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This paper presents the effect of nano-silica on the hydration and microstructure development of Ultra-
High Performance Concrete (UHPC) with a low binder amount. The design of UHPC is based on the mod-
ified Andreasen and Andersen particle packing model. The results reveal that by utilizing this packing
model, a dense and homogeneous skeleton of UHPC can be obtained with a relatively low binder amount
(about 440 kg/m?). Moreover, due to the high amount of superplasticizer utilized to produce UHPC in this
study, the dormant period of the cement hydration is extended. However, due to the nucleation effect of
nano-silica, the retardation effect from superplasticizer can be significantly compensated. Additionally,
with the addition of nano-silica, the viscosity of UHPC significantly increases, which causes that more
air is entrapped in the fresh mixtures and the porosity of the hardened concrete correspondingly
increases. In contrary, due to the nucleation effect of nano-silica, the hydration of cement can be pro-
moted and more C-S-H gel can be generated. Hence, it can be concluded that there is an optimal
nano-silica amount for the production of UHPC with the lowest porosity, at which the positive effect

of the nucleation and the negative influence of the entrapped air can be well balanced.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, with the development of new plasticizing con-
crete admixtures and fine pozzolanic materials, it has become possi-
ble to produce high performance concrete (HPC) or even Ultra-High
Performance Concrete (UHPC). For the production of UHPC, the poz-
zolanic materials (silica fume, ground granulated blast-furnace slag,
fly ash) are widely utilized [ 1-3]. Due to its high purity and high spe-
cific surface area, the pozzolanic reaction of silica fume is fast and
could more effectively promote the strength development of con-
crete, compared to the other pozzolanic materials [4]. Nevertheless,
the new developments of nano-technology guarantee that various
forms of nano-sized amorphous silica can be produced, which
have higher specific surface areas and activities compared to
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conventional silica fume [5,6]. Hence, a considerable investigation
effort has been paid on clarifying their effect on the properties of
concrete.

In the available literature it can be found that with the addition
of nano-silica in cement or concrete, even at small dosages, nano-
silica can significantly improve the mechanical properties of
cementitious materials [7]. For instance, Nazari and Riahi [8]
showed that a 70% compressive strength improvement of concrete
can be achieved with an addition of 4% (by mass of cement) of
nano-silica. Li et al. [9] found that when 3% and 5% nano-silica
were added to plain cement mortar, the compressive strength
increased by 13.8% and 17.5% at 28 days, respectively. However,
some contradictory experimental results can also be found in the
literature. For example, Senff et al. [10] found that the contribution
of nano-Si0,, nano-Ti0,, and nano-SiO, plus nano-TiO, defined by
factorial design, did not lead to any significant effect on the
compressive strength. Moreover, they also found that the values
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Nomenclature

Diax maximum particle size (pum)

Din minimum particle size (pm)

fe compressive strength of UHPC at 28 days (N/mm?)

K, strength improvement (%)

Mpinder  total mass of the used binder (kg)

my mass of oven dried sample (g)

ms mass of surface dried and water-saturated sample in air
(8)

My hydrostatic mass of water-saturated sample (g)

Mcaco, mass change of UHPC paste caused by the decomposi-
tion of CaCOs3 (g)

M; mass of the fraction i in solid materials (g)

M; mass of the fraction j in liquid materials (g)

water  Mass of non-evaporable water (g)
Muwgeer-ran Water requirement for full hydration cement (g)

Mios mass of UHPC paste after heat treatment at 105 °C for
2h(g)

Mio000 mass of UHPC paste after heat treatment at 1000 °C for
2h(g)

Ppaix composed mix curve

Piar target curve

q distribution modulus

RSS sum of the squares of the residuals

S; strength of UHPC with nano-silica (i corresponds to
nano-silica amount) (MPa)

So strength of UHPC without nano-silica (reference sam-
ple) (MPa)

Veontainer volume of the container (cm?)
Viiquid volume of liquid in the container (cm?)
Vsolid volume of solid particles in the container (cm?)

Xpinder  binder efficiency (N/mm?)/(kg/m?)

Bt degree of cement hydration at hydration time t (days)
(%)

@vwater Water-permeable porosity (%)

Pair air content in UHPC (%)
Di density of the fraction i in solid materials (g/cm?)
Pj density of the fraction j in liquid materials (g/cm?)

of torque, yield stress and plastic viscosity of mortars with nano-
additives increased significantly. According to the experimental
results of Ltifi [11], even a lower compressive strength of samples
with 3% nano-silica can be observed, compared to the plain speci-
mens. The difference of these experimental results should be
attributed to the basic characteristics of the nano-silica (e.g. pozzo-
lanic activity, specific surface area). To interpret the influence of
nano-silica on the cement hydration, some theoretical mechanisms
can be found in the available literature. For example, Land and Ste-
phan [5] observed that the hydration heat of Ordinary Portland
Cement blended with nano-silica in the main period increases sig-
nificantly with an increasing surface area of silica. Thomas et al.
[12] showed that the hydration of tri-calcium silicate (C3S) can
be accelerated by the addition of nano-scaled silica or C-S-H-par-
ticles. Bjornstrom et al. [6] monitored the hydration process of C3S
pastes and the accelerating effects of a 5 nm colloidal silica addi-
tive on the rate of C3S phase dissolution, C-S-H gel formation
and removal of non-hydrogen bound OH groups. However, it can
be noticed that the investigation of the effect of nano-silica on
cement hydration and microstructure development of UHPC is
insufficient [13]. This should be owed to the fact that the nano-sil-
ica is still a relatively new material for the application in high per-
formance concrete, and its price is much higher compared to that
of silica fume or other pozzolanic materials [14]. Additionally, for
the production of UHPC, the water/binder ratio is relatively low
and a large amount of superplasticizer is commonly used, which
means it is not suitable to predict the pozzolanic activity of
nano-silica at low water/binder ratio, based on the experimental
results that are obtained for high water/binder ratios. Therefore,
how the additional nano-silica influences the cement hydration
and microstructure development of UHPC remains an open
question.

As commonly known, the cement production is said to repre-
sent about 7% of the total anthropogenic CO, emissions [15-17].
Hence, one of the key sustainability challenges for the next decades
is to design and produce concrete with less clinker and inducing
lower CO, emissions than traditional ones, while providing the
same reliability, with a much better durability. Considering the
superior properties of UHPC, for which the cross section area of
the structure can be slender and the total cement consumption
maybe reduced. Moreover, to further minimize the negative influ-
ence of UHPC on the sustainable development, one of the most

effective methods is to reduce the cement amount, without any
significant scarification of the mechanical properties. From the
available literature, it can be found that an optimal packing of
granular ingredients is the key for a strong and durable concrete
[18-20]. Hence, utilization of optimal packing models to design
and produce the UHPC should be a possible way to reduce the
cement amount and increase the cement efficiency.

Consequently, based on these premises, the objective of this
study is to investigate the effect of nano-silica on the hydration
and microstructure development of UHPC with low binder amount.
The design of the concrete mixtures is based on the aim to achieve
a densely packed material, by employing the modified Andreasen
and Andersen particle packing model. The properties of the
designed concrete, including the fresh and hardened behavior are
evaluated in this study. Techniques such as isothermal calorimetry,
thermal analysis and scanning electron microscopy are employed
to evaluate the cement hydration and microstructure development
of the UHPC.

2. Materials and experimental methodology
2.1. Materials

The cement used in this study is Ordinary Portland Cement (OPC) CEM [ 52.5 R,
provided by ENCI (the Netherlands). A polycarboxylic ether based superplasticizer
is used to adjust the workability of UHPC. The limestone and quartz powder are
used as fine fillers. Two types of sand are used, one is normal sand with the fractions
of 0-2 mm and the other one is microsand with the fraction 0-1 mm (Graniet-
Import Benelux, the Netherlands). A nano-silica slurry is selected as pozzolanic
material to be used in this study. Short straight steel fibers (length of 13 mm and
diameter of 0.2 mm) are employed to further improve the mechanical properties
of the designed concrete. The detailed information about the used materials is sum-
marized in Table 1 and Fig. 1. Additionally, the characterization and chemical anal-
ysis of the used nano-silica are shown in Tables 2 and 3, respectively.

2.2. Experimental methodology

2.2.1. Mix design of UHPC

For the design of mortars and concretes, several mix design tools are in use.
Based on the properties of multimodal, discretely sized particles, De Larrard and
Sedran [21,22] postulated different approaches to design concrete: the Linear Pack-
ing Density Model (LPDM), Solid Suspension Model (SSM) and Compressive Packing
Model (CPM). Fennis et al. [23] have developed a concrete mix design method based
on the concepts of De Larrard and Sedran [21,22]. However, all these design meth-
ods are based on the packing fraction of individual components (cement, sand, etc.)
and their combinations, and therefore it is complicated to include very fine particles
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Table 1

Properties of the used materials.
Materials Specific density Solid content pH

(glem?) (% wiw)

CEMI1525R 3.15 - -
Limestone powder 2.71 - -
Quartz powder 2.66 - -
Microsand (sandstone) 2.72 - -
Sand 0-2 2.64 - -
Superplasticizer 1.05 35 7.0
Steel fiber 7.80 - -

Table 2

Characterization of the used nano-silica.”
Type Slurry
Stabilizing agent Ammonia
Specific density (g/cm?) 2.2
PH (at 20 °C) 9.0-10.0
Solid content (% w/w) 20
Viscosity (mPa s) <100
BET (m?%/g) 227
PSD by LLS (pm) 0.05-0.3
Mean particle size (um) 0.12

in these mix design tools, as it is difficult to determine the packing fraction of such
very fine materials or their combinations. Another possibility for mix design is
offered by an integral particle size distribution approach of continuously graded
mixes, in which the extremely fine particles can be integrated with a relatively
lower effort, as detailed in the following.

Based on the investigation of Fuller and Thompson [24] and Andreasen and
Andersen [25], a minimal porosity can be theoretically achieved by an optimal par-
ticle size distribution (PSD) of all the applied particle materials in the mix, as shown
in the following equation:

P(D) - (Di)q )

where P(D) is a fraction of the total solids being smaller than size D, D the particle
size (um), Dyngy the maximum particle size (um), and q is the distribution modulus.

However, in Eq. (1), the minimum particle size is not incorporated, while in
reality there must be a finite lower size limit. Hence, Funk and Dinger [26] proposed
a modified model based on the Andreasen and Andersen equation. In this study, all
the concrete mixtures are designed based on this so-called modified Andreasen and
Andersen model, which is shown as follows [26]:

Dq 7DQ_
P(D) = ———min_ 2
( ) Dgnafo?nin ( )

where Dy, is the minimum particle size (pm).

The modified Andreasen and Andersen packing model has already been suc-
cessfully employed in optimization algorithms for the design of normal density
concrete [20] and lightweight concrete [27,28]. Different types of concrete can be
designed using Eq. (2) by applying different value of the distribution modulus g,
as it determines the proportion between the fine and coarse particles in the mix-
ture. Higher values of the distribution modulus (g > 0.5) lead to coarse mixture,
while lower values (q < 0.25) result in concrete mixes which are rich in fine parti-
cles [29]. Brouwers [30,18] demonstrated that theoretically a g value range of 0-
0.28 would result in an optimal packing. Hunger [20] recommended using q in
the range of 0.22-0.25 in the design of SCC. Hence, in this study, considering that
a large amount of fine particles are utilized to produce UHPC, the value of q is fixed
at 0.23, as shown in [51,52].

In this research, the modified Andreasen and Andersen model (Eq. (2)) acts as a
target function for the optimization of the composition of mixture of granular mate-
rials. The proportions of each individual material in the mix are adjusted until an
optimum fit between the composed mix and the target curve is reached, using an
optimization algorithm based on the Least Squares Method (LSM), as presented in

¢ Data obtained from the supplier.

Table 3
Chemical analysis of the used cement and nano-silica.

Substance Cement (mass%) Nano-silica slurry (mass%)
Al,03 4.80 0.367
Sio, 20.27 98.680
Na,0 0.26 0.315
P,0s - 0.220
K;0 0.53 0.354
Ca0 63.71 0.089
TiO, - 0.007
Fe,03 343 0.004
Cuo - 0.001
Zr0O, - 0.003
Ag,0 - 0.022
MgO 1.58 -

SO5 291 -

Cl - 0.037
LO.L 2.51 -

Eq. (3). When the deviation between the target curve and the composed mix,
expressed by the sum of the squares of the residuals (RSS) at defined particle sizes,
is minimized, the composition of the concrete is treated as the best one [19]:

RSS = zn:(P,,,.-X (Di") - P (Dﬁ“))z 3)
i=1

where P, is the composed mix and Py, is the target grading calculated from Eq. (2).

According to the optimized particle packing model, the developed UHPC mix-
tures are listed in Table 4. It can be noticed that the cement amount of the UHPC
is relatively low, around 440 kg/m>. Moreover, large amount of powder materials
(limestone and quartz powder) are utilized to replace cement in this study. Based
on the results presented in [53], the used powder materials are not considered as
binder in the concrete. Furthermore, the nano-silica is added in the amount of 1%,
2%, 3%, 4% and 5% as a cement replacement. Hence, based on the results of the fresh

%0 T 1
—CEMI1525R
—— Limestone powder
;\: 40+ (l Quartz powder
5 ——8and 0-2
2/ —— Microsand
é 30l — Nano-silica
[%)
Y
=
[}
)
(0]
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> 10t N
2 < >§
e
0 LA AN
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Particle size (um)

Fig. 1. Particle size distribution of the used materials.
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Table 4
Mix recipe of the UHPC with nano-silica.
Cement (kg/m®) Limestone (kg/m®) Quartz (kg/m®) Microsand (kg/m®) Sand 0-2 (kg/m®) Nano-silica (kg/m®) Water (kg/m?) SP (kg/m?®)

Ref. 439.5 263.7 175.9 218.7 1054.7 0 175.8 43.9

UHPC-1%  435.1 263.7 175.9 218.7 1054.7 4.4 175.8 439

UHPC-2%  430.7 263.7 175.9 218.7 1054.7 8.8 175.8 43.9
UHPC-3% 426.3 263.7 175.9 218.7 1054.7 13.2 175.8 43.9
UHPC-4% 4219 263.7 175.9 218.7 1054.7 17.6 175.8 439
UHPC-5% 417.5 263.7 175.9 218.7 1054.7 22.0 175.8 43.9

and hardened properties of the designed UHPC, it is possible to evaluate the influ- Table 5

ence of nano-silica on the properties of UHPC. An example of the target curve and Characteristics of the designed concrete recipes.

the resulting integral grading curve of the UHPC is shown in Fig. 2.

Additionally, Table 5 shows characteristics of each recipe listed in Table 4, w/c w/b w/p SP content SP content
which indicates the water/cement ratio, water/binder ratio, water/powder ratio, (% bwoc) (% bwop)
SP content by the weight of cement and SP content by the weight of powder. Due Ref. 0.400 0.400 0.180 9.987 4.486
to the fact that a large amount of cement has already been replaced by limestone UHPC-1% 0.404 0.400 0.180 10.090 4.486
and quartz powder, the water to cement ratio is relatively high (about 0.4). How- UHPC-2% 0.408 0.400 0.180 10.193 4.486
ever, the water/powder ratios of all the batches are still relatively low (around UHPC-3% 0412 0.400 0.180 10.298 4.486
0.18). Considering that the used water can be significantly absorbed by the powder UHPC-4% 0417 0.400 0.180 10.405 4.486
materials, the SP amount by the weight of powder is fixed at about 4.5%. Finally, to UHPC-5% 0.421 0.400 0.180 10.515 4.486

further improve the mechanical properties of the UHPC, around 2.5% (vol.) steel
fibers are added into the designed concrete matrix.

2.2.2. Mixing procedures

In this study, all powder ingredients (particle size < 125 um) and sand fractions
are slowly blended for 30 s in a dry state. Then, nano-silica slurry and around 75% of
the total amount of water are slowly added and mixed for another 90 s. After that,
the mixing is stopped for 30 s, in which the first 20 s are used to scratch the mate-
rials from the wall of the mixing bowl and the paddle. Afterwards, the remaining
mixing water and superplasticizer are added into the mixer, during the consecutive
mixing for 180 s at slow speed. For the samples with steel fibers, about 2.5% (vol.) of
short steel fibers are added when a flowable UHPC matrix is obtained. The last step
is mixing for 120 s at high speed. The mixing is always executed under laboratory
conditions with dried and tempered aggregates and powder materials. The room
temperature while mixing, testing and casting is constant at around 20 £ 1 °C.

2.2.3. Workability

After mixing, the suspension is filled into a conical mold in the form of a frus-
tum (as described in EN 1015-3 [29]). During the test, the cone is lifted straight
upwards in order to allow free flow for the paste without any jolting. In the test,
two diameters perpendicular to each other are determined. Their mean is recorded
as the slump flow value of the designed UHPC.

2.2.4. Air content

The air content of UHPC is experimentally determined following the subsequent
procedure. The fresh mixes are filled in cylindrical container of known volume and
vibrated for 30 s. The exact volume of the containers is determined beforehand
using demineralized water of 20 °C. In order to avoid the generation of menisci at
the water surface, the completely filled contained is covered with a glass plate,

w: water, c: cement, b: binder, p: powder (particle size <125 um), bwoc: by the
weight of cement, bwop: by the weight of powder.

whose mass is determined before. Hence, based on the assumption that the fresh
concrete is a homogeneous system, a possibility for determining the air content
of concrete can be derived from the following equation:

_ Vcontainer — Vsolid — Viiquid
bair = % i (4)

container
where ¢, is the air content (%, V/V) of UHPC, V oneainer the volume of the cylindrical
container that mentioned before, and Vg and Vjiquiq are the volume of solid parti-
cles and liquid in the container (cm?).

As the composition of each mixture is known, the mass percentage of each
ingredient can be computed. Because it is easy to measure the total mass of con-
crete in the container, the individual masses of all materials in the container can
be obtained. Applying the density of the respective ingredients, the volume per-
centages of each mix constituent can be computed. Hence,

M:
Vsolid: e ?{‘ (5)
and
M,
Viguia = %~ (6)
7P

where M; and p; are the mass (g) and density (g/cm?) of the fraction i in solid mate-
rials, Mj and p; are the mass (g), and density (g/cm?) of the fraction j in liquid mate-
rials, respectively. The schematic diagram for calculating the air content in concrete
is shown in Fig. 3.

100 T
Target curve
- - - - Composite mix
——CEMI1525R
80+ —— Limestone powder
;\; Quartz powder ,"
= Sand 0-2 a
g Microsand
3 60r Nano-silica
[
2 d
£
S 40t
1S
=
o
20+
0
0.01 0.1 1000 10000

Particle size (um)

Fig. 2. PSDs of the ingredients, the target and optimized grading curves of the UHPC (based on Eq. (2) with q =0.23).
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Fig. 3. Schematic diagram of the method to calculate the air content of UHPC in
fresh state.

2.2.5. Mechanical properties

The concrete samples (with and without steel fibers) are cast in molds with the
size of 40 mm x 40 mm x 160 mm. The prisms are demolded approximately 24 h
after casting and then cured in water at about 20 + 1 °C. After curing for 3, 7 and
28 days, the flexural and compressive strength of the specimens are tested accord-
ing to the EN 196-1 [31]. At least three specimens are tested at each age to compute
the average strength.

2.2.6. Porosity

The porosity of the hardened UHPC is measured applying the vacuum-satura-
tion technique, which is referred to as the most efficient saturation method [32].
The saturation is carried out on at least 3 samples (100 mm x 100 mm x 20 mm)
for each mix, following the description given in NT Build 492 [33] and ASTM
C1202 [34]. The water permeable porosity is calculated from the following
equation:

_Ms—Md 409 (7)

P y,water ms — My,

where @y warer is the water permeable porosity (%), ms the mass of the saturated sam-
ple in surface-dry condition measured in air (g), m,, hydrostatic mass of water-sat-
urated sample (g), and my is the mass of oven dried sample (g).

2.2.7. Calorimetry analysis

Based on the recipes shown in Table 4, cement, limestone and quartz powder
are mixed with silica slurry, superplasticizer and water. Nano-silica/binder mass
ratios from 1% to 5% are investigated. Moreover, another reference sample (refer-
ence-2) with only cement and water (water/cement=0.4) is simultaneously
designed and prepared. All the pastes are mixed for 2 min and then injected into
a sealed glass ampoule, which is then placed into the isothermal calorimeter
(TAM Air, Thermometric). The instrument is set to a temperature of 20 °C. After
7 days, the measurement is stopped and the obtained data is analyzed. All results
are ensured by double measurements (two-fold samples).

2.2.8. Thermal analysis

A Netzsch simultaneous analyzer, model STA 449 C, is used to obtain the
thermo-gravimetric (TG) and differential scanning calorimetry (DSC) curves of con-
crete pastes. According to the recipes shown in Table 4, the pastes are produced
without any aggregates. After curing in water for 28 days, the hardened samples
are grinded to powder. Analyses are conducted at a heating rate of 10 °C/min from
20 °C to 1000 °C under flowing nitrogen.

Based on the TG test results, the hydration degree of the cement is calculated.
Here, the loss-on-ignition (LOI) measurements of non-evaporable water content
for hydrated UHPC paste are employed to estimate the hydration degree of cement
[35]. Assuming that the UHPC paste is a homogeneous system, the non-evaporable
water content is determined according to the following equation:

Miyaeer = Mi10s — Moo — Mcaco, (8)

where My, is the mass of non-evaporable water (g), M10s the mass of UHPC paste
after heat treatment under 105 °C for 2 h (g), M1000 the mass of UHPC paste after heat
treatment under 1000 °C for 2 h (g), and Mcaco, is the mass change of UHPC paste
caused by the decomposition of CaCOs; during heating (g). Then, the hydration
degree of the cement in UHPC paste is calculated as:

/
MWater

M Water-Full

B )
where B, is the cement hydration degree at hydration time t (%) and Myger-run i the
water required for the full hydration of cement (g). Based on the investigation results
shown in [36], the value of My, employed in this study is 0.256.

2.2.9. Scanning electron microscopy analysis

Scanning electron microscopy (SEM) is employed to study the microstructure of
UHPC. After curing for 28 days, the specimens are cut into small fragments and
soaked in ethanol for over 7 days, in order to stop the hydration of cement. Subse-
quently, the samples are dried and stored in a sealed container before the SEM
imaging.

3. Experimental results and discussion

3.1. Slump flow

The slump flow of fresh UHPC mixes versus the amount of
nano-silica is depicted in Fig. 4. The data illustrates the direct rela-
tion between the nano-silica amount and the workability of fresh
UHPC. It is important to notice that with the addition of nano-sil-
ica, the slump flow of fresh UHPC decreases linearly. For the UHPC
developed here, the slump flow value of the reference sample is
33.75 cm, which sharply drops to about 22.5 cm when about 5%
of nano-silica is added. This behavior is in accordance with the
results shown in [10], which indicates that the addition of nano-
silica greatly increases the water demand of cementitious mixes.
One hypothesis explaining this is that the presence of nano-silica
decreases the amount of lubricating water available within the
interparticle voids, which causes an increase of the yield stress
and plastic viscosity of concrete [10]. Hence, in this study, the plas-
tic viscosity of UHPC significantly increases with an increase of the
nano-silica amount, which in turn causes that its workability obvi-
ously decreases.

3.2. Air content and porosity

The air content of UHPC in fresh state and the porosity of UHPC
in hardened state are presented in Fig. 5. As can be observed, the
air content of the reference sample (without nano-silica) is rela-
tively low (2.01%), which should be attributed to the dense particle
packing of the designed UHPC. However, with an increasing
amount of nano-silica, the air content of UHPC clearly increases.
When the additional nano-silica amount is about 5%, the air con-
tent in fresh UHPC sharply increases to about 3.5%. To interpret this
phenomenon, the effect of nano-silica on the viscosity of UHPC
should be considered. With an increasing amount of nano-silica,
the viscosity of UHPC significantly increases [10], which cause that
the entrapped air cannot easily escape from the fresh concrete.
Hence, the air content of the fresh concrete with high content of
nano-silica is relatively larger.

Compared to the air content results, the porosity of hardened
UHPC show very different development tendency. With an addi-
tion of nano-silica, the porosity of UHPC firstly decreases, and then
slightly increases after reaching a critical value. In this study, the
porosity of reference sample is about 10.5%, and sharply decreases

40
30} e
IS
e
g
= 20 y = -2.357x + 34.893
a 2_
£ R®=0.967
2
]
10
< Nano-silica
—— Linear (Nano-silica)
0 s s s s s
0 1 2 3 4 5 6

Content of nano-silica (%)

Fig. 4. Slump flow of UHPC at different nano-silica additions.
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Fig. 5. Air content and porosity of UHPC with different amounts of nano-silica.

to about 9.5% when 4% of nano-silica is added. However, the poros-
ity of the sample with 5% of nano-silica increases to about 9.8%
again. This phenomenon should be attributed to the positive effect
of nano-silica on the cement hydration. As commonly known, due
to the nucleation effect of nano-silica, the formation of C-S-H-
phase is no longer restricted on the grain surface alone, which
cause that the hydration degree of cement is higher and more
pores can be filled by the newly generated C-S-H [12]. For this rea-
son, the porosity of UHPC firstly decreases with the addition of
nano-silica. However, due to the fact that the air content of UHPC
increases with the addition of nano-silica, the porosity of UHPC
will increase again when the new generated C-S-H is insufficient
to compensate the pores that are generated by the entrapped air
in fresh concrete. Consequently, considering these two opposite
processes, there is an optimal value of the nano-silica amount at
which the lowest porosity of UHPC can be obtained.

3.3. Mechanical properties

The flexural and compressive strengths of UHPC at 3, 7 and
28 days versus the nano-silica amounts are shown in Fig. 6. With
the addition of nano-silica, the parabolic growth tendency of the
flexural and compressive strength of UHPC can be observed. For
example, the flexural strength of reference sample at 28 days is
about 10.4 MPa, which gradually increase to about 14.0 MPa when
4% of nano-silica is added. Afterward, this value slightly decreases
to about 13.2 MPa when 5% of nano-silica is included. Hence, there
should be an optimal amount of nano-silica, at which the flexural
or compressive strengths of the designed UHPC can theoretical
be the largest.

According to the regression equation of each parabola shown in
Fig. 6, it is easy to understand that when the differential coefficient
(y') of each function equals zero, the value of x represent the opti-
mal nano-silica amount to obtain the best mechanical properties.
Hence, the optimal nano-silica amount and the computed maxi-
mum flexural and compressive strengths at 3, 7 and 28 days are
shown in Table 6. As can be seen, the optimal nano-silica amount
for the flexural strength at 3, 7 and 28 days are 3.72%, 3.46% and
3.70%, respectively, which increase to 3.92%, 3.90% and 4.29% for
the compressive strength. Based on these optimal nano-silica
amounts, the computed maximum strengths are 9.99 MPa,
12.46 MPa and 13.79 MPa for flexural strength and 56.99 MPa,
69.63 MPa and 88.93 MPa for the compressive strength. Moreover,
it is important to notice that computed maximum compressive
strength at 28 days is 88.93 MPa, which is even smaller than the
one with 4% of nano-silica (91.29 MPa). This should be attributed
to the deviation of the regression equation. As can be noticed that
the coefficient of determination (R?) of the one representing the

(a) 10
y= -0.2534x2+ 1.8715x + 10.324
©
o
=3
e
=
=)
c
[ -
® - \
© R
5 81 e b y = -0.2257x+ 1.6831 + 6.8529
& &
[
<& UHPC-3 days O UHPC-7 days A UHPC-28 days
—---Poly. (UHPC-3 days) ------- Poly. (UHPC-7 days) Poly. (UHPC-28 days)
4 . L A . .
0 1 2 3 4 5 6
Content of nano-silica (%)
(b) 100
y =-1.1491x% + 9.477x + 69.681
©
% 80 /y = -0.7434x%+ 4.979x + 59.895
< £
= B o Lo
g g
L 60
5 1 5§<5 ******* S DS
P —
= y =-0.5261x>+ 4.1244x + 48.906
%]
o 401
Q.
g ©  UHPC-3d O UHPC-7d A UHPC-28d
o 20 ----Poly. (UHPC-3d) ~ ------- Poly. (UHPC-7d) Poly. (UHPC-28d)
0 1 2 3 4 5 6

Content of nano-silica (%)

Fig. 6. Variation of the flexural (a) and compressive (b) strength of UHPC after
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Fig. 7. Compressive strength improvement of UHPC with different nano-silica
amount at 3, 7 and 28 days.

compressive strength at 28 days is only 0.862. Hence, to accurately
obtain the optimal nano-silica amount in this study, only 3.72%,
3.46%, 3.70%, 3.92% and 3.90% are selected to calculate the average
value (3.74%), which represents the optimal amount for this nano-
silica in UHPC to theoretically get the best mechanical properties.
This results are also in agreement with the results presented in
Fig. 5.

In this study, to clearly show the advantages of the modified
Andreasen and Andersen particle packing model in designing
UHPC, the concept of the binder efficiency is utilized and shown
as follows:

e (10)

binder

Xbinder =

where Xyinqer 1S the binder efficiency, f. the compressive strength of
UHPC at 28 days, and mp;nqer is the total mass of the binders.
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Table 6

Calculated optimal nano-silica amount for flexural and compressive strengths at 3, 7 and 28 days.

Calculated results Flexural Compressive
3 Days 7 Days 28 Days 3 Days 7 Days 28 Days
Optimal nano-silica amount (%) 3.72 3.46 3.70 3.92 3.90 4.29
Computed maximum strength (MPa) 9.99 12.46 13.79 56.99 69.63 88.93
Coefficient of determination (R?) 0.996 0.980 0.982 0.948 0.969 0.862
Table 7
Comparison of the binder efficiency of the UHPCs.
Reference Binders (kg/m?) Water (kg/m?®) 28 Days compressive strength (MPa)  Binder efficiency (N/mm?)/(kg/m?)
Cement GGBS Fly ash Silica (micro/nano)
Oertel et al. [13]  825.0 0.0 0.0 175.0 175.0 140.0 0.14
Zhao et al. [49] 500.0 0.0 350.0 150.0 160.0 92.0 0.09
Wang et al. [48]  810.0 0.0 0.0 90.0 162.0 138.0 0.15
Wang et al. [48]  630.0 180.0 0.0 90.0 162.0 123.0 0.14
Wang et al. [48]  450.0 360.0 0.0 90.0 162.0 110.0 0.12
Deeb et al. [47] 500.0 0.0 0.0 72.0 166.0 80.0 0.14
Yazici [50] 850.0 0.0 0.0 260.0 170.0 115.0 0.10
Ref. 439.5 0.0 0.0 0.0 175.8 78.0 0.18
UHPC-1% 435.1 0.0 0.0 4.4 175.8 79.9 0.18
UHPC-2% 430.7 0.0 0.0 8.8 175.8 81.5 0.19
UHPC-3% 426.3 0.0 0.0 13.2 175.8 89.2 0.20
UHPC-4% 421.9 0.0 0.0 17.6 175.8 91.3 0.21
UHPC-5% 417.5 0.0 0.0 22.0 175.8 86.9 0.20

Ref., UHPC-1%, UHPC-2%, UHPC-3%, UHPC-4% and UHPC-5% are the mixtures designed in this study, in which 1-5% means the nano-silica amount by the total mass of binders.

A comparison of the binder efficiencies between the available
literature and results obtained in this study is shown in Table 7.
As can be seen, the binder efficiency of the mixtures designed in
this study is significantly higher than that presented in the litera-
ture. Hence, it can be concluded that by the utilization of modified
Andreasen and Andersen particle packing model, a dense and
homogeneous skeleton of UHPC can be obtained with a relatively
low binder amount (about 440 kg/m?), and the binders can be well
utilized.

Additionally, to evaluate the promotive effect of the employed
nano-silica on the mechanical properties of UHPC, the following
equation is utilized [36]:

Si —So
So

I([ =

(i=1,2,3,4 and 5) (11)

where K; (%) is the compressive strength improvement, S; (MPa) the
strength of the UHPC with nano-silica (and i represents the addition
of nano-silica), and So (MPa) is the strength of the reference UHPC
without nano-silica.

The compressive strengths improvement ratios of UHPC mix-
tures versus the nano-silica amount are illustrated in Fig. 7. It
can be seen that, similarly to the flexural and compressive
strengths results, the compressive strength improvement firstly
increase with the increase of the nano-silica amount, and them
decrease. Moreover, the effect of the nano-silica in improving the
compressive strength of UHPC is more efficient at 3 days, compar-
ing to that at 7 and 28 days. This phenomenon also implies that
nano-silica can significantly promote the early hydration process
of cement in UHPC.

To further improve the mechanical properties of the designed
UHPC, about 2.5% (vol.) steel fibers are added into the concrete
matrix. The flexural and compressive strength of the designed
UHPC reinforced with steel fibers are shown in Fig. 8. It is clear
to note that the addition of steel fiber can significantly improve
the mechanical properties of the UHPC, whose flexural and com-
pressive strength at 28 days can even reach around 25 and
135 MPa, respectively.
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Fig. 8. Flexural (a) and compressive (b) strength of the designed UHPC with 2.5%
(vol.) steel fibers.

3.4. Calorimetry test results

Based on the calorimetry test results, the influence of the nano-
silica additions on the cement hydration of UHPC is analyzed. From
Fig. 9, it is apparent that with an increase of the nano-silica
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Fig. 9. Calorimetry test results of UHPC pastes with different amount of nano-silica
(Reference-2 is the sample with only cement and water, the water to cement ratio is 0.4,
TRMP: time to reach the maximum peak; DP: dormant period; AHF: change in heat flow
RST: relative setting time).

amount, the height of the early rate peak is increased and the time
required to reach the maximum rate is simultaneously reduced.
This is in good agreement with the results presented in [1]. After
hydration begins, hydrate products diffuse and envelop nanoparti-
cles as kernels, which can promote the cement hydration and make
the cement matrix more homogeneous and compact [37]. Addi-
tionally, the time of reaching the main rate peak varies signifi-
cantly with a change of the reactivity of the silicas, with more
reactive pozzolans giving an earlier peak. Therefore, in this study,
with an increase of the nano-silica amount, more reactive kernels
will be generated during the hydration, and the time to reach the
main rate peak will correspondingly decrease.

Additionally, it can be clearly noted that the dormant period for
cement hydration in reference sample is relatively long, which is
around 30 h. In normal cement hydration process (only cement
and water), the dormant period last only about 1-2 h, as shown
in Fig. 9 (Reference-2). This phenomenon observed in this study
should be attributed to the retardation influence of the superplast-
icizer. According to the investigation of Jansen et al. [38], complex
Ca®* ions from pore solution by the superplasticizer can touch the
polymer absorbed on the nuclei or the anhydrous grain surfaces,
which in turn might lead to the prevention of the growth of the
nuclei or the dissolution of the anhydrous grains. Hence, due to a
large amount of superplasticizer utilized to produce UHPC in this
study, the cement hydration is significantly retarded, which also
causes that the mechanical properties of reference UHPC are rela-
tively poor at early age. Nevertheless, with the addition of nano-sil-
ica, the retardation effect from superplasticizer can be largely
compensated. As shown in Fig. 9, with around 5% of nano-silica,
the dormant period of cement hydration can be reduced to about
10 h.

3.5. Thermal test results

The TG/DSC curves for the UHPC with different amounts of
nano-silica are presented in Fig. 10. From Fig. 10a, it is apparent
that there main peaks exist in the vicinity of 105 °C, 450 °C and
800 °C for all the samples. As commonly known, the hydrated
cement paste subjected to an elevated temperature loses the free
water, dehydrates and the hydrated products are transferred
[39-44]. Hence, the three peaks shown in Fig. 10a should be attrib-
uted to the evaporation of free water, decomposition of Ca(OH),
and decomposition of CaCOs, respectively. Fig. 10b shows the mass
losses of the UHPC samples due to temperature effects. It can be
found that the mass loss of free water and ettringite in the refer-
ence sample is the lowest, and slightly increases with additions
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Fig. 10. TG/DSC curves for UHPC with different nano-silica amount: (a) DSC
(deferential scanning calorimetry) and (b) TG (sample mass loss in percentage).
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Fig. 11. Cement hydration degree of UHPC with different nano-silica amount (after
curing for 28 days).

of nano-silica. Moreover, the mass loss of Ca(OH), in the reference
sample is the largest, which gradually reduces with an increasing
nano-silica amount. These should be attributed to the following
two points: (1) nano-silica can promote the hydration of cement
and more hydration products (such as ettringite) can be produced
and (2) nano-silica can react with Ca(OH), to generate more C-S-H
gel.

Additionally, based on the TG results and Egs. (8) and (9), the
hydration degree of the cement in UHPC paste after hydrating for
28 days is computed. As indicated in Fig. 11, with increasing
amount of added nano-silica, the cement hydration degree linearly
increases. As observed here, the cement hydration degree of the
reference UHPC is about 57.1%, and increases to about 66.7% when
a 5% addition of nano-silica is included. Moreover, it can be noticed
that the hydration degree of the sample with 3%, 4% or 5% of
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nano-silica are similar to each other, which means the promotion
effect of nano-silica on cement hydration is not so strong anymore
for nano-silica addition over 3% of the binder amount. This phe-
nomenon is in agreement with the results shown in Fig. 9. Further-
more, it can also be found that the cement hydration degrees of all
the designed UHPCs are larger than for other UHPCs found in the
literature [45,46]. Normally, for the production of the UHPC, the
water to binder ratio is low (less than 0.2), which causes that a
large amount of cement particles is still unhydrated after 28 days.
However, in this study, the binder amount in the UHPC is relatively
low (about 440 kg/m?), and significant amount of fillers are used to
replace the cement, which cause that the water/cement ratio can
be significantly increased with the same amount of water.

Combining the results of calorimetry test and thermal analysis,
it can be concluded that, in the UHPC cementitious system, the
addition of superplasticizer can obviously retard the dormant per-
iod of cement hydration. However, due to the fact that the nano-
silica can significantly promote the hydration of cement, the retar-
dation effect from superplasticizer can be largely compensated and
the cement hydration degree at later age (around 28 days) is less
affected.

3.6. Mechanism analysis of hydration and microstructure development

For normal cement grains, the initial hydration is largely limited
to take place on the grain surface alone. With an ongoing hydra-
tion, the cement grain will be consumed and the hydration prod-
ucts that are deposited on the cement grain surface will grow
thicker. With increasing curing time, due to the packed hydration
products, the ionic transfer between the unhydrated cement parti-
cle and the surrounding solution is quite difficult, which limits
cement hydration and generation of a dense C-S-H structure. In
the present study, the hydration of the reference sample should
be similar to such a process. Its porosity in hardened state is rela-
tively high and the mechanical properties are comparatively low.
When nano-silica is included into the hydration system of cement,
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an early pozzolanic reaction will take place on the silica surface to
form C-S-H seeds [1,5] (as shown in Fig. 12a). Consequently, the
formation of C-S-H-phase is no longer limited to occur on the
grain surface alone, and more C-S-H gel can be generated. In this
study, due to the complexation of Ca?* ions from the pore solution
and polymer from the superplasticizer, the dormant period of
cement hydration in UHPC can be significantly retarded. However,
the addition of nano-silica can efficiently compensate the retarda-
tion effect from superplasticizer.

Based on the obtained results, it can be found that the nano-sil-
ica amount is important for hydration and microstructure develop-
ment of UHPC. As shown in Fig. 12b, when the amount of nano-
silica is low (e.g. less than 2%), the amount of the new generated
C-S-H seeds is low, which means that, to a large extent, most
hydration still takes place on the surface of the cement particles.
Hence, the porosity of the hardened cement matrix is still rela-
tively large. When the amount of nano-silica is too high (e.g. 5%
by the weight of binder), the sufficient amount of the generated
C-S-H seeds can enable that the hydration products grow on their
surfaces and result in a dense C-S-H gel. However, because the
addition of nano-silica greatly increases the viscosity of cementi-
tious mixes, a large amount of air can be entrapped into the
cementitious system, which in turn increases the porosity of hard-
ened concrete (as shown in Fig. 5). When the nano-silica amount is
optimal, the positive effect of the nucleation and the negative
influence of the entrapped air can be well balanced. Therefore,
there is an optimal nano-silica amount, at which the porosity of
UHPC can be the lowest.

3.7. SEM analysis of hardened UHPC

Scanning electron microscopy (SEM) is employed to study the
morphology and microstructure of the reference sample and the
samples with nano-silica additions. In Fig. 13a (reference sample),
a large amount of well-developed Ca(OH), plates can be observed,
which implies that without nano-silica, the porosity of the hardened
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microstructure development and porosity of UHPC.
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concrete is relatively large and the Ca(OH), has enough space to
grow. In Fig. 13b (UHPC with 4% of nano-silica), one can observe a
very dense structure in the hardened matrix with only a few air
pores. The main hydration product of the cement matrix is the
foil-like C-S-H gel, and no Ca(OH), crystal can be easily found. Fur-
thermore, fine C-S-H gel can be found, which is probably generated
from the pozzolanic reaction of nano-silica with Ca(OH),. The
microstructure of the specimen with 5% addition of nano-silica is
presented in Fig. 13¢, in which a number of pores can be observed.
As explained previously, because the addition of nano-silica greatly
increases the viscosity of cementitious mixtures, a large amount of
air can be entrapped in the cementitious system, which in turn
increases the porosity of hardened concrete.

4. Conclusions

This paper presents the effect of nano-silica on the hydration
and microstructure development of Ultra-High Performance Con-
crete (UHPC) with a low binder amount. From the results pre-
sented in this paper the following conclusions are drawn:

e Using the modified Andreasen and Andersen particle packing
model, a dense and homogeneous skeleton of UHPC can be
obtained with a relatively low binder amount (about 440 kg/
m?). When mixed with about 2.5% (vol.) of steel fibers, the flex-
ural and compressive strength of the reinforced UHPC are
around 25 and 135 MPa.

e An optimal amount of the utilized nano-silica (3.74% by the
mass of the binder amount found here) corresponds to the high-
est mechanical properties of UHPC.

o In this study, due to a large amount of superplasticizer utilized
to produce UHPC, the hydration of cement is obviously
retarded. However, the addition of nano-silica can significantly
compensate this retardation effect.

(c)

Fig. 13. SEM images: (a) reference sample, (b) UHPC with 4% of nano-silica, and (c¢) UHPC with 5% of nano-silica.

e With the addition of nano-silica, the viscosity of UHPC signifi-
cantly increases, which causes that more air voids are
entrapped in the fresh mixtures and the porosity of the hard-
ened concrete correspondingly increase. However, in contrary,
due to the nucleation effect of nano-silica, the hydration of
cement can be promoted and more C-S-H gel can be generated.
Hence, there is an optimal nano-silica amount for the produc-
tion of UHPC with the lowest porosity, at which the positive
effect of the nucleation and the negative influence of the
entrapped air can be well balanced.
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