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ABSTRACT

This study investigated the effect of substituting nano-SiO, for silica fume on the fiber-
matrix interfacial bond performance of ultra-high-performance concrete (UHPC). In this
study, silica fume was substituted by nano-SiO, in the weight range of 0-50%. The degree of
pozzolanic reaction of binder materials was evaluated using the thermogravimetric analysis
(TGA) and compressive strength measurement. The single fiber pull-out test was conducted
along with a measurement of autogenous shrinkage to evaluate the interfacial bond. The
degree of pozzolanic reaction of nano-SiO, was found to be higher than that of other binder
materials. Although the packing density was predicted to increase continuously up to a
substitution ratio of 50%, the highest compressive strength was obtained when 10% of silica
fume was replaced by nano-SiO,, which improved the compressive strength by 5.9%
compared to that of the plain sample. The autogenous shrinkage increased with an
increasing content of nano-SiO, up to 30%; however, it remained similar beyond the nano-
SiO, content of 30%. The best pull-out performance was obtained when 20% of silica fume
was replaced by nano-SiO,, in which the average bond strength and pull-out energy were
improved by approximately 21 and 68%, respectively. Therefore, substitution of 10—20% of
silica fume by nano-SiO, was recommended as an optimal amount considering the im-
provements of the compressive strength and fiber-matrix bond performance of UHPC.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In the mid-1990s, ultra-high-performance concrete (UHPC)
was introduced by Richard and Cheyrezy [1]. They developed a
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UHPC based on an optimization of mix proportion considering
the packing density theory and inclusion of a high-volume
content of steel fibers to overcome the drawbacks of ordi-
nary concrete, such as low strength-to-weight ratio, low
ductility, and low durability. Since then, UHPC has been
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developed in many countries [2—5]. In general, UHPC is made
of ordinary Portland cement, silica fume, silica flour, and a
high-range water-redecreeing agent [6]. Silica fume is most
widely used as a pozzolanic material for UHPC as it can
improve the packing density owing to the filling effect and
produce additional calcium silicate hydrate (C—S—H) gels
owing to the pozzolanic reaction [1,7]. Thus, many studies
have used various ranges of silica fume in UHPC, where the
optimal amount of silica fume has been suggested to be in the
range of 20—30% [1,8,9]. According to the existing studies, the
optimum amount of silica flour as a filler is in the range of
30—40% of the weight of cement, whereas that of silica sand is
110% of the weight of cement [6,8].

In recent years, various types of nanomaterials have been
introduced into UHPC to further improve its performance.
Long et al. [10] reported that the addition of a small amount
of nanomaterials remarkably affects the mechanical
strength, degree of hydration, and pore structure of UHPC.
Shi et al. [11] similarly explained that although nano-
materials have a high embodied carbon dioxide (CO,), adding
small amounts of nanomaterials is effective, even in the case
of eco-friendly UHPC mixtures. The nanomaterials available
for UHPC can be classified into two categories: inert nano-
materials with no reactivity and active nanomaterials with
reactivity. Inert nanomaterials, such as graphene oxide,
carbon nanofibers, carbon nanotubes, and nano-TiO,,
improve the material properties of cementitious composites
mainly through filler, nucleation, and bridging effects. The
reactive nanomaterials are generally more effective because
they affect the hydration process of cement matrix using the
pozzolanic reaction together with the filler and nucleation
effects. Thus, many studies [12—-19] have attempted to
further improve the material performance of UHPC using
these reactive nanomaterials.

Camiletti et al. [12] and Wu et al. [13] adopted nano-calcium
carbonate (CaCOs) in UHPC and reported that well-crystalline
nano-CaCOj; particles provide seeds for the nucleation reac-
tion sites of C—S—H gels, leading to an accelerated hydration
reaction of cement. The addition of an appropriate amount of
nano-CaCO; improved the mechanical properties, such as the
bond strength, compressive strength, and flexural strength;
however, beyond a nano-CaCO; content of 3.2%, the me-
chanical properties decreased owing to an increase in porosity
because of the agglomeration of nano-CaCOj; [13]. Norhasri
et al. [14] and Habeeb et al. [15] reported that the mechanical
properties were improved by the pozzolanic reaction through
the addition of nanometakaolin. Yu et al. [18] studied the ef-
fect of nano-silica (SiO,) on the hydration and microstructure
of UHPC with a low binder; optimal mechanical properties
were found when the nano-SiO, content was 3.74%. Kontole-
notos et al. [19] investigated the physicomechanical properties
and microstructure of ultrafine cement with colloidal nano-
SiO, and reported that although the effect of incorporating
nano-SiO, was not immediately obtained at an early age, the
highest compressive strength was obtained when the nano-
SiO, content was 4%.

Similarly, many studies [12—19] have been conducted on
the utilization of active nanomaterials in UHPC to enhance its
mechanical properties. The use of nano-SiO; is considered an

effective method because of its high pozzolanic reactivity and
chemical composition similar to that of silica fume, which is a
fundamental ingredient of ordinary UHPC. However, most of
the previous studies used small amounts of nano-SiO, in the
range of approximately 3—4% by weight of cement to replace
ordinary Portland cement. This study aims to evaluate the
mechanical strength and fiber-matrix interfacial bond per-
formance of UHPC by substituting large amounts of nano-SiO,
for silica fume, which has a similar chemical composition to
nano-SiO,.

2. Materials and method
2.1.  Measurement of packing density

The packing density theory is typically used in the mix design
of UHPC because it comprises various ingredients with other
particle sizes, shapes, etc. Therefore, to investigate the effect
of substitution ratio of nano-SiO,, a compressible packing
model was adopted [20]. Prior to the virtual packing density
calculation, the particle size and wet packing density of each
component were measured. The wet packing density was
measured as follows: First, half of the ingredients and water
were mixed with a polycarboxylate-based superplasticizer
(SP). Second, the remaining ingredients were divided into four
parts, and each ingredient was placed individually in a bowl.
Third, all mixing procedures were conducted at a low speed
for 3 min, and then the ingredient suspension was filled in a
30-ml cylinder mold. Subsequently, the fully filled mold was
weighed. Finally, the virtual packing density (y;) was calcu-
lated as follows:

R b (1)
1=y [1 — Bi + Bibji (1 - %)} =2 (1 - aij%)

where §; and §; are the residual packing densities of the
granular classes i and j, respectively, and y; is the volume
fraction of class j. a; and bj; are the coefficients related to the
interaction of each particle, which are called loosening and
wall effects, respectively.

If the fine particles fill the voids between the coarse parti-
cles and can no longer fill the voids, that is, when the coarse
particles are dominant, a loosening effect is generated. In
contrast, when the coarse particles are surrounded by fine
particles to form a wall-like boundary, that is, when the fine
particles are dominant, a wall effect is generated. De Larrard
[20] summarized the loosening and wall effects in simple
equations, respectively, as follows:

\ 102
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where d; and d; are the mean particle sizes of different
ingredients.

The virtual packing density y of the granular mix is
expressed as follows [20]:
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The actual packing density ® can be calculated by consid-
ering the compaction index K and virtual packing density ;.
The compaction index and packing density are defined as
follows:

n.o Vi
K= EK PP /ﬁl (5)

i=1 it /o~ /’yl

K= H(;‘ ) (6)

where y; is the volume fraction of class i, ¢; is the actual solid
volume of class i, ®;" is the maximum volume that particle i
may occupy when other particles exist.

2.2.  Properties of ingredients and mixing process

Ordinary Portland cement (OPC), silica fume, silica flour, and
silica sand were used to fabricate an ordinary UHPC mixture.

(a) Cenient

KBSI 5.0kV 16.9mm x2.00k SE(M) 20 Oum

(c) Silica flour:

KBSI 5.0kV 16.8mm x2.00k SE(M) 20.0um

(e) Nano-SiO,

KBSI 10.0kV 10.7mm x50.0k SE(M)I

OPC and silica fume were used as the binders, where silica
flour and silica sand were used as the filler and aggregate,
respectively. The scanning electron microscopy (SEM), trans-
mission electron microscopy, and particle size distribution of
all ingredients are shown in Figs. 1 and 2. The very fine par-
ticles such as SF and nano-SiO2 are quite easy to agglomerate.
To provide accurately the particle size distribution, ultrasonic
treatment was conducted for 30 min before particle size dis-
tribution. The median particle sizes of OPC, SF, silica flour, and
silica sand were found to be 11.45, 0.295, 4.75, and 236.2 um,
respectively. In this study, nano-SiO, produced by Ditto
Technology was used. The median particle size of nano-SiO,
was in the range of 100—150 nm.

OPC and silica flour have highly crystalline structures,
whereas silica fume and nano-SiO, have mostly amorphous
phases. Lau et al. [21] reported that amorphous phases exhibit
a higher reactivity than crystalline phases. Because nano-SiO,
exhibits a similar XRD pattern to that of silica fume, silica
fume was substituted by nano-SiO, with a replacement ratio
in the range of 0-50% at intervals of 10%. Their chemical

(b) Silica fume

KBS 10.0kV 11.3mm x30.0k SE(M)

(d)silita sardl

KBSI 5.0kV 16.6mm x50 SE(M)

Fig. 1 — SEM image of all dry ingredients: (a) cement; (b) silica fume; (c) silica flour; (d) silica sand; (e) nano-SiO, at 50 k; (f)

nano-SiO, at 100 k.


https://doi.org/10.1016/j.jmrt.2022.08.013
https://doi.org/10.1016/j.jmrt.2022.08.013

1996

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;20:1993-2007

100 900
~ 80 730 7
x
g __ 600 1
: € 450
- 2
T 40 o
=
g 300 A
-

O 5 [ —— Silica fume
— — Nanpsilica 150
0 " : : 0]
0.01 0.1 1 10 100 1000 0

Particle size distribution (um)

(a)

(b)

30 60 90 120 150 180 210 240 270 300 330 360

Diameter (nm)

()

Fig. 2 — (a) Particle size distribution; (b) distribution histogram of nano-SiO, particles; (c) TEM image of nano-SiO,.

compositions, physical properties, and mix proportions are
listed in Tables 1 and 2, respectively. In this study, a large
amount of nano-SiO, was added, which may cause an
increase in material costs. However, due to the recent devel-
opment of manufacturing technology [22], high-quality nano-
SiO, can be synthesized at a low cost as well.

To satisfy the strength requirement of 150 MPa, as
mentioned in ACI 239 [3], an extremely low water-to-binder
ratio of 0.2 was adopted. A polycarboxylate-based SP
composed of 30% solid and 70% water was used to achieve a
self-consolidating property. All ingredients containing nano-
Si0, were initially mixed using a Hobart-type mixer for
10 min. Water containing SP was then added to the mixed
ingredients and mixed for 10 min. When the mixture satisfied
a flow of 190 + 10 mm, the fiber was incorporated into the
mixture. The mixture containing the fiber was mixed for
5 min, and then fresh UHPC was cast in the prepared mold.
The UHPC hardened after 48 h, and the specimens were cured
in a water tank at a temperature of 90 °C for 3 d.

2.3. Flow table test

A flow table test was conducted to measure the flowability of a
fresh UHPC. The standard test method for UHPC is prescribed
in ASTM C1856 [23]; however, in this study, ASTM C1437 [24]
was adopted to evaluate the effect of substituting silica fume
by nano-SiO, in UHPC. The mold for the flow table test, with
upper and lower diameters of 70 and 100 mm, respectively,

was filled with a fresh UHPC mixture. The table was then
immediately dropped 25 times in 15 s.

2.4. Single fiber pull-out test

Single-fiber pull-out test specimens were fabricated using the
UHPC matrix, with the exception of the fibers. A thin PVC film
with a cross-sectional area of 25 mm x 25 mm was placed at
the center of the mold, and a single fiber was affixed to the
PVC film. The inclination angle of the fiber was setin 0 and 45°.
The target embedded length of the fiber was set to 8 mm to
achieve only the pull-out failure mode and avoid fiber rupture.
When the fiber was fixed in the mold, one side was cast with
fresh UHPC matrix and cured for 48 h; the other side was filled
and cured for 48 h. After demolding, the pull-out test samples
were immersed in a water tank at a temperature of 90 °C for
3 d. The dog-born sample was affixed to the steel grips, and a
uniaxial pull-out load was applied at a pull-out rate of
0.0018 mm/s. The pull-out load was measured to load the cell
with a 3-kN capacity affixed universal testing machine (UTM),
and the fiber slip from the matrix was measured from the
displacement of the crosshead. The detailed test procedure is
illustrated in Fig. 3.

2.5. Compressive test

Three test specimens with dimensions of 50 mm -
x 50 mm x 50 mm were produced to investigate the effect of

Table 1 — Chemical compositions and physical properties of dry ingredients.

Composition [%] PC Silica fume Nano-SiO, Silica flour Silica sand
Sio, 18.8 92.6 99.9 97.0 97.2
Al O3 4.18 0.07 = 0.45 0.05
Fe,03 3.72 0.49 - 0.1 0.13
CaO 65.3 0.67 = 0.07 0.13
MgO 243 1.8 - 0.01 0.01
SO3 3.28 0.12 — —
Na,O 0.15 0.02 - - -
K,0 1.1 1.13 - - 0.02
Specific surface area (cm?/g) 3413 200,000 310,858 2232 -
Density 3.15 2.2 1.67 2.62 2.65

[Note] PC = Type I ordinary Portland cement.
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Table 2 — Mix proportion of UHPC.

W/B** Mix design [kg/m?|

Water Cement SF Silica sand Silica flour Nano-SiO, Sp*
NSO (plain) 0.18 160.3 788.5 197.1 867.4 236.6 = 25.0
NS10 0.18 177 .4 19.7 27.5
NS20 0.19 157.7 39.4 31.0
NS30 0.19 138.0 59.1 32.0
NS40 0.19 118.3 78.8 36.0
NS50 0.19 98.6 98.6 38.0

[Note] W/B = water-binder ratio and SP = superplasticizer.
*SP includes 30% solid and 70% water.
**WY/B is calculated by considering the amount of water from SP.

nano-Si0, addition on the performance of the UHPC.
Compressive tests were conducted according to ASTM C109
[25]. A compressive load was applied at a loading rate of 500 N/
s, and the applied load was measured at the load cell attached
to a UTM with a capacity of 200 t. The compressive strength
was calculated by dividing the maximum load by a contact
area of 50 mm x 50 mm.

2.6.  Autogenous shrinkage test

To investigate the effect of nano-SiO, substitution for silica
fume on the autogenous shrinkage of UHPC, prismatic molds
with a cross-sectional area of 50 mm x 50 mm and length of
250 mm were prepared. A Teflon sheet was then attached to
the molds to eliminate friction. According to Aitcin [26],

because the autogenous shrinkage of high-performance con-
crete causes a precipitous increase at an early age, it must be
measured at the time of casting or before the fresh mixture
hardens. Therefore, autogenous shrinkage of the UHPC matrix
was measured before casting the fresh mixture. For UHPC
without coarse aggregate and steel fiber, it is difficult to
properly locate an embedded strain gauge and thermocouple;
they were located in the center of the mold using a nylon line
before the mixture was cast. After casting the fresh UHPC, the
plastic sheet was immediately attached, to prevent water
evaporation, and cured at 23 °C for 2 d. Subsequently, the
specimen was demolded, and aluminum tape was attached,
to prevent the evaporation of internal moisture, and cured for
26 d at the same temperature. The temperature and shrinkage
strain were recorded using a data logger at intervals of 30 s

UHPC matrix
| UHPC sample Steel fiber
Roller
/ [}
Steel fiber _——Aomm—]
Steel grip [Deg-hone samiple;
Fixed end
Le
Load cell E /
e LA
-
Sample I | {
I I
I |
I< 25 mm —>{
I I

(a)

Fig. 3 — (a) Single fiber pullout test setup and (b) geometrical details of dog-bone sample.

=25 mm—=|

(b)
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and 5 min before and after the specimen was demolded,
respectively. The detailed test setup is illustrated in Fig. 4.

3. Test results and discussion
3.1 Reactivity of nano-SiO, and silica fume to calcium
hydroxide

To verify the pozzolanic reactivity of the binder materials,
they were mixed with a calcium hydroxide (CH) solution. As a
control sample, silica flour, which was used as a filler, was
mixed with the CH solution, which was fabricated with
CH:water = 1:10 by weight ratio. These different binders and
filler materials were mixed with the same content of CH, and
all samples were cured for 28 d in a desiccator with injected
nitrogen gas to avoid the oxidation of CH during the curing
period.

Fig. 5 depicts the thermogravimetry (TG) and derivative
thermogravimetry (DTG) results activated with the CH solu-
tion after 28 days of curing. All binder materials, such as OPC,
silica fume, and nano-SiO,, exhibited obvious peaks at tem-
peratures below 200 °C. These peaks indicate hydration
products, that is, C—S—H gel, ettringite, and AFm phases,
which were produced by the hydration or pozzolanic reaction
with CH [27—-29]. In particular, nano-SiO, had the highest peak
because the diameter of nano-SiO, was very fine and the
specific surface area was extremely large, leading to the
highest reactivity. In the case of silica fume, the peak intensity
was lower than that of the nano-SiO, sample, which is
consistent with the findings of Ghafari et al. [30]. They re-
ported that nano-SiO, has a higher reactivity than that of
silica fume owing to its large specific surface area. This
resulted in an improvement in the pozzolanic reaction at an
early age. OPC exhibited a weak intensity, which may be
owing to its chemical composition, which has an extremely
low SiO, content of approximately 18.8%. Moreover, silica
flour (filler) showed no DTG peaks below 200 °C. Thus, silica
flour is inert and nonreactive, as reported by You et al. [31] and

Teflon sheet

Nylon line

Embedded
strain gauge

Plastic sheet

Thermocouple

Oh et al. [32]. A CH-related DTG peak at approximately 400 °C
was clearly detected in silica flour and OPC. In the case of OPC,
because OPC also produced CH during the hydration reaction,
the CH intensity increased [33]. In contrast, for silica fume and
nano-Si0,, no DTG peaks near a temperature of 400 °C was
detected owing to exhaustion of all CH during the pozzolanic
reaction. All samples had a DTG peak related to calcium car-
bonate at a temperature in the range of approximately
600—700 °C. The DTG results reveal that the degree of the
pozzolanic reaction was high in the order of nano-SiO, > silica
fume > OPC >> flour.

3.2. Flowability of nano-SiO, substituted UHPC

The results of the flow table test are shown in Fig. 6. The flow
values of all samples were measured at 190 + 10 mm because
SP was additionally incorporated into the UHPC depending on
the amount of nano-SiO,. Fig. 6(b) shows an increase in SP
with respect to the nano-SiO, content. The amount of SP to
maintain a certain flow value of 190 mm was increased with
an increasing nano-SiO, content in the fresh mixture. Meng
and Khayat [34] reported that the addition of a small amount
of nanomaterials can reduce the demand for a high-range
water reducer (HRWR) by the lubrication effect; however,
when a large amount of nanomaterials was added, HRWR
increased again owing to the negative effects, that is, the
adsorption effect of nanomaterials. Therefore, in this study,
the SP demand was only increased because the content limi-
tation of nano-SiO,, which dominates the lubrication effect,
was exceeded.

In addition, the increasing amount of nano-SiO, and SP
affected the rate of hydration reactions. When a small amount
of nano-Si0O, was added, the hydration rate was accelerated by
the pozzolanic reaction and nucleation effect of C—S—H.
However, an increasing content of nano-SiO, is accompanied
by an increase in the SP demand, which results in a delay in
the hydration of the fresh mixture. The rate of the hydration
reaction according to the nano-SiO, content is discussed in
Subsection 3.4.2.

/]

hamber
temperature /
measurement

Fig. 4 — Test setup for autogenous shrinkage measurement.
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Fig. 5 — TG/DTG results after reacting binder materials and filler with CH solution at (a) 7 days and (b) 28 days.

3.3.  Effect of substitution ratio of nano-SiO, on the
packing density and compressive strength

Fig. 7 summarizes the virtual packing density and compres-
sive strength of the UHPC matrices with various content of
nano-SiO,. The virtual packing density of UHPC without nano-
SiO, was approximately 0.82, similar to that reported by
Soliman et al. [35]. With an increasing substitution ratio, the
packing density increased to 0.825 at a substitution ratio of
50%. Since the packing density of the NSO specimen used as
reference data was already optimized and very high because
20% of OPC was replaced with SF by weight ratio [36], the
difference between the packing densities of NSO and NS50
specimens was small. These results are not consistent with
those of the compressive strength. The maximum compres-
sive strength was obtained when silica fume was replaced
with 10% nano-SiO,, which was approximately 161.5 MPa and
improved by approximately 5.9%. The improved compressive
strength of UHPC at a substitution ratio of 10%, which is the
optimal amount, was caused by the filler and nucleation ef-
fects [37]. The nano-SiO, particles can fill the voids of the
C—S—H gel structure and act as nuclei to tightly bond with
C—S—H gels, resulting in a denser matrix [37]. When the

(@)

Fig. 6 — (a) Flow table test results of fresh UHPC with/without nano-SiO, and (b) SP demand with nano-SiO, contents.

substitution ratio was increased, the compressive strength
gradually decreased; however, the compressive strength was
still higher than that of the plain UHPC (NSO0). This phenom-
enon is associated with the combined effects of the agglom-
eration of very fine nano-SiO, and higher pozzolanic
reactivity. In general, because very finer particles have high
van der Waals and electrostatic forces, dispersion and me-
chanical strength decrease. However, the high reactivity of
nano-SiO, improves the compressive strength by creating
denser microstructures. Therefore, a higher compressive
strength of NS50 than that of NSO can be maintained.

3.4.  Autogenous shrinkage

3.4.1. Determination of the time zeroing point

Fig. 8 shows the typical shrinkage strain and internal
temperature—time curve of plain UHPC at the initial stage.
When the fresh mixture was cast into a mold, the temperature
and shrinkage strain of the specimen behaved comparably. In
this study, the temperature of the fresh UHPC mixture was
lower than the chamber temperature (23 °C), and the internal
temperature and measured strain decreased immediately
after casting. As the internal temperature converged to the

50
40 | S
€30 |
3 - y=0.2614x + 25.048
e ( R? = 0.9868
o L
(7] 20 L
10 F
0 L 1 1 1 1
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Fig. 7 — —Summary of compressive strength and virtual
packing density.

setting temperature of 23 °C, the measured shrinkage strain
increased and stabilized. Approximately 9 h after the casting
time, the internal temperature of the specimen began to in-
crease owing to the hydration heat, while the shrinkage strain
steeply increased in the negative direction caused by the
volume reduction. Owing to this initial behavior, the zeroing
point must be set when measuring the autogenous shrinkage
of concrete. The technical committee on autogenous
shrinkage at the Japan Concrete Institute [38] recommends to
measure the autogenous shrinkage after the initial setting
time to exclude changes in the fresh mixture volume. Dar-
quennes et al. [39] and ASTM C1698 [40] suggested that the
initial point of autogenous shrinkage measurement of cement
mortar is the final setting time. However, Yoo et al. [41] re-
ported that if the autogenous shrinkage strain of UHPC is
measured from these setting times, its shrinkage strain may
be underestimated because the actual shrinkage strain occurs
before the initial setting time. Therefore, in this study, the
zeroing point of autogenous shrinkage was determined as the
point at which the internal temperature and shrinkage strain
differed.
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Fig. 8 — Initial strain and temperature variations of plain
UHPC without nano-SiO,.

3.4.2. Effect of nano-SiO, contents on the autogenous
shrinkage behavior of UHPC

The autogenous shrinkage strain versus time curves of all
specimens at an early age (up to 5 days) are shown in Fig. 9. As
the content of nano-SiO, increases, the zeroing point of the
shrinkage strain development in UHPC decreases. For
example, the NS30 sample exhibited the earliest shrinkage
strain development, which developed within 6.4 h after cast-
ing. This is associated with the high reactivity of nano-SiO,. As
described previously, the hydration reaction was accelerated
by the considerable pozzolanic reaction of nano-SiO, and
nucleation effect, which resulted in a steep increase in the
amount of shrinkage strain at an early age. However, when
the nano-SiO, substitution ratio exceeded 30%, the zeroing
point was delayed. The NS50 sample required approximately
10.6 h to develop shrinkage strain. This is because the amount
of SP used increases with an increasing nano-SiO, content. A
delay in the hydration reaction owing to the use of SP has been
reported in previous studies [42,43]. Uchikawa et al. [42] re-
ported that the chelate complex carboxyl and hydroxyl groups
of polycarboxylate molecules form a chelate complex with
calcium ions (Ca?") to reduce the concentration of Ca®" ions
and interfere with the nucleation and hydration product
growth, delaying the hydration reaction. In addition, Jansen
et al. [43] explained that the withdrawal of Ca®* from the pore
solution by SP leads to the depletion of Ca?" in the pore so-
lution, resulting in a delay in both the silicate and aluminate
reactions. Thus, the hydration reaction occurred rapidly until
incorporated nano-SiO, reached 30%, and when the nano-SiO,
content exceeded 30%, the hydration reaction rate gradually
decreased.

Fig. 10 shows the shrinkage strain for 28 d and a compari-
son of the 28-day autogenous shrinkage strains. Regardless of
the nano-SiO, content, all UHPC mixtures exhibited a signifi-
cant steep increase in shrinkage strain, up to nearly 21.6 h
after casting. The initial rate of increase of the shrinkage
strain was significantly affected by the content of nano-SiO,.
The plain UHPC without nano-SiO, exhibited a relatively low
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Fig. 9 — Autogenous shrinkage behavior of UHPC with
various nano-SiO, contents up to 5 days.
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shrinkage increase rate at early ages, whereas the shrinkage
increase rate of UHPC increased with the addition of nano-
Si0,. However, when the nano-SiO, content exceeded 30%,
the shrinkage increase rate slightly decreased owing to the
increased amount of SP and agglomeration. Therefore, the
rate of increase in the shrinkage of UHPC is influenced by the
content of nano-SiO,. Similar trends were observed for the 28-
day autogenous shrinkage strains in Fig. 9(b). The NSO sample
had the lowest autogenous shrinkage strain of approximately
—1103 pne, whereas the highest autogenous strain was found in
the NS30 sample, which was approximately 1295 pe, and thus
17.6% higher than that of the NSO specimen.

To support this explanation, porosity distribution analyses
of NSO and NS30 samples were conducted using mercury
intrusion porosimetry. According to the International Union
of Pure and Applied Chemistry (IUPAC) [44], pores can be
classified into three categories: micropores (<2 nm), meso-
pores (2—50 nm), and macropores (>50 nm). Moreover, Mind-
ess et al. [45] divided pores into two categories: gel pores
(<10 nm) and capillary pores (10—10,000 nm). Pores can be
divided more specifically. For example, gel pores divided the
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pores of interlayer spaces (<0.5 nm), micropores (0.5-2.5 nm),
and small mesopores (2.5-10 nm); and capillary pores divided
the large mesopores (10-50 nm) and macropores
(50—10,000 nm). Here, gel pores are related to the inherent part
of C—S—H gels, and capillary pores are related to the spaces
between partially hydrated cementitious particles [45]. More-
over, Aligizaki [46] reported that entrained air voids
(<1000 pm) and capillary pores affected the mechanical
properties of hardened cement pastes. However, the very fine
pores, which have diameters below 50 nm, affect the self-
desiccation of the cementitious matrix.

Fig. 11 shows the pore size distribution of nano-SiO,
incorporated UHPC mortar. The porosity distribution was
divided into four parts according to the pore size: gel pores,
large mesopores, macropores, and entrained air voids, as
shown in Fig. 12. Although the total porosity of the NSO sample
was 4.02%, it was significantly low compared to the other
types of concrete because of the highly densified microstruc-
tures of UHPC. The total porosity of the UHPC samples with a
nano-SiO, content of 30% was lower than that of the plain
UHPC without it. This decrease in porosity is attributed to the
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Fig. 11 — Pore size distribution of NSO and NS30 samples: (a) cumulative intrusion and (b) log differential intrusion.
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decrease in the entrained air voids and macropores, which
affects the mechanical strength. However, the capillary pores
containing gel pores increased with the addition of nano-SiO»,
because more abundant C—S—H gels were produced owing to
the pozzolanic reaction of nano-SiO, and portlandite between
water-filled pores and cementitious grains [30]. Therefore, the
capillary pores were refined, resulting in an increase in the
autogenous shrinkage, which is consistent with the findings
of Meng and Khayat [34]. They noted that the refinement of
pore size and increased volume of mesopores (2—50 nm)
promoted a higher autogenous shrinkage owing to a strong
self-desiccation.

3.5. Single fiber pull-out behavior

3.5.1.  Effect of nano-SiO, content on the pull-out behavior of
aligned steel fiber in UHPC

Fig. 13(a) depicts the average pull-out load versus slip curves.
The average pull-out parameters of aligned steel fibers in
UHPC with and without the nano-SiO, matrix are summarized
in Fig. 14; they are calculated as follows:

Pmax
o= 22 0
s = @
s=Lg
Wy — J P(s)ds, 9)
s=0
W
Teq —m, (10)

where 74, is the average bond strength (MPa), Pp.x is the
maximum pull-out load in N, d is the fiber diameter (mm),
0fmax 1S the maximum tensile stress in the fiber (MPa), Afis the
cross-sectional area of the fiber (mm?), L is the initial
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Fig. 12 — Pore volume distribution of NSO and NS30
samples.

embedded length of the fiber (mm), W, is the fiber pull-out
energy (m)), s is the slip (mm), P(s) is the pull-out load in N
corresponding to the slip, and 7.4 is the equivalent bond
strength (MPa).

The plain specimen (NSO) exhibited an average bond
strength of 7.17 MPa and pull-out energy of 214.7 m]j. By
replacing silica fume by nano-SiO,, the pull-out performance
of the steel fibers from the UHPC matrix was improved. The
best pull-out performance was obtained when 20% of silica
fume was replaced by nano-SiO,. The average bond strength
and pull-out energy improved by approximately 21 and 68.3%,
respectively. This improvement in bond performance is
because nano-SiO, effectively fills the interfacial transition
zone (ITZ) between the fiber and UHPC matrix. Very fine par-
ticles of nano-SiO, not only filled the pores of ITZ but also
made it denser through the pozzolanic reaction and nucle-
ation effect, as reported by Yoo et al. [47]. In contrast, the bond
performance significantly deteriorated when the content of
nano-SiO, exceeded 30%. Their average bond strengths were
in the range of 5.59—-5.91 MPa and pull-out energy was in the
range of 161.4—174.5 m]. The deterioration of bond perfor-
mance was primarily owing to the agglomeration of nano-
Si0,. Nanomaterials with very fine particle sizes and large
specific surface areas have a large van der Waals force; thus,
when a large amount of nanomaterials is incorporated, the
dispersion is degraded, decreasing the mechanical perfor-
mance [30,48—50]. To explain this, the shear stress response
was evaluated depending on the slip, as shown in Fig. 15. The
shear stress was calculated as

P(s)
TP r) -
where 7(s) is the shear stress and s is the slip.

For the NS10 and NS20 samples, the stiffness of the shear
stress in the elastic region was significantly improved and
increased above 8 MPa. However, for the NS30—NS50 samples
with deteriorated pull-out performances, an increase in the
shear stress in the initial elastic region was similar to those of
the NS10 and NS20 samples; however, full debonding occurred
earlier. If nano-SiO, particles agglomerate in ITZ, the pozzo-
lanic reaction occurs at the surface of the agglomerated nano-
SiO,, and nonreacted nano-SiO, forms a weak boundary in
this zone. Thus, owing to the weak boundary at the surface of
the agglomerated nano-SiO,, the steel fibers provided lower
shear strengths at ITZ, deteriorating the pull-out perfor-
mance. For all tested samples, after reaching a slip of
approximately 5 mm, the shear stress increased owing to the
slight end deformation formed during the cutting process [51].

To verify the above explanations, SEM images of the
pulled-out steel fibers from the UHPC matrices are presented
in Fig. 16. The NSO fiber was detected with some scratches,
whereas the NS10 and NS20 fibers exhibited not only many
more scratches but also hydration products remaining on
their surfaces. Because a dense ITZ was formed by the filler,
nucleation effects, and pozzolanic reaction, more scratches
and hydration products were observed on the surface of the
pulled-out steel fibers from the UHPC matrices. However, no
obvious scratches were observed on the surfaces of the NS30,
NS40, and NS50 fibers because of their significantly deterio-
rated interfacial bond resistance.
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3.5.2.  Effect of the inclination angle and nano-SiO, on the
pull-out behavior of steel fiber in UHPC

Fig. 13(b) shows the average pull-out load versus slip curve of
all test specimens with an inclination angle of 45°. Owing to
the short embedment length of 8 mm, all test specimens
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exhibited a pull-out failure mode from the UHPC matrices
without ruptures. The pull-out behavior was significantly
affected by the fiber orientation, as reported by Lee et al. [52].
Because the fiber was inclined at 45° embedded from the
UHPC matrix, the average bond strength of all test specimens
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Fig. 14 — Summary of pullout parameters of aligned steel fibers in UHPG: (a) average bond strength, (b) maximum fiber
tensile stress, (c) pullout work, and (d) equivalent bond strength.
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was improved by the snubbing friction effect [53]. In the
aligned fiber, the slip-softening behavior was observed after
reaching a maximum pull-out load owing to Poisson's effect of
the fiber and abrasion of the adherent matrix particles at the
interface. However, in the case of inclined steel fibers, the
maximum pull-out load remained consistent with the slip,
similar to the slip-hardening behavior. Pull-out parameters,
such as the average bond strength, pull-out energy, equivalent
bond strength, and maximum fiber tensile strength, were
calculated. The pull-out performance of the aligned fibers
were comparable, as shown in Fig. 17. With an increase in the
nano-SiO, content to 20%, all pull-out parameters were
improved. When the content of nano-SiO, exceeded 20%,
however, the pull-out performance deteriorated. Thus, the
highest average bond strength of 15.27 MPa was observed in
the NS20 sample. However, unlike the fiber embedded in an
aligned state, the pull-out performance of the NS30 and NS40
samples was higher than that of the plain NSO sample. As for
the NS50 sample, the pull-out energy and equivalent bond
strength were significantly decreased to approximately 94.7%
of those of the plain sample. Although nano-SiO, enhanced
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Fig. 16 — SEM image of pulled-out steel fibers from UHPC matrices.
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the microstructures of the UHPC matrix, the agglomeration of
an excessive amount of nano-SiO, adversely affected ITZ of
the fiber and matrix, thereby decreasing the energy absorption
capacity during the pull-out process.

According to Kim et al. [54], the equivalent bond strength is
a good indicator to predict the tensile behavior of ultra-high-
performance fiber-reinforced concrete; therefore, the
increasing rate of the equivalent bond strength, according to
the nano-SiO, content, was evaluated in Fig. 18. Regardless of
the inclination angle, similar trends on the relationship be-
tween the equivalent bond strength and replacing ratio of
nano-Si0, were found. The equivalent bond strength
increasing rate increased until the amount of nano-SiO, to be
20%, and after that, it started to be decreased. This indicates
that the optimum replacing ratio of silica fume to nano-SiO, is
20% by weight. The increasing rate of the equivalent bond
strength of aligned steel fiber in UHPC was slightly higher than
that of inclined steel fiber up to the nano-SiO, content of 20%,
while the higher equivalent bond strength increasing rates
were obtained in the inclined fiber when the content of nano-
SiO; of 30% or higher. This might be because of the snubbing
friction effect [53]. Due to the additional resistance formed at
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Fig. 18 — Comparative equivalent bond strength increasing
rate and nano-SiO, content relations according to
inclination angle.
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the fiber exit, the decrease of fiber-matrix interfacial friction
by agglomeration of nano-SiO, was mitigated.

4., Conclusions

This study investigated the feasibility of using large amounts
of nano-Si0, in place of silica fume in UHPC. The degree of the
pozzolanic reaction of nano-SiO, and its effect on the particle
packing density were evaluated. In addition, the effect of
nano-SiO, content on the compressive strength, autogenous
shrinkage, and steel fiber pull-out behavior of a UHPC was
analyzed. The following conclusions are drawn:

1) The nano-SiO, particles exhibited a remarkable pozzolanic
reaction compared to other dry ingredients, such as OPC,
silica fume, and silica flour. The degree of pozzolanic re-
action was found to be high in the order of nano-SiO, >-
silica fume > OPC. However, silica flour was not reactive to
Ca(OH), because of its larger grain size.

2) When a small amount of nano-SiO, was added, the hy-
dration reaction was accelerated by the nucleation seed
effect; however, when the content of nano-SiO, was more
than 30%, the hydration was delayed because of the
increased amount of SP and agglomeration.

3) The packing density of UHPC with nano-SiO, continuously
increased for contents in the range of 0—50%. The trend of the
compressive strength did not match that of the packing
density owing to the agglomeration of nano-SiO, with an
extremely large specific surface area. The highest compres-
sive strength was obtained by incorporating 10% of nano-
SiO,, which was improved by 5.9% compared to that of the
plain UHPC.

4) The autogenous shrinkage of UHPC increased with the nano-
SiO, content up to 30%, similar to the initial rate of the hy-
dration reaction; however, it became similar beyond this
content. The largest autogenous shrinkage of UHPC was found
to be 1295 pe when nano-SiO, replaced 30% of silica fume.

5) The pull-out performance of steel fibers in UHPC was
improved with an increase in the nano-SiO, content up to
20%. When 20% of the silica fume was substituted by nano-
Si0,, the average bond strength and pull-out energy
improved by approximately 21 and 68%, respectively. How-
ever, when the content of nano-SiO, was more than 30%,
agglomeration occurred at ITZ between the steel fiber and
UHPC matrix, which significantly deteriorated the pull-out
performance.
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