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The mechanical properties of the pozzolan-added cement material with the addition of
nano C—-S-H have been studied. A mechanism that influences on them is proposed. X-ray
diffraction (XRD), scanning electron microscopy (SEM), and mercury intrusion
porosimetry (MIP) were used to characterize the microstructure of the pozzolanic mortar.
The results showed a significant effect of property improvement when using nano-sized
C—S-H: the compressive strength increased from 22.3 MPa to 33.2 MPa after 7 days. SEM
images showed that after the addition of nanosized C—S-H, the matrix became more
compact and the number of defects decreased. X-ray analysis confirmed that the addition
of nanosized C—-S—-H increased the amount of C—S—-H formed during hydration. The MIP
results showed that nanoscale CSH improves the pore structure of the mortar and signifi-
cantly reduces the porosity. All microscopic measurements showed that nanosized C-S—-H
accelerates the process of cement hydration and forms more hydration products, which
contributes to the modification of the interfacial transition zone of the solution and
increases the compactness of the matrix. This is the main reason for improving the initial
mechanical properties of the cement-based pozzolanic mixture.

Keywords: pozzolan, nanosized C—-S-H, early mechanical properties, hydration accel-
eration.

IToaimmenHsa BUXiTHUX MeXaHiYHHX BIACTHBOCTEH 3MilIAHOTO 3 IMyIOJAHOM II€MEHTHO-
ro marepiaay 3a paxyHok nogaBaHHa Nano C-S-H. Ixyeii Qucyn, F'an JIs0

BuBueno mexamiuni BJacTMBOCTI ITeMEHTHOTO MaTepiany, SMIIIaHoOro 3 IIyIIOJaHOM, 3
mobaexoi Hanoposmipuoro C—S—H. 3amponoHoBano MexaHisM BIJIMBY HAa HUX. PeHTreHiBCh-
ka gudpaxnia (XRD), ckanywoua enextporHHa Mikpockonis (SEM) ra pryrma imTpysiiina
nopometpia (MIP) 6ynn BuxkopucTani And XapaKTepPUCTHUKN MiKPOCTPYKTYPU IIYITOJI&HOBOTO
posuury. PesynbraTu mokasanu, 110 eQeKT IOJIININTeHHA BIACTHBOCTE BUKOPUCTAHHA HAHO-
posmipuoro C-S—-H 6yB sHaumum: wMinmicTs Ha ctTuck 86impmunaca 3 22,3 Mlla gmo
33,2 MIla uepes 7 guis. CEM-300paeHHs MOKA3a/IU, IO Ticasa AOTaBAHHSA HAHOPO3MIipHOTO
C—S—H maTpuiid crajia KOMIaKTHIIIOW, a KiabKicTh gedeKTiB aMeHIIMIacAa. PeHTreHiBChK U
aHaJi3 miATBepAUB, IO AOoZAaBaHHA HaHoposMipHoro C—S—H s6inpinye KinbkicTsb C—S—H, mro
yTBopoeThca mix uac rigpararii. Pesynasrratu MIP moxasanu, mo zHazmopoamipuuit C—-S-H
IOKPAIly€e IOPHCTY CTPYKTYPY OYIiBeIbHOrO PO3UMHY Ta 3HAUHO 3HIIKYye IopucTicTsb. Bei
MikpockomiuHi BHMMipOBaHHA NoKasany, 1o HaHoposMipamii C-S—H mnpuckopioe mpoliec
rizparariii 1ieMeHTy Ta yTBOpIOoe OinbIllle NPOAYKTIB Trigparaitii, 1o cupuse mogudikarrii
MimxdasHol mepeximzHOl 30HU pPO3UMHY Ta 30inbllleHHA KOMIalKTHocTi Marpuli. lle € ocHoB-
HOI IPUUYMHOIO IMOKPAIeHHA BUXITHUX MeXaHIUHNX BJIACTHUBOCTeIl IYIIOJaHOBO cyMirii Ha
IIeMEeHTHIifl OCHOBI.
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1. Introduction

With the rapid development of water
conservancy and hydropower engineering
construction in China, the demand for min-
eral admixtures in hydraulic concrete is in-
creasing. Due to the tight supply of fly ash
or slag in western China, there has been a
necessary trend towards the local develop-
ment of mineral additives with pozzolanic
activity, partially or completely replacing
fly ash in hydraulic concrete. This approach
can not only eliminate the traditional short-
age of mineral supplements, but also
achieve the goal of energy saving and emis-
sion reduction [1-4].

Pozzolan is a mineral resource abundant
in the western region of China, which con-
tains a large amount of silicon and alumi-
num elements, as well as substantial
amounts of amorphous glass that exhibits
some pozzolanic activity. It can be used as a
concrete mineral admixture to partially re-
place cement. Currently, researchers have
conducted a significant amount of research
on pozzolan as a mineral admixture.
T?rkmeno?lu et al. [5] reported that pet-
rographical analysis on pozzolan via optical
microscopy, XRD, SEM-EDX, and spectro-
scopic techniques are effective in evaluating
the suitability of pozzolan in pozzolanic ce-
ments. Messaouda et al. [6] explored the
possibility of substituting sand with cal-
careous pozzolan in concrete production.
Liguori et al. [7] demonstrated the feasibil-
ity of producing environmentally friendly
binders using zeolitized pozzolan.

However, after adding pozzolan, the
early strength of cement-based material was
reduced. And some early strength agents
were used to solve this issue [8]. In this
paper, nano C-S—-H was used to improve the

early mechanical property of pozzolan added
cement mortar. The content of pozzolan was
fixed and different dosage of nano C-S-H
was adopted. The microstructure of the mor-
tar including phase composition and micro-
morphology of the hydration products were
characterized, and the mechanism was ana-
lyzed. This work can significantly improve
the early mechanical properties of pozzolan
added concrete and may promote the applica-
tion of pozzolan in hydraulic concrete.

2. Experimental

2.1 Materials

Cement used in this study was conch
brand P-O 42.5, and pozzolan was purchased
online. The chemical composition of cement
and pozzolan are shown in Table 1. Pozzolan
was sieved by a 300-mesh sieve and its par-
ticle size was close to that of cement. Nano
C-S-H was purchased from China Changan
Building Material Company. Nano C-S-H
was a white suspension with solid content of
20 %, and the size of most particles was
below 100 nm. ISO standard sand was used
as fine aggregate.

2.2 Mix proportion

The composite cementitious material con-
sisted of 80 % cement and 20 % pozzolan
by mass fraction. The water-binder ratio
was fixed as 0.45 and the binder-sand ratio
was 0.38. Different amounts of nano C-S-H
were added and the contents of nano C-S-H
were 1.25 %, 2.5 % and 3.75 % by mass of
cementitious material. The detailed mix
proportions are shown in Table 2.

2.3 Sample fabrication

Firstly, raw materials were prepared ac-
cording to the mix proportions outlined in
Table 2. Cement, pozzolan and sand were
mixed together in an agitator kettle. Then

Table 1. Chemical composition of cement and pozzolan (wt.%)

CaO Sio, AlLO, Fe,O4 MgO SO, Na,O + K,O LOI
Cement | 41.53 | 25.92 11.96 5.52 6.43 5.07 1.15 2.42
Pozzolan | 0.57 83.01 7.92 0.56 0.41 0.17 0.48 4.56
Table 2. Mix proportions
No. Cement, g |Pozzolan, g Sand, g Water, g | Superplasticizer, g Nano C-S—H, g
NO 500 / 1500 225 2.5 /
N1 400 100 1500 225 2.5 /
N2 400 100 1500 225 2.5 6.25
N3 400 100 1500 225 2.5 12.5
N4 400 100 1500 225 2.5 18.75
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half of the required water was added to the
solid mixture, and the mixture was stirred
slowly for 30 seconds. Next, the rest por-
tion of water and superplasticizer were
added to the mixture, followed by a fast
30-second stirring process to improve work-
ability. The nano C-S-H was added to the
mixture and stirred for another one minute.
Finally, the mixture was cast into molds
with the size of 40x40x160 mm. Samples
were fetched out from the molds after one
day. After cured in a standard condition for
3 and 7 days, the samples were used to test
the mechanical properties and determine the
microstructure.

2.4 Characterization

According to the Chinese standard
GB/T17671-1999, the compressive strength
of all samples was tested. After the measur-
ing mechanical properties, the broken sam-
ples were immersed into absolute ethyl alco-
hol to inhibit hydration. The phases of the
samples were then determined using X-ray
diffraction (XRD). The micromorphology of
the mortar was subsequently observed via
scanning electron microscopy (SEM). Fi-
nally, the pore structure of the mortar was
analyzed using mercury intrusion
porosimetry (MIP).

3. Results and discussion

3.1 Mechanical properties

Fig. 1 shows the compressive strength of
samples at different ages. Comparing NO
and N1, it can be found that the early com-
pressive strength of N1 was significantly
reduced after adding pozzolan. This was
mainly due to the replacement of cement
with pozzolan. In particular, the activity of
pozzolan was lower than that of cement
clinker, resulting in lower alkalinity and
slower hydration rates. However, after add-
ing nano C-S-H, the compressive strength
of samples (N2, N3, and N4) increased com-
pared to N1. The compressive strength of
each specimen increased with nano C-S-H
content, but the rate of increase in strength
decreased with curing age. In detail, the
strength increase rate reached the maxi-
mum after 38 days, and the strength in-
crease was the greatest after 7 days, which
indicated that nano C-S—H mainly played a
role in the early stage, especially in the
first 8 days, and contributed little to long-
term mechanical properties. In addition,
sample N4 with nano C-S-H content of
3.75 % by mass of cementitious material
had the highest compressive strength of
33.2 MPa after 7 days, which was 29.8 %

Functional materials, 30, 3, 2023

e

s

N4

Fig. 1. Early compressive strength of samples
at different curing ages.

higher than that of sample N1. Previous
studies have shown that the hydration proc-
ess of cement can be divided into several
stages, including the induction period (first
4 h), acceleration period (4—12 h), and de-
celeration period (after 12 h). Obviously,
the strengthening effect of nano C-S—-H was
more significant during the acceleration pe-
riod than during the deceleration period.
Therefore, it can be inferred that the addi-
tion of nano C-S—H mainly changed the hy-
dration rate of pozzolan blended cement,
which was related to the early compressive
strength of pozzolan added cement-based
materials. This can be explained from the
strength theory of cement-based materials.
An increase in the early strength of pozzo-
lan added mortar was mainly attributed to
the enhanced hydration degree of cementi-
tious materials, which was induced by the
accelerating effect of nano C-S-H. In par-
ticular, nano CSH was adsorbed on cement
and pozzolan particles, and acted as a nu-
cleation site, reducing the nucleation bar-
rier of the cement hydration system and
promoting the formation of C-S—H gel. As a
result, the content of hydration products
was improved and the early compressive
strength was enhanced.

3.2 XRD analysis

Fig. 2 presents the X-ray diffraction pat-
terns of different samples after 7 days of
curing. It can be seen that the addition of
nano C-S-H had little effect on the compo-
sition of the crystalline phase of the pozzo-
lan added mortar, which mainly consisted of
cement hydration products and aggregates.
Among them, Ca(OH), was the main hydra-
tion product, and its diffraction peak inten-
sity increased with an increase in the nano
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Fig. 2. X-ray diffraction patterns of samples
after 7 days of curing.

C-S—H content, confirming its strong pro-
motion effect on cement hydration. How-
ever, no diffraction peaks of nano C-S-H
was observed, probably because the content
of nano C-S-H was low and the C-S-H
formed during the hydration process was
amorphous, resulting in no characteristic
diffraction peaks. It should be noted that
the relative diffraction intensity of Ca(OH),
varied with nano C-S-H content, and
tended to be stable after 7 days of hydra-
tion, indicating that nano C-S-H was more
likely to affect the hydration degree of ce-
ment slurry in the early stage of hydration;
this is consistent with the results of early
compressive strength. In addition, the dif-
fraction intensity of quartz was particularly
significant, which was attributed to the
presence of quartzs and and was unrelated
to the hydration reaction. These results
were of great significance for optimizing
the composition and properties of pozzolan
containing mortar.

3.3 SEM images

As shown in Fig. 3(a), the matrix of NO
sample was compacted after 7 days of cur-
ing. It can be seen that lamellar hydration
products were wrapped with C-S-H gel;
there were almost no micro-cracks, which
suggested that the hydration of cement was
sufficient. After adding pozzolan, as the hy-
dration degree of cement was reduced, the
micro-structure of cement was also changed.
Fig. 3(b) shows that the microstructure of
the N1 sample with addition of pozzolan
was loose with a large number of voids,
which was the main reason for its low
strength. In addition, the interfacial transi-
tion zone (ITZ) between the cement paste
and aggregate was remarkable as the blue
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Fig. 3. SEM images of samples after 7 days
of curing: (a) NO, (b) N1(x1500), (c)
N1(x4000), (d) N2, (e) N4(x800), (f) N4
(X7000).

line indicated. In Fig. 3(c), micro-cracks,
large holes, and hydration products with
large size can be observed. Due to the high
water-absorption capacity of pozzolan, a
large number of water molecules were ad-
sorbed on its surface, resulting in a high
local water-to-cement ratio, which can eas-
ily generate more voids and oriented crystal
growth at the interface. Therefore, ITZ was
the weakest part in the whole cement ma-
trix. Under loading, the aggregate and hy-
dration products were most prone to crack
along ITZ, which manifested a low strength
grade at the macroscopic level. As men-
tioned before, the hydration process of the
cement paste was significantly accelerated
with addition of nano C-S—H. Fig. 3(d) and
Fig. 3(e) showed that the cement matrix of
N2 and N4 samples were more compacted
than that of N1. With an increase in the
nano C-S-H dosage, more hydration prod-
ucts were generated. As shown in Fig. 3(f),
numerous small needle-/rod-shaped et-
tringite and flocculent C-S-H gel were
formed locally, which was the main con-
tributor to the early strength of samples,
and these hydration products were uni-
formly distributed. Due to the pozzolanic
effect, the amount of large-sized hydration
products was reduced, and weak ITZ proper-
ties have been @improved, resulting in a
significant increase in early strength.

34 MIP analysis

Fig. 4 shows the pore size distribution
curves based on the pore volume of the sam-
ples. Pore size distribution curves presented
bimodal distribution and pore diameter of
all samples ranged from 10 nm to 1 um.
Before adding pozzolan, the most probable
pore diameter of NO sample was about
20 nm, and the total porosity was
7.2109 %, and the pores smaller than
100 nm accounted for 99.36 %. After add-
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Fig. 4. Pore diameter distribution curves of
samples.

ing pozzolan, due to the decreased hydra-
tion rate, the most probable pore diameter
was about 25 nm for N1 sample, and the
pores smaller than 100 nm accounted for
99.27 %. In addition, the fractal dimension
of N1 (2.6784) was lower that of NO
(2.7814), indicating that more gel pores
were formed in NO due to the higher hydra-
tion degree. It should be noted that the
total porosity of N1 was lower than that of
NO shown in Table 3. This can be explained
by the fact that the pozzolan was finer than
the cement particles, and these unreacted
pozzolan particles had a good filling effect,
thereby reducing the porosity. After intro-
ducing nano C-S-H, the total porosity of
N4 significantly decreased to 5.2515 %, the
pore content (d nm) increased to 99.66 %,
and the fractal dimension was 8.2281. This
shows that the pore diameter has been fur-
ther reduced and the microstructure has
also improved, which is mainly due to two
factors: the accelerating effect of the nano
C-S-H and the filling effect of pozzolan.

3.5 Mechanism

C-S—-H, as one of the primary hydration
products of cement, had similar morphol-
ogy, particle size, and crystal structure
with the nano-sized C-S—H utilized in this
study. During the hydration process of ce-
ment, the nano-sized C-S-H can serve as
nucleation sites by reducing the heterogene-
ous nucleation barrier of C-S-H. As a re-
sult, the hydration rate of cement was ac-
celerated and more hydration products were
generated, thus improving pore structure
and interfacial transition zone and reducing
the number of microscopic defects. In addi-
tion, the pozzolanic effect can further opti-
mize the microstructure of the cement ma-
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Table 8. Pore structure parameters of sam-
ples

No. | Porosity Pore diameter Fractal
distribution (number)|dimension
<100 nm | >100 nm

NO 7.2109 %| 99.36 % | 0.64 % 2.7314

N1 6.7354 %| 99.27 % | 0.73 % 2.6784

N4 5.2515 %| 99.66 % | 0.34 % 3.2281

trix. The filling effect of pozzolan was also
significant, resulting in a more compacted
matrix. Therefore, due to aforementioned
mechanisms, the mechanical performance of
the cementitious matrix can be significantly
improved.

4. Conclusions

Due to the low reactivity of pozzolan,
after being added into cement-based materi-
als, the pH of the cement system will be
reduced, resulting in a decrease in the hy-
dration rate and hydration products, thus
causing a decline in early mechanical prop-
erties. The effect of nano-sized C-S-H on
improving the early strength of mortar was
significant. When the mass fraction of
nano-sized C-S-H was 3.75 %, the 7-day
strength of the sample was the highest, and
the compressive strength reached 83.2 MPa.
XRD results showed that after introducing
nano-sized C-S-H, the phase composition of
hydration products did not change, but the
quantity of hydration products increased,
especially C—S-H. SEM images showed that
nano-sized C-S-H significantly reduced the
number of large pores in the matrix, which
played a crucial role in improving the early
compactness of mortar and improving the
interfacial transition zone. MIP results
showed that after adding nano-sized C—S-H,
the porosity of mortar decreased with an
increase in the nano-sized C-S—-H content.
The pore structure became more refined and
complex due to the accelerating effect of
nano-sized C-S-H. In summary, nano-sized
C-S—-H can promote the hydration process
of cement, improve the microstructure of
pozzolan added mortar, and enhance the
early mechanical properties, thus improving
(@the production efficiency.
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