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Abstract: In the preparation of ready-mixed concrete, it is inevitable to produce waste fresh concrete
(WFC). An efficient, low-cost and environmentally friendly recycling scheme is the key to WFC recy-
cling. In this work, we directly added some unhardened WEC to fresh concrete to prepare recycled
fresh concrete (RFC); on this basis, fly ash (FA) and nano-silica (NS) were added as supplementary ce-
mentitious material (SCM) to obtain modified recycled fresh concrete (RFC-SF). Then, the mechanical
properties, slump, freeze-thaw resistance, phase structure of the hydration products and hydration
process in RFC were studied. The results show that the addition of FA and NS significantly improved
the comprehensive performance of RFC. Compared with RFC, the compressive strength of RFC-SF
with 15% FA and 3% NS increased by 15.2% and 50.3% at 7 d and 90 d, respectively, and the splitting
tensile strength increased by 20.5% and 76.4%, respectively. The slump remained above 155 mm, and
the mass loss rate decreased by 42.6% after freeze—thaw cycles. XRD and FTIR analysis showed that
the addition of FA and NS accelerated the hydration reaction process of RFC-SF, reduced the content
of calcium hydroxide (CH) and refined the grain size of CH. RFC-SF had a denser microstructure and
a lower calcium-silicon ratio in SEM and EDS tests.

Keywords: waste fresh concrete; recycled fresh concrete; supplementary cementitious material;
mechanical properties; fly ash; nano-silica; microcharacterization

1. Introduction

As the main material in infrastructure construction, annual global concrete production
has exceeded 27 billion tons [1,2], of which 3% of the daily output is abandoned due to
improper mix ratio and over time during transportation and pouring [3,4]. Recycling and
reusing waste construction materials can improve the recycling rate of building materials,
reduce the space required to bury waste and reduce pollution to the air environment [5-9].
For the waste fresh concrete (WFC) produced during the production of ready-mixed
concrete, the traditional regeneration method often uses aggregate washing and screening to
separate the aggregate and mud to prepare recycled concrete [10-13], while the wastewater
and residue produced during washing can be put into concrete production again [14,15].
The waste slurry in WFC can be used as a curing agent to fill in the soil and road base to
improve the stability of the soil structure [16,17]. Since the waste slurry is alkaline and
rich in calcium, it can also be used as a chemical adsorbent in CO; capture, phosphorus
recovery and water purification [18-20].

Compared with the traditional regeneration method, the more novel and rapid way is
to use WEC as a part of ready-mixed concrete, directly stirred in to prepare recycled fresh
concrete (RFC), and modify the RFC to reapply it in the field of engineering construction [21].
This regeneration method has the characteristics of lower energy consumption, a simpler
site environment and a shorter regeneration production cycle. Some researchers have
added retarders and accelerators to the WFC to adjust the setting time of the WFC, and
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then mixed it with ready-mixed concrete to be used in construction projects again [22-25].
Xuan et al. put the unhardened WFC paste directly into cement and recycled aggregate to
prepare concrete blocks, and then carbonized the prepared blocks to enhance the mechanical
properties of the blocks [21].

The above WFC regeneration methods have improved the recycling rate of building
materials. However, more efficient, convenient and low-cost modification methods must
be explored. Adding supplementary cementitious material (SCM) for modification when
preparing RFC directly from unhardened WFC may be a more convenient and inexpensive
recovery method. With the rapid development of building materials, SCM has become
an important measure to improve the regeneration performance of concrete [26]. Among
them, the addition of CNT, GNPs and nano-silica (NS) as SCMs can significantly improve
the mechanical properties of concrete [27-29]. Compared with CNT and GNPs, NS is
low cost and simple to use; moreover, NS has the advantages of high permeability, high
specific surface energy, nucleation and pozzolanic effect. Its incorporation into cement-
based materials can effectively enhance hydration activity, accelerate the hydration rate
and improve the mechanical properties of concrete [30,31]. However, a large number of
unsaturated bonds in NS can easily absorb free water, which seriously affects the working
performance of concrete [32]. The fly ash (FA) in SCM can significantly improve the
working performance and durability of concrete due to its small size and the morphological
characteristics of glass spheres [33,34]. On the other hand, the chemical activity of FA is
lower than that of cement, and excessive incorporation is not conducive to the improvement
of the early strength of concrete [35].

It can be seen that when these two materials are separately mixed with WFC for direct
regeneration, the prepared RFC has problems such as low early strength and poor working
performance. If these two materials are mixed together, however, then these problems
may be mitigated [36]. In this study, FA and NS were mixed into RFC, and the effects of
different proportions of FA and NS on the strength, slump and freeze-thaw resistance of
RFC were analyzed as well as the changes of phase composition and microstructure after
adding these two materials. The results of this study provide a valuable method for the
direct recycling of WEC.

2. Materials and Methods
2.1. Materials

P.O42.5 ordinary Portland cement produced by Qiqgihar Beijiang company (Qiqihar
City and China) was used, and grade I ash was used for fly ash. Table 1 shows the chemical
composition of the cement and fly ash used under XRF analysis, in which it can be seen that
the fly ash was a low-calcium type. The sand was medium sand produced locally in Qiqgihar,
and the fineness modulus was 2.3. Gravel with a continuous gradation range of 5-25 mm
was used. The model of water-reducing agent is 325C polycarboxylic superplasticizer (PS).
The NS was a transparent liquid from Suzhou Nadi Microelectronics Co., LTD (Suzhou
City and China). Table 2 gives the properties of the NS liquid.

Table 1. Chemical compositions of cement and fly ash (%).

Materials SiO, Al,Os3 CaO Fe, O3 MgO K,O Na,O Cr,O3 Others

cement 31.5 10.7 46.19 3.93 3.31 1.31 0.76 / 2.3
fly ash 40.1 29.3 3.69 14.9 0.81 1.13 0.58 5.94 3.55

Table 2. Performance parameters of NS (%).

Exterior

Average Particle Size/nm Content/% Solvent pH Value

Transparent liquid

15+£5 30 Transparent liquid 9-11
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The setting time of fresh concrete is an important factor affecting the working perfor-
mance of concrete and the hydration performance of slurry [37]. Consequently, normal
concrete (NC) with a water-binder ratio of 0.5 and cement paste with the same ratio (NC-J)
were prepared, and each cubic meter contains 180 kg of water, 360 kg of cement, 760 kg of
sand, 1100 kg of gravel and 2.52 kg of PS. Then, the slump of NC at 120 min, 180 min and
300 min was tested, and the performance changes of NC-J in these three time periods were
analyzed with a Fourier transform infrared spectrometer. Figure 1 shows that the slump
of NC presents a plummeting trend with the increase of setting time, and its morphology
changes from plastic slurry to angular block with aggregate wrapped by slurry, which
cannot be poured. Figure 2 shows that the absorption peak of C3S dominated by Si-O bond
vibration is mainly reflected at 930 cm ! after mixing NC-J for 120 min. When the standing
time was extended to 180 min and 300 min, the vibration absorption peak of Si-O bond
did not migrate from the low wavenumber to a high wavenumber. This indicates that the
slurry was stilled in the hydration induction period during this period [38], and C35 did
not enter the rapid hydration reaction period and still has strong reactivity. Considering
that the initial setting time of cement used is 180 min, we collected concrete that lost its
plasticity after being placed for 180 min as WEFC.

200

180
n

160

,_.
3
<

Slump/mm

af \."ﬂ

Timg/min o ‘ Joomi ' 180min
(a) (b)

Figure 1. Working performance of concrete under different placement times. (a) Slump of concrete;
(b) Morphology of concrete.
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Figure 2. FTIR spectrum of NC-] at early hydration.

2.2. Methods
2.2.1. Proportioning of Concrete

In order to explore the effects of different FA and NS additions on RFC performance
in this study, 14 groups of concrete mixing ratios were designed, and the water-binder
ratio of each group was 0.5. Among these groups, NC was normal concrete; RFC was the
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concrete directly prepared with WEC replacing NC at a replacement rate of 30% of the total
mass of NC; RFC-F was RFC with FA added separately as SCM; RFC-SF was the composite
addition of FA and NS to the RFC. NC, RFC, RFC-F and RFC-SF all had variations designed
with cement paste with the same ratio as concrete for microscopic performance testing,
and they were recorded as NC-J, RFC-J, RFC-F-] and RFC-SF-]. For example, RFC-S3F15
represents the addition of 15% FA and 3% NS to RFC, and RFC-S5F20-] represents the
addition of 20% FA and 5% NS to RFC-]. In order to effectively control the influence of the
water—binder ratio, the additional water contained in NS was subtracted from the mixing
water of RFC-SF. In addition, when preparing for mixing water, NS and PS were put into
water to mix together and then dispersed with ultrasonic waves, which can eliminate the
agglomeration phenomenon of nanomaterials due to the high specific surface energy [39].
Table 3 shows the mix ratios of concrete and cement pastes.

Table 3. Mixture proportions of concrete and the same proportion of cement pastes (kg/m?).

Cement Paste Aggregate

Samples Cement Water FA NS PS Additional Water Sand Gravel WEC

NC 360 180 - - 2.5 - 760 1100 -
RFC 252 126 - - 1.8 - 532 770 720.7
RFC-F10 216 126 36 - 1.8 - 532 770 720.7
RFC-F15 198 126 54 - 1.8 - 532 770 720.7
RFC-F20 180 126 72 - 1.8 - 532 770 720.7
RFC-S1F10 214.9 123.5 36 3.6 1.8 2.5 532 770 720.7
RFC-S3F10 212.8 118.4 36 10.8 1.8 7.6 532 770 720.7
RFC-S5F10 210.6 113.4 36 18 1.8 12.6 532 770 720.7
RFC-S1F15 196.9 123.5 54 3.6 1.8 2.5 532 770 720.7
RFC-S3F15 194.8 118.4 54 10.8 1.8 7.6 532 770 720.7
RFC-S5F15 192.6 113.4 54 18 1.8 12.6 532 770 720.7
RFC-S1F20 178.9 123.5 72 3.6 1.8 2.5 532 770 720.7
RFC-S3F20 176.8 118.4 72 10.8 1.8 7.6 532 770 720.7
RFC-S5F20 174.6 113.4 72 18 1.8 12.6 532 770 720.7

2.2.2. Slump and Mechanical Properties

The concrete steps of the slump test conform to the Chinese standard GB/T 50080-
2002. After the slump test, the concrete samples were put into concrete molds and
then demolded after 24 h. In order to better meet the requirements of the specimen
size in the frost resistance test, the concrete test blocks in this test were designed with a
size of 100 mm x 100 mm x 100 mm. Then, the samples were placed in a curing room
(T=20=£2°C, RH > 95%) for 7 days, 28 days and 90 days. After reaching the curing
age, according to the Chinese standard GB/T 50081-2019, the compressive strength and
splitting tensile strength of concrete samples were tested with the YAW-2000 pressure
testing machine.

2.2.3. Freeze-Thaw Resistance

The freeze—thawing test of concrete adopted the slow-freezing method in Chinese
standard GB/T 50082-2009. Firstly, as shown in Figure 3a, the concrete samples that had
been cured for 24 days were immersed in water (T = 20 £ 2 °C) for 4 days. After the
immersion was completed, the surface water of the samples was wiped off, and then
the samples were weighed. Then, as shown in Figure 3a, the samples were put into the
freeze-thaw testing machine for 150 freeze—thaw cycles, each freeze-thaw cycle taking
8 h. The temperature in the freeze—thaw machine was (—20~—18 °C) when frozen, and
the water temperature was (18~20 °C) when melted. After 25 cycles, the test blocks were
weighed. Finally, the mass loss rate of the concrete samples was calculated and averaged.
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Figure 3. Freeze-thaw testing. (a) Specimen immersion; (b) specimen freeze-thaw.

2.2.4. Microstructure Analysis

Various micro-experiments were conducted to evaluate the microstructure and com-
ponents of concrete and its cement pastes, which helped to analyze the macro properties
and regeneration mechanisms of each group of RFC samples. Phase analysis of the paste
was performed at a scanning rate of 4°/min using an X-ray diffractometer (XRD, Smart
Lab 9Kw, Rigaku, Tokyo, Japan) with CuK« radiation. The hydration process of RFC was
analyzed with the Fourier transform infrared spectrometer (FTIR, Nicolet 6700, Thermo
Scientific, Waltham, MA, USA) in the range of 400~4000 cm~L. The microstructure of REC
was analyzed with a scanning electron microscope (SEM, S5-4300, Hitachi, Tokyo, Japan)
and an energy-dispersive X-ray spectrometer (EDS, Quantax”5, Hitachi, Tokyo, Japan).

3. Results
3.1. Mechanical Properties
3.1.1. Effect of Adding Fly Ash Alone

It can be observed from Figure 4 that the strength of RFC at any curing age is lower
than that of NC, and that the addition of FA alone has a negative effect on the early
mechanical properties of RFC. Figure 4a shows that the compressive strength of RFC-F
with FA is significantly lower than that of RFC at 7 d and 28 d, and this situation becomes
more obvious with the addition of FA. When the curing age was extended to 90 d, the
compressive strength of RFC-F exceeded that of RFC, and the compressive strength of
RFC-F10, RFC-F15 and RFC-F20 increased by 22.8%, 25.6% and 17.3%, respectively. In
addition, the increasing rate of compressive strength of RFC-F is greater than that of NC in
28~90 d.

A similar situation also occurs in splitting tensile strength. Figure 4b shows that the
splitting tensile strength of RFC is lower than that of NC at any curing age; the splitting
tensile strength of RFC-F at 7 d and 28 d is also lower than that of RFC. When the curing age
increased to 90 d, the splitting tensile strength of REC-F10, RFC-F15 and RFC-F20 increased
by 39.7%, 44.2% and 32.2%, respectively, compared with RFC.

The reason for the above phenomenon is that the polymerization degree of [SiO4]*
in FA is large, and most instances were long chain polymerization, which is not easy to
disintegrate and fracture. Moreover, the surfaces of glass beads in FA were dense and
smooth, and the erosion process of OH ™ is slow, which delayed the reaction of Ca®* and
OH™ to form C-S-H, thus affecting the improvement of early strength. When age was
increased, OH™ was eroded into the glass beads and a pozzolanic reaction occurred; this
reaction increased the content of C-S-H and improved the strength of RFC-F.
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Figure 4. Mechanical properties of RFC-F with FA. (a) Compressive strength; (b) splitting ten-

sile strength.
3.1.2. Effect of Composite Addition of Fly Ash and Nano-Silica
On the basis of adding FA, FA and NS were mixed into RFC, and the effect of the two
materials on RFC was tested. Figure 5a clearly shows the compressive strength change
trend of RFC-SF with FA and NS. When the curing age was 7 d, the compressive strength
of RFC-S3F15 was 15.2% higher than that of RFC. This indicates that the addition of NS
effectively compensates for the deterioration of early compressive strength of RFC caused
by fly ash. When the curing age was extended to 90 d, the compressive strength of RFC-SF
increased by 9.5~50.3% compared with RFC. Figure 5b shows the splitting tensile strength
of RFC-SF with two materials at 7 d, 28 d and 90 d. Similar to compressive strength, the
splitting tensile strength of RFC-S3F15 at 7 d was 20.5% higher than that of RFC. The
splitting tensile strength of RFC-SF increased by 10.1~76.4% at 90 d, and some results were

higher than that of NC.
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Figure 5. Mechanical properties of RFC-SF with FA and NS. (a) Compressive strength; (b) splitting

tensile strength.

The above strength improvement is due to the synergistic effect between FA and
NS [40]. In the early stage of the reaction, the fine particles of FA are evenly distributed,
which prevents the mutual cohesion between cement particles and provides them with a
larger surface area for hydration reaction. The addition of highly active NS can significantly



Buildings 2023, 13, 687

7 of 17

accelerate the hydration reaction rate of cement and improve the early strength of concrete.
In addition, calcium hydroxide (CH) in cement hydration products can also undergo
secondary hydration reactions with SiO; and increase the content of C-S-H in cement stone.
In the later stages, the volcanic ash activity of FA is reflected. These measures provide
RFC-SF with stronger mechanical properties.

It should be noted that with the increase of the amount of the two materials, the
strength of RFC-SF first increases and then decreases. This is because too much nano
5i0; agglomerates together, which absorbs free water and delays the hydration reaction of
cement. Similarly, excessive introduction of low-activity FA will reduce hydration reactivity,
which adversely affects the strength of RFC-SE.

3.2. Slump

The slump of concrete containing different contents of FA and NS is shown in Figure 6.
After mixing for 5 min, the slumps of NC and RFC remained at about 180 mm and 150 mm,
respectively. In contrast, the addition of FA increased the slump of RFC-F to above 185 mm,
gradually increasing with the increase of FA content. When FA and NS were added together,
the slump of RFC-SF was between 120 and 185 mm, and some of them were still larger
than RFC. The reason for the decrease in slump is that NS has a very high specific surface
energy, which makes a large number of unsaturated bonds absorb free water and form
uneven hydration flocs [41], thereby reducing the free water content in RFC-SE. However,
FA with smooth surfaces and fine particle size can disperse this part of the hydration
flocs so that more water molecules absorbed by the flocs are freed, and its small spherical
morphology makes it play a lubricating role in mixing, reducing the friction resistance
between concrete aggregates.

240

—90— 0%-NS —— 1%-NS
—0— 3%-NS —0— 5%-NS

slump/mm
EF

120 —_

10 15 20
Incorporation amount of fly ash/%

Figure 6. Slump of concrete with different contents of FA and NS.

3.3. Freeze-Thaw Resistance

Figure 7a shows the trend of mass loss rate of NC, RFC and RFC-F under 150 freeze—
thaw cycles. In the early stage of freeze-thaw cycles, the mass loss rate of NC, RFC and
RFC-F were negative. With the increase of freeze-thaw cycles, the mass loss rates gradually
became positive and showed upward trends. After 150 freeze-thaw cycles, the mass loss
rate of RFC-F with FA was between 0.32 and 0.43% as compared with RFC, and the mass
loss rate of RFC-F15 decreased by 31.9%. In the early stage of the freeze—thaw cycle, high
porosity concrete absorbed a lot of water when immersed in water, which increased the
quality of concrete and led to a negative mass loss rate. After long-term freeze-thaw action,
the water in the pores produced expansion stress and increased continuously when frozen,
which caused the destruction of the concrete pore structure, made the cement paste and
fine aggregate at the corner of the samples appear to be obviously spalling, and reduced the
quality of concrete. This phenomenon is most obvious in unmodified RFC. However, FA
with small particle size and microsphere morphology has filled the pores in RFC-F, which
reduced the porosity of RFC and weakened the adverse effect of the expansion stress of
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freezing water on the pore structure, which makes RFC-F have a smaller mass loss rate and
good freeze-thaw resistance.
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Figure 7. Mass loss rates of REC-F and RFC-SF after freeze-thaw cycles. (a) REC-F; (b) RFC-SE.

Figure 7b shows that the composite addition of FA and NS can improve the freeze—
thaw cycle performance of RFC-SF more obviously. The freeze-thaw cycle loss rate of
RFC-SF was between 0.27 and 0.42%. Compared with RFC, the mass loss rate of RFC-S3F15
decreased by 42.6%. This is due to the addition of NS to generate more C-S-H on the basis
of FA, which enhanced the strength of cement stone. At the same time, the nano-sized SiO,
also filled some capillary pores, reduced the porosity and optimized the pore structure,
which mitigated the damage caused by the expansion stress of freezing water to the pore
structure and further improved the freeze-thaw resistance of RFC-SE.

3.4. Microstructure Analysis
3.4.1. XRD

The phase composition of different cement paste samples cured for 7 d and 28 d were
measured with XRD, as shown in Figure 8a. It can be seen that the mineral types of RFC-F-]
with FA added and RFC-SE-] with FA and NS added are basically the same as those of NC-J.
However, the intensity of C,S and C3S in RFC-F15-] with FA is higher than that in NC-J
and RFC-J, and the intensity of CH is lower than that in NC-J and RFC-]. This indicates
that in the early stage of hydration reaction, the addition of FA with low activity delays the
hydration reaction, resulting in a higher content of C3S and C,S in the unreacted cement
clinker in the cement paste and lower C-5-H and CH content in the hydration products,
which is an important factor in the poor early strength of RFC-E. In contrast, the intensities
of the C,S, C3S and CH of RFC-S3F15-] with two materials are lower than that of RFC-J and
RFC-F-J, which is because the addition of NS promotes the hydration reaction. In addition,
CH also reacts with SiO; to further consume it, which increases the C-S-H content. The
XRD spectrum of Figure 8b shows that the intensities of the C3S, C,S and CH of RFC-53F15
are still lower than that of RFC after 28 days of cement paste curing, which indicates that
the addition of the two materials is still helpful for the hydration reaction at a longer age.
Moreover, the CH intensity of RFC-F15-] is lower than that of RFC, which may be due
to the fact that the Si-O and Al-O bonds in FA are eroded by OH~ and Ca?* with strong
polarity, and CH is consumed by reaction with them.
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Figure 8. XRD spectra of different cement pastes at different ages. (a) 7 d; (b) 28 d.

The particle size of the CH crystals in the cement paste was calculated by the Scherrer
formula, and the equation of the Scherrer formula is as follows:

D =K x A/(B x cosb) @D

where D is the grain size (nm); K is the Scherrer constant, which generally takes 0.89; A is
the wavelength of the X-ray—the K,; of Cu target radiation is 0.15405980 (nm); B is the
peak half-width of the CH crystals; 6 is the diffraction angle of the CH crystals.

As shown in Figure 9, the particle size of the CH crystals corresponding to the 101 crys-
tal faces of RFC-J was larger than that of NC-J. The addition of FA alone and the combination
of FA and NS made the particle size of the CH crystals smaller, and NS had a greater influ-
ence on the crystal size of CH. Compared with RFC-], the particle size of the CH crystals in
RFC-53F15-] decreased by 21.7%, which indicated that the addition of FA and NS could
refine the grain size of CH and avoid the problem of directional arrangement of CH in ITZ.
Zhou et al. reached a similar conclusion [42].

60

Crystal size/nm
[ o B W
(=] (=) f=J (=]

o

NC-J RFC-J

R30-S3F15-J

Figure 9. Particle size of CH crystals in different cement pastes.

3.4.2. FTIR

The FTIR spectra of NC-J, RFC-], RFC-F15-] and RFC-S3F15-] pastes were compared in
Figure 10a. It is obvious from the figure that the absorption peak at 875 cm ! was caused
by the out-of-plane bending vibration of CO%‘ of CaCOj3, which may be due to the reaction
of CH contained in the paste with CO; in the air and the formation of CaCOj3 during the

preparation of the cement paste. The absorption peak at 976 cm™

! was caused by the Si-O

stretching vibration of Q, representing [SiO4]*~, and the absorption peak at 3640 cm™~*
was caused by the O-H stretching vibration representing CH. Figure 10b is a local enlarged
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image at 600-2000 cm~!. The wave number of the Si-O stretching vibration in RFC-F15-]
was lower than that in RFC-J, indicating that the hydration degree of RFC-F15-] is poor. A
blue-shift phenomenon occurs for RFC-S3F15-] after the addition of FA and NS, and the
wave number of the Si-O stretching vibration moves from 972 to 979 cm~!. This indicates
that the addition of two materials can increase the degree of polymerization of Q, and
accelerate the degree of hydration reaction.

T
RFC-S3F15-J : RFC-83F15-J
|
|
RFC-F15-] : 979 RFC-F15-J
I
1
RAC-J ! RAC-J
I
I
[}

974 NC-J

0
Wave number/cm 1

600 800 1000 1200 1400 1600 1800 2000
Wave number/cm_1

@) (b)

Figure 10. FTIR spectra of different cement pastes. (a) 400-4000 cm~1; (b) local amplification of
6002000 cm 1.

3.4.3. SEM

The microstructure of different concrete samples was measured with SEM, as shown
in Figure 11. In the RFC samples, there were many large pores and cracks on the surface
of the slurry, between the old and new cement pastes and between the slurry and the
aggregate (Figure 11a). These pores and cracks may have been caused by uneven vibration
during RFC preparation and aggregate detachment during compressive failure. After
amplification, it can be seen that large amounts of block CH and needle ettringite (AFt) had
grown in the pores, and the connection between the flocculent C-S5-H and the crystal was
loose, which made the pores poorly filled and prone to become empty again (Figure 11a).
These phenomena made the gelation of the slurry in RFC poor, which ultimately degraded
its mechanical properties. In contrast, RFC-F15 with fly ash still had obvious pores and
cracks, and some of the pores had been filled with slurry (Figure 11c). It was found that the
C-S-H in the slurry was wrapped with FA and AFt, and a small amount of bulk CH was
embedded in the slurry, thus enhancing the cementitious property of the slurry (Figure 11d).
However, RFC-S3F15 with FA and NS exhibited a denser microstructure, and the larger
pores were gradually filled into small pores; this effectively alleviated the problem of
pore structure damage caused by expansion stress of frozen water due to large pores
(Figure 11e). A large amount of flocculent C-5-H wrapped in FA and irregular lumps of CH
were found in the enlarged image (Figure 11f), as mentioned above, because the pozzolanic
reaction consumes part of CH, and thus the number of CH presented in the image is small.
These phenomena indicate that the composite addition of the two materials promoted the
hydration reaction, and more C-S5-H with strong connection was generated in the hydration
products, which were closely combined with other hydration products to improve the
cementitious properties of the slurry. Moreover, the secondary hydration reaction reduced
the CH content in the hydration products, weakened the phenomenon of ITZ deterioration
caused by the directional arrangement of CH, and enhanced the mechanical properties
of concrete.
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Figure 11. SEM images of different concretes at 28 d. (a) RFC; (b) enlarged RFC; (¢) RFC-F15;
(d) enlarged RFC-F15; (e) RFC-S3F15; (f) enlarged RFC-S3F15.

3.4.4. EDS

The point scanning analysis of RFC-J, RFC-15 and RFC-S3F15-] cured for 28 days
was carried out with EDS, as shown in Figure 12. RFC mainly contains the elements O,
Mg, Al, 5i, Ca, and Fe. The Ca/Si of RFC-J, RFC-F15-] and RFC-53F15-] were 2.08, 1.69,
1.17, respectively, and the (Al + Fe)/Ca was 0.2 (Figure 12a,c,e). Taylor et al. found that
when 0.8 < Ca/Si < 2.5 and (Al + Fe)/Ca < 0.2, C-5-H was the main hydration product
of Portland cement [43]. With the increase of Ca/Si, the content of C-S-H will gradually
decrease, while the content of CH and AFt will increase. Compared with RFC-], the Ca/Si
of RFC-F15-] and RFC-S3F15-] decreased by 0.39 and 0.91, indicating that the addition of
FA and NS effectively promoted the production of C-5-H.
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Figure 12. Point scanning images of EDS of different cement pastes at 28d. (a) Element content of
RFC-J; (b) point scanning image of RFC-J; (c) element content of RFC-F15-]; (d) point scanning image
of RFC-F15-J; (e) element content of RFC-S3F15-]; (f) point scanning image of RFC-S3F15-].

Figure 13 shows the elemental distribution of RFC and RFC-S3F15 cured for 28 days
under EDS mapping scanning. There is a clear boundary between the slurry and the
aggregate of RFC (red line area). The Ca element is located below the line, indicating
that the area is a cement slurry, and the Si element is enriched above the line, indicating
that the area is an aggregate. ITZ is a hollow area between the two elements, and only
a small amount of Ca element and Si exist in this area (Figure 13a—c). In contrast, Ca
element in RFC-S3F15 is located on both sides of the line, Si element is enriched in the
center of the line, and the content of Si element in the Ca element region is significantly
increased (Figure 13d—f). In addition, the content of Ca and Si elements in the ITZ region of
RFC-S3F15 increased, which may have been caused by more C-5-H filling the ITZ.
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Figure 13. Mapping scanning images of EDS of different concretes at 28 d. (a) Mapping scan-
ning images of RFC; (b) distribution of Ca element in RFC; (c) distribution of Si element in RFC;
(d) mapping scanning images of RFC-S3F15; (e) distribution of Ca element in RFC-S3F15; (f) distribu-
tion of Si element in RFC-S3F15.

4. Discussion

The results of this study indicated that the SCMs FA and NS have a significant effect
on the hydration process and hardening state of RFC directly regenerated from WFC, which
is caused by two factors.

4.1. Effect of Nano-Silica on Hydration and Hardening of RFC

Clinker minerals C3S and C;S in Portland cement will generate a large number of
C-S-H in the hydration reaction, which is the main source of a certain strength of hardened
cement stone. As mentioned above, WFC was placed for 180 min in the early hydration
reaction, and its cement paste contained a large amount of unreacted C3S and C,S clinker
minerals. When WEFC was again mixed with cement and SCM, C3S rapidly hydrolyzed in
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contact with water, and then Ca?* and OH~ entered the solution and formed a calcium-
deficient, silicon-rich layer on its surface. In order to maintain charge balance, the silicon-
rich layer absorbed Ca®* to the surface to form an electric double layer as shown in
Figure 14. At this time, the dissolved Ca?* and NS made the slurry strongly alkaline. In
this alkaline environment, a large amount of HZSiOi* in NS was released, which increased
the content of HZSiOi_ in the silicon-rich layer. In order to maintain the charge balance
again, the silicon-rich layer continuously absorbed Ca?* in the solution, which made the
cement particles continuously dissolve and effectively promote the hydration reaction. In
addition, the volcanic ash reaction between NS and CH and its own physical filling gave
RFC superior mechanical properties [44].

w)=>l o9

. —H,Si0;} - Silicon-Rich Iayer

Figure 14. Diagram of silicon-rich layer.

4.2. Effect of Fly Ash on Hydration and Hardening of RFC

During the hydration process, the unevenly dispersed NS can easily cause self-
agglomeration and absorb the newly dissolved cement particles in a block or flocculent
shape, which hinders the hydration reaction. However, the addition of FA with its small
size and smooth surface can effectively reduce the frictional resistance between cement
particles and diffuse the cement particles that have been absorbed by NS. In addition, the
morphological effect and micro-aggregate effect caused by FA improves the workability
and compactness of the paste [45]. FA contains a large number of spherical floating beads
and sinking beads, which can play a lubricating role in mixing concrete. In the early stage
of hydration, the pozzolanic activity of FA was lower than that of Portland cement, which
lead to the decrease of cement composition after replacing cement, delayed the hydration
process, and reduced the mechanical properties of concrete. However, in the later stage
of slurry hardening, the pozzolanic activity increased, and the floating beads and sinking
beads were tightly wrapped by the hydration products C-S-H and AFt, filling in pores
and cracks, which can be found in Figure 10f. This phenomenon further improves the
mechanical properties of RFC under long-term service conditions.

5. Conclusions

In this paper, unhardened WFC was directly added into fresh concrete to prepare RFC,
and FA and NS were added into RFC as SCMs to prepare modified RFC-F and RFC-SF. The
effects of FA and NS on the mechanical properties, working performance and freeze—thaw
performance of RFC were studied. The microstructure evolution of modified RFC was
investigated by XRD, FTIR, SEM and EDS. This study concludes as follows:

(1) The early strength of RFC-F added with FA alone is poor. The synergistic effect of FA
and NS added together makes the early and late mechanical properties of RFC-SF
significantly improved. The compressive strength and splitting tensile strength at 7 d
are increased by 15.2% and 20.5% at most, and the compressive strength and splitting
tensile strength at 90 d are increased by 50.3% and 76.4% at most.
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(2) Adding FA increased the slump of RFC from 150 mm to 185 mm or more; adding
NS absorbed free water and reduced the fluidity of concrete. However, the slump of
RFC-SF with two materials remains between 120 mm and 185 mm.

(3) The addition of FA alone improved the freeze-thaw performance of RFC-F, and the
combined addition of FA and NS further improved the freeze—thaw performance of
RFC-SE. Compared with RFC, the mass loss of REC-F15 and RFC-S3F15 decreased by
31.9% and 42.6% after freeze-thaw cycles.

(4) XRD and FTIR showed that the addition of FA delayed the early hydration process
of RFC-FE. In contrast, the addition of FA and NS accelerated the hydration degree of
RFC-SF, reduced the content of CH in the hydration products, and refined the grain
size of CH.

(5) The results of SEM and EDS indicated that the microstructure of REC-F15 with FA
became denser, and the microstructure of RFC-53F15 with FA and NS was improved
obviously, as some pores were filled with C-S-H. Compared with RFC-], the Ca/Si
ratio of RFC-F15-] and RFC-S3F15-] decreased by 0.39 and 0.91.

(6) As an environmentally friendly material, RFC is conducive to promoting the sus-
tainability of building materials. The effect of more solid wastes such as waste fiber
and waste glass on the performance of RFC needs further study, and more efficient
recovery methods of WFC need to be actively explored by engineers.
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