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Abstract

An alternative method for the indirect determination of the Ca/Si ratio of the C-S-H gel in Portland cements is proposed. It is based on
graphical correlations of experimental determinations of the degree of hydration of alite and the amount of calcium hydroxide formed
with theoretical data based on the hydration reactions of the alite and belite present in the cement. The initial composition of the cements
is of prime importance in these calculations; the phase composition obtained by use of the Bogue, Taylor’s modified Bogue, and quantita-
tive X-ray diffraction methods gave rise to some differences in the results obtained. Ca/Si ratios determined using the Bogue composition
were consistently lower than those from Taylor’s method and the quantitative X-ray diffraction analysis methods for both the Portland
cements studied. The Ca/Si ratios estimated based on the mineralogical phase compositions determined from these latter methods agreed
well with those from energy dispersive X-ray spectroscopy measurements. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Compositional values for the Ca/Si ratio of the inner prod-
uct C-S-H in neat Portland cement have been widely re-
ported from several characterisation techniques, with values
ranging from approximately 1.6 to 2.0: transmission elec-
tron microscopy (TEM), 1.65 to 1.9 [1]; scanning electron
microscopy, 1.65 [2] and 1.89 to 2.0 [3]; and calculated 1.74
[4] for several water/cement (w/c) ratios from 0.4 to 0.7 and
curing temperatures in the range of 20 to 25°C. It can be
noted that these values vary somewhat with the experimen-
tal technique used in their determination.

In this paper, we propose an alternative graphical method
for the estimation of the Ca/Si ratio of the calcium silicate
hydrate (CSH) in Portland cement. The method involves the
use of experimental data for the degree of hydration (DOH)
of alite, obtained from quantitative X-ray diffraction analy-
sis (QXDA), and the amount of CH formed, determined by
thermogravimetric analysis (TGA), after several curing pe-
riods. Measured data are graphically matched with the cor-
responding simulated data in a plot of degree of hydration
of alite vs. CH concentration. The simulated data are ob-
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tained using the hydration reactions of the calcium silicates,
where a Ca/Si ratio is initially proposed and the amount of
CH formed is calculated from the chemical equations for
the reactions of alite and belite. The C&/Si ratio is then var-
ied to obtain the best match between the simulated and ex-
perimental hydration data.

The key factor in the calculations is the phase composi-
tion of the Portland cement, since the amount of CH pro-
duced isafunction of the relative amounts of alite and belite
present in the cement. For this consideration, the most com-
mon methods of estimating the potential phase composition
of an ordinary Portland cement were employed, namely the
Bogue calculation (BC), Taylor's Modified Bogue Calcula-
tion (TMBC) [5], and QXDA [6].

2. Methods
2.1. Portland cements and hydration conditions

Two ordinary Portland cements pastes (labelled OPCN
and OPCS) were cured under water at 10, 20, 30, 40, and
60°C for up to 1 year. A w/c ratio of 0.5 was employed us-
ing freshly boiled distilled water. The hydration products of
these samples were characterised after curing periods of 1,
3,7, 14, 28, 90, 180, and 365 days and the results have been
reported elsewhere [7]. Hydration was arrested by hand grind-
ing the samples to produce a relatively fine powder that was
placed in avacuum desiccator for 24 h.

0008-8846/99/$ — see front matter © 2000 Elsevier Science Ltd. All rights reserved.

Pll: S0008-8846(99)00191-X



2000 J.I. Escalante-Garcia et al. / Cement and Concrete Research 29 (1999) 1999-2003

2.2. Characterisation

After every hydration interval, the amount of CH formed
was determined by TGA and the degree of hydration of alite
was estimated by means of QXDA, using the methods re-
ported previously [6,7]. The DOH was calculated as the ra-
tio of the amount of anhydrous alite remaining at each time
interval to the initial amount of alite in the cement. Samples
were examined in a fully automatic Siemens D500 diffrac-
tometer, Stuttgard, Germany, in the range of 24 to 39° 2
thetain steps of 0.05° 2 theta with a measuring time of 20 s.

The chemical composition of the cements and the phase
composition as determined by the three methods (Bogue,
Taylor's Modified Bogue, and QXDA) aregivenin Table 1.

3. Results and discussion

Data for the degree of hydration of alite and the amount
of CH formed (from QXDA and TGA) for the five hydra-
tion temperatures for OPCN are plotted in Fig. 1. Least
squares regression analysis gave good correlation and the
index is shown in Fig. 1. Similar data were obtained for
OPCS with slopes and correlation coefficients of 0.17, 0.98
and 0.22, 0.93 for CH from QXDA and TGA, respectively.
Only data for aite were used since it is present in much
greater amounts than belite, and also since the production of
CH from alite is much higher. Moreover, as the Ca/Si ratio
of the CSH approaches 2, CH formation from belite tends
toward zero (according to the chemical reactions given be-
low), in thisway minimising its influence on the calculations.

The theoretical amount of calcium hydroxide expected to
form can be calculated as a function of the hydration of the
silicate phases present from the chemical equations for their
hydration. The reactions are shown in Egs. (1) and (2).

C3S+2zH - C,SH, +(3-x)CH
(for the hydration of alite)

CH
%CHc,s = % hydrated C,S (b initial C,S E{c SM.W} .
3

M.W.

[3 — proposed g ratio} molecular weight (m.w.)

0, —0 R CHM.W.
%CHq,s = % hydrated C,S (%6 initial C,S [ = 5 O
2%°M.w.

[2 — proposed g raIio} ()]

Dueto its power and smplicity, a spreadsheet program was
used to calculate and congtruct the simulated curves of CH vs.
DOH of the calcium slicates. In this way, the amount of CH
formed was easily recalculated and plotted, as the CalS ratio
was varied. The effect of the variation in the Ca/S ratio on the
smulated CH production is shown in Fig. 2. For every CalS
ratio proposed there is a set of separate lines for fixed DOH of
belite (i.e, 0, 20, 40, 60, 80, and 100%) and every one of these
lines describes the DOH of dite vs. amount of CH formed.
From Fig. 2 it can be seen that asthe Ca/Si ratio is reduced, the
calculated amount of CH formed increases and the belite lines
spread out because its production of CH increases. Thereisaso
achangein the dope of the set of linesfor each CalSi ratio.

Under these conditions, by overlapping the experimental
data (as shown in Fig. 2) and adjusting the simulated Ca/S
ratio until the two data sets match up, we can obtain a very
good approximation of the Ca/Si ratio in the CSH. An exam-
ple of this is presented in Fig. 3, which displays data for
OPCN based on the QXDA phase composition. The experi-
mental datafor OPCN are best matched with a CalSi ratio of
2.02. For OPCS the best match was at aratio of about 1.95.

It is noteworthy that the data for the formation of CH
from QXDA were consistently lower than those from TGA
for both cements. However, QXDA and TGA data dis-
played linear correspondence; the regression coefficients
(for the five hydration temperatures) are shown in Eq. (3):

C,S+2zH - C,SH, +(2-x)CH [%CH]1ga = 3.86+ 1.02[%CH]oxpa R =0.96
(for the hydration of belite) Q) (for OPCN)
[%CH]1a = 247 + LOA[%CH] gxpn R =096 @
wherez=y + 3 — xforditeandz=y + 2 — xfor bdlite. (for OPCS)
Tablel
Chemical composition and phase composition determined by three methods for the Portland cements studied
Ca0 SO, Al,03 Fe,05 Na,0 K,0 MgO SO, Total Free CaO
OPCN 63.6 20.6 46 31 0.5 0.9 16 35 98.4 11
OPCS 64.4 20.9 5.7 29 0.6 0.6 19 24 99.4 10
OPCN OPCS
Phase Bogue QXDA Taylor Bogue QXDA Taylor
Alite 52.6 71.6 72.3 50.0 65.6 69.4
Belite 194 109 51 222 16.4 7.6
C3A 6.9 3.7 4.2 10.2 8.0 8.7
C4AF 9.4 10.7 10.7 8.8 74 8.8
Gypsum 75 31 4.3 5.2 24 27
MgO 16 04 19 0.6
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Fig. 1. Percent CH from thermogravimetry and X-ray diffraction analysis vs. percent of hydration of alite from QXDA for OPCN for the five hydration tem-

peratures.

Such differences in CH determination have been re-
ported previously by Midgley [8] and Dalziel and Gut-
teridge[9]. Midgley proposed that amorphous CH is present
and determined by TGA but not by QXDA, hence the
higher value for CH from thermal analysis. Dalziel and Gut-
teridge [9], on the other hand, suggested that the lower val-
ues from QXDA might be due to the presence of microcrys-
talline material and preferred orientation in the powdered
sample. Although a possible source of errorsin the determi-
nation by TGA arises because of the continuous dehydra-
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Fig. 2. Simulated CH production as a function of alite and belite hydration
for several CalSi ratios.

tion of the CSH gel present in the paste, we favour the TGA
method since it is very difficult indeed to totally eliminate
the preferred orientation of CH in the QXDA method.
Matching the calculated data shown in Fig. 3 to the CH de-
termined from QXDA gives a Ca/Si ratio of 2.19. This
value requires CH to be a reactant rather than a product in
the hydration of belite.

Alternatively, the Ca/Si ratio can be estimated by inter-
polation using the same data as above. A plot is constructed
using pairs of data, i.e., the slope of every set of simulated
lines, as shown in Fig. 2 (for every Ca/Si ratio), vs. the cor-
responding Ca/Si ratio. This is represented in Fig. 4. The
CalSi ratio can be interpolated by using the slope of the ex-
perimental linear fitting of CH concentration vs. DOH of
dlite (asseenin Fig. 1, i.e., slope = 0.23 for OPCN). A plot
like that seen in Fig. 4 has to be constructed for the Ca/Si
estimations from each of the cement phase compositions.

The estimated Ca/Si ratios based on the three potential
phase compositions are presented in Table 2, which shows
estimates using the CH determined from both TGA and
QXDA data. Vaues from the graphical method, which are
shown in Fig. 3, were very similar to the interpolated esti-
mates shown in Fig. 4. Theinterpolated values were slightly
lower because the method does not consider the hydration
of belite. Asthe Ca/Si ratio is reduced, the sets of lines tend
to spread out (see Fig. 2) and the interpolation uses the low-
est alite hydration line. The plots shown demonstrate how
small the contribution from the hydration of belite is to the
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Fig. 3. Example of graphical estimation of the Ca/Si ratio for OPCN and QXDA phase composition. The symbols represent the different hydration temperatures.

amount of CH formed, and hence how little the amount of
belite present affects the Ca/Si ratio. This would become
more important at lower ratios, such as 1.5, but the errors
are negligible at Ca/Si ratios approaching 2.

The CalS ratios estimated from QXDA and TMBC
phase composition data, using values for CH determined
from TGA, giveriseto closely similar valuesin the range of
1.95t0 2.00 for the two cements. A significant changeis ob-
served when the phase compositions from the Bogue cal cu-
lations are used; the Ca/lSi ratios are lower, with values
around 1.6 to 1.7. The reason for these reduced ratios, from
those obtained when the Bogue cal culation was used, is that
the method leads to higher belite and lower aite percent-
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Fig. 4. Egtimation of the Ca/Si ratio using the dope method. Dataasin Fig. 3.

ages than the aternative methods. Since dlite is the major
producer of CH, a lower alite content means less CH pro-
duced; therefore, the calculated CH datawill plot in alower
region, asin Fig. 2. Thus, to obtain higher simulated values
of CH, the proposed Ca/Si ratio for the hydration reactions
has to be reduced to match the experimental data.

There is also good agreement between the Ca/Si ratios
from QXDA and TMBC (cement composition) with energy
dispersive X-ray spectroscopy (EDS-SEM) measurements
on the inner products of these cements, which gave Ca/S
ratios averaging 2.06 and 2.07 for OPCN and OPCS, re-
spectively [10]. The methods presented do not have suffi-
cient resolution to detect variations of the Ca/Si ratio with
the curing temperature, but perhaps the results presented
here indicate that the Ca/Si ratio does not vary much with
curing temperature. The variations observed when the com-
position from the unmodified Bogue method was used were
due to the inherent deficiencies of that method, which deliv-
ersresults of lower accuracy.

It has also to be remembered that the present estimations
are for the overall Ca/Si ratio of the CSH as a whole,
whereas the EDS data to which the results have been com-
pared related to the inner hydration products only. Also, the
method can only be applied to neat cements. It cannot be ap-
plied to blended cements, with pozzolanic or hydraulic ad-
ditions, because of the chemical interactions of the replace-
ment materials with the CH produced by the cement
hydration.
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Table2

Estimated Ca/Si ratios for the CSH gel for OPCN and OPCS cements by means of graphical and interpolation methods

Graphically estimated Ca/Si ratios

Interpolated Ca/Si ratios

Cement QXDA Taylor Bogue QXDA Taylor Bogue
Using CH (TGA)
OPCN 1.98-2.03 1.98-2.04 1.73 2.00 2.00 1.63
OPCS 1.92-1.95 1.95-2.00 1.70 1.94 2.00 1.61
Using CH (QXDA)
OPCN 2.19-2.22 2.20-2.24 1.95-1.98 2.22 2.23 194
OPCS 211-2.14 2.16-2.20 1.91-1.94 2.18 2.22 1.92
4. Conclusions References

A graphical method for the estimation of the Ca/Si ratio of
neat cements has been described. It is based on matching ex-
perimental data for the degree of hydration of alite from
QXDA and determinations of the amount of CH formed from
TGA with calculated data from chemical equations describ-
ing the hydration reactions of the calcium silicates. Two ways
of performing the estimates were proposed; one involves
graphical overlapping of the experimental and calculated
data, while the other involves interpolation of the estimated
CalSi ratio in apredictive model from the calculated data.

Egtimated Ca/Si ratios from QXDA and TMBC were very
similar and consistently higher than the Ca/Si ratio obtained
using the classical Bogue calculation. The Ca/Si ratios from
the first two agree with data obtained from EDS [10]. Data
obtained using the Bogue calculation gave lower CalSi ratios
since the predicted content of alite in the cement was lower.
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