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Synthetic calcium silicate hydrate (C–S–H) made with calcium to silicate (C/S) mixture ratios of 0.9, 1.2
and 1.5 respectively is characterized. C–S–H was produced by extracting calcium oxide (CaO) from cal-
cium carbonate (CaCO3) and then mixing it with micro-silica (SiO2) and deionized water to make slurry.
The slurry was continuously mixed for 7 days, then the excess water was removed and thermo gravimet-
ric analysis (TGA) was conducted. The drying method was equilibrated to 11% relative humidity (RH). The
stoichiometric formula of the synthetic C–S–H were approximated as C0.7SH0.6, C1.0SH0.8 and C1.2SH2.4 for
C/S mixture ratios of 0.9, 1.2 and 1.5 respectively. The dried powders were characterized using X-ray dif-
fraction analysis (XRDA), and 29Si magic angle spinning (MAS) nuclear magnetic resonance (NMR) spec-
troscopy. The powders were also compacted with 95 MPa pressure and nanoindentation of the
compacted specimens were then undergone to mechanically characterize the synthetic C–S–H. The
experiments provide insight on the nanoscale mechanical characteristics of C–S–H.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

As calcium silicate hydrate (C–S–H) makes up about 67% of hy-
drated Portland cement paste [1], it is essential to interpret C–S–H
structure and characteristics for desirable properties of cement
hydration products and thus macroscale concrete. Researchers
have reported many efforts to study C–S–H [2–5]. C–S–H was syn-
thesized by mixing aqueous solutions of sodium metasilicate and
calcium oxide with various ratios [2]. Using the compacted
C–S–H discs supported by three points, the modulus of elasticity
was measured. By mixing calcium oxide with either silicic acid or
silica fume and distilled water, C–S–H was synthesized with C/S
ratios ranging between 0.9 and 1.7 [3]. The solubility of the
C–S–H was tested. At C/S ratios of 0.65, 0.83, 0.90, 1.10, and 1.20
by mixing calcium oxide with amorphous silica and distilled water,
C–S–H was synthesized [4]. The durability of the C–S–H against
leaching in sodium chloride solution was tested. Synthesized
C–S–H by mixing amorphous silica with calcium oxide in excess
water was used for mechanical characterizations of beam-like
specimens [5].

Standard drying techniques to cement and C–S–H samples were
employed to achieve standard water contents for experimental
repeatability. Type I Portland cement was hydrated for 1.5 years
in a bottle at a water to cement ratio (w/c) of 0.5 [6]. The hydrated
ll rights reserved.
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cement was then dried to 11% relative humidity (RH). Recently, it
was also reported that at 11% RH, only a monolayer of adsorbed
water exists on the surface of the particles in addition to the inter-
layer water. This surface water aids in compaction of the C–S–H
powder [5].

Nanoindentation experiments of cement pastes have shown
that outer and inner product C–S–H can be categorized as low den-
sity (LD) and high density (HD) C–S–H [7,8]. It was shown that the
low-stiffness phase of LD C–S–H makes up around 67% of the
C–S–H present in the paste, with an elastic modulus of
21.7 ± 2.2 GPa. On the other hand, the high-stiffness phase of HD
C–S–H makes up the remaining 33% of the C–S–H and has an
elastic modulus of 29.4 ± 2.4 GPa. Nanoindentation tests were also
performed on a low w/c ultra high performance concrete (UHPC)
[9]. According to the study, C–S–H with a C/S ratio of less than
1.0 has an elastic modulus of 20.0 ± 2.0 GPa and C–S–H with a
C/S ratio of greater than 1.0 has an elastic modulus of
31.0 ± 4.0 GPa. Mondal et al. [10] reported a value of 23.0 GPa for
elastic modulus of C–S–H in the middle of the cement paste matrix,
far from unhydrated particles. When indenting C–S–H gel close to
unhydrated cement particles, elastic modulus of C–S–H ranging
between 1.3 and 40.0 GPa was found [10].

In this study, C–S–H is synthesized with a C/S mixture ratio of
0.9, 1.2 and 1.5 respectively. C–S–H is then chemically and
mechanically characterized. C–S–H powder was dried to equili-
brate 11% RH and was then mechanically characterized using
nanoindentation.

http://dx.doi.org/10.1016/j.cemconcomp.2012.10.001
mailto:mrtaha@unm.edu
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2. Experimental study

2.1. Synthesis of C–S–H

Reagent grade calcium carbonate (CaCO3) from Mallinckrodt
Chemicals was used to make lime (CaO) for the C–S–H. The purity
of 99.7% of CaCO3 was confirmed by thermo gravimetric analysis
(TGA). Fumed silica from Aldrich with 99.8% purity was used for
the silicate portion of the C–S–H. Deionized water was used for
mixing. C–S–H was synthesized by calcining CaCO3 into CaO by
heating to 900 �C for 24 h. Once pure lime was obtained, it was re-
moved from the furnace and placed under nitrogen to prevent car-
bonation. The lime was then mixed with fumed silica at varying C/S
mixture ratios, respectively, and enough deionized water to pro-
duce slurries. The slurries were continuously mixed for 7 days to
allow complete reaction. The excess water was filtered off using
vacuum after mixing. A standard drying method to achieve 11%
RH was used.

The standard drying method employed was equilibration to 11%
RH using saturated lithium chloride (LiCl) [11]. This method has
been used by many researchers [12,13]. The salt solution was pre-
pared following ASTM Standard E 104-02 [14]. The system was set
up as a series of three beakers as shown in Fig. 1. The first beaker
contained the saturated LiCl solution, which was put on a hot plate
on the lowest setting to keep the ambient temperature in the bea-
ker constant. The second beaker contained the C–S–H, and the
third contained drierite (calcium sulfate and cobalt chloride) to
catch the excess water before it reached the vacuum pump. The
third beaker was connected directly to the vacuum source. The
C–S–H was placed in the system while under a Nitrogen environ-
ment. The drying process continued until a change in mass of less
than 0.1% per day was observed. Furthermore standard D-Drying
method [11] was performed on a few samples to examine the
significance of water content on C–S–H compaction. Details on
the D-Drying process can be found elsewhere [11].
2.2. Chemical characterization of C–S–H

2.2.1. Thermo gravimetric analysis (TGA)
From 25 �C to 1000 �C, heated at 10 �C/min, TGA tests were per-

formed. As the TGA test is useful for estimating calcium hydroxide
(CH) and calcium carbonate contents, it was used for estimating
the stoichiometric formula of the synthetic C–S–H. In this study,
we observed a similar temperature range to that reported by Jain
and Neithalath [15]. TGA tests were performed on C–S–H slurries
without standard drying. As these slurries of the synthetic C–S–H
for TGA include an arbitrary amount of water, the initial mass is ta-
ken as the mass of the sample at 145 �C. The mass loss at the tem-
perature range between 145 �C and 350 �C denoted as %mL1 is then
Fig. 1. Set-up of 11% relative h
considered as the loss of water from C–S–H. The mass loss at the
temperature range between 350 �C and 500 �C denoted as %mL2

is considered as the loss of water from CH, while that at the tem-
perature range between 600 �C and 825 �C denoted as %mL3 is con-
sidered as the loss of carbon dioxide (CO2) from CaCO3. After
determining the contents of CH and CaCO3, the remaining is con-
sidered as C–S–H. For the stoichiometric formula of C–S–H as
(CaO)C/S�(SiO2)�(H2O)x, C/S ratio and the amount of water (H2O) de-
noted ‘‘x’’ can be found for a given C/S mixture ratio of C=S as:

C=S ¼ C=Sð100�%mL1 � 4:113%mL2 � 2:274%mL3Þ � 3:336%mL2

100�%mL1 �%mL2 � 2:274%mL3

ð1Þ

x ¼ %mL1ð3:115C=Sþ 3:337Þ
100�%mL1 �%mL2 � 2:274%mL3

ð2Þ

Eqs. (1) and (2) are derived from mass balances with the assump-
tion that when the initial C/S mixture ratio of C=S is mixed with en-
ough water, 1 mol of C–S–H and (C=S–C/S) mol of CH will be
synthesized. The consumption of CaO for CaCO3 is neglected.
%CSH is estimated as 100%–(%CH + %CaCO3). %CH and %CaCO3 are
determined from %mL2 and %mL3 respectively by mass balance.
The molecular weights of water, CH, CO2, CaCO3 and C–S–H as
18.01 g/mol, 74.1 g/mol, 44.01 g/mol, 100.09 g/mol and 56.1(C/S) +
60.1 + (18.01)x g/mol are used for the derivation of Eqs. (1)
and (2).

2.2.2. X-ray diffraction analysis (XRDA)
X-ray diffraction (XRD) tests were performed on synthetic C–S–H

powder after drying to 11% RH. Since C–S–H is very amorphous and
weakly crystalline, it does not produce strong XRD peaks. For all
synthetic C–S–H at varying C/S mixture ratios, the XRD peaks
attributable to C–S–H were compared with published results [15].

2.2.3. 29Si magic angle spinning (MAS) nuclear magnetic resonance
(NMR)

29Si MAS NMR spectroscopy was performed in 7 mm cylinders
spun at 4 kHz. Approximately 10,000 scans were performed on
each sample. 29Si NMR spectroscopy was performed on a Bruker
ASX 300 spectrometer (7.05 T magnetic field) at 59.6 MHz. Single
pulse experiments without 1H decoupling were carried out. The
29Si chemical shifts are respectively referenced relative to tetra-
methylsilane Si(CH3)4 (TMS) at 0 ppm, using Si[(CH3)3]8Si8O20

(Q8M8) as a secondary reference (the major peak being at
11.6 ppm relatively to TMS). 29Si MAS NMR tests were performed
on synthetic C–S–H powder after drying to 11% RH. A silicate tetra-
hedron having n shared oxygen atoms is expressed as Qn where n is
the number oxygen atoms from 0 to 4. The intensity of the silicate
Q connections can be investigated using 29Si MAS NMR. For
umidity conditioning [11].
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hydrated cement, the most common observed chains are Q1 and Q2,
which resonate near �79.5 ppm and �85.3 ppm respectively [16].
Using the calculated intensity fractions of Qns, the average degree
of C–S–H connectivity nc is calculated after Saoût et al. [17] as:

nc ¼
Q 1 þ 2Q 2 þ 3Q 3

Q1 þ Q 2 þ Q 3 ð3Þ

High value of nc represents high polymerization of C–S–H. The
mean chain length L is the number of silicates bound together in
a chain and this is typically found using Q2/Q1 ratio as:

L ¼ 2ð1þ Q 2=Q 1Þ ð4Þ

The mean chain length L is the number of silicates bound together
in a chain and this is typically found using the Q2/Q1 ratio. Taylor
[18] examined the chain lengths of naturally occurring calcium sil-
icate hydrates in jennite and tobermorite. Jennite has a basic for-
mula of C9S6H11 (C/S = 1.5) and tobermorite has a basic formula of
C5S6H5 (C/S = 0.83) [18]. For these particular formula, the chain
lengths are theoretically infinite. When some chains are missing
some of the silica tetrahedra bridging the groups together, finite
chain lengths exist.
2.3. Mechanical characterization of C–S–H

2.3.1. Compaction
All C–S–H powder preparation was performed in a dry box filled

with nitrogen to eliminate any chance of C–S–H contamination.
Compaction was performed on synthetic C–S–H powder after dry-
ing to 11% RH using a hollow steel cylinder with a 31.75 mm inner
diameter, two solid steel pistons 31 mm in diameter, one steel
screen to allow relief of any excess pressure, one solid steel disc
that fit the cylinder slightly tighter than the pistons to keep mate-
rial from falling out and to create a smooth surface on one side, and
one filter paper. 4.5 g of powder was used for each compaction,
which was placed in the cylinder and steel pistons were placed
on either side while under nitrogen to avoid specimen contact with
CO2. This cylinder was then sealed and placed in the compression
machine for compaction. Nitrogen was not maintained during the
compaction process. The dry box, the compaction cylinder and the
compaction process are shown in Fig. 2. The load was applied un-
der constant load rate of 1% maximum load per second and held at
maximum load for 4 min before unloading. 10 discs of each type of
C–S–H at varying C/S mixture ratios were made using 95 MPa
Fig. 2. Preparation of C–S–H discs using (a) dry box under Nitrogen enviro
pressure. The specimens were extracted from the cylinder under
nitrogen and kept under nitrogen until additional testing.
2.3.2. Nanoindentation
Specimens were prepared for nanoindentation by first casting

them in acrylic to keep the specimens in place and to fit them into
the nanoindentation holder. The specimens were then polished on
a Buehler Ecomet 3 polisher with a Buehler Automet 2 power head,
which applied a constant pressure to the specimens and provided
additional spin on the specimens for increased polishing efficiency.
The steps used during polishing were: 10 min with a 125-lm dia-
mond pad, 15 min with a 70-lm diamond pad, 15 min with a 30-
lm diamond pad, 30 min with a 9-lm diamond lapping film pad,
and 1 h with a 1-lm diamond lapping film pad. All pads were
lubricated with lapping oil to keep pads cool and to disperse re-
moved material. The specimens were sonicated in ethanol in be-
tween grits. Nanoindentation was performed using a diamond
Berkovich tip loaded at 0.55 mN including 0.05 mN preloading. A
dwell period of 60 s was used at maximum load to account for
thermal drift and creep. Nanoindentation was performed using
NanoTest� system by Micro Materials. Thirty points were indented
on each specimen and the results were analyzed to identify the
submicron phases of C–S–H and their mechanical characteristics.
Three discs were nanoindented after the powder being dried to
standard 11% relative humidity then compacted at 95 MPa as de-
scribed above for varying C/S mixture ratios.
3. Results and discussion

TGA curves for the synthetic C–S–H with C/S mixture ratio of
0.9, 1.2 and 1.5 are shown in Fig. 3 and the results are presented
in Table 1. To exclude an additional absorbing water prior to per-
forming the TGA from the TGA results, the initial weight is taken
at 145 �C and presented in Fig. 3. The results in Table 1 showed that
88.8% C–S–H in the slurry synthesized with C/S mixture ratio of
0.9, with the balance being composed of 10.2% CH and 1% CaCO3.
In the slurry synthesized with C/S mixture ratio of 1.2, 88.5%
C–S–H with the balance being composed of 10.3% CH and 1.2%
CaCO3 while 88.0% C–S–H with the balance being composed of
9.6% CH and 2.4% CaCO3 in the slurry synthesized with C/S mixture
ratio of 1.5. Using Eqs. (1) and (2) with the corresponding C/S
mixture ratio, the value C/S and x can be determined. The stoichi-
ometric formulas of synthetic C–S–H dried to 11% RH in this study
nment. (b) cylinders and compaction process to produce C–S–H discs.
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are approximated as C0.7SH0.6, C1.0SH0.8 and C1.2SH2.4 for C/S
mixture ratios 0.9, 1.2 and 1.5 respectively.

The XRDA of C–S–H showed several phases of C–S–H as well as
some CH and CaCO3 as shown in Fig. 4. The XRDA spectrum of
C1.2SH2.4 showed several phases of C–S–H mixed with some CH.
Since CH is much more crystalline than C–S–H and XRD peaks
are produced by X-ray beams diffracting of crystals, CH peaks show
up disproportionately high for their actual volume in the sample.
The XRD peaks attributable to C–S–H at 7�, 29�, 32� and 48� lined
up well with published results [15]. The slim peaks present at
18� and 34� indicate CH present in the sample. It is very difficult
to determine with certainty if CaCO3 is present, as the strongest
peak would appear around 29.5�, coincident with peaks of
C–S–H. The other peaks representative of CaCO3 are so weak that
they could easily be lost in the background noise of the spectra.
XRD analysis of C0.7SH0.6 and C1.0SH0.8 showed only peaks for
C–S–H with no CH present. Peaks observed also match well with
published results for C–S–H [15].

NMR spectra of each type of C–S–H are shown in Fig. 5. Statis-
tical deconvolution analysis as performed on NMR results and pre-
sented in Table 2. The peaks of �79, �82.6 and �85 ppm for Q1, Q 2

b

and Q2 silicate connections are used for deconvolution analyses of
NMR spectra respectively [17]. The standard deviations of 1.0–
1.54 ppm are assigned to the normal distributions of Q1, Q 2

b and
Q2. The deconvoluted peaks are also shown in Fig. 5. The slight
shifts of Q1 and Q2 peaks for C0.7SH0.6 to more negative chemical
shift than C1.2SH2.4 might indicate the increase in the degree of
the silicate polymerization [19]. As C/S ratio decreases, there is
an obvious change in the Q2/Q1 ratio as presented in Table 2. Only
a slight change in the Q2/Q1 ratio is observed when the C/S ratio
drops from 1.2 to 1.0. However, a very substantial increase in poly-
merization of the silica indicated by an increase of Q2 bond was ob-
served and Q 2

b bond appears when the C/S ratio was dropped to 0.7.
These results are similar to those observed by other researchers
[16,20] and further prove the formation of C–S–H. The degree of
polymerization nc and the mean chain length L for C0.7SH0.6,
C1.0SH0.8 and C1.2SH2.4 are calculated using Eqs. (3) and (4), respec-
tively, and presented in Table 2. As a reference for scale, the max-
imum C-S-H polymerization, 100% Q3 bond, would have a
Table 1
Synthetic C–S–H slurry compositions from TGA analysis results and the stoichiometric for

C=S Mass loss (145–350 �C) (%) C/S x Mass loss (350–500 �C)

0.9 7.895 0.73 0.55 2.486
1.2 9.81 1.0 0.8 2.503
1.5 22.12 1.24 2.42 2.334
polymerization value of 3 while 100% Q1 bond would have a poly-
merization value of 1. Chain lengths observed are not similar at all
to jennite but are somewhat similar to lengths reported for
tobermorite. Jennite is reported to have an almost infinite chain
length at C/S ratios of 1.2 and 0.9, while tobermorite has chain
lengths of 2.3 and 11 for 1.2 and 0.9 C/S ratios respectively [18].
These observations confirm that low C/S ratios might favor forming
tobermorite-like C–S–H.

Nanoindentation results and the deconvolution analyses of
elastic modulus are presented in Fig. 6 and Table 3. For the speci-
men compacted to 95 MPa, the deconvolution analysis of elastic
modulus for C–S–H gives three ranges of Young’s modulus values:
1.2–15.4, 17.1–32.0 and over 40.0 GPa. From knowledge of the
properties of CH and TGA results showing CH content in the syn-
thetic C–S–H slurry, materials with elastic modulus higher or equal
mula of the synthetic C–S–H estimated from TGA results.

(%) CH content (%) Mass loss (600–825 �C) (%) CaCO3 content (%)

10.2 0.443 1.0
10.3 0.527 1.2

9.6 1.035 2.4



Table 2
Integration of Qn intensities by deconvolution of 29Si MAS NMR spectra.

C–S–H formula Q1
Q2

b
Q2 Q2/Q1 nc L

C0.7SH0.6 0.327 0.226 0.447 2.06 1.673 6.11
C1.0SH0.8 0.726 – 0.274 0.38 1.274 2.75
C1.2SH2.4 0.739 – 0.261 0.36 1.262 2.72
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showing higher compactability of 11% RH cured C–S–H compared with D-Dry cured
C–S–H.
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to 45 GPa are believed to be CH and are therefore excluded when
calculating C–S–H mechanical characteristics. The relative
Table 3
Surface fractions from nanoindentation results of the C–S–H discs compacted with 95 MP

C–S–H formula C–S–H phase categorization Surface fraction (%

C0.7SH0.6 VLD 35
LD 44
CH 21

C1.0SH0.8 VLD 60
LD 28
CH 12

C1.2SH2.4 VLD 13
LD 46.5
CH 13
CH 27.5

a Excluded for weighted average calculation.
fractions of Young’s modulus ranges of 1.2–15.4 GPa and 17.1–
32.0 GPa are presented in Table 3. The weighted averages of the
compacted C–S–H discs elastic modulus were 18.4 GPa, 13.0 GPa
and 19.2 GPa for as C0.7SH0.6, C1.0SH0.8 and C1.2SH2.4 respectively.
Other methods such as the homogenization technique to compute
the modulus of elasticity of the composite C–S–H might yield more
accurate results than the weighted average method. Details on the
homogenization method can be found elsewhere [21].

While the elastic modulus of the compacted discs for C0.7SH0.6

and C1.2SH2.4 are in line with published elastic modulus values
putting it into the category of LD C–S–H [8], the elastic modulus
of the compacted disc for C1.0SH0.8 is much less than that of LD
C–S–H. It seems that the higher modulus of C1.2SH2.4 than that of
C1.0SH0.8 is most likely due to higher water content of C1.2SH2.4

than that of C1.0SH0.8. This might be attributed to the role of water
to improve compaction. Analysis of the compaction curves of
C–S–H under two drying conditions (11% RH) and D-Dry (7% RH)
[11] showed that C–S–H with 11% RH was easier to compact than
the D-Dry cured C–S–H as shown in Fig. 7. Analysis of the unload-
ing parts of the compaction curves showed that the compacted
C–S–H had a modulus of elasticity of 9.5 GPa for 11% RH cured
C–S–H compared with 8.9 GPa for D-Dry cured C–S–H proving
the role of water on improving C–S–H compaction.

The relatively high modulus of C0.7SH0.6, in spite of its relatively
low water content, might be attributed to the relatively high poly-
merization of C0.7SH0.6 compared with C1.0SH0.8. While a full expla-
nation of that observation needs further in-depth investigations
and more replication of these tests, we offer a possible explanation
as the modulus of C–S–H is associated to not only its porosity con-
sidering granular nature but also its silicate polymerization which
might increase ‘glubule’ modulus consisting C–S–H [12]. Further
research is needed to confirm or negate this suggestion.
a pressure according to Young’s modulus of elasticity.

) Young’s modulus (GPa) C–S–H weighted average (GPa)

10.2 ± 5.2
24.9 ± 4.3 18.4 ± 3.3

(45.5 ± 3.1)a

9.5 ± 3.7
20.6 ± 3.5 13.0 ± 2.8

(38.0 ± 3.8)a

7.5 ± 2.0
22.5 ± 4.0

(37.7 ± 2.0)a 19.2 ± 3.2
(48.0 ± 3.3)a
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4. Conclusions

Synthesis, drying, and characterization of C–S–H including nan-
oindentation were performed and presented. The experiments
were performed for varying C/S mixture ratios. From TGA, the stoi-
chiometric formulas of the synthetic C–S–H are estimated. The
XRDA and 29Si MAS NMR proved the formation of C–S–H with typ-
ical peaks reported in the literature. The silicate polymerization in
C–S–H increased with decreasing the C/S ratio. The compaction
process was successful for C–S–H synthesized with C1.2SH2.4 due
to the relatively high water content. Mechanical characterization
of the synthetic C–S–H with varying C/S ratios show that while
the role of water in enabling good compaction might affect the fi-
nal stiffness C–S–H, silicate polymerization might also have an ef-
fect that becomes apparent for C0.7SH0.6. It is evident that there
exist some unique differences between the different synthetic
C–S–H based on their C/S ratio.
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