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1. Abstract

The development of green cements and reduced cement contents in concrete for reducing CO-
emissions, often results in reduced hydration activity and strength, especially in early stages, which

conflicts with economic interests and process requirements.

Besides pozzolans like nano-silica, the performance of calcium silicate hydrate (C-S-H)
nanoparticles has recently become a focus of research, due to their outstanding ability to accelerate
cement hydration, without compromising the long-term strength of the seeded cement. Many C-S-H
properties have been found to influence their accelerating performance, with controversial results having
been published regarding the calcium to silicon ratio. While Alizadeh et al. have found that the hydration
of CsS is accelerated more when C-S-H seeds richer in silicon are applied, Land et al. have found that
seeds richer in calcium are better accelerators. Neither particle size nor respective surface area were kept
constant in either work.

Using stoichiometry within the stability range of C-S-H, this work aims towards a systematic
investigation of the influence of the chemical and physical properties of C-S-H. The impact on cement

hydration is examined using isothermal heat flow calorimetry as a screening method.
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2. Graphical Abstract

Keywords: C-S-H seeding; cement hydration; calcium to silicon ratio

3. Introduction

Calcium silicate hydrate (C-S-H'") is the major hydration product of Portland cement based concrete,
the most widely used material on the planet [1,2]. Although cement-based materials have been used for

more than a century and have been researched intensively for decades, the detailed molecular

! Construction chemistry nomenclature: C = CaO, S = SiO,, H = H,0
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mechanisms of cement hydration have not been fully resolved yet, with the exact crystallography of C-

S-H also remaining unclear.

Early investigations towards the structure of C-S-H proposed a distorted mix of jennite (C/S = 1.5)
and 14A tobermorite-like (C/S = 0.83) layers, with the structure of jennite itself remaining unresolved
until 2004 [3.,4]. Both, tobermorite and jennite feature a layered structure of quasi indefinite silicate
chains intermitting with Ca-O sheets. While in the main calcium layer of tobermorite only Ca-O bonds
are present, in contrast jennite also contains Ca-OH bonds. The interlayer spaces of both structures are
characterized by water molecules and calcium ions. Another model describes C-S-H in terms of a
defective tobermorite structure, mixed with calcium hydroxide, which might either be present in the
interlayer spaces or as a discrete phase at a higher C/S [5]. It was recently found that C-S-H has a

tobermorite-like structure, even at higher C/S ratios, giving support to the calcium hydroxide theory [6].

Promising investigations have shown that the addition of small quantities of synthetic C-S-H to CsS
or cement pastes, can significantly accelerate the hydration rate and strength development of
cementitious materials [7,8]. The acceleration is attributable to nucleation seeding, with the product
formation having been shown to shift away from the clinker surfaces, towards the dispersed synthetic
C-S-H in the pore space [9,10]. Not only did this phenomenon reduce the thickness of the hydration
product layers around the clinker, but it has been proposed that it induces a concentration gradient of

Si**, OH" and Ca*" ions from clinker to seed [11].

The particle size of the seeding material has unanimously been found to impact on acceleration
performance. The preparation of calcium silicate hydrates in the presence of polymers, usually
polycarboxylate ethers, is able to successfully stabilize C-S-H nano-particles [12]. The interaction of
organic molecules with calcium silicate hydrates has been a subject of research for many years, since
additives like accelerators, retarders, liquefiers and other organic regulators make up an essential part of
modern high-performance concretes. It appears that the interaction of C-S-H with organic molecules is
rather complex, with weak electrostatic interactions and hydrogen bridging having been reported, as
well as the intercalation of small molecules into the C-S-H interlayer spaces and the covalent grafting
of polymers on the defect sites of the silicate structure [13—16]. Besides the physical particle properties,

the calcium to silicon ratio of C-S-H has been observed to alter the resulting acceleration, with
3
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contradictory results having been published by Alizadeh et al. and Land et al. Whilst in the latter work
it was observed that a high C/S ratio leads to stronger acceleration in cement, Alizadeh et al. have
reported better performance of seeds with a lower C/S in C3S [11,17,18]. Other authors have not been

able to induce any significant changes through the manipulation of the calcium to silicon ratio [10].

Practical interests, as well as academic ones, would benefit if the role of synthetic C-S-H in cement
hydration was understood. The assumption that synthetic C-S-H intervenes in the nucleation and growth
of hydration products, might help in understanding the complex reaction system of dissolution and
precipitation, during cement hydration, in more detail. From a practical point of view, the generation of
performance-property relationships will allow a tailored synthesis of C-S-H seeds, which will make it
possible to avoid the unwanted side effects of many conventional accelerators,, like enhanced
corrosiveness or compromised long-term compressive strength [11,19,20]. Additionally, calcium
silicate hydrates can be produced with high cost efficiency from cheap and nontoxic starting materials
[18,21,22].

The aim of the current study is to investigate the impact of the calcium to silicon ratio of C-S-H
seeds, on their performance as additives in cementitious materials and to correlate these findings with
the properties of the hydrate. Although polymer stabilized C-S-H is known to show good performance
and a long shelf life, a polymer-free synthesis was chosen in the current investigation so as to avoid the

superimposition of effects.

4. Experimental section

Materials

C-S-H was prepared from freshly calcined calcium oxide, demineralized water and a colloidal silicon
dioxide dispersion (Kdstrosol 0730, CWK). The cement was supplied by CEMEX (CEM 142.5 R and
CEM I 52.5 R) and Optera (CEM 1 52.5R). Triclinic C;S was prepared by the VUSTAH research

institute for building materials in Brno, Czech Republic.

Synthesis and sample preparation
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Semi-crystalline C-S-H was prepared by the pozzolanic reaction of CaO, SiO, and water in a calcium
to silicon ratio of 0.7 or 0.8, 1.0 and 1.2. The higher C/S ratio of 0.8 was chosen for the low-lime C-S-
H as the investigation advanced, since 0.7 represents the lower limit of the stability of the system. A
slightly higher ratio of 0.8 prevents by-product formation. For the pozzolanic synthesis, the starting
materials were mixed to the desired calcium to silicon (C/S) and water to solid ratios (w/s), after which
the suspension was transferred into plastic bottles and kept under constant mixing in a shaker for 24h,
unless stated otherwise (at ambient conditions); alternatively, they were transferred to a planetary ball
mill (Pulverisette 5, Fritsch). The milling procedure included break intervals, so as to avoid heating the

suspension, with an effective milling time of 12 hours being applied.

For characterization, the C-S-H was dried in a vacuum, with hydrating C;S samples stopped by

solvent exchange with isopropanol and dried at 40°C.

For application, C-S-H was primarily suspended as prepared in water for 1 minute, with an ultrasonic

rod. The water to binder ratio was 0.5, unless stated otherwise.
Characterization

The mineralogy of the samples was investigated with x-ray diffraction (PANalytical Empyrian,
PIXcel 1D Detector, Cu K., Panalytical), while the silicate polymerization of pure C-S-H and the C3;S
specimens was analysed with 2°Si-MAS-NMR (Avance 400, 400 MHz, Bruker). Thermogravimetric
analysis was performed under a nitrogen atmosphere, in a temperature range of 25 to 950 °C, with a heating
rate of 10 K/min (TG 209 Tarsus F3, Netzsch). The specific surface area was determined through cryogenic
nitrogen adsorption (Sorptomatic 1900, Carlo Erba Instruments, BET). Particle size analysis was
carried out in water (Mastersizer 2000, Malvern Instruments), with the C-S-H suspension being
dispersed with an ultrasonic rod for one minute, before measuring. A reflective index of 1.68 for C-S-H
and 1.33 for water was used for the calculations. Calorimetry data was obtained from externally mixed
pastes containing 10g cement and 5g water, in at least a three-fold determination, with the average being
shown. The C-S-H was suspended for 1 minute in water with an ultrasonic rod. Data points were
recorded every 10s at 20°C (Isothermal heat flow calorimeter MC-CAL100, C3 Analysentechnik).

Compressive strength tests were conducted on 20mm? cubes (Type 2060, TONI Technik GmbH) and
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the results were calculated as an average from 6 measurements each. C-S-H was applied as described
for calorimetry investigations. The characterization of the setting behaviour was done by Vicat needle
penetration testing, according to EN 196-3, with an automatic Vicat device (ToniSET, Toni Technik).
The setting and hardening performance of the pastes was additionally monitored by ultrasonic sound
speed measurements (IP-8, Ultratest). Rheological investigations were conducted with the pastes
prepared as for calorimetry investigations, with the basket geometry of the viscomat NT (Schleibinger
Gerdte) being used in the experiment . The rotation speed was increased from 0 to 150 rpm in 5 steps
of 30 rpm. Each step was kept at a constant speed for 60 seconds, with the 150 rpm plateau being kept
constant for 180 s. After reaching the maximum, the speed was lowered back to zero in the same
stepwise manner. Plastic viscosity (1) and yield stress (7y) were calculated with at least 20 constant

values at the end of each step, according to the Bingham equation (/).

=71 +n() (1)

5. Results and Discussion

5.1 Characterization of the calcium silicate hydrates

The mineralogical properties of C-S-H were investigated by XRD and *Si MAS-NMR. The typical
broad X-ray reflexes, with the main peak at around 29° 26, reflect the distorted structure of C-S-H and

the small dimension of coherent diffractive regions [23].

9.9

17 14 10.5 7 Position [A] 3.5

Fig. 1: X-ray diffractogram of C-S-H prepared with different calcium to silicon ratios. The basal spacing decreased with rising calcium

levels, from 12.3 to 9.94. The intensity of the 54 reflex was enhanced with the silicon content.
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Differences in diffraction, depending on the stoichiometry used, can be observed in the small angle
region shown in Fig. 1. The basal 001 reflex, at approximately 10 A, shifted to higher angles when the
calcium level increased. Additionally, the reflex intensity at approximately 5 A decreased. The
decreasing basal spacing can be mainly attributed to the quantity of water present in the interlayers,
which decreased with C/S (Fig. 2). Because the water content of C-S-H is sensitive to the drying method
applied, the samples were all vacuum-dried for comparability. Since the water content was determined
by thermogravimetric analysis, discrimination between pore and crystal water was not possible. In solid-
state 2Si NMR two peaks were found, referring to end chain silicate units (Q', -78 to -84 ppm) and inner
chain silicate units (Q% -84 to -90 ppm) respectively. No signals referring to unreacted silica (Q*), or

other silicate species with a higher degree of polymerization than Q?, were found (Fig. 3).
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Fig. 2: Weight loss attributed to crystal and pore water from C-S-H, in relation to the calcium to silicon ratio. The specimens for TG

analysis were dried in a vacuum

It was found that, with a decreasing calcium to silicon ratio the degree of silicate polymerization was
enhanced, so that CosnSyHx (C/S = 0.8) had a silicate chain length of approximately 10, while C; 2,SyaHx
(C/S = 1.2) was mostly dimeric. The mean chain length (CL) was calculated from the Q' to Q?ratio,
according to equation 2. The gradual depolymerization of the wollastonite-like silicate chains, through

the absence of bridging silicates, was reflected in the decreasing 5A reflex in XRD.

e =) )

Q1
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Fig. 3: Silicate polymerization, depending on the calcium to silicon ratio. The ratio of Q*Q' and consequently the mean silicate chain

length, calculated according to equation 2, decreased with the calcium content

For crystal seeding applications, aside from mineralogy, the available surface area is also known to
be a crucial factor. In the present study, it was examined through the determination of the specific surface
area and the particle size distribution. The increase in specific surface area, which was determined by
cryo-nitrogen adsorption and BET isotherms, was in good accordance with the increase of layer spacing
detected in XRD. As a result, it is assumed that it does not represent the surface available for nucleation
and growth, but mostly the inner surface of the hydrates, which were shown to share some characteristics

with clay minerals [24] (Fig. 4).

Calcium to
silicon ratio
—_ )

o
)

Fig. 4: Results of the cryo-nitrogen adsorption experiments. The specific surface area of calcium silicate hydrate with C/S = 1.2 was

reduced by ~30 %, as compared to C/S = 0.8

The particle size and distribution of micro- and nano-particles is strongly affected by the method of
dispersion [25,26]. Experiments with varying dispersion times were conducted to give an estimate of
the agglomeration effect, concerning the influence of the calcium to silicon ratio on particles size.
Ultrasonic treatment reduced the mass median particle size to approximately 60 % of the original
agglomerate size after one minute. No significant reduction in particle size was observed for longer
dispersion times and re-agglomeration was observed for samples dispersed for longer than 5 minutes.

8
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In the presence of sodium pyrophosphate as a stabilization agent, the particle size was slightly more
reduced with longer dispersion times, to 55 % of the original agglomerate size. Differences in the particle
sizes of samples with different C/S were observed for all preparation methods, before the samples were
treated with the ultrasonic rod. However, a trend caused by changes in the C/S was not evident (Tab. 1).
After dispersion, the differences were no longer significant. It is assumed that C-S-H forms relatively
loose bound aggregates during or after synthesis and that these aggregates can break down to a critical
size of a few micro-meters. At smaller sizes, a stabilization agent is necessary to prevent re-

agglomeration.

Tab. 1: Mass median particle size, in um, of unsuspended calcium silicate hydrates, prepared either under ambient conditions in a

shaker (AC) or mechanochemically (MC).

C/S 0.8 1 1.2 1.4

AC Batch 1 1.88 3.65 2.99 2.02
AC Batch 2 1.30 1.11 0.59 1.31
MC 2.85 3.84 4.72 5.13

Different synthesis parameters were investigated to see whether C-S-H forms larger aggregates over
time. After seven days, no differences in agglomerate size were found, as compared to 1-day old C-S-
H. It was only after 200 days that bigger aggregates, with a mass median particle size of 4.2 um, were
formed. C-S-H prepared mechanochemically showed a smaller particle size, as compared to C-S-H
prepared under ambient conditions; most likely due to the higher shear conditions in the planetary ball

mill (Fig. 5).

20 T
i i ——MC (1.12 pm)
i l} ......... 1d(2.38pm)
15 1 ‘1 ----- 7d (2.29 pm)
° i 3 =-=200d (421 um)
—_— [ ...‘
210 4
Z I
(]
E i
> 1
O i s*—.l-ﬂ-l—l—l—l.l.'
0.1 100

Particle size [um]
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Fig. 5: Particle size distribution of different calcium silicate hydrate suspensions dispersed for one minute. MC refers to
mechanochemically prepared C-S-H. The other three samples were prepared under ambient conditions with different synthesis times. The

mass median particle size is indicated in brackets.

The results from particle size analysis were consistent with the results from XRD and BET, which

suggests that it was mainly the inner surface which increased in size with rising silicon content.

5.2, Influence of the calcium to silicon ratio on acceleration performance

To evaluate the impact of stoichiometry, calcium silicate hydrates with C/S ratios between 0.7 and
1.2 were applied, to accelerate the tricalcium silicate and cement pastes. The differences in the rheology

of fresh pastes, the heat of hydration, the setting behaviour and strength development were monitored.

For isothermal heat flow calorimetry, the C-S-H was prepared either mechanochemically or by
pozzolanic reaction under ambient conditions, to reveal the influence of different synthesis methods.
Fig. 6 shows the impact of 1 wt.% C-S-H on cement hydration. All C-S-H additives accelerated heat
development by approximately 3 h (determined by the peak hydration heat) and appeared to reduce the
delay during the dormant period. The dormant period was significantly less pronounced with the
addition of low calcium C-S-H. No differences in this trend, attributable to either the synthesis duration

(not shown), the method or the cement fineness, were observed.

10
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Fig. 6: Impact of 1 wt.-% C-S-H, with varying stoichiometry, on the hydration of cement with different fineness A) CEM I 52.5R
accelerated with C-S-H prepared under ambient conditions B) CEM [ 42.5R accelerated with C-S-H prepared under ambient conditions C)

CEM 1 42.5R accelerated with C-S-H prepared mechanochemically

In 2009, Alizadeh et al. reported that synthetic semi-crystalline C-S-H might alter the C/S of the
calcium silicates formed in C3S pastes during hydration. Furthermore, in 2018 Horgnies et al. confirmed
the results of Seligmann et al.’s 1969 experiment, that crystalline C-S-H (afwillite) can induce the
formation of crystalline hydration products, during the hydration of alite [11,27,28]. An investigation of

the effects of C-S-H with varying stoichiometry, on CsS hydration, was therefore of special interest here.

11
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While the stoichiometry of synthetic C-S-H mainly influenced the dormant period in cement hydration,
in tricalcium silicate it was mainly the maximum heat flow which was altered, with the peak heat flow
accelerating by approximately 2h. As with cement, low lime C-S-H had a slightly more pronounced

effect, with the enhanced maximum shifting to later times, without a delay in the acceleration period

(Fig. 7).
51
W 4 1 C-S-H (0.7)
= 1 —C-S-H (1.0)
S 31 —C-S-H(1.2)
S ]
~ 2 T
5 ]
T 11 Reference
T L o I
0 5 10 15 20 25 30
Time [h]

Fig. 7: Impact of 1 wt.-% C-S-H, prepared mechanochemically with varying stoichiometry, on the hydration of triclinic tricalcium
silicate paste
To investigate whether there were any effects on the hydration products, the silicate polymerization
of hydrating C3S pastes were monitored with ?*Si MAS-NMR. The accelerating effect of C-S-H was
visible in the faster depletion of Q°silicate species in seeded pastes. The effects of seeding appeared to
be less pronounced after several days of hydration; the sample seeded with 1 wt.-% calcium silicate

hydrate, with C/S = 1.2, actually already showed a negative effect after seven days (Fig. 8).

12
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Fig. 8: Development of the silicate species in CsS pastes seeded with 1 wt.-% C-S-H, relative to the phase development in pure C3S A)

C/S=08B)C/IS=1.2

After one day of hydration, the mean chain length in C;S seeded with C-S-H, was higher as compared
to the reference sample, for both C/S ratios. Based on the data presented in Tab. 2, it seems that the
silicate polymerization in CsS increased to a maximum after several days of hydration and that it
continued to decrease slowly until equilibrium was reached. It is assumed that a fully hydrated C3S
sample will show mostly dimeric C-S-H with a C/S of 1.7, due to excess calcium [23]. Additions of
synthetic C-S-H accelerated the hydration reactions, as was additionally confirmed through TGA (Fig.
9). A possible consequence of this is that the peak polymerization was reached earlier for C;S seeded
with C/S = 0.8. Alizadeh et al. assumed that C-S-H seeds with a higher degree of silicate polymerization,
also induce the formation of hydration products with a higher degree of silicate polymerization content.
Our findings might give support to this theory, which would imply that the same would be valid for
lower degrees of polymerization, as is characteristic for C-S-H with C/S = 1.2 (CL= 2.32). This was the
case in seeded CsS pastes with hydration times of more than 14 days; the mean chain length was slightly
higher when seeded with Cos.ShHx and lower for C;2,.S,Hx, compared to the unseeded paste.
Acceleration of the hydration processes without a change in the products cannot explain this effect

solely, if one assumes that a shorter chain length is reached after more advanced hydration. Based on
13
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the NMR and TGA data, the opposite was the case: hydration was delayed by C; SnHx, which caused
a lower degree of silicate polymerization and accelerated by C;.2.S,Hyx, which caused a longer mean

chain length in the hydration products.

Direct evidence is difficult to gather, since C-S-H formed on CsS grains or on seeds is barely
distinguishable by batch analysing methods. Currently, ongoing research is focusing on giving more
support to the question of whether C-S-H seeds alter hydration products based on their calcium to silicon

ratio.

Tab. 2: Mean chain length of hydration products in pure and seeded C3S paste, after 1, 7, 14 and 28 days of hydration, based on

quantitative **Si MAS-NMR data and calculated according to equation (2)

Time of hydration [days]

1 7 14 28
GsS 2.90 3.50 3.15 3.03
C5S + CosnSnHx 3.48 3.21 3.21 3.18
GCsS + Ci20SnHx 3.01 4.14 2.60 2.83

The less beneficial effect of high calcium, compared to low-calcium C-S-H seeds, in C3S pastes was
confirmed by thermogravimetric analysis of the hydration products (Fig. 9). Besides the information
about the quantity of C-S-H, a higher weight loss in the range of 25-200 °C might also indicate the
formation of C-S-H with a lower calcium to silicon ratio, as it was shown that the water content is related
to the C/S ratio. A change in the water content, caused by a change in silicate polymerization, was
nevertheless found to be minor for calcium rich C-S-H (C/S =1 — 1.7; compare Fig. 2), with the results

being conclusive according to the reduction of Q” in NMR.

14
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Fig. 9: Confirmation of the observed beneficial effects of low-calcium C-S-H, by analysis of the weight loss between 100 and 250 °C
attributed to water from C-S-H phases. For comparison, the development of the silicate species of the hydration product is also shown.

Based on the conclusive results from calorimetry and NMR, the same performance trend was
expected in strength development. Accordingly, C-S-H was prepared under ambient conditions and kept
under agitation for one or seven days. After one and three days of hardening, the expected trend of
calcium silicate hydrates with a low C/S showing better performance, was confirmed for one-day-old
calcium silicate hydrate. The trend for long-term strength was not as pronounced as for early strength,
but C-S-H with a C/S of 0.8 was still significantly more effective. Surprisingly, this was not the case for
calcium silicate hydrate seeds prepared over seven days; while the difference in compressive strength
after one day was minor, the development of long-term strength confirmed that C-S-H with C/S = 1.0
was slightly more effective than C/S = 0.8 or 1.2 (Fig. 10). Since the reason for the C/S induced change
in performance is still under investigation, it is difficult to explain why C-S-H (C/S = 1) surpasses the
effects of the other two C-S-H samples; one possibility is the different formation speed of the silicate
structure, which might still be changing after 24 hours, although quantitatively the reaction is complete
within 24 hours. The investigation of a calcium silicate hydrate aged for one year (not shown), revealed
that performance decreases after a certain ageing time, but surprisingly compressive strength was still
enhanced by 90% after one day and by 9% after 28 days, compared to the unseeded reference cement.
The decrease in acceleration was most likely due to the formation of larger aggregates; the mass median

particle size of the one-year-old C-S-H, after one minute of dispersion, was 4.2 pm.

15
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Fig. 10: Compressive strength development of cement stone, depending on the stoichiometry and reaction time of the C-S-H. The left
block of each testing interval was prepared with 1 wt.-% one-day old C-S-H, the right block with seven-day old C-S-H. The reference cement

is in between, without a pattern.

The acceleration of cements with different water to cement ratios was also tested (not shown) and it
was found that C-S-H compromises long-term strength when the water content is low but accelerates
early strength in all cases. This might be a result of the formation of a denser microstructure in seeded

cements, which hence restricts water mobility at older times.

Since synthetic calcium silicate hydrate appeared to mostly affect early strength development, the
setting behaviour of cement pastes with and without C-S-H was investigated with Vicat needle
penetration. Initial and final setting times were determined with tangents and confirmed expectations of
a significant impact, with low-calcium C-S-H being more effective, although the differences due to C/S

were minor.

During the preparation of specimens for compressive strength and Vicat testing, it was observed that
C-S-H enhances water demand. Rheological investigations confirmed that viscosity and yield strength
increased when C-S-H was applied. Fig. 11 illustrates these results in comparison with the results for
cement pastes with varying water to cement ratios, down to the limit of workability (w/c = 0.35). In
relation to cement without additives, the increase in viscosity due to C-S-H was minor, although the
enhanced yield strength was nevertheless significant; a clear difference caused by C-S-H stoichiometry
was visible. As expected, the impact of low-calcium C-S-H was major but surprisingly, the impact of

high-calcium C-S-H was lower than for C/S = 1.
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Fig. 11: Impact of C-S-H on the rheological properties of cement paste with a water to cement ratio of 0.45. A) Impact on yield strength

B) Impact on plastic viscosity
As was described earlier, the water content of C-S-H changes with the calcium to silicon ratio, with
the water content of C-S-H being sensitive to drying. It is possible that when dispersed in water, C-S-H
rehydrates its interlayer spaces to a certain degree and hence reduces the free water available for
hydration. The intent of the investigations shown in Fig 12 was to prove that rheological changes cannot

be explained solely through possibly reduced free water.

6. Summary and Conclusion

Several physical and chemical properties of synthetic calcium silicate hydrates were found to change
according to their initial stoichiometry. With rising calcium content, the mean silicate chain length
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decreased, which was visible in the decreasing Q2 signal in NMR and the related reflex in XRD. The
basal spacing decreased, which was found to be related to the reduced interlayer water content;

consequently, the specific surface area decreased. These findings correlate well with literature data.

Synthetic calcium silicates accelerated the hydration of all cementitious materials and it was found
that they altered the rheology of fresh pastes significantly. In compressive strength tests of pastes
prepared with decreasing water contents, it was found that C-S-H compromised long-term strength in
low w/c samples. It is assumed that this adverse effect was the result of a water deficiency, caused either
by the drastically elevated water demand resulting from the large surface area of the C-S-H, or by the
formation of a dense microstructure which would result from the C-S-H seeding mechanism proposed,
thus restricting the mobility of water in the specimens. Whether C-S-H exerts such a drastic impact on

cement microstructure is the focus of ongoing investigations.

Based on the trends in the characteristics of the C-S-H prepared, it was expected that the performance
in accelerating cement hydration would show a similar trend and that either low-calcium or high-calcium
C-S-H would be superior. In calorimetry, compressive strength, setting time, ultra-sonic sound speed,
NMR and TGA experiments with hydrating cement or tricalcium silicate paste, it was confirmed that C-
S-H with C/S = 0.8 accelerates cement hydration more than C-S-H with C/S = 1.2. This confirms
Alizadeh et al’s findings, while contradicting those of Land et al, that calcium-rich C-S-H seeds are

more effective.

Specimens with equimolar ratios showed behaviour deviating from expectations in rheology and
compressive strength tests (C-S-H aged for 7 days), which indicates that more than one property of C-
S-H is relevant for performance, while highlighting the importance of systematic investigation. As was
shown in this study and as is known in the literature, C-S-H does not show a continuous change in
properties over the complete range of C/S = 0.7 to 1.45, where it is usually referred to as C-S-H 1. The
discontinuity occurred approximately at C/S = 1.0 and might explain why seeding with C,S,Hx deviated

from expectations [29].

Further work will be dedicated to finding direct evidence and more support for the theory that seeding
results in the formation of altered hydration products. The preparation, characterization and application

of crystalline C-S-H phases is therefore part of ongoing work giving promising insights to surface
18



342  effects. Additionally, more focus will be placed on the impact of C-S-H on the pore solution, since its
343 enormous specific surface area shows potential for adsorption processes that might create local gradients

344 in ion consternation.

345 7. Conflict of interests

346 The authors declare that there is no conflict of interest.

347 8. Acknowledgement

348 This research was supported by the Deutsche Forschungsgemeinschaft, DFG, project number STE

349  1086/15-1.

350 9. References
351 [1] M.S. Shetty, Concrete technology: Theory and practice, 7th ed., S. Chand & Company PVT. Ltd.,
352 1982.

353 [2] P. Domone, J. Illston, Construction Materials: Their Nature and Behaviour, Fourth Edition, CRC
354 Press, 2010.

355 [3] H.F.W. Taylor, Proposed Structure for Calcium Silicate Hydrate Gel, ] American Ceramic

356 Society 69 (1986) 464—467.

357 [4] E. Bonaccorsi, S. Merlino, H.F.W. Taylor, The crystal structure of jennite,

358 CasSis013(OH)s 8H,O, Cement and Concrete Research 34 (2004) 1481-1488.

359 [5] 1.J. Chen, L. Sorelli, M. Vandamme, F.-J. Ulm, G. Chanvillard, A Coupled
360 Nanoindentation/SEM-EDS Study on Low Water/Cement Ratio Portland Cement Paste:

361 Evidence for C-S-H/Ca(OH), Nanocomposites, J] American Ceramic Society (2010) 577.

362 [6] S.Grangeon, A. Fernandez-Martinez, A. Baronnet, N. Marty, A. Poulain, E. Elkaim, C. Roosz, S.

363 Gaboreau, P. Henocq, F. Claret, Quantitative X-ray pair distribution function analysis of
364 nanocrystalline calcium silicate hydrates: A contribution to the understanding of cement
365 chemistry, Journal of applied crystallography, 50 (2017) 14-21.

19



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

[7] P. Juilland, L. Nicoleau, R.S. Arvidson, E. Gallucci, Advances in dissolution understanding and

their implications for cement hydration, RILEM Tech Lett 2 (2017) 90.

[8] G. Land, D. Stephan, Controlling Cement Hydration with Nanoparticles, Cement and Concrete
Composites 57 (2015) 64-67.

[9] L. Nicoleau, Accelerated growth of calcium silicate hydrates: Experiments and simulations,
Cement and Concrete Research 41 (2011) 1339-1348.

[10] S. Thomas, Der Wirkmechanismus von X-Seed - Crystal Speed Hardening, BASF Product
Presentation (2009) 1-13.

[11] R. Alizadeh, L. Raki, J.M. Makar, J.J. Beaudoin, I. Moudrakovski, Hydration of Tricalcium
Silicate in the Presence of synthetic Calcium—Silicate—Hydrate, Journal of Materials Chemistry
19 (2009) 7937.

[12] J. Sun, H. Shi, B. Qian, Z. Xu, W. Li, X. Shen, Effects of synthetic C-S-H/PCE nanocomposites
on early cement hydration, Construction and Building Materials 140 (2017) 282-292.

[13] A. Picker, L. Nicoleau, A. Nonat, C. Labbez, H. Colfen, Identification of binding peptides on
calcium silicate hydrate: A novel view on cement additives, Advanced materials (Deerfield

Beach, Fla.) 26 (2014) 1135-1140.

[14] F. Pelisser, P.J.P. Gleize, A. Mikowski, Effect of poly(diallyldimethylammonium chloride) on
nanostructure and mechanical properties of calcium silicate hydrate, Materials Science and

Engineering A (2010) 7045-7049.

[15] J.J. Beaudoin, L. Raki, R. Alizadeh, A 29Si MAS NMR study of modified C—S—-H

nanostructures, Cem Concr Comp 31 (2009) 585-590.

[16] A. Franceschini, S. Abramson, V. Mancini, B. Bresson, C. Chassenieux, N. Lequeux, New
covalent bonded polymer—calcium silicate hydrate composites, J. Mater. Chem. 17 (2007) 913—

922.

[17] G. Land, D. Stephan, The effect of synthesis conditions on the efficiency of C-S-H seeds to

accelerate cement hydration, Cement and Concrete Composites 87 (2018) 73-78.

20



392  [18] G. Land, D. Stephan, The Synthesis of C-S-H Seeds Methods, Variables and their Impact on the

393 Ability to accelerate Cement Hydration, ICCC, 2015.

394 [19] L. Nicoleau, The Acceleration of Cement Hydration by Seeding: Influence of the Cement

395 Mineralogy, Ibausil (2012).

396  [20] K. Xian-ming. J. Ling-fei, Influences of nano-sized C-S-H Particles on Cement Hydration of

397 OPC in the Presence of Fly Ash or Polycarboxylate Superplasticizer, ICCC, 2015.

398  [21] K. Garbev, Struktur, Eigenschaften und quantitative Rietfeldanalyse von hydrothermal

399 kristallisierten Calciumsilikathydraten (C-S-H Phasen), Wissenschaftliche Berichte des

400 Forschungszentrum Karlsruhe in der Helmholtz-Gemeinschaft FZKA 6877 (2004) 1-271.

401  [22] F. Saito, Mechanochemical synthesis of hydrated calcium silicates by room temperature grinding,
402 Solid State Ionics 101-103 (1997) 37-43.

403  [23] B. Lothenbach, A. Nonat, Calcium silicate hydrates: Solid and liquid phase composition, Cement
404 and Concrete Research 78 (2015) 57-70.

405 [24] J.J. Beaudoin, H. Dramé, L. Raki, R. Alizadeh, Formation and characterization of calcium silicate
406 hydrate—hexadecyltrimethylammonium nanostructure, J. Mater. Res. 23 (2008) 2804-2815.

407 [25] P. Sikora, A. Augustyniak, K. Cendrowski, P. Nawrotek, E. Mijowska, Antimicrobial Activity of
408 AlOs, CuO, Fe;04, and ZnO Nanoparticles in Scope of Their Further Application in Cement-
409 Based Building Materials, Nanomaterials (Basel, Switzerland) 8 (2018).

410  [26] N. Hamed, M.S. El-Feky, M. Kohalil, E.-S.A.R. Nasr, Effect of nano-clay de-agglomeration on
411 mechanical properties of concrete, Construction and Building Materials 205 (2019) 245-256.
412 [27] M. Horgnies, L. Fei, R. Arroyo, J.J. Chen, E.M. Gartner, The effects of seeding CsS pastes with
413 afwillite, Cement and Concrete Research 89 (2016) 145-157.

414  [28] Paul Seligmann, Nathan R. Greening, Phase Equilibria of Cement-Water, Proceedings of the

415 National Academy of Sciences (Tokio) (1969) 179-2002.

416  [29] A. Nonat, The structure and stoichiometry of C-S-H, Cement and Concrete Research 34 (2004)

417 1521-1528.

418
21



419

22



