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Abstract: Nanomaterials have attracted much interest in cement-based materials during the past
decade. In this study, the effects of different nano-CaCO3 and nano-SiO, contents on flowability, heat
of hydration, mechanical properties, phase change, and pore structure of ultra-high strength concrete
(UHSC) were investigated. The dosages of nano-CaCO3 were 0, 1.6%, 3.2%, 4.8%, and 6.4%, by the
mass of cementitious materials, while the dosages of nano-SiO, were 0, 0.5%, 1.0%, 1.5%, and 2%.
The results indicated that both nano-CaCOj3; and nano-SiO, decreased the flowability and increased
the heat of hydration with the increase of their contents. The optimal dosages to enhance
compressive and flexural strengths were 1.6% to 4.8% for the nano-CaCOs3 and 0.5% to 1.5% for the
nano-SiO,. Although compressive and flexural strengths were comparable for the two nanomaterials
after 28 d, their strength development tendencies with age were different. UHSC mixtures with
nano-SiO, showed continuous and sharp increase in strength with age up to 7 d, while those with
nano-CaCOs showed almost constant strength between 3 and 7 d, but sharp increase thereafter.
Thermal gravimetry (TG) analysis demonstrated that the calcium hydroxide (CH) content in UHSC
samples decreased significantly with the increase of nano-SiO, content, but remained almost
constant for those with nano-CaCOj;. Mercury intrusion porosimetry (MIP) results showed that both
porosity and critical pore size decreased with the increase of hydration time as well as the increase of
nanoparticles content to an optimal threshold, beyond which porosity decreased. The difference

between them was that nano-CaCO; mainly reacted with C3A to form carboaluminates, while
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nano-Si0; reacted with Ca(OH), to form C-S-H. Both nano-CaCO; and nano-SiO, demonstrated

nucleation and filling effects and resulted in less porous and more homogeneous structure.

Keywords: UHSC; Nano-CaCOs; Nano-SiO,; Hydration; Strength; Calcium hydroxide; Pore

structure

1. Introduction

Ultra-high strength cement based-material (UHSC) is a novel type of composite materials with
superior static and dynamic mechanical properties, and excellent durability. Such material can be
used in marine structures, defense and military engineering applications, and high building
construction [1-3]. However, as an intrinsically heterogeneous material, the structure of
cement-based materials can be generally discretized into four multi-scale phases: nano, micro, meso,
and macro [4]. The macro-properties of cement-based materials are dominated by the structure at the
nano-scale level. The main hydration product, C-S-H, occupies at least 60-70% by volume of the
hardened cement paste. It is a nano-scale material with average diameter around 10 nm [5]. It is
suggested that C-S-H has low, high, and ultra-high density forms with different hardness and elastic
modulus values and volume fractions [4,6]. High density C-S-H degrades much slower than low
density C-S-H under external environmental condition [6]. Furthermore, water loss from pores in the
C-S-H gel can lead to considerable autogeneous shrinkage, which can cause cracking and loss in
strength and durability of UHSC [7]. Therefore, it is vital to optimize the microstructure of
cement-based materials from the nano-scale to ensure high performance.

Nanotechnology has attracted much interest over the past decade. Since the introduction of

nanomaterials, extensive research has been conducted to promote their use in cement-based material.
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It is well known that nanomaterials can provide significant enhancement in performance of
cement-based material given their physical effect (filling and nucleation effects) as well as the
chemical reactivity [8]. Nano-silica (nano-Si0;) [9], nano-alumina (nano-Al,O3) [10], nano-titanium
oxide (nano-TiO;) [11], nano-CaCO; [12], nano iron (Fe,0j3), and nanotubes [13] have been studied
for use in cement-based materials. Among those, nano-CaCO;3; and nano-SiO, are commonly used.
This is because nano-CaCOs is relatively cheap due to abundant supplying of CaCO; in limestone,
chalk, and marble, and nano-SiO, can present superior performance given its high specific area and
pozzolanic activity [14]. Prototypes of limestone and silica fume have been employed in
cement-based materials for many years [15-17].

Camiletti et al. [14] investigated the effects of nano- and micro-limestone on early age
properties of ultra-high performance concrete (UHPC) and found that the addition of nano- and
micro- limestone reduced its setting time. Moreover, the addition of 2.5% to 5% nano-limestone
could lead to 32% to 75% improvement in 24 h compressive strength in comparison to that without
any nano-limestone. Shaikh et al. [12] found that samples incorporating 1% nano-CaCOs particles
showed the highest compressive strength for high volume fly ash concrete. Rong et al. [18] found
that nano-SiO, accelerated the hardening and enhanced mechanical properties of UHPC when 3%
nano-Si0,, by mass of cementations materials, was incorporated. Ghafari et al. [19] reported that
nano-Si0; reduced the workability of UHPC and increased compressive strength, especially at early
age. Although both the nano-CaCO; and nano-SiO; could improve mechanical properties, their
hydration mechanisms, hardening processes, and age dependencies are different [20]. This could lead
to different hydration products and thereby change in mechanical properties [21-23]. Furthermore,
mechanical stirring and ultrasonic dispersion techniques are often adopted to avoid agglomeration of

nanomaterials [24]. However, the dispersion time and speed would contribute to the experimental
3
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results, which are often neglected. If nanomaterials can be efficiently dispersed under normal mixing
procedure, this would not only facilitate their applications in cement-based materials but also reduce
energy consumption.

In order to understand the hydration mechanism and hardening process of UHSC made with
either nano-CaCOs or nano-SiO,, the flowability, heat of hydration as well as compressive and
flexural strengths of UHSC mixtures with five different contents of each nanomaterial were
investigated. The crystalline phases and pore structure of the samples were investigated by thermal
gravimetry (TG) and mercury intrusion porosimetry (MIP), respectively. The study seeks to

understand the hydration mechanisms of these types and contents of nanomaterials.

2. Experimental program

2.1. Materials

Portland cement complying with the Chinese Standard GB175-2007 was used [25]. The 3-d
compressive and flexural strengths of standard mortar sample are 28.3 and 5.6 MPa, respectively.
Silica fume with particle size rangeing between 0.02 and 0.28 pum was used. Nano-CaCOs and
nano-Si0O, were used, as shown in Fig. 1. The nano-CaCOs has a size of about 15 to 105 nm with
97.8% calcite content. The nano-SiO; has a size of 5 to 35 nm with 99.8% SiO, content. Table 1

summarizes the chemical composition and physical properties of the cementitious materials.
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(a) Nano-CaCOs; particles [26] (b) Nano-SiO, particles [18]

Fig. 1 Morphogy of nano-particles

Natural river sand with a fineness modulus of 3.0 was used. Particles with size greater than 2.36
mm were removed by sieving in order to enhance mechanical properties of the UHSC.

A polycarboxylate-based superplasticizer (SP) with a solid content of 20% was incorporated. Its
water-reducing capacity is greater than 30%. The dosage of SP in the all mixture was set to 2%, by
mass of cementitious materials. This dosage corresponds to a well-dispersed system for the reference

mixture without any nano-material [27,28].

Table 1 Chemical composition and physical properties of cementitious materials

Materials Cement Silica fume Nano-CaCOs; Nano-SiO,

Si0; (%) 21.18 93.90 - 99.80
AlL,O5 (%) 4.73 - - -
Fe,03(%) 341 0.59 0.02 -
SOs3 (%) 2.83 - - -
CaO (%) 62.49 1.85 97.90 -
MgO (%) 2.53 0.27 0.50 -
NaO (%) - 0.17 - -
K>0 (%) - 0.86 - -
Loss on ignition (%) 1.20 0.30 - -
Surface area (m2/kg) 350 18,500 42,000 160,000
Specific gravity (kg/m”) 3140 2200 - -
Particle size (nm) 36,700 20-280 15-105 5-35

Setting time (min)

Initial 172
5
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2.2. Mixture proportion and sample preparation

The mixture proportion of UHSC is shown in Table 2. The NC series incorporating 0, 1.6%,
3.2%, 4.8%, and 6.4% nano-CaCOs, by mass of cementitious material were designated as NCO,
NC1.6, NC3.2, NC4.8, and NC6.4, respectively. NS series incorporating 0, 0.5%, 1.0%, 1.5%, and

2.0% nano-SiO, were referred to as NSO, NS0.5, NS1.0, NS1.5, and NS2.0, respectively. The mixing

and curing procedure is shown in Fig. 2.

Table 2 Mixture proportions of UHSC

Mass of ingredient (kg/m”)

No. : w/b
w S C SF Nano-CaCO;  Nano-SiO, SP

NCO/NSO 177 1079 863.2 215.8 0 0 21.6 0.18
NC1.6 177 1079 8459 215.8 17.3 0 21.6 0.18
NC3.2 177 1079 828.7 215.8 34.5 0 21.6 0.18
NC4.8 177 1079 8114  215.8 51.8 0 21.6  0.18
NC6.4 177 1079 794.1 215.8 69.1 0 21.6 0.18
NSO0.5 177 1079 857.8 215.8 0 54 21.6 0.18
NS1.0 177 1079 8524  215.8 0 10.8 21.6 0.18
NS1.5 177 1079 847.0 215.8 0 16.2 21.6 0.18
NS2.0 177 1079 841.6 215.8 0 21.6 21.6 0.18

All components dry

Add water and

Mix for 6 min

Mix for 1 min

at high speed

until 1, 3,7,28,and 91 d

mixed for 3 min SP slowly > atlow speed
Demould and cure in Standard curing
lime-saturated water at 20°C |€——| for 24 h 20°C

and RH > 90%

\4

A

Fig. 2 Mixing and curing procedure of UHSC

2.3. Experimental methods

Cast and

compacted
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2.3.1. Flowability

The fresh UHSC mixtures were used to cast into a conical mold in the form of a frustum, as
described in Chinese Standard GB2419-2005 [29]. The mini cone has an upper diameter of 70 mm, a
lower diameter of 100 mm, and a height of 60 mm. After cone removed, the UHSC subjected to 25
jolting cycles on the flow table. Two diameters perpendicular to each other were determined. The

mean values of two measurements were recorded as the mini slump flow.

2.3.2. Compressive and flexural strengths testing

Specimens with a size of 40x40x160 mm were used for compressive and flexural strengths
testing. Initially, three-point bending testing was conducted to obtain flexural strength. Three samples
for each batch were tested. The six broken specimens were then used for compressive testing. The

mean values were reported.

2.3.3. Heat evolution measurement

To evaluate the effects of nano-CaCO3 and nano-SiO; on the hydration rate of UHSC, A TAM
air isothermal calorimeter was used to measure heat of hydration of cement paste. Based on the
mixture proportion and sample preparation as described above, the cementitious material, water, and
SP were used to prepare the paste. Approximately 4 g paste were weighed and then injected into a
glass ampoule using a syringe. The glass ampoule was sealed and then placed into the isothermal
calorimeter for 3 d. This equipment consists of a twin-instrument with one sample and one reference.

The calorimeter was set to a temperature of 20°C.
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2.3.4. Thermal gravimetry (TG)/Derivative thermal gravimetry (DTG) analyses

TG/DTG analyses were used to quantitatively determine the hydration products using a Netzsch
STA 409 PC equipment. The tested powder samples, weighing up to 10 mg, were heated from O to
1000°C in a nitrogen atmosphere at a heating rate of 10°C/min. The proportion of CH to the residual

mass at 1000°C was then calculated.

2.3.5. Pore structure measurement

Mercury intrusion porosimetry (MIP) is based on the principle that mercury, a typical
non-wetting liquid, can only intrude a porous material if a certain pressure is applied on the
measured samples. The samples were broken into 3.5 to 5.0 mm pieces and soaked in acetone to stop
further hydration. Then they were dried at 60°C in oven for 24 h before examination. The
experiments were carried out under low pressure of 0.28 MPa and high pressure of 413.70 MPa,
respectively. A glass tube with the specimen and mercury in was subsequently placed in a low and
high pressure analysis port. Full-scan auto mode was selected with contacted angle and surface
tension of 140° and 480 mN/m, respectively. The intrusion mercury volume was recorded at each

pressure point.

3. Results and discussion

3.1. Effects of nano-CaCO; and nano-SiO, contents on flowability of UHSC

The effects of nano-CaCOs3 and nano-SiO, contents on mini slump flow of UHSC mixtures are
illustrated in Fig. 3. It can be seen that the slump flow gradually decreased with the increase of
nano-CaCOs and nano-SiO, contents. The mini slump flow of the control mixture (NCO) was 220

mm. It decreased to 160 and 155 mm, respectively, when either 6.4% nano-CaCOj3 or 2% nano-SiO;

8
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was incorporated. This indicated that the addition of nanomaterials had a significant effect on the
required water demand of UHSC mixtures. In addition, the flowability for NC series was more
favorable than that of NS series at the same dosage. The mini slump flow of the NC6.4 mixture was
equivalent to that of the NS2.0 mixture. This might be attributed to different particle size and specific
area. Nano-CaCOj3 possessed an average size of about 60 nm and surface area of 4.2x10* m’/kg,
while the corresponding values for nano-SiO, were 20 nm and 1.6x10° m*/kg, respectively. It is well
known that the water demand of cement-based materials mainly includes two aspects: (1) filling
water in the pore space between the particles; (2) adsorbed water on the surface of particle [30].
Although nanomaterials can fill voids between cement particles to replace some of entrapped water,
consequently increase the amount of free water. More free water and superplasticizer would be
adsorbed onto the surface of nanomaterials due to their high surface area, leading to decreased free
water content and thus increasing the water demand. The latter one is the dominated factor for the

decrease of flowability.
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220 - L]

s 220 P S

£ 2001 \ E 200} \.
z = L
5 =] \
2 180 | = 180}
% - \. % I
= 160} T, 2 160}
E - E
= 140} = 140
]20 L N L " L L L N 1 ] 20 L " 1 L L L L " 1
0.0 1.6 32 4.8 6.4 0.0 0.5 1.0 15 2.0
Nano-CaCOs (%) Nano-8i0, (%)
(a) Nano-CaCO; (b) Nano-SiO,

Fig. 3 Mini slump flow of UHSC with different nano-CaCO3 and nano-SiO, contents

3.2. Effects of nano-CaCO; and nano-SiO, contents on heat evolution rate of cementitious materials
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Figure 4 shows the effects of nano-CaCO3 and nano-SiO; contents on the heat evolution rate of
cementitious materials in UHSC. The addition of nanomaterials not only shortened the dormant
period but also lead to an early appearance of the second peak. As seen in Fig. 4(a), the dormant
period of the NCO mixture was around 13 h, the addition of nano-CaCOj3 reduced it to about 9 h.
This can be considered as a result of filling and chemical effects induced by nano-CaCOs [31]. Due
to its small size, nano-CaCOs particles act as nucleation seeds. When in contact with water, the Ca**
that rapidly released from C3S particles is absorbed onto the surface of nano-CaCOj3 particles. This
would decrease the concentration of Ca®" around C3S and consequently increase the rate and amount
of hydration. Besides, CO32' can react with C5A to form carboaluminates. Carboaluminates is a
substance with high permeability in fresh state, which makes ions and water diffuse into internal
structure more easily, so as to reduce the concentration of Ca®*, and thus accelerating the hydration
rate [32]. However, it should be noted that the NC4.8 mixture had an earlier and higher heat of
hydration than that of the NC6.4 mixture. This might be due to dilution effect associated with
nano-CaCOs when it was used as a substitution of cement. Camiletti et al. [14] reported that
replacing cement with nano/micro-CaCO; can induce a cement dilution effect in addition to a filling
and a nucleation effect. When increasing the micro-CaCO3 content to a certain content, the dilution
effect could dominate the interaction. This can reduce the heat of hydration, leading to a longer
setting time. For nano-Si0O,, except its filling effect, it can function as nucleation seed for the

precipitation of C-S-H. This accelerating effect is well reported in publication [9].
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Fig. 4 Effects of nano-CaCOj3 and nano-SiO, contents on heat evolution rate of UHSC

3.3. Effects of nano-CaCO3 and nano-SiO, contents on compressive and flexural strengths of UHSC
The influence of nano-CaCO3 on compressive and flexural strengths of UHSC at different ages
is shown in Fig. 5. It can be observed that there existed an optimal dosage for the strength of UHSC.
When the dosage of nano-CaCO; content was in the range from 1.6% to 4.8%, both the compressive
and flexural strengths were 13% to 20% and 15% to 30% larger than that of the control sample
(NCO). However, when the dosage was increased further to 6.4%, the strengths decreased
significantly. In most cases, the compressive and flexural strengths of the NC6.4 were even lower
than those of the NCO. For example, the compressive and flexural strengths of the NC6.4 were 113
and 20.9 MPa at 91 d, while the corresponding strengths for the NCO were 120 and 22 MPa,
respectively. Limestone can react with Cs;A to form mono-carbonate, which is a substance with
special framework with strong hydrogen bonds between oxygen atoms and interlayer waters in
carbonate groups [33]. It is also said that CaCOs3 could affect the nature and stability of the AFm
phase [34]. However, higher nano-CaCO; content (6.4%) showed negative effect on strengths of
UHSC. This could be attributed to the unsufficient available space for hydration products to form.

Also, the superabundant amount of nano-CaCOs would result in difficulty in uniform dispersion.
11
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Weerdt et al. [32] claimed that 5% limestone powder, by mass of total cementious material, had a
beneficial effect on the compressive strength of conventional concrete.

Figure 5 also shows that the compressive and flexural strengths of NC series increased with age.
The compressive and flexural strengths of UHSC samples were around 40 and 9 MPa at 1 d,
respectively. They increased by 120% and 78%, respectively, between 1 and 3 d. The strengths
remained unchangeable at 7 d. However, a significant increase of 35% and 47% for compressive and
flexural strengths were observed between 7 and 28 d. After 28 d, the compressive and flexural

strengths were almost constant.
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Fig. 5 Effects of nano-CaCOj3 contents on compressive and flexural strengths of UHSC

Figure 6 depicts the compressive and flexural strengths of UHSC with different nano-SiO,
contents. It is obvious that like NC series, NS series also existed an optimal dosage, which was in the
range of 0.5% to 1.5%. UHSC mixtures with those dosages of nano-SiO; increased the compressive
and flexural strengths by 5-15 and 1-3 MPa, respectively, when compared to reference samples. This
was comparable to the results reported by Rong et al. [18], who adopted sonication to prepared
ultra-high performance cementitious composites (w/b=0.2) with addition of 1%, 3%, and 5%

nano-Si0,. However, superfluous nano-SiO, content of 2% reduced strength to a value lower than

12
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that of the reference sample. This was associated with the introduction of pores caused by
agglomeration of nano-SiO, and reduced followability of the mixture at high nano-SiO,
concentration [19,39]. This indicated that appropriate addition of nano-SiO, particles can be well
dispersed by using normal mixing procedure in this study.

Compared with the NC series, UHSC mixtures with nano-SiO, showed larger strengths than
that with nano-CaCOs did at 1, 3, and 7 d. The compressive and flexural strengths were 85 and 16
MPa for the NC series, while 100 and 21 MPa for the NS series at 7 d. Besides, the strengths
increase was about 10% only for the NS series, whereas 30% to 50% for the NC series from 7 d to 28

d. However, their strengths were comparable at 28 and 91 d.
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Fig. 6 Effects of different nano-SiO; contents on compressive and flexural strengths of UHSC

3.4. TG/DTG analysis

Figure 7 shows the TG and DTG curves of UHSC mixtures with different nano-CaCOs contents
at 28 d. The hydration products in the hardened concrete are calcium silicate hydrate (C-S-H) with
endothemal peak at approximately 80-90°C, ettringite with endothemal peak around 130°C, calcium
hydroxide (CH) with an endothemal peak in the range of 450-550°C, and calcium carbonate with

endothemal peak in the range of 600-700°C. The endothermal peaks at the four temperature ranges
13
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are due to the dehydration of C-S-H and ettringite, decomposition of CH and CaCOj3, respectively. It
can be seen from Fig. 7(b), at the first temperature range of 50-150°C, not only the endothermal peak
intensity but also the covered range increased with the increase of nano-CaCO; content. At
450-550°C, there was no obvious change for the samples with and without nano-CaCOs. As the
temperature increased to 600-700°C, the decomposition of CaCOs increased with the increase of
nano-CaCOs content, which suggested a larger amount of nano-CaCO; acted as filler in UHSC. It
should be noted the curve change for UHSC with high dosage of nano-CaCO; (4.8% to 6.4%) was
smoother than with low dosage of nano-CaCOs. This might be attributed to the sufficient and/or

well-crystallized CaCO; from incorporated nano-CaCOs particles.
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Fig. 7 TG and DTG curves of UHSC with different nano-CaCOs contents at 28 d

Figure 8 shows the TG and DTG curves of the NC3.2 at 1, 3, 7, and 28 d. No significant
difference between the DTG curves for UHSC samples can be found at 1, 3, and 7 d. All mixtures
exhibited a strong AFt peak at 130°C without obvious C-S-H peak. However, when the age reached
to 28 d, significant peak with strong intensity corresponding to C-S-H appeared. Moreover, the

intensity of endothermal peak of CaCOj; decreased. This suggests increased C-S-H content and
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decreased CaCOj; content as curing age prolonged to 28 d. It indicated that in the presence of CaCOs,
mono-carbonate and/or hemi-carbonate could be formed through reacting with C;A. Limestone could
also interact with the AFm and AFt phases. Weerdt et al. [21] stated that when limestone was
incorporated, a peak of mono-carbonate (MC) or hemi-carbonate (HC) would appear at around
175°C. This agrees well with that significant strength increase from 7 to 28 d. The formation of
C-S-H may be first due to the pozzolannic reaction between silica fume and CH. The incorporation
of nano-CaCOs could combine with C-S-H to form a new compound with space network structure,
optimizing the internal structure and consequently improving the mechanical properties of

cement-based materials [26].
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Fig. 8 TG and DTG curves of NS3.2 at different ages
Figure 9 shows the TG and DTG curves of UHSC mixtures with different nano-SiO, contents at
28 d. It can be seen that all the five UHSC mixtures had three significant peaks at around 80, 110,
and 150°C. The C-S-H contains absorbed water as well as interlayer water with different
endothermal peaks. The first peak corresponds to the dehydration of 1.4 nm tobermorite, which is in
the range of 80-90°C. The second peak corresponds to the dehydration of 1.1 nm tobermorite at

around 135-150°C [35]. The two effects are caused by the removal of loosely bond water and firmly
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held water from C-S-H gel, respectively. It has indicated that 1.4 nm tobermorite has a single chain
structure of silicate anion, while 1.1 nm tobermorite has structure of silicate anion with a double
chain [36]. The latter is favorable for the strength of cement-based materials. As can be seen from
Fig. 9(b), in the range of 30-200°C, the surrounded area of samples with high nano-SiO, content was
broader than that with low content. Besides, the CH content presented a decreasing tendency with
increasing nano-SiO; content. All these were good implication of pozzolannic reaction between CH

and nano-SiO,.
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Fig. 9 TG and DTG curves of UHSC with different nano-SiO, contents at 28 d

Figure 10 presents the TG and DTG curves of the NS1.0 at age of 1, 3, 7, and 28 d. As it can be
seen, the intensity of C-S-H peak at 135-150°C increased obviously from 1 to 3 d, indicating
accelerated hydration rate derived from the pozzolanic reaction. At 28 d, the intensity of C-S-H peak
at 135-150°C was almost equal to that at 80-90°C. This suggests optimization of C-S-H structure
with curing time. Besides, it can be also found that the peak in the range of 600-730°C on DTG
curves was irregular. This suggests that the formed CaCO3 in UHSC containing nano-SiO; is poor

crystallized one, which may be originated from carbonation of hydration products during samples
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313
314  3.5. CH content
315 The determination of the CH content in concrete samples is an effective method to follow the

316  degree of hydration as a function of time. Figure 11 compares the relative amounts of CH formed in
317  the NC and NS series with age. It can be seen that the CH content in both NC and NS series
318  decreased with age. The CH content in UHSC samples at 1, 3, and 7 d was hardly changed, however,
319 it decreased significantly from 7 to 28 d. Besides, it is apparent that the general trend of the curves
320 for UHSC with different nano-CaCOs contents was different from that with nano-SiO,. The CH
321  content in the NC series was not significantly changed with the increased nano-CaCOs content. On
322  the other hand, a remarkable decrease in the CH content for the NS series was observed. This reflects

323  the different hydration mechanisms of the nano-CaCO3 and nano-SiO..
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Fig. 11 Amount of CH formed in UHSC samples with age

In the NS series, the main hydration reaction that correlates to nano-SiO; is pozzolanic reaction
with CH, as shown in Equation (1). In NC series, nano-CaCO3; mainly reacts with C3A to form
carboaluminates, as shown in Equations (2) and (3). Several researchers have demonstrated that
limestone does not show pozzolanic properties to produce C-S-H gel [22]. This corresponds to the
limited change of CH in UHSC samples made with different nano-CaCO; contents. However, the
incorporation of nano-CaCOj can change the C-S-H structure, such as the Ca/Si ratio, and thus

affecting mechanical properties of UHSC sample [37].

xSi0; + yH,0 + zCa(OH), — C-S-H (1)
CaCOs + 11H,0 + 3Ca0O-Al,O3 — 3CaO-Al,03-CaCO;3-11H,O 2)
0.5CaCOs + 11.5H,0 + 3Ca0O-Al,O3 + 0.5Ca(OH), — 3.5Ca0O-Al,03-0.5CaCOs-12H,0 (3)

Another phenomenon that can be seen from Fig. 11 is that the CH content in the NS series was
lower than that in the NC series before 7 d, but it was comparable at 28 d. The addition of 20% silica
fume seems to be sufficient for the pozzolanic reaction in UHSC. However, the incorporation of

nano-SiO; can alter the consumption rate of CH to form C-S-H due to its much greater specific

18



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

surface (160,000 mz/kg) than that of silica fume. Moreover, nano-SiO, has many unsaturated bonds
of =Si-O- and =Si- on the surface. These would lead to different hydration reaction, as follows [38]:

For silica fume,

=Si-0-Si= + H-OH — =Si-OH (react slowly) 4)
=Si-OH + Ca(OH), — C-S-H ()
For nano-SiO,,
=Si-O- + H-OH — =Si-OH (react quickly) (6)
=Si- + OH- — =Si-OH (react quickly) (7)
=Si-OH + Ca(OH), — C-S-H 3)

The reaction rate for silica fume at the first step (Eq. 4) is slower than that (Eq. 6) for nano-SiO,

[38]. Therefore, nano-SiO; can accelerate the hydration and hardening process of UHSC.

3.6. Pore structure

Figure 12 shows the porosity and pore size distribution of UHSC containing different
nano-CaCOs contents at 28 d. It can be seen from Fig. 12(a), within a specified dosage of 3.2%, the
total porosity decreased with the increase of nano-CaCOj; content. With further increase in dosage,
the porosity began to increase. When the nano-CaCOj; content increased from 0 to 3.2%, the porosity
decreased from 15.2% to 12.5%. However, with the nano-CaCOs; content increased further from
3.2% to 6.4%, the porosity increased from 12.5% to 17.5%. Although nano-CaCOjs can efficiently fill
internal pores of the hydrated cement paste, high content of such nanoparticles can lead to
agglomeration and reduction in flowability and increase in viscosity [39].

For the pore size distribution shown in Fig. 12 (b), the dv/dlog (d) curves of the five UHSC

mixtures were superposed covering pore size from 40 to 1000 nm. For pore size smaller than 40 nm,
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the curves for UHSC containing nano-CaCOs shifted to left indicating finer pores when compared to
the NCO reference sample without any nano-CaCQOs. Furthermore, the peak value, i.e. inflection
point on the dv/dlog (d) curve, corresponding to critical pore size decreased. This peak value
corresponds to capillary pores, which has great influence on the permeability of concrete [40]. It also
reflects the connectivity of the pores and tortuosity of penetration path in concrete. The results
indicated that the addition of appropriate nano-CaCOjs efficiently reduce the porosity, refine the pores,

and thus making UHSC denser and more homogeneous.
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Fig. 12 Effects of nano-CaCOs contents on porosity and pore size distribution of UHSC at 28 d

Figure 13 shows the effect of age on porosity and pore size distribution of UHSC containing
different nano-CaCO; contents. It can be observed from Fig. 13(a) that the total porosity decreased
with age due to continued hydration. The NC3.2 at 28 d had a slightly larger total porosity than those
at 3 and 7 d. This may be due to the increased volume of pores larger than 5 pm, as presented in Fig.
13(b). It can be also observed that the peak value on dv/dlog (d) curve reduced gradually with age.
The value was 0.08 ml/g with diameter of 30 nm at 1 d. At 7 d, it reduced to 0.06 ml/g. With age

prolonged to 28 d, it reduced further and shifted to finer pores with diameter of 10 nm only. This
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corresponds with the results of considerable increase in strength.
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Fig. 13 Effect of age on porosity and pore size distribution of NC series

In order to further analyze the MIP results, the pores can be classified into five categories,
including gel micro-pores (< 10 nm), meso-pores (10-50 nm), middle capillary pores (50-100
nm), large capillary pores (100-5000 nm), and macro-pores (>5000 nm) [41,42]. These values
are summarized in Table 3. It can be seen that the volume fractions of meso-pores and middle
capillary pores in UHSC containing nano-CaCO3z were lower than that in the NCO reference
sample. The total fraction volume of capillary pores in UHSC samples containing nano-CaCO;
was less than 10%, and the volume fraction of middle capillary pores was close to zero
regardless of age. Moreover, the gel micro-pores became the dominated pores, a 150% volume
fraction enhancement can be obtained at 28 d when compared to that without nano-CaCOs.

It can be also noted that the fraction volume of large capillary pores decreased with age.
This indicated the incorporation of nano-CaCO3 makes the microstructure of UHSC denser and
more homogeneous. The pore volume of macro-pores seems to take up a relatively large
proportion in all mixtures. This may be due to the large pore size of entrapped air and/or

entrained air.
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Table 3 Pore structure characteristics of UHSC with nano-CaCQOs

Total Pore size distribution (%)

NCseries porosity <19  10~50 50~100 100-5000 >5000
%) @m) () (nm) (nm) (nm)

NC32-1d 1299  15.03 2.88 0.48 14.25 67.36
NC32-3d 1137 629 1.35 0.24 13.21 78.91
NC32-7d 1128 1322 1.53 0.45 12.79 72.01
NCO-28d 1520 2361  10.77 1.07 5.12 59.43
NC1.6-28d 1254  65.61 1.86 0.38 7.46 24.69
NC32-28d 1217 6081 2.28 0.70 5.87 30.34
NC4.8-28d 17.54  65.50 2.24 0.13 2.78 29.35
NC6.4-28d 1833  59.18 1.52 0.29 4.63 34.38

Figure 14 shows the effects of nano-SiO; content on porosity and pore size distribution of
UHSC at 1 d. Like the NC series, the total porosity of the NS series decreased with the increase of
nano-SiO; content within a specified dosage of 1.0%. However, as the nano-SiO; content increased
further, the porosity increased. For example, when the nano-SiO, content increased from 0 to 1.0%,
the porosity decreased from 18% to 13.5%. When the nano-SiO, content increased from 1.0% to
2.0%, the porosity increased from 13.5% to 15%. This might be due to the reduced flowability
corresponding to higher nano-SiO, content. From Fig. 14 (b), it can also be seen that the peak value

become smaller with incorporation of nano-SiOs.
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Fig. 14 Effect of nano-SiO, content on porosity and pore size distribution of UHSC at 1 d
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Figure 15 illustrates the porosity and pore size distribution of UHSC containing nano-SiO; in
terms of age. Due to continued hydration, the total porosity decreased with time but was limited, as
shown in Fig. 14 (a). It can be seen from Fig. 14 (b), the peak values on the dv/dlog (d) curve of
NS1.0 at 1 and 3 d was as high as 0.075 ml/g, and decreased to 0.045 and 0.25 ml/g at 7 and 28 d,
respectively. Moreover, the critical pore size continuously decreased with the increase of curing age.
The corresponding sizes were 30, 20, 15, and 10 nm, respectively. This suggested that pores

gradually refined with hydration time.
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Fig. 15 Effect of age on porosity and pore size distribution of NS series

Table 4 shows the pore size distribution of UHSC containing nano-SiO,. It can be
observed that different from NC series, the NS series at 1 d had a large amount of meso-pores up
to 60% to 70% of the total porosity. This mainly depends on their own characteristics such as,
size and chemical reactivity. Nano-SiO; mainly played its role of pozzolanic reaction at early
age, while nano-CaCO; filled the pores that is close to its own particle size. With the increase of
age, the meso-pores remarkable decreased and the gel pores increased, which suggested
increased C-S-H content and refined microstructure. In addition, the NS1.0 had a large

proportion of macro-pores at 28 d. If nanomaterials cannot be well dispersed, problem associated
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with aggregation could result in weak zone in the form of voids.

Table 4 Pore structure characteristics of UHSC with nano-SiO,

. Total Pore size distribution (%)

NS series .
porosity <10 10~50 50~100 100-5000 >5000
(%) (nm) (nm) (nm) (nm) (nm)
NS1.0-1d 12.99 4.75 65.93 5.07 6.77 17.48
NS1.0-3d 12.83 8.31 51.47 0.73 1.98 37.51
NS1.0-7d 12.40 19.23 28.22 1.88 2.44 48.25
NS1.0-28d 12.55 16.71 8.41 2.10 5.34 67.44
NSO-1d 17.92 2.52 26.52 28.03 19.61 23.32
NS0.5-1d 16.16 2.21 75.78 2.32 547 14.22
NS1.0-1d 12.99 4.75 65.93 5.07 6.77 17.48
NS1.5-1d 15.46 2.83 64.41 3.98 9.32 19.46
NS2.0-1d 18.33 6.59 63.53 1.76 6.02 22.10

4. Conclusions

Based on the results presented in this study, the following conclusions can be drawn:

(1) Both the nano-CaCOs3 and nano-SiO; decreased the flowability and accelerated the heat of
hydration of UHSC. The addition of nanomaterials not only shortened the dormant period but also
lead to an early appearance of the second peak. For the same content, the use of nano-CaCOs;
resulted in greater flowability compared to nano-SiO,.

(2) The optimal dosages for nano-CaCOj3 and nano-SiO, were 1.6% to 4.8% and 0.5% to 1.5%,
respectively. If excessive content was added, the strengths were even smaller than that of the
reference samples due to agglomeration problem. The nano-SiO, mainly contributed to the early
strength development of UHSC before 7 d, while the nano-CaCOj led to significant strength increase
between 7 and 28 d. However, comparable compressive and flexural strengths of 120 and 23 MPa
could be obtained at 28 and 91 d, respectively.

(3) From the TG/DTG results, the CH content in UHSC series dropped significantly with the

increase of nano-SiO; content, but remained almost unchanged for the nano-CaCOj; system. MIP
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results showed that the porosity and the critical pore size decreased with the increase of hydration
time as well as the increase of nanoparticles content to an optimal threshold, beyond which porosity
decreased. Both nano-CaCOj; and nano-SiO, demonstrated nucleation and filling effects and resulted

in less porous and more homogeneous structure.
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1 Morphogy of nano-particles

2 Mixing and curing procedure of UHSC

3 Mini slump flow of UHSC with different nano-CaCOj3 and nano-SiO; contents

4 Effects of nano-CaCOs3; and nano-SiO, contents on heat evolution rate of UHSC

5 Effects of nano-CaCOj3 contents on compressive and flexural strengths of UHSC

6 Effect of different nano-SiO, contents on compressive and flexural strengths of UHSC
7 TG and DTG curves of UHSC with different nano-CaCO; contents at 28 d

8 TG and DTG curves of NS3.2 at different ages

9 TG and DTG curves of UHSC with different nano-SiO, contents at 28 d

10 TG and DTG curves of NS1.0 at different ages

11 Amount of CH formed in UHSC samples with age

12 Effects of nano-CaCOj3 contents on porosity and pore size distribution of UHSC at 28 d
13 Effect of age on porosity and pore size distribution of NC series

14 Effects of nano- SiO; contents on porosity and pore size distribution of UHSC at 1 d

15 Effect of age on porosity and pore size distribution of NS series
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