ISSN 1027-5495. Functional Materials, 28, No.4 (2021), p. 737-742.
doi:https://doi.org/10.15407/fm28.04.737 © 2021 — STC TInstitute for Single Crystals”

Influence of nano-C—-S—H on the mechanical
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In this paper, in order to improve the mechanical property of recycled concrete,
nano-C—S-H was added to modify recycled concrete, and the mechanism of the improve-
ment was also discussed. The methods of X-ray diffraction (XRD), Scanning electronic
microscope (SEM), and Mercury intrusion porosimetry (MIP) were applied to characterize
the microstructure of nano-C-S-H modified recycled concrete. The results showed that the
effect of nano-C—S—H was remarkable, namely, the 7-day compressive strength increased from
22.5 MPa to 33.5 MPa and flexural strength from 1.74 MPa to 2.25 MPa. SEM images
showed that the matrix of recycled concrete became denser after adding nano-C-S-H. XRD
confirmed that the hydration product increased with the addition of nano-C-S-H. MIP
results demonstrated that the pore structure was refined by nano-C—S-H and porosity of
recycled concrete was reduced noticeably. All measurements proved that the hydration
process of cement was accelerated by nano-C—S—H and more hydration products had been
produced, which contributed to densify the microstructure of recycled mortar and was the
main reason for improving the mechanical properties of recycled mortar.

Keywords: recycled concrete, recycled cement powder, nano-C—S—H, improved mechani-
cal properties.

BuBuenns BnimBy HaHo-C—S—H na mexamiuni BaacruBocri BropunHoro Geromy. Wei
He, Gang Liao.

Hocnimxeno BuauB Hano-C—S—H ma wmexamiuni BimacTtuBocri BrOopmuHOro 6Geromy. [Ho-
CHi:KeHHA IpoBegeHO MeTomaMu mudpaxiii penrtremiBebkux npoMeHiB (XRD), cramyrouoi
enexTporHol mixpockonii (SEM) ra moposumerpii nponuxuenus pryri (MIP). Pesyabraru
mokasanu, 1o epext HaHo-C—S—H ¢ sHaunum, a came, 7-meHHa MIITHICTL HA CTHCK BTOPHH-
Horo GeroHy sbimbmunaca 3 22,5 MIla mo 33,5 MIla, minmicTs Ha sruH s6inbiiuiacsa 3
1,74 MIla mo 2,25 MIla. SEM so6paseHHA HOKa3alu, IO IIicjas gojaBaHHs HaHo-C—S—H
MaTpUIA BTOPUHHOTO GeToHY craja IiabHimoo. XRD miarBepaus, 1mro BmicT rigpararrii
MPOAYKTY 36imbinmyBaBes mpu gomaanui HaHo-C—S—H. Pesyasraramu MIII moeemeno, 1o
mopuicTa CTPYKTypa MOKpallyBajacs 3aBEAKU gojaBauHio HaHo-C—S—H, mopuerierh BTOpm-
Horo 0eTOHY IOMITHO 3MeHIIMJacA. ¥ci BUMipu cBigyaTh, IO Ipoliec TigpaTairii ieMeHTY
6yB mpuckopeHo 3a paxyHok Hano-C—S—H, Buxix mpomyxrie rigparanii s6ineirysasesi, o
CHPUAJNO YUIIMbHEHHI0O MIKPOCTPYKTYPU BTOPUHHOTO GETOHY Ta € OCHOBHOI IPUUYNHON IIO-
KpallleHHSA MeXaHIUHMX BJIACTHBOCTE BTOPMHHOrO GeTOHY.

Uccaemosano Biusanme Hano-C—S—H Ha MexamunuecKue CBOMCTBA PEIMKJINPOBAHHOTO 6ETO-
Ha. UccnemoBanua mpoBegeHBI MeTogaMu gudpaxiiuu peHTreHoBeKux ayudedn (XRD), ckanwm-
pyromreil snexTponnoii Mmukpockonuu (SEM) u moposumerpun npounuxuHoBenus pryrtu (MIP).
PesynbraTel mokasanm, uro shderT Hamo-C—S—H usHaumTenbHbLIN, a MMeHHO, 7-THEBHAS
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IIPOYHOCTL Ha CiKaTHe BTOPUUHOTO OeToHa yBenwuuiack ¢ 22,5 Mlla mo 33,5 MIla, mpou-
HOCTb Ha mMarub yeeauuuiack ¢ 1,74 MIla mo 2,25 MIla. SEM usobpameHnus moxkasaau, U4TO
nocyie pobaBienus HaHo-C—S—H marpuiia Bropuumoro Geroma crana Gosee miorHoli. XRD
TIOATBEPANUI, UTO COAeP:KaHNe MPOLYKTA I'UAPATAIINY YBEJINUNBAJACh IPU ZOOABJIEHUN HAHO-
C—S—-H. Pesynbsrarsr MIP cBugeTesbcTBYIOT, UTO MOPUCTAS CTPYKTypa yiydllaercs Giaroga-
pa pobaBienuro Hano-C—S—H, npu srom mopuerocTh BTOpMYHOro GeTOHA 3aMETHO yMeHBIIA-
ercsa. Bce pesynbTaThl HCCIeZOBAHUA CBULETENLCTBYIOT, UTO IIPOIleCC TUAPATAITUN IIEMEHTA
ycropsercsa 3a cuer Hano-C—S—H. Beixog mpogykToB rugparanun yBeJndYUBAETCS, UTO CIIO-
COGCTBOBAJIO YIJIOTHEHNIO MUKPOCTPYKTYPHI BTOPMYHOTO OeTOHA 1 ABJIAETCA OCHOBHOI IIPH-
YMHOIN YJNYUYIIeHUS MeXaHNUYeCKUX CBOMCTB BTOPUYHOIO GeTOHA.

1. Introduction

Recycled Concrete Powder (RCP) is a by-
product and the accumulation of RCP will
lead to many environmental problems such
as water polution and land pollution. On the
other hand, the chemical composition of
RCP is similar to that of cement, and RCP
exhibits some potential hydration activity
[1-4]. Therefore, using RCP to produce re-
cycled concrete is a viable way to process
RCP. Previous research has shown that RCP
can be used as an additional binder and re-
place a certain proportion of cement. Never-
theless, the greatest disadvantage is that
the activity of RCP is relatively low, so the
mechanical property of recycled concrete is
poor, which limits its application and utili-
zation. In general, the poor mechanical
properties are due to two main factors [5,6].
Firstly, RCP has a high adsorption capacity
to water, which leads to poor workability of
the recycled concrete. In actual use, a su-
perplasticizer can be added to improve flow,
but the setting process of the recycled con-
crete will be delayed by the superplasticizer.
Secondly, the RPC activity is low, so the
initial compressive strength of the recycled
concrete is too low to guarantee perform-
ance. Researchers proposed many solutions
to improve the initial compressive strength
of recycled concrete, but improvement ef-
fect was not noticeable.

Recently, nanotechnology has shown
great promise in improving the mechanical
properties of cement-based materials. A va-
riety of nano-materials have been used to
enhance the compressive strength of ce-
ment-based materials, such as carbon nano-
tubes (CNT), nano-SiO,, and nano-hydrated
calcium silicate (C-S-H) [7,8]. The mecha-
nisms of the improvement effect caused by
nanotechnology differ depending on the
nanomaterials. For example, CNTs can act
as nano-fibers that inhibit the development
of microcracks and reduce microdefects.
Nano-SiO, is not saturated with silicon-oxy-
gen tetrahedra and has high activity, which
allows it to react with alkaline substances
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in the cement hydration medium and accel-
erate the hydration process. It should be
noted that C—S—H is one of the cement hy-
dration products. Some researchers have
found that even a small addition of nano-
C—-S-H to cement can significantly improve the
initial compressive strength of concrete [9].
This reinforcing effect is believed to be re-
lated to the nano-C-S—-H’s ability to nucle-
ate, which aids cement hydration. However,
only a few studies have been published on
enhancing the strength of recycled concrete
with nano-C-S—H. In this study, the aim is
to improve the mechanical property of recy-
cled concrete by incorporating nano-C-S-H
and reveal the mechanism of this enhance-
ment effect. In theory, nano-C-S-H can ac-
celerate the hydration of cement and im-
prove the strength of concrete, and this en-
hanced strength can compensate the
strength loss caused by RCP [10-12]. The
amount of nano-C-S-H is a key factor af-
fecting the mechanical property, which has
been studied in detail. Several advanced
methods were used to characterize the mi-
crostructure of the nano-C—S—-H added sys-
tem. This work may provide a new method
to enhance the mechanical property of recy-
cled concrete and promote its application.

2. Experimental

2.1 Raw materials

Cement used in this study was grade P-O
42.5, and all properties were in accordance
with the Chinese standard GB175-2007.
RCP was obtained from an aggregate proc-
essing plant and sieved through a 100-mesh
screen, and the chemical composition of
RCP is shown in Table 1. Nano-C-S-H was
a commercial product provided by China
Changan Building Material Company. Nano-
CSH was a white suspension with a solids

Table 1. Chemical composition of RCP (wt %)

Ca0 | Si0, |Al,05 Fe,0,/ MgO | SO, | K,0 [Na,0
31.03|47.49(11.71| 2.96 | 2.04 | 0.91 | 1.85 | 1.08
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Fig. 1. Particle size distribution of nano-C—S—H.

content of 20 %, and most of the particles
were less than 100 nm in size, as shown in
Fig. 1, indicating that the CSH was at
nanoscale and the average particle size was
about 70 nm.

2.2 Design of mix proportion

The water to cement ratio was fixed at
0.36 and the cement to sand ratio was fixed
at 0.33. The weight fraction of RCP was
15 %. To investigate the effect of nano-C-
S-H content on mechanical properties, vari-
ous amounts of nano-C-S-H were added.
And the content of nano-C-S-H ranged
from 0.25 % to 0.75 % by mass of cemen-
titious material. The detailed mix propor-
tions are shown in Table 2.

2.3 Sample preparation

Firstly, a certain amount of raw materi-
als were prepared as indicated in Table 2.
Cementitious materials and sand were
mixed in a kettle with a stirrer, and then
half of the water was added to the solid
mixture. Secondly, the mixture was slowly
stirred for 30 s, and subsequently another
part of water and superplasticizer were
added to the mixture, followed by rapid
mixing for 30 s to obtain excellent work-

the mixture and stirred for 60 s. Finally,
the mixtures were molded (40x40x160 mm3)
and the samples were demolded after one
day and cured in a standard room for
3 days and 7 days.

2.4 Characterization

The flexural strength and compressive
strength of all samples was measured ac-
cording to Chinese standard GB/T17671-
1999. After measurement of the mechanical
properties, the broken samples were im-
mersed in absolute ethanol to prevent fu-
ture hydration. X-ray diffraction (XRD)
was used to measure the phase composition
of samples. Scanning electronic microscope
(SEM) was applied to observe the micromor-
phology of concrete. Mercury intrusion
porosimetry (MIP) was used to analyze the
pore structure of concrete.

3. Results and discussion

3.1 Mechanical property

Fig. 2a and 2b present the compressive
and flexural strength of samples, respec-
tively. After incorporating RCP, it can be
found that the compressive and flexural
strength of G1 was slightly increased com-
pared to GO. This was because the particle
size of the recycled powder was close to that
of the cement, which played the role of a
filler at the early stage and can compact the
pore structure of the cement paste; the RCP
had a certain hydration activity, which can
react with the cementitious material to im-
prove its early strength. However, due to
the strength hysteresis effect of the super-
plasticizer, the early strength of GO and G1
samples were still low. The strength of all
samples increased with the content of nano-
C-S—-H, but the strength increasing rate de-
creased over time. Specifically, the strength
increasing rate at 3 days was the highest,
and the strength at 7 days was the highest,
which indicated that nano-C—-S-H mainly
worked in early stages especially the first
3 days and contributed little to long-term

ability. Thirdly, nano-C—S—-H was added into strength. Moreover, the compressive
Table 2. Mix proportion
No. Cement, g | RCP, g Sand, g Water, g Superplasticizer, g Nano-C-S—H, g
GO 450 / 1350 162 2.7 -
G1 382.5 67.5 1350 162 2.7 -
G2 382.5 67.5 1350 162 2.7 5.625
G3 382.5 67.5 1350 162 2.7 11.25
G4 382.5 67.5 1350 162 2.7 16.875
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Fig. 2. (a) Compressive strength of samples; (b) flexural strength of samples.

strength of sample G4 with 8.75 % of nano-
C—-S—-H (based on the quality of cementitious
materials) was the highest at 7 days, reach-
ing 83.5 MPa, which was 44 % higher than
that of sample GO; and the 7-day flexural
strength was also increased by about
28.5 %. Other studies have shown that the
cement hydration process can be divided
into several stages: an induction period
(first 4 h), an accelerating period (4-12 h),
and a deceleration period (after 12 h). It’s
interesting that the enhancing effect of
nano-C—S-H was more obvious in the accel-
erating period than in the deceleration pe-
riod. Therefore, it can be inferred that the
enhanced strength of recycled concrete
caused by the addition of nano-C-S-H was
associated with the cement hydration rate.
According to the hydration-strength theory
of cement-based materials, the improvement
of early strength of recycled concrete by
nanotechnology reinforcement was mainly
attributed to the promotion of early cement
hydration by nano-C—S—-H and an increase in
the hydration degree. Specifically, C-S-H
nano-particles worked as nucleation centers,
and nanocrystalline nuclei reduced the nu-
cleation barrier of the cement hydration
system, promoting the formation of C-S-H
gel and improving the early strength. The
detailed mechanism would be confirmed by
the following analysis.

3.2 Phase composition

Fig. 3 shows X-ray diffraction patterns
of various recycled concrete. It can be seen
that the amount of nano-C—-S—H had little
effect on the crystal phases of recycled con-
crete. The phase composition can be devided
of two categories: hydration products and
aggregates. The main hydration product
was Ca(OH),, and its diffraction peak inten-
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Fig. 8. X-ray patterns of (a) GO-7, (b) G1-7,
(c) G2-7, (d) G3-7, and (e) G4-7.

sity increased with increasing nano-C-S-H
content, confirming the intense effect of
promoting hydration with nano-C-S-H.
However, diffraction peaks of nano-C-S-H
were not observed; this may be attributed to
the fact that the content of the added nano-
C-S-H was small, and the C-S-H formed
during the hydration process was amor-
phous. It should be also noticed that the
relative diffraction intensity of Ca(OH),
changes with nano-CSH content and finally
becomes stable after 7 days of hydration,
which demonstrates that the degree of hy-
dration of cement pastes is easily influenced
by nano-CSH in the early hydration stage.
The diffraction intensity of quartz was
high, which was caused by the sands and
had little to do with the hydration reaction.

3.3 Micromorphology

Fig. 4 shows the microstructure of the
samples. As shown in Fig. 4a, after seven
days of hydration, the microstructure of the
sample GO without RCP was loose and there

Functional materials, 28, 4, 2021
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Fig. 4. SEM images of (a) GO-
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and (e) G4-7.
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Fig. 5. (a) Pore size distribution curves; (b) cumulative distribution curves.

were many holes, which was the main
reason for the low strength. As shown in
Fig. 4b, the microstructure of hardened ce-
ment paste was improved after the incorpo-
ration of recycled powder. The compatibility
between RCP and fresh cement paste was
good, and there was no obvious stratifica-
tion. G1 was denser than GO, and a small
amount of C-S-H gel could be observed.
However, the interfacial transition zone
(ITZ) between cement paste and aggregate
was still observed. Due to the high water
absorption rate of RCP, a large number of
water molecules were adsorbed on its sur-
face, which led to a high local water-cement
ratio resulting in more voids at the inter-
face and oriented crystal growth. Conse-
quently, ITZ was the weakest part of the
entire matrix, stress easily led to cracking,
and the strength was low. After adding the
nano-C—S-H, the hydration process of the

Functional materials, 28, 4, 2021

cement paste was obviously accelerated, as
shown in Fig. 4c; a large amount of acicular
ettringite was produced in situ, which was a
major contributor to the early strength of
the sample G-2. With an increase in the
amount of nano-C-S-H, more hydration
products appeared, and the ITZ was im-
proved. As shown in Fig. 4(d), hexagonal
lamellar Ca(OH), and a large amount of
amorphous C-S-H gels were observed, and
the amount of ettringite was significantly
reduced. G-4 sample had the same charac-
teristics as G-3 sample, but G-4 sample was
denser and had more C-S-H gels as shown
in Fig. 4e.

3.4 Pore structure

Fig. 5 shows the pore size distribution
curves of different recycled concrete. As
seen in Fig. 5(a), the curve of G1-7 showed
a bimodal pore size distribution at 80 and
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25 nm, and most probable pore size was
80 nm. Samples G2-7 and G4-7 also showed
a bimodal distribution, but location and
value of the two peaks were totally differ-
ent from that of G1-7; that is, the most
probable pore size of G2-7 and G4-7 were 25
and 20 nm, respectively. It can be seen that
pore size of recycled concrete shifted to
smaller values after adding nano-C-S-H;
the pore size diameter decreased with the
nano-C—S-H content, indicating that after
adding nano-C-S-H, the hydration reaction
was accelerated and the pores the pores
were filled with hydration products. After
7 days of hydration, the most probable pore
sizes of all samples became smaller, and the
pore size distribution curves presented com-
plex multimodal distribution. As shown in
Fig. 5b, the cumulative pore size distribu-
tion curve of G4-7 was obviously lower than
that of G1-7 and G2-7, while the porosity
decreased from 7.5 % to 5.5 %. After 7 days
of hydration, the porosity of all samples de-
creased to about 5 %, indicating that the
compaction effect caused by nano-C-S-H was
evident within 7 days and this effect was
enhanced with content of nano-C-S-H.

3.5. Mechanism

First, nano-sized particles of C—S—H were
used in this study, which can be nucleation
centers in the hydration of cementitious ma-
terials. In addition, C—S—H is one of the main
hydration products of cement, and the added
C-S-H was similar to the formed C-S-H in
morphology and crystal phase. Upon adding
nano-C—S—H, the nucleation barrier of C-S-H
on the heterogeneous interface noticeably
decreases. The consequence is that more hy-
dration products are produced in the same
time, and these products are evenly distrib-
uted in the cement matrix, thus improving
the pore structure of cement-based materi-
als and reducing the number of defects. In
macroscopic scale, the hydration rate of ce-
ment is accelerated and the corresponding
mechanical property is obviously improved.

4. Conclusions

The recycled concrete powder has good
compatibility with cement paste and certain
hydration activity. Adding RCP, the micro-
structure of recycled concrete was denser,
but the strength was low. The effect of
nano-C-S-H on improving the early
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strength of recycled concrete was evident.
The sample with addition of 8.75 % nano-
C-S-H by mass of cementitious material
had the highest 7-day strength, with com-
pressive strength reaching 33.5 MPa and
flexural strength reaching 2.25 MPa. SEM
images showed that nano-C-S-H had a sig-
nificant effect on improving the early den-
sification degree of recycled concrete,
greatly reducing the number of large pores
in the paste. MIP results indicated that the
porosity of recycled concrete was reduced
after adding nano-C-S-H and decreased
with nano-C-S-H content, and the pore
structure was also compacted by the acceler-
ating effect of nano-C-S-H. XRD results
showed that the phase composition was not
changed after introducing nano-C-S-H, but
the amount of hydration product increased
with the content of nano-C—S-H. It can be
concluded that nano-C-S—H can facilitate
the process of cement hydration and im-
prove the microstructure of recycled con-
crete and give it increased strength, which
can compensate for the loss of strength
caused by the introduction of RCP.
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