3 "%
S : Tt
=45 4 ,ﬁ-"‘w D
0 ] nghs - -
sa0 3 7
= ] P4
7 . 1
o 35 . Xx / d
2z 20 1/

i . d:/
230 4
g— ] @ -x 0% Acrylic emulsion
325 3 &+ 5% Acrylic emulsion
-©- 10% Polymer resimn
20 lll|||||||llll|ll||||ll||lll|
0 10 20 30 40 50 60

55 Age (days)

" q(c) 10% Silica fume _--H
£ 50 4 PPt
5 #

:S’ 45 3 ,g{/’ -0
R R
8 40 3 Ay
= ] Py
” ] %P
5 3 /
= 35 ] 1‘//
5 30 E 9!
:g- T -%- 0% Acrylic emulsion
5 25 3 =+ 5% Acrylic emulsion

-~ 10% Acrylic emulsion

0 10 20 30 40 50 60
Age (days)

(ge]
o

Ficure 5. Effect of acrylic emulsion polymer (PR) on compres-
sive strength of concrete with (a) 0%, (b) 5% and (c) 10% of
silica fume.

using the polymer-polymer hybrid fiber to increase
the impact-abrasion resistance of FRCs in compari-
son with a single addition of polypropylene polymer
was clearly verified. The usage of SF accompanying
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with the PR resulted in the modified FRCs with a
significant enhancement of the impact-abrasion re-
sistance when compared with the SF modified FRCs
without the PR addition, implying that the positive
effect of the interaction between the SF and PR uti-
lizations on the impact-abrasion resistance of the
modified FRCs due to the mutual complementary
effect. Figure 6 showed that when compared with
the modified FRCs with a sole addition of SF, the
modified FRCs with various combinations of SF
and PR had the impact-abrasion resistances signifi-
cantly increased up to 20.1-39.2% and 4.6-58.7%,
respectively, at dry and wet conditions. Regardless
of different proportions, the impact-abrasion resis-
tance of FRCs at the wet state was higher than that
of the FRCs at dry state. The observed results could
be explained due to the lubricating effect from the
existence of moisture in the concrete causing the ag-
gregates to slip and separate by each other easily to
lower its impact-abrasion resistance. In this study,
the addition of SF not only increased the strengths
of the modified FRCs but also induced the additional
brittleness of binding matrix, which is just opposite
to the promoting effect of a sole addition of PR. The
increased ductility of FRC in comparison with that
of plain concrete was also reported in the previous
study (27).

3.3. Water absorption

The effects of the SF and/or PR additions on the
performance of water absorption of the modified
FRCs are investigated in Figure 7, 8 and 9. As can
be seen from Figure 7 and 8, a sole addition of SF
or PR significantly reduced the water absorption rate
of the modified FRCs during the initial 6 hours. In
addition, the beneficial effect of the complementary
interaction between the SF and PR additions on the
water transport resistance of the modified FRCs was
also observed with an exception of the FRCs mod-
ified with 5% SF and PR varied in range of 5-10%.
Similarly, a sole addition of SF or PR and the com-
plementary interaction between the SF and PR ad-
ditions induced the modified FRCs with remarkable
decrease in water absorptions as shown in Figure 9.
In this study, a sole addition of SF in range of 5-10%
and PR in range of 5-10% resulted in the modified
FRCs with the reduced water absorptions in range
of 2.2-7.7% and 8.8-9.4%, respectively. Such result
implied that the beneficial effect of using the PR for
reducing the water absorption of the modified FRCs
was higher than that of using the SF, which could be
due to the waterproof function of the PR to enhance
the resistance of modified FRC to the penetration of
water molecule. Moreover, the polymer film could
be formed in the acrylic emulsion modified concrete
specimens subjected to the drying condition, which
was probably an additional reason supporting the

0% PR (a) Dry condition
B 5% PR
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Ficure 6. Effect of silica fume (SF) and acrylic emulsion poly-
mer (PR) on impact resistance of concrete under (a) dry condi-
tion and (b) wet condition.

reduction of water absorption of the acrylic emul-
sion modified concretes. On the other hand, Figure
9 showed that the advantage of combined addition
of SF and PR was better than a sole addition of ei-
ther SF or PR to improve the water absorption of
the modified FRCs. Especially, such beneficial ef-
fect obviously was increased with the increase of the
amounts of SF and/or PR.

3.4. Surface electricity resistance

The surface electricity resistance (SER) has been
one of the important indexes used for evaluation
of concrete durability in terms of resistance to the
ion penetrability through the free water maintained
in the pore system. It has been highly agreed that a
greater value of SER refers to the concrete with con-
denser microstructure and thus indicates the higher
resistance of concrete to the ion migration. For con-
crete with a practically acceptable resistance to the
permeability, the SER value measured at 56 days of
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curing is normally greater than 200 Q-m (29, 30).
In this study, the SERs of FRCs at ages of up to 56
days were measured as illustrated in Figure 10 and
11. Generally, the SERs of the FRCs increased with
the increases of curing ages irrespective of concrete
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Ficure 8. Effect of acrylic emulsion polymer (PR) on water
absorption rate of concrete with (a) 0%, (b) 5% and (c) 10% of
silica fume during 6 hours.

proportions. At a specific fixed amount of PR, the
SERs of the modified FRCs increased with the addi-
tion of SF at all ages when compared with the FRCs
without SF addition (Figure 10), which implied that
the SF addition significantly improved the permea-
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FiGUREe 9. Effect of silica fume (SF) and acrylic emulsion poly-
mer (PR) on water absorption of concrete after 72 h.

—

bility resistance of the modified FRCs. The reason
could result from the improvement of microstructure
of the modified FRCs with SF addition due to the
acceleration of pozzolanic reaction. Similarly, the
values of SER of the modified FRCs increased with
the PR addition, which could be due to the low elec-
trical conductivity of the PR. However, the benefi-
cial effect of PR addition was lower than that of the
SF addition, which might reduce the expected ad-
vantage of combining additions of SF and PR to in-
crease the permeability resistance of modified FRCs
when compared with a sole addition of SF (Figure
10). In this study, all FRCs could be classified as the
durable concretes with the satisfactory resistance to
the permeability because their SER values at 56-day
were higher than the threshold value of 200 Q-m as
formerly suggested.

3.5. Rapid chloride penetration test

Rapid chloride penetration test (RCPT) has been
an efficient tool for preliminary estimation of the
resistance of concrete to the aggressive ion pene-
tration and thus has been normally applied for pre-
dicting the corrosion potential of concrete structure
subjected to severe attacks, particularly under the
chloride rich environment. In this study, the total
charges passing through the FRCs samples detect-
ed from the RCPT test are investigated in Figure
12. Accordingly, the SF addition significantly re-
duced the total charges passing through the mod-
ified FRCs with all additions of PR. Figure 12
showed that the reference FRC without an addition
of SF and PR had the total passing charges in range
0f 2000-3000 Coulombs and thus was classified as
the concrete with moderate chloride penetrability.
An addition of SF at 5% led to the SF modified
FRCs to reduce the total passing charges to a new
low range of 1000-2000 Coulombs, which was as-
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Ficure 10. Effect of silica fume (SF) on surface resistance
to electricity of concrete with (a) 0%, (b) 5% and (c) 10% of
acrylic emulsion.

sociated with the classification of low chloride pen-
etrability of concrete. Further increase of the SF
addition resulted in the SF modified FRCs with the
total charges passed to sharply reduce to an even
lower range of 100-1000 Coulombs, referring to
the concrete with very low chloride penetrability.
Similarly, a sole addition of PR also resulted in the
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PR modified FRCs with a remarkable improvement
of the chloride penetration resistivity. According to
Figure 12, the modified FRCs with an addition of
PR at 10% was classified as the low chloride pene-
trability, but the reference FRC without an addition
of SF and PR belonged to the moderate chloride
penetrability. Moreover, as shown in Figure 12,

the most beneficial effect of the modifier on pro-
viding the best resistivity of the modified FRCs to
the chloride penetrability was the FRC combining
the mixture of 10% SF and 10% PR. The litera-
ture showed that the microstructure, the chemical
composition and the pore solution of concrete have
been the crucial factors affecting the RCTP test
(31). In this study, the improved resistivity of the
SF modified FRCs could be due to the contribution
of both the filling effect and pozzolanic reaction of
SF powder to pore refinement of the binding ma-
trix. On the other hand, the enhanced resistivity of
the modified FRCs with PR was possibly due to the
waterproof capacity of the PR.
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Ficure 12. Effect of silica fume (SF) and acrylic emulsion poly-
mer (PR) on chloride penetration resistance of concrete.

3.6. Scanning electron microscope

The scanning electron microscope (SEM) images
of the hardened FRCs modified with SF and PR at 28
days of curing are shown in Figure 13 and Figure 14.
Obviously, with a fixed amount of PR, the SF addi-
tion induced the modified FRCs with condenser mi-
crostructure when comparison with that of the mod-
ified FRCs without an addition of SF, which could
be due to the extra hydration products supplied from
the pozzolanic reaction. On the other hand, with an
equivalent amount of SF used, the influence of add-
ing PR on the microstructural condensation of the
modified FRCs was invisible. On the other hand,
Figure 14 showed that the hydration products of the
modified FRCs with the addition of PR seemed to
have the surfaces to be smoother than those of the
modified FRCs without the PR addition, which could
be due to the generation of internal polymerization
film of the PR modified FRCs. Therefore, apparent-
ly, the SEM images conducted in this study provided
proper evidence to support the observed results of
mechanical and durability properties of the modified
FRCs as formerly discussed.
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Ficure 13. Effect of silica fume (SF) on microstructure of con-
crete with 10% acrylic emulsion polymer (PR) and with (a) 0%,
(b) 5% and (c) 10% of silica fume at 28 days of curing.

4. CONCLUSIONS

The influence of utilizations of both the silica
fume (SF) and acrylic emulsion polymer (PR) on the
engineering and durability performance of the mod-
ified fiber reinforced concrete (FRC) with polypro-
pylene fiber has been comprehensively conducted.
Experimental results illustrated that a sole addition
of SF in range of 5-10% to replace the ordinary
Portland cement significantly increased the com-
pressive strength but decreased the impact-abrasion
resistance of the modified FRC. On the contrary, the
opposite results were observed for the FRC modi-
fied with the PR addition in range of 5-10%. The
compressive strengths after 7 days and impact-abra-
sion resistances at 28 days of the modified FRCs due
to the supplemental interaction between the SF and

20kV  X2,000 10pm

(b) 5% Acrylic emulsion

v
o e Y i
—

[ e
O

-

20kV  X2,000 10pm

FiGure 14. Effect of acrylic emulsion polymer (PR) on micro-
structure of concrete with 10% silica fume (SF) and with (a) 0%,
(b) 5% and (c) 10% of acrylic emulsion at 28 days of curing.

PR additions were higher than those of the reference
FRC, respectively. Sole additions of either the SF
in range of 5-10% or the PR in range of 5-10% in-
creased the durability of the modified FRCs in terms
of the reduced water absorption rate and the reduced
water absorption, increased the surface electricity
resistance (SER), and reduced total charges pass-
ing through concrete specimens. Improvements of
durability of the modified FRCs with interaction
between SF and PR additions were also observed.
In this study, the modified FRC with 10% SF and
10% PR had the lowest water absorption, the highest
SER value at 28 days of curing, and the lowest to-
tal charges passed at 56 days of curing, which were
36.2% lower, 12.1 times higher, and 5.5 times lower
than those of the reference FRC without the addition
of SF and PR, respectively.
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