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This study examines the influence of Al substitution for Si on the bulk modulus of calcium silicate hydrate I
[C-S-H(I)], a structural analogue of C-S-H, by performing high-pressure synchrotron X-ray diffraction
experiments in two C-S-H(I) samples: one a hydration product of alkali-activated slag and the other a
synthetic C-S-H(I). The test result shows that not only the bulk modulus but also the incompressibility of
the lattice parameters a, b, and c of two C-S-H(I) samples are very similar to each other, regardless of the Al
substitution. This result may be due to the four-coordinated configuration of the substituted Al, which makes
the dreierketten silicate chains maintain the same arrangement after the substitution.

© 2010 Published by Elsevier Ltd.

1. Introduction

There is a general agreement that the main reaction product of
alkali-activated slag cement (AAS) is calcium silicate hydrate (C-S-H);
however, it has a much lower Ca/Si ratio (=0.8~1.5) and is more
crystalline than the C-S-H found in hydrated portland cement paste
[1], consequently implying that the main reaction product of AAS is
C-S-H(I) [2,3].

Besides its importance as a reaction product of AAS, C-S-H(I) has
also gained significance in fundamental research because it has been
viewed as an imperfect form of tobermorite in the C-S-H structural
model [1]; that is, both C-S-H(I) and tobermorite resemble C-S-H
with respect to their crystal structure [hereafter, we will call the
chemically synthesized C-S-H(I) as SYN C-S-H(I) to distinguish the
C-S-H(I) from AAS, which will hereafter be called AAS C-S-H(I)].

The major structural difference between SYN C-S-H(I) and AAS
C-S-H(I) is the Al substitution for Si [frequently observed in AAS
C-S-H(I)], which occurs predominantly at the bridging tetrahedral
sites in dreierketten silicate chains in AAS (see Fig. 1), as confirmed
by NMR studies [3-8].

The presence of other minor reaction products largely varies,
depending on the sources of blast furnace slag and the types of alkali-
activating solutions. Common minor reaction products include the
hydrotalcite-like phase, the Fe-rich hydrogarnet phase, and the
ettringite, Ca(OH),, and AFm phases [3-5,9]. The hydrotalcite-like
phase has been found to coexist intermixed with AAS C-S-H(I) and
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has an approximate atomic ratio of Mg/Al=2.1 [3], 2.55 [5], or 2.3
[10] although a theoretical atomic Mg/Al ratio of hydrotalcite
[MggAl,CO3(0OH)16-4H,0] is 3.0. Thus, some portion of Al found in
AAS C-S-H(I) phase is consumed by the hydrotalcite-like phase and
should be excluded in the calculation of Al/Si ratio in AAS C-S-H(I).

Earlier studies have reported atomic Al/Si ratios (or Al/Ca) in AAS
C-S-H(I) as 0.11~0.34, which seems to be somewhat independent of
hydration time [3,5,6,10-12]. The dreierketten silicate chains in C-S-H
and C-S-H(I) resemble the long chains of tobermorite (see Fig. 1);
however, the chains form fragments having 2, 5, 8, ..., (3n—1)
tetrahedra [1]. In real C-S-H, the dimers are the most predominant
silicate chains [13], whereas in AAS C-S-H(I) and SYN C-S-H(I),
pentamers are the most dominant chains [5,6,14]. When we assume
that only pentameric silicate chains exist in AAS C-S-H(I) and Al
substitution occurs dominantly at middle bridging tetrahedral sites, the
value Al/Si=0.11 in AAS C-S-H(I) indicates that approximately 50% of
bridging tetrahedral sites are taken by tetrahedral Al atoms, and the Al/
Si=0.25 implies 100% of substitution of Al for bridging Si. Therefore, the
Al/Si ratio=0.11~0.34 indicates a high degree of Al substitution ratio in
the AAS C-S-H(I) structure.

No study has investigated a possible change of the mechanical
properties of C-S-H(I) attributed to the Al substitution although
many papers discussed the Al substitution in AAS C-S-H(I) [3,5-7].
This study presents bulk modulus values of two different C-S-H(I)
samples [i.e., SYN C-S-H(I) and AAS C-S-H(I)] using high-pressure
synchrotron X-ray diffraction and discusses the effect of Al substitu-
tion on the bulk modulus of C-S-H(I). Note that AAS C-S-H(I) was a
real hydration product and its hardened AAS paste showed a
compressive strength of 49 MPa at 14 days of curing. Accordingly,
the measured bulk modulus of AAS C-S-H(I) of the current study can
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Fig. 1. Schematic views of dreierketten silicate chains and Ca-0O layer found in tobermorite, an analogue of C-S-H(I). C-S-H(I) has very similar Ca-O layer structures with
tobermorite but the length of silicate chains is much shorter. The Al substitution for Si occurs predominantly at the bridging tetrahedral sites.

be directly used for any mechanical simulation study of alkali-
activated slag cement.

2. Experimental program

The SYN C-S-H(I) sample [Ca/Si=0.97(6), probed by electron
microprobe] was purchased from Construction Technology Labo-
ratories and the AAS C-S-H(I) sample [Ca/Si=0.96(6), Al/Si=0.34
(3) probed by energy-dispersive spectroscopy| was directly
synthesized by the alkali activation of ground blast furnace slag
by a high concentration (=10 M) of NaOH solution using a water
bath after 40 days of curing (solution/binder weight ratio=0.4,
curing temperature =80 °C for the whole curing duration; see
Table 1). The alkali-activated slag sample showed a compressive
strength of 49 MPa at 14 days of curing.

All high-pressure X-ray diffraction experiments were carried out
at beamline 12.2.2 of the Advanced Light Source [15]. For the
experiments, a synchrotron monochromatic X-ray beam with
N=0.4959 A (=25-keV energy) was used. LaB6 powder was used
for the calibration of working distance between a sample and a
detector. Diffraction patterns were recorded with a MAR345 image
plate (3 450 x 3 450 pixels), with an exposure time of 300 s in a room
temperature and analyzed with the FIT2D [16], XFIT [17].

All samples were finely ground and mixed with a pressure-
transmitting liquid medium (4:1 methanol/ethanol solution), placed
into a small sample chamber of a steel gasket in the diamond anvil cell
(DAC; see Fig. 2). The utilized sample chamber size was 180 um in
diameter, with a 63-pum thickness. The pressure inside the sample
chamber was determined using the ruby (Al,O; doped with Cr>™
(0.05%)) fluorescence calibration method [18].

3. Results and discussion

Figs. 3 and 4 show the powder X-ray diffraction patterns of two
C-S-H(I) samples as a function of pressure and the changes in unit cell
parameters are summarized as a function of pressure in Tables 2
and 3.

A major experimental difficulty was that the structure of C-S-H(I)
has not been solved mainly due to its poor crystallinity. No atom
coordinates and no space group information of C-S-H(I) have been
revealed, but only (hkl) indexing for diffraction pattern and its crystal
system (= orthorhombic) are currently available [1,19]. Consequent-
ly, structural refinement of unit cell parameters was not possible.
Furthermore, most of the diffraction peaks of C-S-H(I) samples
rapidly merged into the background above pressure of about
1~1.5GPa and were not measurable above about 4 GPa, and thus,

correctly indexing all of the peaks in the diffraction pattern was
challenging. Given these difficulties, the unit cell parameters were
manually calculated using only three major distinct diffraction peaks
of C-S-H(I), which survived over the measured pressure range. In
order to maximize the reliability of calculation, only the most
consistently distinguishable peaks were chosen by careful comparison
of the data with the values reported in the literature. All peaks that
had ambiguities in their identification were excluded from our
calculations of lattice parameters and unit cell volumes. This condition
left only three peaks for each of the C-S-H(I) phases, from which we
could calculate unit cell parameters. For SYN C-S-H(I), the (002),
(400), and (040) reflections were used, and for AAS C-S-H(I), the
(002), (220), and (400) reflections were used. Despite these
experimental difficulties, reasonable values for lattice parameters
and unit cell volumes were obtained.

A third-order Birch-Murnaghan equation of state was fitted to the
pressure-normalized volume data to obtain a bulk modulus values
and the equation is expressed as

P= 3K [ Vo v v ] 14 Gy (/v 1)

where V is the volume of unit cell under increased pressure, V, is the
initial volume of unit cell at ambient pressure, P is the pressure
applied to the material, K, is the bulk modulus at zero pressure and K},
is the pressure derivative of bulk modulus at zero pressure [20].

By defining the normalized pressure, F=P/{1.5[(V/V,) ™72 —(V/
V,) ~>?]}, and the Eulerian strain, f=0.5" ((V/V,) =% —1), the third-
order Birch-Murnaghan equation of state is reorganized into the
following linear form: F(f) =K, — 1.5K,(4 — K})f.

In the plot of F versus f, the y-intercept and the slope of the
weighted least-squares fit gives the bulk modulus K, and its pressure
derivative K}, at zero pressure. Note that the pressure derivative K, for
many materials approach 4, and thus, it is quite often assumed that K},
is 4 for low-range-pressure studies [21] and high-pressure zeolite
studies [22], as assumed in the present study. A weighted linear least-
squares fit with errors [23] was used to modify the standard least-
squares regression to reduce any erroneous effects. The fitted curves
of the equation of state with experimental data are depicted in Fig. 5.
The bulk modulus (K,) and the pressure derivatives (K}) using the f~F
plot are presented in Table 4.

The AAS C-S-H(I) sample had a large amount of Al substitution
(~0.34 for the current sample by EDS) [5-7,10], whereas the SYN C-
S-H(I) sample did not contain any Al. Nevertheless, as shown in
Fig. 5 and Table 4, the pressure-normalized volume compression
curves and bulk modulus values for the two C-S-H(I) samples are

Table 1

Chemical compositions (%) and atomic ratios of the ground blast furnace slag used for synthesizing C-S-H(I).
Si0, Al;05 Fe,05 Ca0 MgO Na,0 K>0 TiO, P,05 MnO Total Al/Si Ca/Si
33.04 13.35 0.18 41.78 6.02 0.20 0.37 1.15 0.02 0.35 96.89 0.48 1.35
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Fig. 2. Schematic view of high-pressure X-ray diffraction using a diamond anvil cell.

seen to be very similar. Moreover, the incompressibility of lattice
parameters a, b, and c are seen almost identical between the two
C-S-H(I) samples, as shown in Fig. 6, implying that the Al
substitution seems to have little effect on the incompressibility of
C-S-H(I). In addition, it is interesting that all the incompressi-
bilities of a/a, and b/b, for the two C-S-H(I) samples are on the
same curve, implying that the in-plane incompressibility of the
CaO plane of C-S-H(I) are independent of the a- and b-directions.

The value of bulk modulus obtained using the third-order Birch-
Murnaghan equation of state may be distorted when one uses an
incorrect ambient pressure-volume data because the f~F plot is highly
sensitive to the ambient data. This problem may occur in the present
study because the powder sample used in the DAC measurement was
not the same as the sample used in the ambient test although they are
from the same sample source. However, it is possible to avoid this
limitation by using the g-G plot [24], which makes it possible to obtain
the bulk modulus of third-order Birch-Murnaghan equation of state
using only the data measured under high pressure without a
measured ambient pressure-volume data. The calculated bulk
modulus values using the g-G plot are presented in Table 5, which
shows a little higher values than those obtained using the f~F plot;

SYN C-S-H (1)

— Ambient

11.4 134 154 17.4
d-spacings (A)

14 34 54 74 94

Fig. 3. Diffraction patterns with increasing pressure from the SYN C-S-H(I) sample. The
solid squares (M) in the figure show diffraction peaks for C-S-H(I) (JCPDS card #34-
0002 and [1,19]). The A symbols denote ruby (corundum). The peak with the symbol
* indicates an externally oriented X-ray diffraction peak from outside the sample,
which was not shown in the ambient diffraction pattern.

AAS C-S-H (I) /

— Ambient
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d-spacings (A)

Fig. 4. Diffraction patterns with increasing pressure from the AAS C-S-H(I) sample. The
solid squares (M) in the figure show diffraction peaks for C-S-H(I) (JCPDS card #34-
0002 and [1,19]). The A symbols denote ruby (corundum).

however, it still produced similar bulk modulus values between SYN
C-S-H(I) and AAS C-S-H(I).

The similar incompressibility of the two C-S-H(I) samples,
irrespective of the Al substitution, is possibly explained by the
aluminum's tetrahedral configuration in the dreierketten silicate
chains of C-S-H(I) [3,5-7,12]. Although Al substitutions occur in the
silicate chains of C-S-H(I), the overall structural conformation of
the dreierketten chains should have the same arrangement as in
prior to the substitution because the substituted Al atoms remained
in the tetrahedral configuration. Given the observation, therefore,
the topology of silicate chains seems predominant in determining
the bulk modulus rather than the species of elements composing the
dreierketten chains. Similar occasions have been observed in high-
pressure experiments for obtaining the bulk modulus of zeolites
under high pressure [22]. In the high-pressure studies on zeolites,
the topology of the zeolite framework structure consisting of
tetrahedral Si and Al atoms are the dominant factors for determin-
ing the bulk modulus, rather than their chemical compositions or
framework density [22], because the bond lengths of Al-0 and Si-O
should be constant [25] against the increasing external pressure and
the volume change of the unit cell is mainly governed by the tilting
of AlO, or SiO, tetrahedra [26]; likewise, the substitution of Al for Si
may not significantly affect its structural topology of dreierketten
silicate chains in the C-S-H(I) and its bulk modulus.

Table 2
Pressure-volume data with unit cell parameters for SYN C-S-H(I) as a function of
hydrostatic pressure.

P(GPa) V(A% a (A) b (A) ¢ (A)

Ambient 207845 11.20+0.02 731240004 25389+ 0.005
04401  2053+2 1115940004 729040005 25238+ 0.003
08402  2014+4 11.133 +0.009 7.28+0.01 24.846+ 0.003
18402  1974+10 11.104+0.02 7.26+0.03 24.485 -+ 0.009
22402  1983+7 11.114£0.01 7.2440.02 24.644 + 0.007
26403  1953+4 11.084 + 0.008 7244001 24330+ 0.003
37403  1906+4 11.051+0.010 7224002 23.891 4+ 0.003
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Table 3
Pressure-volume data with unit cell parameters for AAS C-S-H(I) as a function of
hydrostatic pressure.

P(GPa) V(A% a (A) b (A) ¢ (A)

Ambient 1705 +4 11.130 4+ 0.002 6.15+0.01 24.88+0.01
10402  1658+3 11.066+0.002  6.13340.008 2443 +0.02
13402 1647409  11.056+0001  6.122+0.002 24334001
17402 163246 11.052 £ 0.002 6.12+0.02 24135+ 0.009
23402 160547 11.024 + 0.002 6.11+0.04 23.8140.01
30403  1590+10  11.009 +0.004 6.09-+ 0.04 23.66+0.02

Atomistic simulations are making significant contributions in our
understanding of C-S-H. Simulation studies of C-S-H tend to start
from one of the crystalline tobermorite structures, adjust the
interlayer distance, and then relax the structure. For example, lattice
dynamics simulations by Gmira et al. [27] based on the structural
models of 11-A tobermorite by Merlino et al. [28] and Hamid et al. [29]
but with an increased basal spacing of ~12 A, which corresponds to
the basal spacing of C-S-H(I), gave a bulk modulus of tobermorite-
like C-S-H of 71.8 GPa. A potential energy minimization study by
Pellenq et al. [30] using the same software package of Gmira et al. [27]
gave a similar value for a bulk modulus of 61.9 GPa. Both of these
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Fig. 5. (a) f-F plots for SYN C-S-H(I) and AAS C-S-H(I). (b) Pressure-normalized
volume data of two C-S-H(I) samples with plots of third-order Birch-Murnaghan
equation of state (B-M).

Table 4

Measured bulk modulus values of C-S-H(I) samples using the f-F plot. The calculation
of K, for SYN C-S-H(I) was not satisfactory because the value turned out too high [=13
N1

Phase Bulk modulus  Pressure derivative ~ R-squared value (R?) of
Ko (GPa) Ki, (GPa) EOS to the data
SYNC-S-H (I) 3447 4.0 (assumed) 0.967
AASC-S-H (I) 3543 4.0 (assumed) 0.992
3346 6+ 3 (calculated) 0.994

studies gave bulk moduli that are far closer to the values for
tobermorite than for C-S-H(I) as might be expected, given that
these studies did not significantly disturb the basic tobermorite
atomic structure but only modified the interlayer region. One might
expect that adding structural disorder in the sheet structure (for
example, by adding random omissions of bridging tetrahedra in the
silicate dreierketten chains) would lead to a model that more closely
resembles that of C-S-H. Manzano et al. [31] introduced such
structural defects into the crystal structure of 14-A tobermorite,
thereby limiting the length of silicate chains [32] to the range from
dimers to pentamers. This approach modified their calculated bulk
modulus from 46 GPa for the 14-A tobermorite to 21-29 GPa for
C-S-H, which is slightly lower than our measured value. Manzano
et al. [33] similarly simulated a bulk modulus of tobermorite-like
structure with shortened silicate chains and obtained 33.7 GPa for
the case of pentameric chains (Ca/Si=1.00) and 36.8 GPa for the
case of octameric chains (Ca/Si=0.94). These results are consis-
tent with the values of the current study.

A recent C-S-H model derived by energy minimization from an
anhydrous 11-A tobermorite followed by Monte Carlo simulation to
determine water absorption [29] has been shown to give good
agreement with literature EXAFS, diffraction, and chemical composi-
tion data for C-S-H but yielded a bulk modulus of 47-51 GPa. Again,
this result is clearly higher than the result that we found for C-S-H(I)
but this difference might be due to different Ca/Si ratios. The sample
that we used had a low Ca/Si ratio while the system studied in this
simulation has a high Ca/Si ratio. This case is hard to judge since the
effect of Ca/Si ratio on the elastic properties of C-S-H is not clear, with
some groups seeing an increase in elastic moduli with the Ca/Si ratio
[32] and other groups seeing no change [31] Similarly, most of the
existing experimental research using nanoindentation of C-S-H has

P(GPa)
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Fig. 6. Incompressibility of lattice parameters a, b, and ¢ of the C-S-H(I) samples.
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Table 5
Bulk modulus of C-S-H(I) samples using the g-G plot [24].

Phase Bulk modulus  Pressure derivative ~ R-squared value (R?) of
Ko (GPa) Ky (GPa) EOS to the data

SYN C-S-H(I) 38+7 4.0 (assumed) 0.973
34+7 7 47 (calculated) 0.972

AAS C-S-H(I) 3843 4.0 (assumed) 0.994
38+3 3+ 3 (calculated) 0.994

been focused on samples containing high Ca/Si ratio so it is difficult to
make a direct comparison to our results [34-38].

Plassard et al. [39] performed a comprehensive research on the
effect of Ca/Si ratio on the elastic modulus perpendicular to the C-S-H
layer plane. For low Ca/Si ratios, they obtained a value of 34.2 GPa.
Assuming a Poisson' ratio of 0.25 for CSH, our experimental results
give an elastic modulus of 57 GPa, apparently much higher than the
result of Plassard et al. However, it should be noted that our results
reflect an average value of elastic modulus while Plassard's results
represent the value perpendicular to the layer plane. As shown in
Fig. 6, the stiffness perpendicular to the layer plane is much lower
than in the other directions so the results are consistent.

4. Conclusion

In the present study, we experimentally determined the bulk
moduli of SYN C-S-H(I) and AAS SYN C-S-H(I)] using high-pressure
synchrotron X-ray diffraction. The bulk modulus and incompressi-
bility of lattice parameters are shown to be very similar between the
two C-S-H(I) samples, strongly suggesting that the structural
modifications that resulted from the Al substitution in C-S-H(I) do
not significantly affect the bulk modulus of C-S-H(I). This result may
be due to the substituted Al's four-coordinated configuration, which
makes the overall structural conformation of the dreierketten chains
remain the same as in prior to the substitution. This also suggests that
the topology of silicate chains seems predominant in determining the
bulk modulus, rather than the species of elements composing the
dreierketten chains. Since the AAS C-S-H(I) sample was a real
hydration product resulting in its hardened AAS paste, showing a high
strength of 49 MPa at 14 days of curing, the measured bulk modulus of
AAS C-S-H(I) in the current study can be directly used for any
mechanical simulation study of alkali-activated slag cement.
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