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Abstract: Modification of a cement matrix using additives and admixtures has been a common practice
for many years. The use of some mineral additives as substitutes for the cement, e.g., the siliceous
fly ashes (FAs), has a positive effect on reducing the energy used in cement production. On the
other hand, such activities may have negative effects due to the lowering of strength parameters of
composites in early stages of curing. In order to solve this problem, over the last few years, thanks to
the patented "seedings" technology, a branch of industry connected with the production of admixtures
that accelerate the binding process has developed significantly. Therefore, the paper presents the
results of research aimed at analyzing the parameters of FA cement matrix with the nanoadmixture
containing the nanometric C-S-H seeds (nanoadmixture (NA)). By using the modern NA, an attempt
was made to neutralize the negative influence of the used industrial waste on the structure of the
cement matrix in the early stages of its curing. The paper presents the results of strength tests for the
FA cement pastes modified by NA in seven test periods, i.e., after 8, 12, 24 and 72 h, and 7, 14 and
28 days. Additionally, hydration heat tests were carried out on the analyzed material in the first
24 hours of curing.

Keywords: siliceous fly ash (FA); C-S-H seed; nanoadmixture (NA); concrete strength at early ages;
cement matrix; compressive strength; tensile strength; hydration heat

1. Introduction

Modification of the concrete structure using fly ash (FA) has been a well-known procedure for
almost 90 years [1]. Numerous works, e.g., [2–18], have confirmed a significant improvement in
the mechanical properties and physical parameters of concrete, in which part of the cement has
been replaced with this mineral additive or an additive composition in which one of the cement
substitutes was FA—e.g., [19–23]. FA is an industrial waste, and its rational management is on the one
hand problematic, and on the other hand rational and even desirable. The use of FA brings benefits
manifesting in two ways—i.e.,:

• in an economic way (by reducing the content of expensive cement in the concrete), e.g., [24–26];
• from an ecological point of view (utilization of troublesome waste in the form of FA, reduction in

energy consumption necessary to carry out the process of burning the Portland clinker, reduction in
consumption of natural resources necessary to produce cement)—e.g., [27–29].

However, despite many advantages associated with the use of FA as a substitute for cement binders,
such actions also have a negative impact on certain parameters of cement composites, which have
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undergone modifications of this type. In the studies [30–37], it was found that the FA addition
significantly delays the hydration process of the paste and slows down the increase in concrete strength
during the first days of curing. The rate of strength increase is a significant feature, as its reduction
significantly limits the possibility of using the FA concretes in some branches of industry. Therefore,
neutralization or reduction in this negative influence may significantly increase the scope of application
of the FA concretes in the construction industry.

In order to improve strength properties at early ages, in concrete technology admixtures are
commonly used to accelerate the setting time and hardening process—e.g., [38–43]. At the beginning
of the second decade of the 21st century, a new type of such an admixture was proposed. The patented
"seeding" technology consists of grafting the solution with synthetically produced crystals of calcium
silicate hydrate. The grafting crystals do not require energy to nucleate, as is required in the case of
ordinary cement hydration, and the existing nanocrystals only need to grow in saturated solution in
the pores. In this way, the cement binder is set much faster. The use of such technology in FA concretes
could significantly improve their early strength parameters and at the same time increase their possible
range of application. It should be noted that so far only one paper on this topic has been published this
year [44].

The application of nanotechnology containing the nanometric C-S-H seeds causes the beginning
of the formation process of crystals of calcium silicate hydrate (C-S-H gel), which is tantamount to
an increase in strength and hardness of the concrete [45–52]. This is particularly important in the
production of concretes requiring such parameters in a relatively short time—e.g., in the prefabrication
of concrete elements. Additionally, it allows the elimination of the effect of reduced early strength
caused, among others, by FA addition. The nanometric C-S-H admixture has a colloidal form. It is
made of countless fine C-S-H crystals with diameters of several nanometers. The nanocrystals are
suspended in the liquid, which makes nanoadmixture (NA) liquid. Thanks to the liquid form and
application of the nanometric seeds, their good distribution causes interaction with cement grains
and accelerates the hydration process and structure development. Both the seeds and the hydration
products thicken the nanostructure of the cement matrix to form a compact composite. These processes
are shown schematically in Figure 1, while the SEM picture of the cement matrix microstructure after
4 h of maturing, after the NA application, is shown in Figure 2.
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Figure 1. The formation of the C-S-H phase in the cement pastes: (a) without the nanoadmixture (NA);
(b) using the NA with the C-S-H seeds.
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The NA containing hydrated calcium silicate seeds is an innovative method of accelerating the
setting and hardening of a cement matrix. From an economic point of view, it is more expensive than
currently used admixtures, with similar effects, by about two times. The main advantages of using
it are:

• clearly no negative influence of the preparation on reinforcement in reinforced concrete structures;
• no adverse interaction with organic aggregates.

Many admixtures with similar effects, based mainly on chemical compounds such as calcium
chloride, calcium nitrate, sodium nitrate, calcium formate, or sodium formate, can negatively affect
the subsequent durability of cement composites. In the case of the NA, such effects have not been
observed at this point.

The use of NA can also help to reduce the energy required for the concrete binding process and
improve the earlier transport of prefabricated elements, as well as increase the speed of construction.
The use of liquid NA, based on nanoparticles, provides options to modify and improve the early ages
properties and strength of concrete [53].

The works [45–52] confirmed the validity of using NA for pastes based only on ordinary Portland
cement (OPC). However, their effect has not been demonstrated in the case of composites with cement
matrixes containing FA. Therefore, in the following paper, the effectiveness of NA application on the
properties of cement matrix with the 20% FA addition was verified.

2. Experimental Program

2.1. General Assumptions

In order to determine the applicability and influence of NA on the parameters of the FA cement
matrix, significant experimental studies were carried out on this type of material. During the
experiments, the influence of the applied modification was checked:

• on the mechanical properties of the composite—e.g., [54–56];
• on the hydration heat, which is released during the matrix structure formation

process—e.g., [57–59].

2.2. Materials

The tests were performed for two different mixtures modified with 20% addition of FA, one of
which additionally contained 4% of NA (F20C4) and the other was treated as a reference (F20C0).
The water–binder ratio (w/b) of the pastes tested was equal to 0.3. The selection of the ratio was carried
out experimentally. The amount of liquid components (water and NA) was selected in such a way
that it was possible to disassemble the specimens after 8 h of curing. On the basis of the conducted
experimental research, it was found that a higher w/b ratio does not allow for earlier disassembly of
the samples, while a lower ratio meant that not all the cement grains in the mixture were properly
surrounded by water, which negatively affects their hydration. The composition of the samples of
individual cement pastes is shown in Table 1.

Table 1. Components of the F20C0 and F20C4 mixtures (kg/m3).

Series Designation OPC FA Water NA—Master X-Seed 100

F20C0 1046 262 392 -
F20C4 1046 262 340 52

The NA used is a water suspension. Due to the reduction of an amount of water equal to the
amount of the NA in modified mixtures, no significant influence of the NA on the consistency of the
mixture was found. The consistency of both mixtures, tested with Vicat’s apparatus, was the same.
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According to the classification included in the UNI-EN 197−1 manual, the cement used in the
mixture was the Ordinary Portland Cement CEM I 32.5R. The chemical and phase compositions of the
cement used in the tests are presented in Table 2.

Table 2. Chemical and phase composition of the CEM I 32.5R used in the research.

Component Content Expressed in (% by Mass) Share of Mineral Phases (% by Mass)

SiO2 15.00% C3S—61.0%
Al2O3 2.78% C2S—12.5%
Fe2O3 2.72% C3A—8.6%
CaO 71.06% C4AF—4.3%
MgO 1.38% -
SO3 4.56% -
K2O 1.213% -
Cl 0.08% -

Insoluble Residue 1.27% -
Loss of Roasting 3.64% -

The composition of the fly ash included in the mixture is shown in Table 3. In accordance with the
generally accepted classification contained in the ASTM 618−03, the fly ash is classified as the F class.
However, according to the UNI-EN 450−1 instruction, the ash is of the N class.

Table 3. Chemical composition of the fly ashes.

Component SiO2 Al2O3 Fe2O3 K2O SO3 MgO CaO P2O5 Ag2O BaO TiO2 SrO LOI

Content
[% by mass] 55.27 26.72 6.66 3.01 0.47 0.81 2.35 1.92 0.10 0.10 1.89 0.22 4.66

SiO2 + Al2O3 + Fe2O3 = 88.65 ≥ 70.00%

Additionally, Table 4 presents a division into the fraction of siliceous fly ash used.

Table 4. Division of the fly ash into fractions.

Particle Size (µm) % Volume

0.01−2 1.12
2−20 23.72

20−50 20
50−100 21.59
100−250 25.49
250−500 5.99

500−1000 1.09
1000−2000 0.93

All samples were made as beams suitable for the cement paste testing. Their dimensions were
40 × 40 × 160 mm (Figure 3a). The mixture was placed in the tripartite steel forms, in two layers.
The layers were successively compacted using a standardized laboratory shaker according to the EN
196−1 [60]. The samples were stored under constant conditions in a climate chamber, in a temperature
of 20 ◦C and 90% relative humidity. The samples were stored under similar thermo-humidity conditions
throughout the entire curing process, until the time of testing.
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2.3. Scope of the Experiments

In order to determine the effect of the modifiers used (in the form of FA and NA containing C-S-H
phase seeds) on selected properties of the cement pastes, the following tests were conducted:

• the compressive strength—f c;
• the tensile strength—f cf;
• the hydration heat.

2.4. Testing Procedures

2.4.1. Tensile and Compressive Strength Tests

The tensile and compressive strength tests (f c, f cf) were carried out according to the EN 196−1 [60].
For each series and test period, 3 specimens were prepared. The tests were carried out over 7 test
periods: after 8, 12, 24, 48 and 72 h, and 14 and 28 days. During the test, the samples were positioned
in such a way that the compacting surface was perpendicular to the applied load. The test was carried
out on the Advantest 9 strength machine by controls using a special apparatus for testing strength
properties (Figure 3b).

The tensile strength of each specimen was determined from the following formula according
to [60].

fc f =
3·F·l

2·d1·d2
(1)

where:

fcf—tensile strength (MPa);
F—destructive force (N);
l—spacing of supports (mm);
d1, d2—dimensions of the sample (width and height) (mm).

Compressive strength of each series was determined on the basis of the formula according to [60].

fc =
F

Ac
(2)

where:

fc—compressive strength (MPa);
F—destructive force (N);
Ac—the surface area of the sample to be tested—40 × 40 mm (mm2).
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2.4.2. Hydration Heat Test

The tests were performed in a non-adiabatic-isothermal differential microcalorimeter (BMR).
In order to carry out the test, a 5 g sample was placed in a measuring cylinder. After stabilizing
the parameters of the apparatus, water was introduced into the cylinders so that the w/b ratio of
0.3 was maintained.

The total thermal effect Q(t) was determined from the formula:

1
α

dQ(t) = τdθ(t) + θ(t)dt (3)

However, the separated thermal power was calculated:

1
α

dQ
dt

(t) = τ
dθ(t)

dt
+ θ(t)dt (4)

where:

θ(t)—thermoelectric power of semiconductor thermoelectric cells of the microcalorimeter;
α, τ—appropriate heat transfer coefficients and the calorimeter time constant determined in the
reference measurement.

3. Results and Discussion

3.1. Strength Tests Results

The compressive strengths of the tested pastes after 8 h of curing were more than four times
higher in NA modified samples. The increase in strength was visible not only during the test, but even
empirically during the disassembly of samples. Modified samples were much harder and the cement
paste appeared to be more concentrated. After 12 h of testing, the strength of modified samples was
much more than two times higher. After the first 24 h of curing, the increase in strength after the NA
application was still clear and more than 1.5 times larger. After 72 h of curing, until day 28, no positive
or negative effects of the applied NA were noted. Its effect during this period can be described as
completely neutral. After 7, 14 and 28 days, the compressive strength values were practically the same,
regardless of the applied modification.

The results of strength tests are shown in Figures 4 and 5. The strength values are average values
from the tests. In addition, the figures contain bars showing the spread of results for each series.
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Table 5 presents detailed results including the standard deviation “s”, percentage coefficient of
variation “v” and maximum and minimum strengths from the test. The average value of six samples is
presented as fc.

Table 5. Detailed results for the compressive strength test.

Sample Designation Test Period fc s V fc,max fc,min

F20C0 8 h 1.19 0.07 5.81% 1.26 1.06
F20C4 8 h 5.11 0.17 3.25% 5.33 4.89
F20C0 12 h 3.32 0.12 3.62% 3.50 3.13
F20C4 12 h 9.06 0.45 4.95% 9.68 8.38
F20C0 24 h 18.87 0.73 3.87% 20.07 18.01
F20C4 24 h 32.41 0.82 2.52% 33.72 31.36
F20C0 72 h 49.81 0.93 1.87% 50.98 48.84
F20C4 72 h 53.78 2.10 3.91% 56.35 51.31
F20C0 7 d 55.33 2.28 4.13% 58.59 51.59
F20C4 7 d 55.43 1.97 3.55% 57.91 52.68
F20C0 14 d 55.45 2.10 3.78% 58.01 51.32
F20C4 14 d 56.17 2.79 4.97% 59.25 51.34
F20C0 28 d 104.65 3.56 3.40% 109.91 97.88
F20C4 28 d 107.28 5.76 5.37% 113.59 95.13

In the case of tensile strength, an increase in strength after the NA application was also noted.
However, this increase was smaller than in the case of compressive strength. After the first 8 h of
curing, the strength was more than two times higher, after 12 h it was 1.5 times higher, after 24 h it
was more than 1.0 times higher, while after 3 days the values of tensile strength from both the NA
modified and reference samples were similar. In the case of the tensile strength between 3 and 28 day of
curing, lower strength of the NA modified samples was observed. This may be related to building the
structure in large quantities between OPC and FA grains. Relative increases in the analyzed strength in
the paste containing NA compared to the reference paste are summarized in Figure 6.
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Figure 6. Increase in the compressive strength (fc) and tensile strength (fcf) of the NA modified paste
compared to the reference one.

Table 6 presents detailed results including the standard deviation “s”, percentage coefficient of
variation “v” and maximum and minimum strengths from the test. As fcf, the average value of three
samples is presented.

Table 6. Detailed results for the bending tensile strength test.

Sample Designation Test Period fcf s V fcf,max fcf,min

FA20C0 8 h 0.04 0.00 3.98% 0.04 0.04
FA20C4 8 h 0.09 0.02 20.44% 0.11 0.07
FA20C0 12 h 0.07 0.02 22.26% 0.08 0.05
FA20C4 12 h 0.11 0.03 25.74% 0.14 0.08
FA20C0 24 h 0.38 0.02 5.40% 0.40 0.35
FA20C4 24 h 0.46 0.04 9.00% 0.51 0.41
FA20C0 72 h 1.08 0.10 9.24% 1.22 1.00
FA20C4 72 h 1.11 0.09 8.34% 1.22 1.00
FA20C0 7 d 2.77 0.21 7.57% 3.04 2.53
FA20C4 7 d 2.44 0.19 7.71% 2.70 2.27
FA20C0 14 d 3.11 0.15 4.73% 3.31 2.97
FA20C4 14 d 2.84 0.06 2.04% 2.89 2.76
FA20C0 28 d 6.00 0.03 0.54% 6.05 5.96
FA20C4 28 d 6.05 0.15 2.53% 6.25 5.89

3.2. Hydration Heat Test Results

The amount of heat released in time depends on the reactions occurring during the cement matrix
setting. The main transformations that occur are the hydration of subsequent clinker phases. Due to
the hydration reactions and additional pozzolanic reactions resulting from the use of FA, the amount
of heat released over time increases. Figure 7 shows the results of hydration heat tests.
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The experiments were conducted for the first 24 h of curing of the analyzed pastes. A clear increase
in the amount of heat released in all tested samples was observed at a similar time as the beginning of
their setting time after 270 min for F20C0 and about 170 min for the F20C4 series.

The highest amount of heat was emitted during the hydration reaction of tricalcium aluminate
(C3A)—nearly 900 J/g. However, this reaction was slowed down by setting time controllers (e.g.,
gypsum) and conversion of C3A into ettringite. As a result of this, first of all, there is hydration of alite
(C3S) and then of belite (C2S). Hydration of C3S and C2S is mainly responsible for the hardening and
setting of the cement matrix as well as for the mechanical strength at early ages.

A significant increase in the amount of hydration heat released was observed after the NA
modification of the cement matrix. It resulted in a nearly five-fold increase in the amount of heat
released after 4 h (Figure 7). This means that, both in the cement grains space and in the free space
(which was helped by the use of NA), the reaction and formation of crystalline phases, including mainly
siliceous gel, occurred. The use of NA allowed for a more efficient use of both the cement itself and
additionally the use of free spaces between the grains to create a compact and resistant structure of the
cement matrix. A much greater amount of the heat released, in the NA modified samples, was visible
during the first 16 hours of mixture curing. The increase in strength during this period is also confirmed
by the strength tests of the pastes (Figures 4 and 5).

In the case of NA modified samples, the figures of the heat released over time have, in addition
to changes in values, also changed in terms of the characteristic setting course. According to the
commonly known models of cement matrix setting and hardening, the beginning of the setting time is
accompanied by rapid heat emission. Then, after reaching the peak value, after a few hours of testing
(usually 6–10 h), the amount of heat released decreases and has a decreasing tendency to the end of the
experiment. The NA application caused the hydration heat release function to be atypical.

Figure 8 shows the ratio of the amount of hydration heat released over time for the F20C4 samples
to the results obtained for the F20C0. There is a significant increase in the amount of heat released
during the first hours of curing. After 4 h of curing, for the NA samples, the amount of heat was almost
six times higher. This is due to the formation of the cement matrix structure. In case of a matrix based
only on cement and FA, hydration occurs on cement grains. The hydration products in the form of
C-S-H gel expand over time towards the free spaces filling the matrix structure.
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Figure 8. Increase in the amount of heat released from the NA modified paste compared to the
reference one.

After the NA application, the calcium silicate hydrate was produced much faster. There was
a rapid increase in the amount of heat released with the beginning of the setting time. After 6 h,
this value began to decrease rapidly, but after 10 h of curing, another increase in the amount of heat
released was observed, which is rather unusual in the case of a traditional cement matrix setting
process. The structure of FA20C0 and FA20C4 after 8 h is shown in Figure 9. On the basis of the SEM
images, more hydration products (crystallized) in the FA20C4 series can be seen. The is confirmed
by the SEM-EDS analysis. The ratio of compounds containing a lime (C) to compounds containing a
silica (S) was compared. Smaller C/S ratio indicates the formation of more hydration products and,
connected with it, more matrix filling. In the case of NA modified samples, after 12 h the ratio was 1.3,
while in the case of FA20C0 samples it was 2.9. A significantly lower C/S ratio in FA20C4 samples
indicates the formation of more hydration products. The use of NA may therefore also have a positive
effect on the reduction in porosity of cement composites.
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At the same time, the hydration products appear both on cement grain surfaces and in the
voids. The formation of a significant amount of hydration products is associated with an increase in
the amount of heat released during this time. The increased amount of heat released indicates the
formation of more siliceous gel responsible for binding and setting the structure of the cement matrix.
Additionally, the C-S-H gel has a significant impact on the strength increase, which was confirmed by
the previously described tests of mechanical parameters (Figures 4 and 5).

The second heat gain is at the level of 180% and was observed after 12 h of curing (Figure 8).
This is probably due to the rehydration of OPC clinker phases, the formation of monosulphate and the
hydration reaction of tricalcium aluminate. In order for the reaction to take place, it is necessary to have
an appropriate concentration of sulfates and the presence of portlandite Ca(OH)2 formed in the C3S
hydration reaction. In [61], it is shown that for the complete over-reaction of C3A in Portland cement,
an appropriate concentration of sulfur compounds is needed. After exhaustion of the reaction with
gypsum, the tricalcium aluminate is rapidly hydrated and ettringite (AFt) becomes a monosulphate
(AMf). The C3A hydration reaction is a very exothermic reaction (about 900 J/g) and may increase the
amount of heat released. Increased heat also increases the binding temperature, which accelerates
the AFt to AMf reaction. In case of mixtures not modified with admixtures accelerating the setting
time, the C3A hydration is possible only after 48 h of maturation and is less intense. Due to the NA
application, as a result of the synthesis, the hydration reaction of C3S, Ca(OH)2 formation and gypsum
over-reaction was accelerated. Due to these factors, it was possible to hydrate the tricalcium aluminate
earlier, as can be seen in the graph in Figure 7, between 10 and 15 hours, for the FA20C4 series.

After 16 h of testing, the amount of heat released, both for FA samples and without this additive,
was lower for the NA modification. An increased amount of heat released during maturation may
adversely affect the value of the rheological contraction. However, the studies presented in [62] confirm
the lack of such an effect when using the NA. During the whole maturation period (from 1 to 90 days),
in samples modified with FA and admixture, a lower shrinkage value was observed compared to
samples without NA. This may be related to a higher amount of heat released during the first hours of
hydration and its decrease in later periods (after 16 h), which is confirmed by the results of the heat
release ratio test for the compared samples (Figure 9). On the basis of the conducted tests, it was found
that the NA has a positive influence on the value of shrinkage associated with drying.

4. Summary and Conclusions

The use of NA, containing active seeds of the C-S-H phase, significantly improves the strength
parameters of the cement matrix during the first hours of curing. The clearest influence was noted in
the first 24 h. After 8 h, the increase in compressive strength was more than four-fold, and the tensile
strength was more than two-fold. With time, the influence of the applied nanoadmixture decreased.
After 24 h, it was almost imperceptible. No positive or negative influence of the NA application on
subsequent test periods was noted. Between 7 and 28 days after the pastes were made, the compressive
and tensile strength parameters for the NA and reference cement paste were very similar. Additionally,
no negative influence of the NA application on the percentage coefficient of variation and standard
deviation of results was found.

On the basis of the hydration heat test, much larger amounts of heat were found in the case of
the NA modified cement matrix. After 4 h, the amount of heat released was more than five times
higher than in the case of the reference sample. The use of NA also led to the earlier hydration of
subsequent cement products (C3A), which may have a beneficial effect on the filling of the composite
structure and reducing its porosity. During the test, an unusual course of the heat emission function
was also observed. This shows a faster hydration of subsequent phases and more efficient structure
development in the case of the NA matrix. Since, as shown in the paper, the use of NA in the case
of FA cement matrix is possible, and its influence on the strength parameters is clear, in the future,
further in-depth research on these modern materials will be undertaken. Due to the much higher
amount of the hydration heat released, further research will be conducted on shrinkage of the matrix
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during the first hours of curing. Linking the hydration heat to the evaluation of cement matrix
shrinkage would allow us to determine whether the earlier intensification of exothermic reactions,
caused by the presence of NA, can positively affect the matrix structure due to the postponement of
the beginning of matrix shrinkage—e.g., [63].

On the basis of the conducted research, the increase in mechanical strength of modified cement–ash
composites was confirmed. Due to the significant improvement of strength parameters during the first
hours of maturation, the composite can be successfully used where fast concrete setting is important.
The advantages resulting from the use of "seeding" technology can be used for material modification in
the following areas of the construction industry:

in the concrete prefabrication technology;
in concretes used in active repairs;
in sprayed concretes;
in a modern technology of printing buildings in 3D.

Additionally, due to the increased amount of heat released during the first hours of maturation,
the NA can also be used in concretes, which matures at low temperatures. However, this concept
should be confirmed by additional tests.

Additionally, it is planned to assess the phase composition of the pastes using XRF and SEM-EDS
methods. Analyses of this type would allow us to determine the degree of hydration of individual
reaction products, which occur during the formation of the modified cement paste structure—e.g., [64].

Furthermore, in the field of macroscopic research, it is expected that, in the future, an analysis of
the work of concrete structural elements containing the FA–NA modification in the composition of the
cement matrix will be carried out using a modern digital image correlation (DIC) technique—e.g., [65,66].
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53. Pużak, T. Nanotechnologia—Przyszłość prefabrykacji betonowej. Mater. Bud. 2010, 11, 16–18. (In Polish)
54. Li, H.; Sun, H.; Tian, J.; Yang, Q.; Wan, Q. Mechanical and ultraconic testing of self-compacting concrete.

Energies 2019, 12, 2187. [CrossRef]
55. Li, H.; Sun, H.; Zhang, W.; Gou, H.; Yang, Q. Study on mechanical properties of self-compacting concrete

and its filled in-line multi-cavity steel tube bundle shear wall. Energies 2019, 12, 3466. [CrossRef]
56. Jagadesh, P.; Ramachandra Murthy, A.; Murugesan, R. Effect of processed sugar cane bagasse ash on

mechanical and fracture properties of blended mortar. Constr. Build. Mater. 2020, 262, 120846. [CrossRef]
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