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Abstract

A new physical basis for a previously published model for the structure of calcium silicate hydrate (C-S-H) as measured by nitrogen
sorption is described. This refined model provides a method of predicting the density, the nitrogen accessible gel porosity, and associated
surface area of C-S-H in Portland cement pastes. The basis for the model is that C-S-H forms as one of two types, high- or low-density C-S-
H. This provides a promising tool for characterizing the microstructure in a way that can be applied to understanding properties of
engineering significance. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The microstructures of Portland cement pastes are
complex and, in many respects, have not been character-
ized quantitatively. The main hydration product, calcium
silicate hydrate (C-S-H), has a complex internal pore
structure with a high specific surface area. Several techni-
ques have been used to measure the surface area, but as
indicated in a recent review by Thomas et al. [1], results
vary widely. Among the most confusing of the results is
BET surface area using nitrogen, partly because the results
fluctuate with variables such as internal water:cement ratio.
No quantitative explanation has been offered. One pro-
blem, addressed in the earlier model [2,3], is that a simple
interpretation of higher surface area resulting from a more
open C-S-H, and therefore, a pore system more accessible
to the nitrogen molecule, is not consistent with the volume
of porosity as measured by nitrogen. If this were the case,
higher surface areas would be associated with greater
volume of measured pores within the C-S-H, the gel pores.
The problem is that, in samples of comparable age, after
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larger capillary porosity is accounted for, the volume of gel
porosity measured by nitrogen is smaller in samples with
higher surface areas. Put another way, the volume of
capillary porosity does not scale with variables such as
water:cement ratio. Although the previous model rationa-
lized this problem by creating mathematical boxes, the
physical basis for the model remained obscure. This paper
describes a new refined model that is based on the
possibility of C-S-H forming in the paste with two
different densities; a high-density (HD) C-S-H and a
low-density (LD) C-S-H.

2. The model

As with the earlier version, the first task is to
determine the quantity of C-S-H and other components
in the microstructure of cement pastes. The model
assumes simple stoichiometric reactions for the hydration
of the four dominant compounds in Portland cement,
38,2 C,S, CsA, and C4AF. These have been modified
slightly from an earlier version of the model to more

2 Cement chemists’ notation is used throughout; C = CaO; S = SiO,,
A = ALOs3; F = Fe;0;, S = SO; H = H,0. Thus, C3S = 3Ca0-SiO,.
Dashes in the formula for C-S-H emphasize its variable composition.
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accurately reflect current theories on cement hydration [4]
[see Egs. (1)—(6)]:

2C3S + 10.6H — C34 — Sy — Hg + 2.6CH (1)
2C,S + 8.6H — C34 — Sy — Hg + 0.6CH (2)
C3A + 3CSH, + 26H — CsAS;Hs, (3)
2C3A + C6AS;3H3; + 4H — 3C4ASH)» (4)
C3A + CH + 12H — C4AH|; (5)
C4AF + 2CH + 10H — 2C3(A, F)Hg (6)

The first two equations are the most important as they
define the quantity of C-S-H formed. The composition for
C-S-H is reasonably well established as being valid in neat
Portland cement pastes. Eq. (3) is used for the initial
reactions of C3zA in the presence of sulfate to form
ettringite. After the initial supply of sulfate is depleted,
Eq. (4) is used for additional C;A hydration to form
monosulfoaluminates. Eq. (5) is used for continued
hydration of C;A after all ettringite is consumed. In Eq.
(6), the product of the ferrite reaction is a hydrogarnet [5].
Although several other aluminum-bearing compounds are
known to form under various conditions [6,7], the set of
reactions used here are consistent with current ideas about
the nature of early reactions of the interstitial phases and the
formation of the major products of long-term hydration.
One potential weakness is the assumption that ettringite is
completely consumed to form monosulfate even though
some ettringite is typically found in well-hydrated pastes
and concretes. This may be due to the presence of
carbonate-bearing aluminate compounds (for example,
hemi- or mono-carboaluminates), but the uncertainties
regarding the extent and rate of the reactions, and the
potential for a large number of different products make
some approximation inevitable. The assumptions chosen for
this model are a starting point, and they have a minor effect
on the results of the remainder of the model.

Table 1
Key parameters used in the model
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Another potential weakness in the model is its depen-
dence on the Bogue calculation for the cement composi-
tion. The Bogue calculation is an approximation that has
been criticized [8] and improvements have been suggested
[9]. In particular, C4AF is a solid solution with a widely-
varying, highly-substituted composition in most cements.
Improved quantitative techniques are now available for
determining the composition of cements. However, the
wide range of historic data used to calibrate the model
generally did not provide sufficient characterization to
allow alternatives to be used. Thus, these traditional
equations are used out of necessity, and as new data
become available, the model can be improved with more
accurate assumptions.

It should be noted that Egs. (1)—(6) are balanced assum-
ing all of the hydration products are saturated. For samples
that have been dried, such as those used in adsorption
experiments to determine surface area, the products of the
reactions in Egs. (1)—(6) are dried to the water contents
shown in Table 1, with a corresponding re-balancing of
the reactions.

The rates of the reactions assumed for the model are
approximations based on Avrami equations of the form [see
Eq. (7)]:

o = 1 — e~ (@lt=b)%)

(7)
where « is the degree of hydration of compound i at time ¢
(in days). The constants a;, b;, and ¢; have been determined
empirically for a specific Portland cement [10,11] and are
used as an approximation for other Portland cements; that is,
it is assumed that the compounds react at similar relative
rates. These constants are given in Table 2.

Avrami equations are best suited to describing nuclea-
tion and growth reactions and therefore, strictly speaking,
do not describe the more complex reactions occurring in
Portland cements [12,13]. However, they provide a simple
kinetic model that allows good fits for kinetics for the
first 20—30% reaction and a first approximation for pastes

Molecular weight Molar volume

Compound Nominal formula Density (kg/m®) (kg/mol) (10~° m*/mol)
Alite C3S 3150 0.228 7.24
Belite C,S 3280 0.172 5.24
Aluminate GA 3030 0.270 8.92
Ferrite C4AF 3730 0.486 13.03
Water H,0 998 0.018 1.80
Gypsum CSH, 2320 0.172 7.41
Calcium hydroxide CH 2240 0.074 3.31
Hydrogarnet C3(A,F)Hg 2670 0.407 15.27
AFm, saturated C4ASH,, 1990 0.623 34.6
AFm, dried C4A SHy 2400 0.551 22.9
AFt, saturated CoA S3H3, 1750 1.255 71.7
AFt, dried CsA S;H, 2380 0.805 33.8
Calcium aluminate hydrate C4AH,3 2050 0.560 27.4
LD C-S-H, dried C;.4S,H; 1440 0.365 252
HD C-S-H, dried C;3.4S,H; 1750 0.365 21.1
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Table 2

Constants used in the Avrami equations [11]

Compound i a b c
C3S 0.25 0.90 0.70
C,S 0.46 0 0.12
CGA 0.28 0.90 0.77
C4AF 0.26 0.90 0.55

hydrated more than 1 day. Better models to describe
Portland cement hydration exist (e.g., Refs. [14,15]),
and it is anticipated that better kinetic models will replace
this one in the future. The main advantage of this
approach is the ability to apply separate rates of reaction
to different minerals in Portland cement. In practice, a
closer approximation is obtained by iterating through time
until a weighted average for the degrees of reaction of the
individual compounds matches a specific degree of hy-
dration chosen. Fig. 1 shows the percentage of reaction of
the individual compounds and an average® Type 1 Port-
land cement [16] as a function of time using Eq. (7) with
the constants provided in Table 2.

Given the composition of the cement and the water:-
cement ratio, the governing chemical and kinetic equations
provide a means of computing the quantity of the various
phases present in the microstructure at any given time. The
percentage of capillary porosity, V¢, is calculated as follows
[see Eq. (8)]:

Ve =Vw=_ (H=T) (8)
where V,, is the initial volume percent of water, V,, is the
volume percent of hydration product, V; is the volume
percent of reactant, and the summation is over all
reactions, i. The volume of gel porosity is included in
the volume of C-S-H. As an example, the relative volumes
of each of the phases in a typical Portland cement paste are
plotted as a function of the degree of hydration of the paste
in Fig. 2.

2.1. C-S-H

As stated above, surface area as measured by nitrogen can
be modeled [2] by dividing C-S-H into two types: one that is
“seen” by nitrogen and one that is not. The present model
proposes a physical basis for the two regions of C-S-H based
on their densities: HD C-S-H and LD C-S-H. As shown in
Fig. 3, the proposed HD and LD C-S-H can explain how
higher surface areas (measured by nitrogen) are associated
with smaller volume of gel pores accessible to nitrogen, and

3 The composition of the Portland cement chosen for the examples in
Figs. 1 and 2 is based on an extensive survey of Portland cements produced
in North America in 1994 [16] and is an average for Type I cements.

vice versa. It should be noted that this has nothing to do with
the variations in surface areas resulting from variables such
as drying technique.

There is other evidence for different types of C-S-H.
They may correspond to the C-S-H portions of pheno-
grains and groundmass regions observed by scanning
electron microscopy [17], inner and outer product
[18,19], or middle and late product [20]. The HD C-S-
H is relatively stable under the high vacuum required for
electron microscopy, while the LD C-S-H is considerably
less stable. These microscopic observations support the
concept of two different forms of C-S-H in Portland
cement pastes. This concept of two types of C-S-H is
also supported by recent observations using neutron
scattering [1].

In this model, the distribution of C-S-H into each type
is determined by assuming that the LD C-S-H is the only
component of the microstructure that contributes appreci-
ably to the surface area as measured by nitrogen. Each
type of C-S-H contains a specific amount of total gel
porosity: none of the pores in HD C-S-H are accessible to
nitrogen, while only some of the pores in LD C-S-H are
accessible to nitrogen. Data [21] for surface area mea-
sured by nitrogen adsorption on D-dried pastes are shown
in Table 3. These data are used to calibrate the model by
defining M,, the ratio of the mass of LD C-S-H to the
total mass of C-S-H [see Eq. (9)]:

SN, Mp
StpM,

M, = 9)

where Sy, is the specific surface area of the dried paste
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Fig. 1. Each of the principal compounds is assumed to hydrate
independently as shown. A degree of reaction for the cement is computed
using a weighted average. The curve labeled “weighted average” in this
plot has a composition of 55% C3S, 18% C,S, 10% C5A, and 8% C4AF, an
average Type I cement composition [16].
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Fig. 2. Relative volume of each of the phases (as predicted by the model) as a function of the degree of hydration. The example is for a paste with water:cement
ratio of 0.50, and 55% CsS, 18% C,S, 10% C;A, and 8% C,4AF, an average Type I cement composition [16].

(determined from nitrogen sorption isotherms), Mp is the
mass of dried paste, S;p is the surface area per gram of
D-dried LD C-S-H (which is not independently measur-
able), and M, is the total mass of C-S-H. Using multiple
linear regression, an equation for M, is obtained that is
applied to other data [see Eq. (10)]:

M, =3.017(w: ¢)o — 1.347ac+ 0.538 (10)

where w:c is the water:cement ratio and « is the degree
of hydration. The mass ratio calculated via Eq. (10) is
shown in Fig. 4. All coefficients in Eq. (10) are
statistically significant at the 95% confidence level.

The volume percentage of HD C-S-H is given by

Eq. (11):

M — (MM,
VHD = M (1 1)
PHD
and the volume percentage of LD C-S-H by Eq. (12):
MM,
Vip = —— (12)
PLD

where V, is the volume of x, p, is the density of x, and M, is
the total mass of C-S-H. Note that this term assumes that the
C-S-H is dried (i.e., no water is included in the pores of C-S-
H, but the empty pores are included).

As will be seen by the densities computed by optimizing
this model, HD C-S-H must have some porosity and LD C-

S-H has more porosity. The additional volume of pores in
LD C-S-H is shown in Eq. (13):

MM,

PuD

Vp="Vip —

(13)
where Vp is the volume of additional porosity in the LD

HD C-S-H LD C-S-H

(b)

Fig. 3. A schematic diagram of the two-density model of C-S-H as seen by
nitrogen. The regions on the left represent HD C-S-H and regions on the
right represent LD C-S-H. Particles of LD C-S-H are accessible to nitrogen
for surface area and porosity measurements via nitrogen. No surface area or
porosity is measured using nitrogen in HD C-S-H. Boxes represent equal
degrees of hydration for: (a) a higher water:cement ratio (0.50) and (b) a
lower water:cement ratio (0.35).



Table 3

Specific surface areas of portland cement pastes, as measured by nitrogen sorption [21]
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b

Water: Age Specific surface area D-dried mass® Ignited mass Specific surface area

cement ratio (days) (m?/g ignited paste) (g per g paste) (g per g paste) (m?/g D-dried paste)

0.251 1 15.5 15.7 0.858 0.799 14.4 14.6
0.251 7 13.9 14.0 0.889 0.799 12.5 12.6
0.251 28 15.1 13.4 0.903 0.799 13.4 11.9
0.251 180 13.2 13.2 0.921 0.799 11.5 11.5
0.333 1 18.5 18.8 0.796 0.750 17.4 17.7
0.333 7 24.7 239 0.838 0.750 22.1 21.4
0.333 28 31.7 337 0.866 0.750 27.4 29.2
0.333 180 42.3 353 0.884 0.750 359 29.9
0.442 1 18.2 18.4 0.738 0.693 17.1 17.3
0.442 7 323 349 0.772 0.693 29.0 31.4
0.442 28 47.8 49.9 0.802 0.693 41.3 43.1
0.442 180 70.3 71.1 0.830 0.693 58.7 59.4
0.501 1 20.7 20.6 0.707 0.666 19.5 19.4
0.501 7 31.4 34.1 0.735 0.666 28.5 30.9
0.501 28 52.5 533 0.757 0.666 46.2 46.9
0.501 180 81.6 84.4 0.794 0.666 68.5 70.9

? Determined using the model.
° Assumes ignited mass equal to initial cement mass.

C-S-H. This is the volume of porosity in the C-S-H that
is accessible to nitrogen.

Thus, the values remaining to be determined are Sip,
pap, and prp. These are the parameters that must be fit by
optimizing the model.

3. Optimization

An iterative process has been used to optimize the values
of Sip, pup, and prp based on the fit between measured
values for surface area and porosity (both measured by
nitrogen sorption), and capillary porosity and the values for
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Fig. 4. M, is the mass ratio of LD C-S-H to total C-S-H. The division of C-
S-H into low- and high-density regions is a function of water:cement ratio
and degree of hydration and is based on regression analyses of Hunt’s [21]
data. Lines are model estimates, and points are Hunt’s data. 7% = 0.932.

those quantities predicted by the model. The values for
capillary porosity have been determined using solvent
replacement [2], sorption of large molecules [23], mercury
porosimetry [28], and estimation from evaporable water
contents [29]. These techniques measure different proper-
ties; however, assumptions made in each of those studies
(for example, using the volume of mercury intruded above a
pore diameter of 20 nm) yield estimates of capillary porosity
consistent with the values predicted by the model. The
criterion for measuring the goodness-of-fit is the fit coeffi-
cient, f, as defined by Popovics [22]. This parameter is
similar to the correlation coefficient, 7, in linear regression,
but it is related to the dispersion about the line y = x, rather
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Fig. 5. To optimize the model, the specific surface area of LD C-S-H is
varied. Values above 200 m?/g provide high degrees of fit between
measured and predicted values; a maximunm fit is obtained at 247 m?/g dried
LD C-S-H.
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Fig. 6. The goodness-of-fit between the model’s predictions and measured
values of capillary porosity is influenced by the value of the density chosen
for the LD C-S-H. The fit for porosity accessible to nitrogen shows almost
no variation with density. The optimum value for LD C-S-H is 1440 kg/m®.

than a best fit line. The value of f'can range between 0 and 1,
but £ *can never be larger than 2. The higher values of 2 in
Figs. 5—7 indicate better fit between the measured values
and values predicted by the model.

Fig. 5 shows the fit coefficient obtained between surface
areas determined using nitrogen sorption from several
laboratories [21,23—25] and values predicted by the model
using different values of Sy p. The curve rises to a plateau at
about /% = 0.948 with a maximum at 247 m?/g D-dried LD
C-S-H. Once a certain value of St p is reached, no additional
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Fig. 7. The goodness-of-fit between the model’s predictions and
measured values of porosity accessible to nitrogen is influenced by the
value of density chosen for the HD C-S-H. The fit for capillary porosity
shows no variation with the density. The optimum value for HD C-S-H
is 1750 kg/m’.
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Fig. 8. The goodness-of-fit between the model’s predictions and measured
values of chemical shrinkage is heavily influenced by the value of the
density chosen for saturated C-S-H. The optimum value for saturated C-S-H
density is 1990 kg/m®.

improvement in the model is gained by increasing this
specific surface area.

As shown in Fig. 6, the optimum fit between measured
values for capillary porosity [23,25-29] and values pre-
dicted by the model varies strongly with p;p. The value
chosen for prp has no impact on the fit for porosity
accessible to nitrogen. Increasing the density for LD C-S-
H leads to larger values of capillary porosity and smaller
values of gel porosity accessible to nitrogen; these changes
counteract each other, and the total porosity accessible to
nitrogen is unchanged. A reverse trend is observed in Fig. 7;
the value of the fit coefficient for porosity accessible to
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Fig. 9. The predicted and measured values of the volume of pores (as
measured by nitrogen). The line represents a perfect prediction. The fit
coefficient (f %) between the points and the line is 0.823. Sources of data are
provided in the legend [23,24,28,30-32].
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Fig. 10. The predicted and measured values of surface areas (as measured
by nitrogen). The line represents a perfect prediction. The fit coefficient
() between the points and the line is 0.947. Sources of data are provided
in the legend [21,23-25].

nitrogen shows a distinct maximum when plotted against
pup, Whereas the value of pyp has little impact on the fit
for capillary porosity. Increasing the value for pyp in-
creases values predicted for both capillary porosity and
porosity accessible to nitrogen. In Fig. 6, the maximum of
/% =0.944 is at a value for p p of 1440 kg/m’, while in
Fig. 7, the maximum value of the fit coefficient for
porosity accessible to nitrogen is £ = 0.822, which is at
a value of pyp = 1750 kg/m’.

Chemical shrinkage is estimated by calculating the
changes in volume that occur for each of the reactions in
Egs. (1)—(6). In this case, the saturated densities in Table 1
are used because measurements of chemical shrinkage are
performed on samples that have never been dried. Measured
values [33] of chemical shrinkage for OPC pastes cured at
20°C were used to calibrate the average value of the density
of C-S-H in the saturated state. Fig. 8 shows the results of
changes to saturated density on the fit coefficient for the
calibration data. The maximum fit occurs at pg,; = 1990 kg/
m’, with a fit coefficient, /> = 0.984. Powers [34] deter-
mined a value of 2050 kg/m?, and Taylor [8] reports a value
of 1900 kg/m”>.

4. Results and discussion

Figs. 9—11 show plots of predicted and measured values
for surface area, capillary porosity, and porosity accessible
to nitrogen, respectively, using the optimum values of pyp =
1440 kg/m?, pyp = 1750 kg/m?*, and S; p = 247 m*/g D-dried
LD C-S-H. Data for specific surface area and volume of
porosity from a wide range of sources, both reported in the
literature and measured in our laboratory, have been com-

1.0 ——_ T T
-.2’ r 4
s 0.8 e
9 - 4
8 F i

I +2 ]
E 06 023 |
o 3 X ©26 ;
Q.
8 04 X >é<> X 27 ]
Bt X A28 1
B - + A28,C35
3 r 029 7
202 | A 2 ©29,C3S |
o LA , )

00 1 1 1 1 L L 1 1 1 1 1 L 1 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0

Measured capillary porosity, cc/g dried paste

Fig. 11. The predicted and measured values of capillary porosity (as
measured by solvent exchange, adsorption, mercury porosimetry, and
evaporable water content). The line represents a perfect prediction. The fit
coefficient (f %) between the points and the line is 0.944. Sources of data are
provided in the legend [23,26—29].

pared to similar values predicted by the model. The values
of f% are 0.823, 0.947, and 0.949, respectively, for predicted
values and measured values of surface area, capillary
porosity, and porosity accessible to nitrogen. The relatively
high fit coefficients support the hypothesis of two types of
C-S-H with different densities.

Fig. 12 provides observed and measured values of
chemical shrinkage using pg = 1990 kg/m’. The value
of the fit coefficient is 0.984. The slight deviations above
4 or 5 cm>/100 g cement are possibly due to the closing
off of porosity due to hydration. Thus, the experimental
values may be slightly low, which cannot be accounted
for by the model.
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Fig. 12. The predicted and measured [33] values for chemical shrinkage.
The fit coefficient (f ) between the points and the line is 0.982.
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If the “true” density of C-S-H solids, exclusive of pores,
is taken as 2700 kg/m’ [8], then the volume of pores not
accessible to nitrogen can be calculated: HD C-S-H is 35%
by volume, and LD C-S-H is 47% by volume. If this
porosity is filled with water (1000 kg/m®), then HD C-S-
H has a density of 2100 kg/m’ when saturated and LD C-S-
H has a saturated density of 1910 kg/m®. For HD C-S-H:LD
C-S-H ratios associated with a 75% hydrated paste at a
water:cement ratio of 0.50, the saturated density of C-S-H is
1980 kg/m’>. This is nearly the same value determined by
optimizing the model for predictions of chemical shrinkage.
Data independently measured for both chemical shrinkage
and specific surface area is therefore consistent with the
model incorporating two types of C-S-H.

If a value of 2500 kg/m® is used for the density exclusive
of pores [8], perhaps a more realistic value based on
metajennite or 1.1 nm tobermorite, then HD C-S-H contains
30% porosity and the LD C-S-H contains 42%. The satu-
rated densities are 2050 and 1860 kg/m>, respectively. This
leads to a lower value for the saturated density for the case
noted above (water:cement ratio = 0.50, 75% hydrated) of
1920 kg/m>, a value lower than the 1990 kg/m® determined
by optimizing for chemical shrinkage, but within 5%.

It is worth noting that attempts to optimize this model
using a pore system in the LD C-S-H that is completely
accessible to nitrogen does not provide a good fit between
the measured values for total porosity (pores accessible to
nitrogen) and model estimates. The best fit obtainable is />
= 0.692. This is because the volume of porosity is substan-
tially overpredicted at higher water:cement ratios (higher
total porosity) and significantly underpredicted at lower
water:cement ratios.

By studying the changes required to make the model fit
data for cementitious systems other than neat pastes, such as
the inclusion of chemical or mineral admixtures, curing at
different temperatures, or curing under varying relative
humidity conditions, further information about the structure
of C-S-H can be obtained.

This microstructural model is notable in that it includes
a physical basis for two types of C-S-H in Portland cement
pastes, each with its own density. By providing a means
for determining quantitative estimates of the amounts of
each phase in the microstructure, it is believed that
stronger correlation between microstructure and physical
properties such as creep and shrinkage and transport
properties may be developed.

5. Conclusions

A revised model of the microstructure of Portland cement
paste has been presented that quantitatively predicts the
volumes of the various phases. The pore structure, including
capillary porosity, porosity accessible to nitrogen, and
specific surface area are all accurately predicted. In addition,
values for chemical shrinkage of neat pastes predicted by

the model also correspond well to physical measurements. A
key element of this model is a division of C-S-H into two
types, each with a specific density.
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