DE GRUYTER

Nanotechnology Reviews 2024; 13: 20230198

Research Article

Liging Zhang, Mingqgiang Bian, Zhenrong Xiao, Yunyang Wang, Kaicheng Xu*, Baoguo Han, and

Hong Huang*

Using nano-CaCO; and ceramic tile waste to
design low-carbon ultra high performance

concrete

https://doi.org/10.1515/ntrev-2023-0198
received October 6, 2023; accepted January 10, 2024

Abstract: China’s annual production of ceramic tiles inevi-
tably produces a large amount of ceramic tile waste, which
causes environmental and land occupation problems. Using
a high-volume ceramic tile waste to fabricate ultra high
performance concrete (UHPC) will reduce the workability
and mechanical properties but increase the low-carbon
properties. Motivated by such mechanical and low-carbon
properties, this study introduced inexpensive, spherical,
low-carbon nano-CaCO; (NC) to improve the workability
and mechanical properties of UHPC with a high volume of
ceramic tile waste powder and aggregate (UHPCHCTWPA).
The results of this study indicated that NC can improve the
workability but shortened the setting times of UHPCHCT-
WPA. NC also significantly increases the mechanical proper-
ties including compressive strength, compressive work, flexural
strength, fracture energy, and ratio of flexural strength to com-
pressive strength. It is due to that NC enhances the hydration
rate and hydration degree, and optimizes hydration product
orientation, size, and distribution. Moreover, compared with
UHPC, the UHPCHCTWPA with NC reduces energy intensity,
CO, emission, and cost by more than 20%. Therefore, adding
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1 Introduction

In China, there are many ceramic tiles production bases.
The ceramic industry has made an important contribution
to the development of the economy and society, but it
has also resulted in a considerable amount of pollution
from ceramic tile waste. At present, most tile wastes are
disposed in open stacks or landfills, which easily cause
secondary pollution and ecological and environmental pro-
blems. Therefore, it is urgent to address ceramic tile waste.
As a kind of industrial waste, ceramic tile waste has a high
hardness, strength, wear resistance, and oxidation resis-
tance and has the potential to replace natural sand and
gravel aggregates. Moreover, the main chemical components
of ceramic tile waste are SiO, and Al,0;. Additionally, finely
ground ceramic tile waste powders (CTWPs) have been
shown to have some pozzolanic activity and can be used
as admixtures [1-8].

Recently, some studies have been done on the work-
ability and mechanical properties of concrete fabricated
with ceramic tile waste aggregate (CTWA) as coarse aggre-
gates. Awoyera et al. [9] found that the slump of the con-
crete with CTWA gradually fell from 25 to 100%. Tavakoli
et al. [10] used CTWA to replace sand when preparing
concrete, and the results indicated that when the content
of CTWA was 25%, the compressive strength of the concrete
increased by 7.85% after curing for 28 days. Alves et al. [11]
showed that the concrete strength was reduced the most
when 50% of the sand was replaced by CTWA, with a com-
pressive strength at 7 day reduced by 24.90% compared to
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the control group. Therefore, Liu et al. [12] concluded that
the mechanical properties of concrete with CTWA are
stronger than those of plain concrete when the CTWA
replacement rate does not exceed 40%. In addition, scho-
lars have used CTWPs as admixtures to fabricate green
high-performance concrete (HPC) to study its working
and mechanical properties. Matos et al. [13] showed that
the mini slump of HPC with CTWPs progressively fell from
10 to 30%. Sondarva et al. [14] used 5% CTWPs to replace
cement to fabricate HPC, and found its compressive strength
and splitting tensile strength increased by 15.0 and 13.5% at
28 days due to the CTWPs replacement, respectively. Attael-
manan et al. [3] and El-Dieb and Kanaan [4] observed
similar effects. Mohit and Sharifi [15] found that the com-
pressive strength of HPC at 7 days decreased by 19.83% from
39.88 to 31.97 MPa with the increase in the CTWPs content. In
summary, low contents of CTWA and CTWPs can enhance
the working and mechanical properties of HPC, but high
contents of CTWA and CTWPs may impair the properties.
High contents of CTWA and CTWPs can be used to fabricate
low-carbon concrete and thus quickly mitigate the ceramic
tile waste accumulation problem if their negative effect on
the working and mechanical properties can be solved.
Nanomaterials have been introduced into concrete
and can improve the properties of concrete. Currently, the
commonly used nanomaterials in concrete mainly include
carbon nanomaterials, inorganic nonmetallic nanomater-
ials. and metal oxide nanomaterials [16-19]. Among these
nanomaterials, nano-CaCO5; (NC) has the characteristics of
low price, spherical shape, low-carbon, and good compat-
ibility with concrete. Moreover, it has been proven that
some kinds of NC can improve the working and mechanical
properties of concrete. Cui et al. [20] studied the workability
of sulphoaluminate cement-based reactive powder concrete
incorporated with irregular NC, and the results indicated
that adding irregular NC reduced the fluidity of reactive
powder concrete. Yang et al. [21] explored the effect of sphe-
rical NC on the workablity of 3D printing concrete and found
that the fluidity of 3D printing concrete can be increased by
adding the spherical NC. Therefore, the shape of NC is one of
the important factors affecting the workability of concrete.
Nejad et al. [22] concluded that concrete with 0.5% NC had
the greatest flexural strength, which has a 45.2% increase
compared with the control group. Hakamy [23] found that
concrete with 1% NC had the maximum flexural strength
and fracture toughness and that its fracture toughness was
enhanced by 40.0%. Hodhod and Zaki [24] found that the
splitting tensile strength of concrete with 1% NC was highest,
with a rise of 80.7%. Sato and Beaudoin [25] found that NC
significantly accelerated the hydration of concrete con-
taining large amounts of blast furnace slag and the elastic
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modulus of concrete with NC was 175.0% higher than that of
plain concrete.

Therefore, this study used NC and high content of
CTWPs and CTWA (55 and 100%, respectively) to design
low-carbon ultra HPC (UHPC), i.e., UHPC with a high volume
of ceramic tile waste powder and aggregate (UHPCHCTWPA).
UHPCHCTWPA with 0-5% NC was fabricated. Its workability
and mechanical properties were investigated. Moreover, the
influence mechanisms of NC on UHPCHCTWPA behavior
were explored using scanning electron microscopy (SEM),
X-ray diffraction (XRD), thermogravimetric (TG), and mercury
injection pressure (MIP) analyses. Finally, the sustainability of
UHPCHCTWPA with NC was analyzed through material sus-
tainability indicators (MSIS).

2 Materials and test methods

2.1 Materials

The raw materials mainly included cement, CTWPs, CTWA,
NC, steel fibers, superplasticizers, and water. The cement
used was P-0 52.5, and its chemical composition is shown in
Table 1. Moreover, the mean particle size of the cement is
20 um and its particle size distribution curve is illustrated
in Figure 1. The CTWPs were obtained by grinding the
ceramic tile waste in a mill for 2h. The chemical composi-
tion of the CTWPs is listed in Table 1. The mean particle size
of the CTWPs (as shown in Figure 2(a)) were 10.16 pym and
the particle size distribution of the CTWPs is also shown in
Figure 1. It can be observed from Figure 1 that the particle
size accumulation and particle size density distributions of
the CTWPs are similar to those of cement. CTWA with the
same chemical composition as CTWPs was used as a fine
aggregate with a fineness modulus of 2.02, as shown in
Figure 2(b). The NC is spherical (as shown in Figure 3),

Table 1: Main chemical compositions of cement and CTWPs (CTWA)

Chemical composition Cement (%) CTWPs (CTWA) (%)

Si0, 2235 783
AlLO; 6.30 15.9
Ca0 55.73 0.9
Fe,0; 4.91 —
Na,0 0.07 1.9
K,0 0.68 2.1
MgO 2.84 08
S0, 2.47 -
R,0 — —
a — —
Lol 115 —
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Figure 1: Particle size of cement and CTWPs.

and was produced by CO, from cement flue gases, with a
particle size ranging from 60 to 80 nm. It is white slurry, and
its solid content is approximately 71%. The copper-plated
steel fibers are flat and straight (diameter is 0.2 mm, length
is 13 mm, and tensile strength is >2,700 MPa). The solid con-
tent of the superplasticizers is 45%, and its water-reducing
rate is 260%. Additionally, the water used meets the Chinese
Concrete Water Standard JGJ63-2006 [26].

2.2 Mix proportions

Table 2 lists the composition of UHPCHCTWPA with NC.
The water-to-binder ratio of UHPCHCTWPA was fixed at
0.18. The weight of the CTWPs was 55% of the total binder
materials. The copper-plated steel fibers were employed at
2vol% for all the mixtures. The SP admixture was 2% of the
mass of the binder materials. The NC was investigated at 0,
1, 2, 3, 4, and 5% by mass of the binder materials. A total of
six groups of UHPCHCTWPA were fabricated by incorpor-
ating different NC contents.
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Figure 3: SEM of NC.

2.3 Specimen preparation

Figure 4 shows the preparation method for UHPCHCTWPA
with NC. To uniformly disperse the NC, superplasticizers were
added to the water as a dispersion agent and mixed with NC,
after that, the mixed solution was treated by ultrasonic treat-
ment and high-speed shearing for 10 min. The size of oiled
molds is 40 mm x 40 mm x 160 mm. The curing condition of
specimens is in tap water at (20 + 1)°C for 3, 7, and 28 days.

2.4 Test methods
2.4.1 Fresh properties

In this study, the fresh properties of UHPCHCTWPA with
NC were characterized by workability and setting times.
The fluidity was tested in accordance with GB/T 50080-2016
of China [27], and the setting time tests were conducted
according to GB/T 1346-2011 of China [28].

Figure 2: Images of (a) CTWPs and (b) CTWA.
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Table 2: UHPCHCTWPA with NC composition
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Specimen numbers Binder materials CTWA Water NC (wt%) Steel fibers (vol%) Superplasticizers (wt%)
Cement CTWPs
0% NC 0.45 0.55 1 0.18 0 2 2
1% NC 0.45 0.55 1 0.18 1 2 2
2% NC 0.45 0.55 1 0.18 2 2 2
3% NC 0.45 0.55 1 0.18 3 2 2
4% NC 0.45 0.55 1 0.18 4 2 2
5% NC 0.45 0.55 1 0.18 5 2 2

2.4.2 Mechanical properties

At 3, 7, and 28 days, the mechanical properties of UHPCH-
CTWPA with NC were tested. The loading rates of the com-
pressive and flexural strengths were 0.1 mm/min and 1.2 mm/
min, respectively. The specimen size for three-point bending
fracture was also 40 mm x 40 mm x 160 mm and the dimen-
sions of the middle crack are 2mm in width and 10 mm
in height. The loading rate of three-point bending fracture
test was 0.1 mm/min. The fracture energy was calculated
according to equation (1) [29]. In addition, the method and
steps for testing compressive toughness were the same as
the compressive strength, and the compressive work was cal-
culated according to equation (2) [30].
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where Gy is the fracture energy, &, is the value of the
deflection at the point of reverse bending in the load-
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Figure 4: Mixing process of UHPCHCTWPA with NC.

deflection curve, h is the height of the specimen cross-sec-
tion (m), ay is the height of the prefabricated crack (m), and
t is the width of the specimen cross-section (m).
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where G, is the compressive work, and &, is the value of
the deflection at the point of reverse bending in the load-
deflection curve.

2.4.3 XRD analysis

The physical phase analysis of the UHPCHCTWPA with NC
at 3 and 28 days was performed using an XRD-6100 X-ray
diffractometer in the scan range of 10°-90°. The CH crystal
orientation was calculated according to equation (3) [31],
and the crystallite size of CH was obtained using equa-
tion (4).
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where I¢y is the selective orientation degree of CH, and Iy,
and I,y are the diffraction peak intensity of the CH at (001)
and (101) crystal plane, respectively.
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where D is the crystallite size of CH, K is the Scheele’s
constant and taken as 0.89, A is the wavelength of X-rays,
B is the half-height width of the diffraction peak (rad), and
0 is the diffraction angle.

2.4.4 SEM analysis

The interfacial transition zone (ITZ) of UHPCHCTWPA with
NC was obtained using a HITACHI SU8010 ESEM at 3 and 28
days. Specimens were cut into small pieces and soaked in
anhydrous ethanol for more than 7 days before testing to
stop the hydration of the cement.

2.4.5 TG analysis

TG analysis was performed on the UHPCHCTWPA with NC
at 3 and 28 days using a Perkin Elmer TGA 4000 TG ana-
lyzer. Before the test, the samples were dried at 50°C to a
constant weight. The samples were heated from 50 to
1,000°C in nitrogen gas at a heating rate of 10°C/min. The
hydration degree of UHPCHCTWPA with NC was calculated
by equations (5) [32] and (6) [33].

Mwater = Migs = Miooo = Mcacos, (5)

where Myyacer is the mass of nonevaporable water (g), Myos
is the mass of UHPCHCTWPA with NC paste after heat
treatment at 105°C for 2h (g), My oo is the mass of UHPC-
HCTWPA with NC paste after heat treatment at 1,000°C for
2h (g), and Mcacos is the mass change of UHPCHCTWPA with
NC paste caused by the decomposition of CaCO3; during
heating (g). Then, the hydration degree of UHPCHCTWPA
with NC paste was calculated using equation (6) [33].

MWater
ﬁt =

- 3
MWater—Complete

(6)

where S, is the 1g cement hydration degree at hydration
time t (%) and Mwater-complete 1S the mass of water required
for the complete hydration of 1 g cement (g). According to
the survey results in the study by Pane and Hansen [33], the
Mwater-complete Used in this study was 0.256 g.
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2.4.6 MIP analysis

An MIP test using an AutoPore IV 9500 was conducted to
evaluate the pore structure of the UHPCHCTWPA with NC
at 3 and 28 days. The measurable pore diameter ranged
from 3 nm to 800 um, and the test instrument pressurization
ranged from 30 to 60,000 psi (i.e., 0.2-413.7 MPa). In addition,
the liquid surface tension o was taken as 0.485 N/m, and the
contact angle 6 was taken as 130° to obtain the pore size
distribution and total porosity of UHPCHCTWPA with NC.

3 Results and discussion

3.1 Workability and setting time

Figure 5 illustrates the spread-flow value of UHPCHCTWPA
with NC. It can be observed from Figure 5 that the spread-
flow value of UHPCHCTWPA increased from 545 to 810 mm
with the increase in NC content. The regression curves were
obtained by linear fitting of the data points, indicating that
the spread-flow value increased linearly with the NC con-
tent. The spread-flow value of UHPCHCTWPA with 5% NC
increased by 48.62% compared to UHPCHCTWPA without
NC. NC mainly affects the workability of UHPCHCTWPA
through the water absorption effect, ball effect, and replace-
ment effect. Moreover, the ball effect and replacement effect
of NC in freshly mixed UHPCHCTWPA were more significant
than the water absorption effect. Therefore, NC increased
the workability of UHPCHCTWPA [34,35].

Figure 6 presents the setting times of pastes containing
NC. As shown in Figure 6, the initial and final setting times
decreased as the NC content increased. The initial and final
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Figure 5: Spread-flow value.



6 = Liging Zhang et al.

—
N

13.4 —=— Intial setting time
—o— Final setting time

—
w
T

—
[\

—
S

Setting time/h

Nl

0 1 2 3 4 5
NC content/wt.%

Figure 6: Setting times.

setting times of the UHPCHCTWPA with 5% NC were 8.6
and 9.2 h, respectively, which were 29.5 and 31.7% lower
than those of the UHPCHCTWPA without NC. This reduc-
tion in setting time did not seem to level off, and the setting
time may be further reduced with higher NC content. This
may be due to NC having high specific surface area, which
can significantly increase in nucleation sites in cement
matrix. Due to the nano-core effect, NC can adsorb hydra-
tion products and accelerate the hydration of cement and
form more hydration products, thus shortening the setting
times [34-37].

3.2 Mechanical properties
3.2.1 Compressive strength

The compressive strength of UHPCHCTWPA with various
NC contents is shown in Figure 7. Generally, it can be
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observed from Figure 7 that the compressive strength of
UHPCHCTWPA with various NC increases with the increase
in curing age. At the same curing age, the compressive
strength of UHPCHCTWPA generally showed a parabolic
growth tendency with the increase in NC content. When
the NC content is 2%, the compressive strength of UHPCH-
CTWPA was the highest with an increase of 15.2, 14.7, and
17.1% at 3, 7, and 28 days, respectively. With 5% NC content,
the compressive strength of UHPCHCTWPA had the lowest
rates of increase of 3.6, 7.3, and 6.4% at 3, 7, and 28 days,
respectively, but their compressive strengths were still
higher than that of UHPCHCTWPA without NC at all curing
ages. This indicated that NC has a positive effect on the
compressive strength of UHPCHCTWPA.

3.2.2 Compressive deformation and compressive
toughness

The compressive load—displacement curves and compres-
sive work of UHPCHCTWPA with various NC are shown in
Figure 8. As shown in Figure 8(a), all specimens were in the
elastic phase under relatively small compressive loads at 3
days. As the load increased, the rising phase of the load-
deformation curve gradually moved toward the x-axis,
indicating that the UHPCHCTWPA with NC entered the
plastic deformation phase. Moreover, NC can increase the
peak displacement of UHPCHCTWPA at 3 days. Figure 8(b)
presents that the compressive work of UHPCHCTWPA first
increased and then decreased as the NC content increased.
Compared with UHPCHCTWPA without NC, the compres-
sive work of UHPCHCTWPA with 2 and 3% NC increased by
30.1 and 30.7%, respectively. The compressive load—displa-
cement curves at 28 days are shown in Figure 8(c). As
shown in Figure 8(c), the evolution behavior of the

V34 R 7d 8889 28d

17.1

[\
[«

16.4
15.7

N

XX
=

BB

[
(93]
T
>
i
=
o

=
2

7.3

oy
%o

(9]

Rate of increase /%
=

RRRRRRHRRARRRAKKRRRN]

565864
SRR
sYatete%!

2RI
%a%e%a%%"%

0 0a%a%a%0 % 0a%a%0 %% %% % 4%a% %% %% [

XXX >
IS

5252525588

e
X

5,
3
4%

R
%

ota%!

o
X

v
%
RS
&%
X

RS
'

1 2 3 4
NC content/wt.%

(®)

(9]

Figure 7: The compressive strength and increase rate of the compressive strength of UHPCHCTWPA with NC. (a) Compressive strength. (b) Rate of
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compressive load-displacement curves were similar to
that in Figure 8(a). However, the peak load of NC with
different dosages is higher than that at 3 days. The com-
pressive work of UHPCHCTWPA with NC at 28 days is
shown in Figure 8(d). The compressive work of UHPCHCT-
WPA with 2% NC was 590.2], and its rate of increase was
20.1% compared to UHPCHCTWPA without NC. It can be
concluded that NC can effectively enhance the compressive
toughness of UHPCHCTWPA and that UHPCHCTWPA with
2% NC had the best toughening effect on UHPCHCTWPA at
3 and 28 days.

3.2.3 Flexural strength

Figure 9 presents the flexural strength and its increase rate
of UHPCHCTWPA with NC. As demonstrated in Figure 9,
the flexural strengths of UHPCHCTWPA with various NC
increased with the increase in the curing age. When the NC
content increased, the flexural strength of UHPCHCTWPA
first increases and then decreases at the same curing age.

200

160t
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Deflection/um
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—a—2%
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4%

—— 5%

Deflection/pm
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Among them, the flexural strength of UHPCHCTWPA with
1% NC was the largest, and the growth rates were 38.5, 29.4,
and 34.9 at 3, 7, and 28 days, respectively. Additionally, the
increase rate in the flexural strength of UHPCHCTWPA
with 2% NC was the smallest, and the corresponding rates
of increase were 29.9, 12.6, and 8.2% at 3, 7, and 28 days,
respectively, but their flexural strengths were still higher
than that of the plain UHPCHCTWPA at all curing ages.
Overall, NC had a positive effect on the flexural strength
of UHPCHCTWPA especially at the early age.

3.2.4 Flexural deformation and fracture energy

The flexural load-deflection curves and fracture energy of
UHPCHCTWPA made with various NC contents are illu-
strated in Figure 10. Figure 10(a) shows that the load-
deflection curves of UHPCHCTWPA with NC exhibit the
same variation pattern. The increase in NC content could
greatly improve the deflection-hardening behavior of UHP-
CHCTWPA. Meanwhile, the incorporation of NC increased

Compressive work/J

(b)

_ 600 BT -
£ 500 NN N-
§400- % §
g 300 § §
£200| \ \
5 11

102 § §

o
N
—_

2 3 4 5
NC content/wt.%

(d

Figure 8: Compressive load—deflection curves and the rate of increase in the compressive work of UHPCHCTWPA with NC. (a) Compressive load—
deflection curves at 3 days. (b) Compressive work at 3 days. (c) Compressive load—deflection curves at 28 days. (d) Compressive work at 28 days.
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Figure 9: The flexural strength and its increase rate of UHPCHCTWPA with NC. (a) Flexural strength. (b) Rate of increase.

the peak fracture load of the UHPCHCTWPA. This means and 6396.2 J/m? respectively. Their rates of increase were
that NC can improve the fracture behavior of UHPCHCT- 27.5, 29.7, and 26.4, respectively. The flexural load—displa-
WPA with NC. According to Figure 10(b), the fracture cement curves at 28 days are shown in Figure 10(c). As
energy of UHPCHCTWPA showed a parabolic trend with shown in Figure 10(a) and (c), the changing patterns of
the increase in the NC content. The fracture energies of the flexural load—displacement curves are similar. How-
UHPCHCTWPA with 1, 3, and 4% NC were 6450.1, 6559.7, ever, the peak load and ultimate displacement of NC with
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Figure 10: Fracture load—deflection curves and fracture energy of UHPCHCTWPA with NC. (a) Fracture load-deflection curves at 3 days. (b) Fracture
energy at 3 days. (c) Fracture load—deflection curves at 28 days. (d) Fracture energy at 28 days.
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different dosages were higher than those at 3 days. In
Figure 10(d), the fracture energy of UHPCHCTWPA with 4%
NC was 13372.5 ]/mz, and its rate of increase was 33.0% com-
pared to UHPCHCTWPA without NC. Therefore, UHPCHCT-
WPA with NC can withstand higher loads without expanding
the microcrack extension [36]. In addition, NC could effec-
tively enhance the flexural toughness of UHPCHCTWPA,
and UHPCHCTWPA with 4% NC had the best toughening
effect on UHPCHCTWPA at 3 and 28 days.

3.2.5 Flexural strength to compressive strength ratio

Figure 11 presents the flexural strength to compressive
strength ratio of UHPCHCTWPA with NC and their rates
of increase. It can be observed from Figure 11 that the ratio
of flexural strength to compressive strength of UHPCHCTWPA
first increased then decreased as the NC content increased.
On adding 1% NC, the ratio of flexural strength to compres-
sive strength of UHPCHCTWPA increased by 27.1, 18.2, and
26.9% at 3, 7, and 28 days, respectively. With 2% NC, this ratio
increased by 12.8% at 3 days and decreased at 7 and 28 days,
but the decreases were insignificant. Therefore, it could be
concluded that a suitable content of NC can improve the ratio
of flexural strength to compressive strength of UHPCHCT-
WPA, thus enhancing its flexibility.

3.3 Mechanistic analysis

3.3.1 XRD analysis

The XRD patterns were used to investigate the effect of NC
on the physical phase characteristics of the hydration
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products of UHPCHCTWPA. Figure 12 presents the XRD
patterns of UHPCHCTWPA with 0, 1, and 4% NC after curing
for 3 and 28 days. As shown in Figure 12, the incorporation
of NC did not affect the type of hydration products of UHP-
CHCTWPA. However, it can be observed from Figure 13
that adding NC can decrease the crystal orientation of
the CH, where the crystal orientation of the CH could sig-
nificantly reduce the crystal orientation of UHPCHCTWPA
with 1% NC at 3 days by 40.8%. Moreover, as per the crys-
tallite size of CH shown in Figure 14, it can be found that
the crystallite size of the CH in the UHPCHCTWPA with NC
was smaller than that in the plain UHPCHCTWPA. The
crystallite size of CH in UHPCHCTWPA with 4% NC was
251 A, which was 27.7% lower than that in UHPCHCTWPA
without NC at 3 days. Figure 13 also shows that the crystal-
lite size of the CH in the UHPCHCTWPA with 1% NC was
261 A at 28 days, which was 28.7% lower than the crystallite
size of the CH in the UHPCHCTWPA without NC. In other
words, the incorporation of NC decreased the crystal orien-
tation and crystallite size of the CH. This result indicated
that the structure of UHPCHCTWPA with NC is very dense
and has excellent mechanical properties on a macroscopic
scale.

3.3.2 SEM analysis

Figure 15 presents SEM images of the ITZs of UHPCHCT-
WPA with 0, 1, and 4% NC at 3 and 28 days. In addition,
Image ] software was used to segment the SEM images with
bars, and the width of the ITZ was characterized by the
average grayscale value of the bars as shown in Figure 16.
It can be observed from Figure 16 that the ITZ width gra-
dually became narrower with the greater incorporation of

(%)}
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Rate of increase/%
=

1 2 3 4 5
NC content/wt.%

(®

Figure 11: The ratio of flexural strength to compressive strength and its increase rate of UHPCHCTWPA with NC. (a) Flexural strength to compressive

strength ratio. (b) Rate of increase.
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Figure 13: Crystal orientation of CH.
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NC and longer curing age. Compared to those of UHPCHC-
TWPA without NC at 3 and 28 days, the ITZ widths of the
UHPCHCTWPA with 4% NC were reduced by 46.3 and
55.2%, respectively. Due to the high surface energy, NC
can absorb hydration products and finally formed a large
number of nanocore-shell elements. Therefore, the pores
between the aggregate and slurry filled, making the matrix
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structure much denser [37-39]. Therefore, NC optimized
the ITZs of UHPCHCTWPA and improved its mechanical
properties.

3.3.3 TG analysis

Figure 17 presents the TG/DTG analysis curves of UHPCH-
CTWPA with 0, 1, and 4% NC at 3 and 28 days. Additionally,
the hydration degree of the UHPCHCTWPA with NC was
calculated based on the TG/DTG analysis curves, as shown
in Figure 18. It was clearly noted from Figure 18 that the
hydration degree of UHPCHCTWPA can be significantly
enhanced by using NC. The hydration degrees of the UHP-
CHCTWPA with 1 and 4% NC increased by 60.8 and 87.0% at
3 days, respectively. However, the incorporation of NC had
little influence on the hydration degree at 28 days, and the
fluctuation range was within +6%. Therefore, the early
mechanical properties of UHPCHCTWPA may be enhanced
mainly due to the effect of NC on the degree of hydration
[24,38,40,41].
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Figure 17: TG/DTG diagram at 3 and 28 days. (a) TG diagram at 3 days. (b) DTG diagram at 28 days. (c) TG diagram at 28 days. (d) DTG diagram at

28 days.
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3.3.4 MIP analysis

Figures 19 and 20 present the differential cumulative pore
size distribution curves and pore size distribution curves
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of the UHPCHCTWPA with 0, 1, and 4% NC at 3 and 28 days,
respectively. It can be seen from Figures 19 and 20 that the
most available pore sizes of UHPCHCTWPA were mainly
concentrated in the range of 10-100 nm. The peak value of
most available pore sizes for UHPCHCTWPA with 4% NC is
higher than that of UHPCHCTWPA without NC at 7 days,
but the most available pore sizes for UHPCHCTWPA with
4% NC is smaller than that of UHPCHCTWPA without NC at
28 days. Moreover, the peak value greater than 10,000 nm
for UHPCHCTWPA with NC is lower than that of UHPCHC-
TWPA without NC at 7 and 28 days. Figure 21 shows the
specific volume proportion of different pores of the UHP-
CHCTWPA with 0, 1, and 4% NC. As shown in Figure 21, the
percentage of the <20 nm pore volume increased from
17.07 to 24.88% and the percentage of the >200 nm pore
volume decreased from 64.53 to 37.78% in the UHPCHCT-
WPA with 4% NC at 3 days compared with the plain UHP-
CHCTWPA. Moreover, the percentage of the <20 nm pore
volume increased from 15.07 to 68.43%, and the percentage
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Figure 19: Cumulative pore size distribution curve. (a) At 3 days. (b) At 28 days.
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Figure 20: Differential pore size distribution curve. (a) At 3 days. (b) At 28 days.
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of the >200 nm pore volume decreased from 34.87 to 13.03%
in the UHPCHCTWPA with 4% NC at 28 days compared to
the UHPCHCTWPA without NC. Therefore, NC could reduce
large micropores and increase small micropores of UHPC-
HCTWPA. Figure 22 shows the porosity of UHPCHCTWPA
with 0, 1, and 4% NC. Figure 22 shows that the porosity was
13.98 and 11.46% for the UHPCHCTWPA with 4% NC at 3 and
28 days, which was reduced by 33.8 and 35.8% compared to
the UHPCHCTWPA without NC, respectively. NC can optimize

Table 4: MSIs and cost comparison of UHPC and UHPCHCTWPA with NC
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Table 3: MSIs and cost data of raw materials

Materials  Energy intensity CO, emission Cost
(M)/kg) (kg/kg) (RMB/ton)
Cement 5.5 0.96 680
Silica sand  0.081 0.0048 600
Silica fume 0.1 0.008 900
CTWP 1.4 0.37 360
CTWA 0.006 0.0015 200
Water 0.001 0.00 2
NC 25.56 -32.04 870
Steel fibers  17.68 2.20 10,000
SP 0.30 0.028 10,000

the porosity size and effectively reduce the porosity of UHP-
CHCTWPA due to the nano-core effect [42], which makes UHP-
CHCTWPA more uniform and denser and improves the
mechanical properties.

3.4 Environmental impact and cost analysis

The study uses the MSIs method to quantitatively evaluate
the environmental impact of UHPCHCTWPA with NC. The
MSIs are determined based on the material and energy
flow in the manufacturing process, and are represented
by the energy intensity and CO, emissions [43,44].

Table 3 lists the energy consumption, CO, emission,
and unit price of the raw materials. The energy and CO,
emission of CTWPs and CTWA were calculated during their
processing, and the price included the cost of laboratory
processing and the cost of recycled materials. In addition,
the production of NC can absorb CO, from cement flue gases
and the production of NC. According to the research of
Batuecas et al [45], producing 1kg of material consists
of 98% Portland cement and 2% NC produces 0.3kg CO,
whereas producing 1kg of Portland cement produces 0.96 kg
CO,. It can be calculated that 1kg of NC produced by this
technology can reduce CO, emission by 32.04 kg. Therefore,
the carbon intensity of NC is negative. Table 4 presents the

Type of concrete

Energy intensity (MJ/m3®) CO, emission (kg/m® Cost (RMB/ton)

UHPC (90% cement + 100% silica sand + 10% silica fume + steel fibers +
water + SP)

UHPCHCTWPA with 1% NC

UHPCHCTWPA with 2% NC

UHPCHCTWPA with 3% NC

UHPCHCTWPA with 4% NC

UHPCHCTWPA with 5% NC

8505.71 1333.65 3067.08
6480.67 1032.91 2386.99
6507.63 996.38 2388.21
6524.59 959.85 2389.42
6541.55 923.32 2390.64
6558.51 886.79 2391.86
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Figure 23: The rate of decrease in the energy intensity, CO, emission,
and cost of UHPCHCTWPA with NC compared with HPC.

MSIs and cost comparison of UHPC and UHPCHCTWPA with
NC. It can be observed from Table 4 that the energy intensity
and cost of UHPCHCTWPA increase gradually as the NC con-
tent increases but it is still lower than UHPC. Moreover, it is
worth noting that the CO, emission decreases gradually when
the NC content increases. As shown in Figure 23, compared
with UHPC, the UHPCHCTWPA with NC reduces energy inten-
sity and cost by more than 20%. Combined with the mechan-
ical properties in this study, UHPCHCTWPA with 1 and 4% NC
are relatively optimal. The CO, emission of UHPCHCTWPA
with 1 and 4% NC is reduced by 22.5 and 30.8% respectively
compared with UHPC. Therefore, UHPCHCTWPA with NC is
green and sustainable. If applied to industrial production
rather than laboratory production, the MSIs and cost will be
further reduced.

4 Conclusion

In this study, the effect of NC on the workability and

mechanical properties of UHPCHCTWPA was explored in

terms of its spread-flow value, setting time, flexural strength,
fracture toughness, compressive strength, compressive tough-
ness, and ratio of flexural strength to compressive strength.

The mechanisms of NC on the mechanical properties of UHP-

CHCTWPA was elaborated by XRD, SEM, TG, and MIP ana-

lyses. Finally, the sustainability of UHPCHCTWPA with NC

was analyzed through MSIs and cost, and findings obtained
from this study are as follows.

1) The UHPCHCTWPA with NC increased the workability
by 48.62% but shortened the initial and final setting
times by 29.5 and 31.7%, respectively.

2) The incorporation of NC was effective in improving mechan-
ical properties of UHPCHCTWPA. The compressive strength,
compressive work, flexural strength, fracture energy, and

DE GRUYTER

ratio of flexural strength to compressive strength increased
by 171, 30.7, 385, 33.0, and 27.1%, respectively.

3) NC can accelerate the hydration rate and increase the
hydration degree by 87% and reduce the selective orien-
tation of CH by 40.8%, the crystallite size of CH by 28.7%,
the ITZ width by 55.2%, and the porosity by 35.80%.
Thus, the incorporation of NC can enhance the mechan-
ical properties of UHPCHCTWPA.

4) By adding CTWPs, CTWA, and low-carbon NC, the envir-
onmental impacts and cost of UHPC can be significantly
reduced. Compared with UHPC, the energy intensity
and cost of UHPCHCTWPA with NC were both reduced
by more than 20%. Even CO, emission had fallen by
more than 30%.
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