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a b s t r a c t

Pozzolanic submicron-sized silica fume and the non-pozzolanic micron- and nano-sized layer silicates
(clay minerals) kaolinite, smectite and palygorskite have been used as additives in Portland cement
pastes and mortars. These layer silicates have different particle shape (needles and plates), surface
charge, and size (micron and nano). The structure of the resulting cement pastes and mortars has been
investigated by atomic force microscopy (AFM), helium porosimetry, nitrogen adsorption (specific sur-
face area and porosity), low-temperature calorimetry (LTC) and thermal analysis. The main result is that
the cement paste structure and porosity can be engineered by addition of selected layer silicates having
specific particle shapes and surface properties (e.g., charge and specific surface area). This seems to be
due to the growth of calcium-silicate-hydrates (C–S–H) on the clay particle surfaces, and the nano-struc-
ture of the C–S–H depends on type of layer silicate. The effect of layer silicate addition is most pro-
nounced for palygorskite and smectite having the largest surface area and negative charges on the
particle surfaces. The cement pastes containing palygorskite and bentonite have, in comparison to the
pure cement paste and the paste containing kaolinite, a more open pore structure consisting of fine pores.
Silica fume paste contains a significant amount of closed pores. As a secondary result, it is demonstrated
that both the degree and duration of sample drying strongly modifies the structure of the cementitious
materials under investigation.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Engineering the pore structure is important for designing con-
crete with specific properties. The pore structure of concrete
strongly influences both mechanical behaviour and transport prop-
erties, which are essential for the durability of the concrete [1].
Addition of micro- and nano-particles to cementitious mixtures
may result in a more homogeneous and finer pore structure. This
is due to an improved initial packing of the solids and nucleation
of hydration products on the surfaces of the fine particles (filler ef-
fect). In addition, some siliceous (or siliceous and aluminous) fine
particles, such as silica fume (SiO2) and metakaolin (Al2Si2O7), react
with calcium hydroxide and form hydration products with cemen-
titious properties (pozzolanic effect).

In concretes based on Portland cement, water and aggregate,
products of cement hydration gradually fill some of the interparti-
cle space. The main hydration product, the calcium silicate hydrate
(C–S–H) phase, is a composite of a nano-sized solid-phase and
ll rights reserved.
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nano-sized pores, see e.g. [2,3], and it is often assumed that the
large surface area of cementitious materials can be attributed to
the properties of the C–S–H phase [3].

The C–S–H is a poorly crystalline phase which has a layer struc-
ture that ideally resembles the atomic structures for the crystalline
11 Å and 14 Å tobermorites [2,4,5]. The microstructure of the C–S–
H has been described by different models. According to an early
model [4] and in agreement with the Feldman–Sereda model [6],
the microstructure of the C–S–H is related to the layered structures
of tobermorite and jennite. Consequently, interlayer spacings con-
taining strongly adsorbed water were assumed to be present in the
C–S–H. The Feldman–Sereda model [6] is such a model. An alterna-
tive, colloidal-based model for two types of C–S–H has more re-
cently been proposed by Jennings [7] and Tennis and Jennings
[8]. The two types of C–S–H are a low-density (LD) C–S–H consist-
ing of flocculated globules and a high-density (HD) C–S–H with
closely packed globules. This model assumes that the LD C–S–H
is the only component in Portland cement pastes that contributes
significantly to the specific surface area measured by nitrogen
adsorption, whereas in the HD C–S–H few pores are accessible to
nitrogen at 77 K [9]. However, the LD C–S–H contains a significant
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proportion of porosity which is normally not accessible to nitrogen
at 77 K, most likely due to slow diffusion (activated entry). Water
molecules can probably enter both LD and HD C–S–H [9]. During
cement hydration, an inner hydration shell and an outer hydration
shell are formed within the original cement grains. Besides, C–S–H
nucleates in the solution. Scrivener [10] correlated the LD and HD
C–S–H of Tennis and Jennings [8] to the outer and inner hydration
products, respectively, as observed in backscattered electron
images, and attributed the C–S–H formed in solution to the LD
C–S–H.

Addition of pozzolans, e.g. silica fume, to Portland cement in-
creases the quantity of the C–S–H phase on the account of the
amount of calcium hydroxide. Addition of silica fume reduces the
capillary porosity and densifies the microstructure of the interfa-
cial transition zone (ITZ) between the bulk cement paste and
aggregates [11]. Furthermore, the pozzolanic reaction appears to
produce a C–S–H with a significantly lower diffusivity compared
to C–S–H phases formed in cement pastes without silica fume
addition [11]. A possible negative consequence of the dense micro-
structure observed in concretes based on addition of silica fume
and a low water/cement ratio (w/c) is that these concretes may
show explosive spalling during high-temperature loading [12–14].

The sub-micron sized particles used in concrete production
have so far predominantly been silica fume. Micro- or nano-sized
layer silicates exhibit no pozzolanic reactions in Portland cement
systems [15]. However, addition of these silicates to Portland ce-
ments accelerates the cement hydration [15–17] by increasing
the degrees of hydration for both alite and belite [17]. Moreover,
it has been shown that replacement of 20 wt.% of the Portland ce-
ment by a kaolinite or illitic clay results in an increased porosity of
paste samples, but a decreased porosity of mortars as measured by
mercury intrusion porosimetry [18]. A decrease in compressive
strength of mortars following addition of illite, smectite, kaolinite
or illite–smectite was observed by He et al. [19,20]. The partly con-
tradictive data from the above mentioned investigations may to
some extent reflect varying degrees of dispersion of the clay mate-
rials in the cement mixtures. In a solid-state 29Si MAS NMR inves-
tigation [15], it was found that two layer silicates, smectite and
kaolinite, result in formation of different nano-structures of the sil-
icates formed during the hydration, i.e. shorter and longer average
chain lengths of SiO4-tetrahedra for the C–S–H in mixtures con-
taining smectite and kaolinite, respectively.

To design new types of concrete, we have applied non-pozzola-
nic micro- and nano-size layer silicates (kaolinite, smectite and
palygorskite) as additives in concrete. Previously, we have de-
scribed the molecular structure of the C–S–H hydration products
for these new materials [15]. The aim of the present investigation
is an evaluation of the influence of the selected types of micro- and
nano-sized additives on porosity characteristics of pastes and mor-
tars, including the effect on the ITZ between aggregate and bulk ce-
ment paste. The paper describes experimental investigations of the
structure and pore systems obtained using these new additive
materials compared to the pore systems of pastes and mortars
with pure cement and with cement added silica fume. The
micro-/nano-structures have been investigated by atomic force
microscopy (AFM) on freshly fractured paste samples. Determina-
tion of helium-porosity and nitrogen adsorption specific surface
area and porosity have been applied to determine the amount of
open pores in pastes and mortars and these results are compared
to the total amount of pores estimated from density
measurements.

Furthermore, low-temperature calorimetry (LTC) has been car-
ried out for mortars to determine the porosity characteristics. For
the cement paste samples, non-evaporable, physically adsorbed,
and free water, as well as the content of calciumhydroxide, have
been determined from quantification of the water evolved by ther-
mal analysis. Application of this combination of methods demon-
strates that the cement paste structure can be changed markedly
by addition of non-pozzolanic clays. In particular, the addition of
smectite or palygorskite leads to pastes having increased amount
of interconnected fine pores which in the corresponding mortars
are connected to the ITZ.
2. Experimental investigations

2.1. Materials

A white Portland cement from Aalborg Portland A/S, Denmark,
and distilled water were used for all samples. The bulk oxide com-
position of the cement is: 68.3 wt.% CaO, 25.0 wt.% SiO2, 1.87 wt.%
Al2O3, 0.45 wt.% Fe2O3, 0.68 wt.% MgO, 0.01 wt.% TiO2, 0.01 wt.%
MnO, 0.17 wt.% Na2O, 0.07 wt.% K2O, and 0.16 wt.% P2O5. The silica
fume was dry powder from Elkem Materials, Norway. Palygorskite,
a needle shaped 2:1 layer mineral (Fig. 1a), was obtained from Tol-
sa, Spain and consists of particles having a diameter of 0.1 lm and a
length of several lm and with a specific surface area of 112 m2/g
determined from nitrogen adsorption. Kaolinite was provided by
Imery, UK, and consists of platy particles having approx. equal
width and thickness (0.005–0.05 lm) (Fig. 1b) and a specific surface
area of 19 m2/g. Bentonite is a raw material dominated by the clay
mineral smectite. The bentonite (smectite) from Leca, Denmark,
consists of flexible laths having the average dimensions: thickness
0.003 lm, width �0.1 lm, length 0.1–0.5 lm (Fig. 1c), and a spe-
cific surface area of 79 m2/g determined by nitrogen adsorption.

Paste samples were prepared with w/c ratios 0.40 and 0.50. The
mortar samples were prepared with seasand (0–2 mm, Class E
from RN Sten & Grus, Denmark) and contained 40% sand by vol-
ume. The compositions of the different mixtures for the pastes
and mortars are summarized in Table 1a and 1b, respectively. Ref-
erence samples of pure Portland cement and samples with addition
of kaolinite, bentonite, palygorskite and silica fume added in an
amount of 10% by weight (wt.%) of the solid (cement and additive)
were prepared. Additional water was added to the palygorskite
paste assuming a palygorskite adsorption of 373 wt.% water, and
to the bentonite mixes assuming a bentonite water adsorption of
193 wt.%. These adsorption values were estimated in the following
way: the clay was suspended in a 1.0 M CaCl2 solution having a
high ionic strength of Ca2+ ions and thus a high flocculation effect.
The suspended clay was repeatedly stirred and centrifuged to con-
stant weight and the amount of water adsorbed was determined by
weight. Silica fume was added as a dry powder and the layer sili-
cates as suspensions. In the preparation of the samples, the disper-
sion of the layer silicates in the mixtures was carefully considered.
Bleeding was not observed except a faint bleeding for the reference
and palygorskite pastes having w/c 0.50. Samples were stored in
closed plastic containers, which were kept in a water saturated
atmosphere at room temperature to limit long term evaporation
and carbonation reactions.

2.2. Methods

2.2.1. Atomic force microscopy
AFM was carried out on a Rasterscope 4000 instrument with the

tip running in non-contact mode and with an applied force of 0.1 or
0.15 nN at room temperature and normal humidity (40–60% RH).
However, the bentonite was scanned in contact mode with applied
force 1 nN. Fractured surfaces of pieces of paste were scanned for
6 h at room conditions (40–60% RH). During night the specimens
were stored at 100% humidity, and were discarded after maximum
3 days. The clay specimens for the AFM measurements were pre-
pared by letting a drop of suspended clay dry on a block of highly



Fig. 1. Atomic force microscope images of the raw clays (a) palygorskite, (b) kaolinite, and (c) bentonite, used as additives in the cement mixtures. Particles dispersed and
deposited on highly oriented pyrolytic graphite. For each image is shown lateral distances and vertical distance (colours from black to white correspond to the vertical scale).

Table 1a
Compositions of the paste mixtures (weight ratios and percentages)

w(f)/c (w(f) +
w(a))/c

(w(f) +
w(a))/s

Water
(%)

Cement
(%)

Additive
(%)

Kaolinite 0.40 0.40 0.36 26.47 66.18 7.35
0.50 0.50 0.45 31.04 62.07 6.89

Palygorskite 0.40 0.81 0.73 42.29 51.95 5.77
0.50 0.91 0.82 45.14 49.38 5.48

Bentonite 0.40 0.61 0.55 35.59 57.97 6.43
0.50 0.71 0.64 39.12 54.79 6.08

Silica fume 0.40 0.40 0.36 26.47 66.18 7.35
0.50 0.50 0.45 31.04 62.07 6.89

Reference 0.40 0.40 0.40 28.57 71.43 0.00
0.50 0.50 0.50 33.33 66.67 0.00

w(f), free water; w(a), water adsorbed in additives.

Table 1b
Compositions of the mortars

w(f)/c Water
(%)

Cement
(%)

Additive
(%)

Sand
(%)

Kaolinite 0.40 15.88 39.71 4.41 40
0.50 18.62 37.24 4.13 40

Palygorskite 0.40 25.37 31.17 3.46 40
0.50 27.08 29.63 3.29 40

Bentonite 0.40 21.36 34.78 3.86 40
0.50 23.47 32.88 3.65 40

Silica fume 0.40 15.88 39.71 4.41 40
0.50 18.62 37.24 4.13 40

Reference 0.40 17.14 42.86 0.00 40
0.50 20.00 40.00 0.00 40

Weight ratios and percentages, except for the amount of added sand, which is given
in volume percent.
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oriented pyrolytic graphite. Several (�20) images, 1 lm by 1 lm,
were scanned at different places for each specimen. However, the
small area of each image, while providing high resolution of the
surface in three dimensions, makes it difficult to obtain a represen-
tative imaging of the total sample at the same time, as compared to
e.g. scanning electron microscope images.
2.2.2. Thermal analysis of paste samples
The amount of evaporable water was determined by heating

samples ground to <2 mm to constant weight at 105 �C. Thermal
analysis (DTA) with infrared detection of evolved water (EWA)
and carbondioxide was carried out on powdered samples in a Stan-
ton–Redcroft system [21] The gas flow was 400 ml N2/min and the
heating rate was 10 �C/min. Prior to heating, the samples were
dried at room temperature with the gas flow of pure nitrogen in
the DTA instrument until water release ceased (see e.g. [22]). The
powdered samples were prepared by grinding by hand immedi-
ately before analysis. It should be noted that the peak tempera-
tures do not reflect reaction temperatures but temperatures of
highest reaction rate.

Non-evaporable water [4] was determined from the evolved
water curve for samples previously outgassed in high vacuum for
3–5 days at 22 �C until stable vacuum was achieved (Fig. 2a). The
total amount of non-evaporable water (including that from calci-
umhydroxide) was determined from the water release in the range
105–700 �C (the water release stopped at this temperature). In
addition the non-evaporable water corresponding to the broad
peak for evolved water at 105–200 �C (in these samples at
�180 �C) was determined.

The amount of non-evaporable water corresponding to the peak
at �180 �C plus the amount of physically adsorbed water was
determined for fresh samples from the peak for evolved water
(in these samples at �130 �C) (Fig. 2b). The amount of physically
adsorbed water was calculated from this quantity by subtraction
of the amount of non-evaporable water due to the peak at
�180 �C in outgassed samples (Fig. 2a).

The amount of calcium hydroxide was calculated from the
evolved water peak at 500–550 �C.

2.2.3. Gas porosimetry
2.2.3.1. Pore system and adsorbents. The spatial dimensions for the
He, N2, and H2O atoms/molecules can roughly be approximated
by a sphere with a radius of 0.93 Å (He), a cylinder with a radius
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Fig. 2. Curves for the evolved water from thermal analysis for the pastes with w/c = 0.4 and hydrated for 20 months. The powders were analysed with a heating rate of 10 �C/
min, a gas flow of 400 ml N2/min. (a) Pastes previously outgassed at high vacuum and (b) fresh pastes.
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of 1.5 Å and a height of 4.1 Å (N2), and a box with dimensions
1.3 Å � 1.5 Å � 2.0 Å (H2O). Furthermore, it is noted that the H2O
molecule exhibits a permanent dipole moment. For dry samples,
He porosimetry measures the total open porosity including the
very fine pores and pores with very fine inlet constrictions, since
the He atom is small, and the measurements are carried out at
room temperature, which favours activated diffusion through very
fine inlets [23]. The N2 molecule is larger than He and the low tem-
perature for nitrogen adsorption (�77 K) is less favourable for acti-
vated entry. Accordingly, the finest pores and pores with very fine
inlet constrictions are not included in the nitrogen adsorption
measurements. Furthermore, when comparing data on porosity
the method of conditioning the sample should be taken into
consideration.

2.2.3.2. Nitrogen adsorption. Nitrogen adsorption was carried out
on a Micromeritics Accusorb instrument. Helium was used for
dead-space determination. Samples were crushed and pieces of
1–4 mm diameter used for measurement. Outgassing was per-
formed in high-vacuum (<10�4 mm Hg) at 20 �C, in order to mini-
mize drying effects. Outgassing was carried out until stable
vacuum was achieved (usually after 3 days). The specific surface
area (Sw) was calculated from the adsorption isotherm using the
BET equation. The volume of pores having a diameter <200 Å was
calculated from the amount of nitrogen adsorbed at p/p0 = 0.9,
the so-called Gurvitsch porosity [24]. Assuming cylindrical pores
the average diameter of pores <200 Å was calculated from the spe-
cific surface area and the Gurvitsch porosity. Two sets of samples
were investigated after hydration periods of 3 and 17–20 months.
In addition, one set of samples hydrated for 12 months was sub-
jected to stepwise dehydration in a desiccator over salt solutions
and finally stored over silica gel for 1–3 months in order to inves-
tigate the effect of prolonged drying at room temperature and at
non-vacuum conditions.

2.2.3.3. He-porosity and grain density. He-porosity was determined
for samples dried at 110 �C for 2 days or more. The analyses were
performed in a temperature controlled laboratory according to
guidelines published by the American Petroleum Institute [25].
The sample grain volume (or solid matrix volume) was mea-
sured on dried samples in a Boyle’s Law double cell helium
porosimeter. Sample bulk volume was measured by submersion
of the sample in a mercury bath and calculated using Archime-
des principle. The sample pore volume was calculated by sub-
traction of the grain volume from the bulk volume. The
helium porosimeter was calibrated using a set of reference steel
plugs before the samples were measured. The samples used for
these measurements were plugs drilled from the cylinders of
hydrated paste and mortar. Sample grain density (or matrix
density) was calculated from the grain volume measurement
and the weight of the dried sample. The precision expressed
as a standard deviation is 0.1 porosity percent on the
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He-porosity determination for sample porosities >1%, and
0.003 g/cc on the sample grain density.

2.2.4. Low-temperature microcalorimetry
The samples were saturated prior to testing according to [26].

Excess liquid was removed with a damp cloth. After the low-tem-
perature microcalorimetry (LTC) measurement, the samples were
dried at 105 ± 5 �C until constant weight was achieved (±0.1 �C).
The LTC measurements were performed in a low-temperature Cal-
vet Micro Calorimeter, model ‘‘�196–200 �C”, from Setaram
[27,28]. Temperature cycles were made between + 20 �C and min-
imum �48 �C. The cooling and heating rates were �3.3 �C/h and
+4.1 �C/h, respectively. No nucleation agent was used. The heat
flow is given as the apparent heat capacity calculated using the
method of Sellevold and Bager [29]. The measured temperatures
are registered in the reference block. The cylindrical test samples
of cement paste and mortar have a diameter of 15 mm and a length
of 70 mm.

2.2.5. Water desorption
Cylinders of paste (2.5 cm diameter, length 2.5 cm) and mortar

(4 cm diameter, length 4 cm) were placed in desiccators and
weighed after 1 week. The first step was in a desiccator with water,
then with the following saturated salt solutions: K2SO4 (97% RH);
KNO3 (93% RH); KCl (86% RH); NaCl (75% RH); NaBr (59% RH);
MgCl2 (33% RH); K-acetate (23% RH); LiCl (12% RH); and finally
in a desiccator over silica gel for 1–3 months. Each cylinder was
carried through the succession of humidity controls.

2.2.6. Comment on mercury intrusion porosimetry
It has been customary to use mercury intrusion porosimetry

(MIP) to evaluate pore-size distributions in cementitious materials.
However, pores with a diameter of <30 Å are normally not in-
truded. High pressure is needed to intrude the fine pores, and the
pressures of MIP may actually damage the structure of cementi-
tious materials [30]. Furthermore, pore-size distributions from
MIP do not reflect the sizes of the pores that actually exist in these
systems, because only intrusion threshold parameters and intruda-
ble pore space are measured [31]. For these reasons, MIP was not
applied in the present investigation. In the present study, freezing
curves obtained by LTC are applied for assessment of percolated
pore sizes. In contrast to MIP, LTC does not require drying of the
samples prior to testing.
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3. Results and discussion

3.1. Structural changes due to drying and storage

The structure of cementitious materials changes during water
desorption, e.g., as illustrated by data on the surface area [3]. Thus,
the method of drying the samples prior to gas adsorption and
porosity investigations influences the structure.

In order to compare the effect of drying in vacuum, as used for
nitrogen adsorption, and the effect of oven-drying used for helium
porosimetry and density determination, one paste sample (refer-
ence w/c 0.4, 12 months hydration) was divided into two parts,
where one part was exposed to vacuum drying while the other part
was dried in an oven at 105 �C. For each of these parts nitrogen
adsorption was subsequently carried out. The specific surface area,
derived from these measurements, is 41 m2/g for the vacuum-
dried sample and 80 m2/g for the oven-dried sample. However,
the adsorption isotherms have almost identical shape (Fig. 3) indi-
cating no change in the pore-size distribution. This indicates that
the oven-drying has widened the gel-pore interconnections in
the pore system without any other significant changes in the pore
structure. Similarly, Lion et al. [32] found increases in porosity and
gas permeability, which could be assigned to pore widening after
heating. However, Gran and Hansen [33] found that drying at
105 �C reduces the specific surface area measured by 1H NMR
and attributed this to a coarsening of the pore structure, while
Juenger and Jennings [3] found that oven drying relative to D-dry-
ing (dry-ice drying) causes a decrease in surface area, as measured
with nitrogen, and assigned this to drying shrinkage of the LD
C–S–H.

The drying time is, in addition to exposure conditions (relative
humidity and temperature), very important for the structure of
cementitious materials. For example, it has been observed that
prolonged drying decreases the surface area [34,35]. Samples are
dried prior to adsorption, e.g., by D-drying for periods as long as
3 weeks [17]. Rarick et al. [35] found that the nitrogen surface area
of Portland cement paste decreased with storage time after D-dry-
ing which they tentatively attributed to carbonation. In the present
investigation, however, the drying of samples for long time for
water desorption took place in desiccators and thermal analysis
has shown that there are no measurable amounts of carbonates
in the reference paste samples after this drying procedure. In the
present investigation, pastes from the 2 months stepwise water
desorption and subsequently 1–3 months storage over silica gel
(Table 2, ‘‘12 months, desic.”) have a much lower specific surface
area and pore volume determined by nitrogen as compared to
the previously non-dried (”fresh”) pastes (i.e., ‘‘3” and ‘‘17–
20 months” in Table 2) (see Fig. 4a and b). The average pore size
is larger for the pastes dried over silica gel (Table 2). This agrees
with the results of Lawrence et al. (see [4]), who found that pastes
having been rapidly dried (such as those only being outgassed at
high vacuum in the present investigation) were likely to be closest
in structure to undried pastes. It should be noted that both these
samples and the fresh pastes were outgassed in high vacuum at
20 �C for 4 days and that this outgassing resulted in a removal of
so much water that no extra water was removed by a subsequent
heating at 110 �C.

Similarly for the mortars the prolonged drying over silica gel
has caused a strong decrease in both specific surface area and Gur-
vitsch porosity as compared to the previously non-dried (fresh)
mortars investigated after 3 months of hydration (Table 3).

The influence of drying and subsequent storage should be kept
in mind when interpreting porosity data; e.g. water desorption
curves will reflect a series of structures representing different
states during drying. In mortars and dense pastes, the capillary sys-
tem can consist of capillary pores, interconnected solely by gel
pores [31]. This system results in the ‘‘ink bottle” effect, e.g., as ob-
served by MIP, LTC and nitrogen adsorption measurements [36,37].



Table 2
Nitrogen adsorption data for the paste samples: specific surface area (Sw), Gurvitsch pore volumes and average pore diameter

Paste w/c 3 months 17–20 months 12 months, desic.

Sw (m2/g) Pores (vol cm3/g) Diameter (Å) Sw (m2/g) Pores (vol cm3/g) Diameter (Å) Sw (m2/g) Pores (vol cm3/g) Diameter (Å)

Kaolinite 0.40 26 0.034 23 46 0.049 21
0.50 59 0.085 24 80 0.082 21

Palygorskite 0.40 75 0.126 23 128 25 0.044 35
0.50 107 0.144 20

Bentonite 0.40 64 0.095 23 112 0.121 22 13 0.026 40
0.50 99 0.140 21 112 0.124 22 21 0.033 31

Silica fume 0.40 14 0.025 29 10 0.014 30
0.50 33 0.054 27 30 0.037 24 10 0.015 30

Reference 0.40 59 0.068 19 59 0.064 22 7 0.013 37
0.50 84 0.095 20 90 0.086 20 10 0.018 36

Specific surface area and the pore volumes are per g dry sample.
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Fig. 4. Nitrogen adsorption isotherms for pastes with w/c = 0.4 hydrated for one
year, and after outgassing in vacuum (vertical scale to the right) and after water
desorption and storage over silica gel (vertical scale to the left). (a) The reference
paste and (b) the palygorskite paste.

Table 3
Nitrogen adsorption data for the mortar samples: specific surface area (Sw) and pore
volumes

Mortar w/c 3 months 12 months, desic.

Sw (m2/g) Pores (cm3/g) Sw (m2/g) Pores (cm3/g)

Kaolinite 0.40 36 0.044 10 0.016
0.50 55 0.066 27 0.028

Palygorskite 0.40 91 0.088 17
0.50 94 0.130 23 0.035

Bentonite 0.40 61 0.076 13 0.019
0.50 73 15 0.027

Silica fume 0.40 36 0.042 6
0.50 14 0.026 8 0.014

Reference 0.40 44 0.046 12 0.016
0.50 41 0.052 17 0.025

Specific surface area and the pore volumes are per g dry sample.
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3.2. DTA-evolved water analysis: calcium hydroxide content, structure
and porosity

The amount of non-evaporable water [4] released at 105–700 �C
is low for the silica fume paste with w/c = 0.4, somewhat larger for
the kaolinite pastes, and largest for the reference, bentonite, and
the palygorskite pastes and for the silica fume paste with w/c =
0.5 (Table 4, Fig. 2a). The amount of non-evaporable water released
in the reaction at �180 �C (the interval 105–400 �C) is 4.7–6.5% for
all pastes, and it does not change for the w/c ratios of 0.4 and 0.5.
Stepkowska et al. [38] assigned this release (110–400 �C) to water
from the C–S–H and other hydrates and found values of 5.4% and
7.6% for two Portland cement pastes having w/c 0.4 and an age
of five years.

For the physically adsorbed water Stepkowska et al. [38] found
a release of 7.9% and 7.8% at 150 and 160 �C, respectively, for the
two pastes. In the present investigation, the amount of physically
adsorbed water increases on going from w/c = 0.4 to w/c = 0.5
and the amount is similar for the reference and kaolinite pastes,
but larger for the bentonite, silica fume and especially the paly-
gorskite pastes (Table 4). The rather narrow release of physically
adsorbed water at �100 �C (Fig. 2b) resembles the release of phys-
ically adsorbed water from the layers of clays [39]. In fact, the
water release observed as a rather narrow peak in DTA measure-
ments at 90–105 �C was demonstrated by Feldman and Ramachan-
dran [40] to be interlayer water in the layered structure of the
C–S–H, the water adsorbed physically on the outer surfaces being
released at 65–80 �C [40]. This peak is absent in the EWA curves
(Fig. 2b) of the present investigation, probably because the sample
powder prior to heating was conditioned in the DTA apparatus in a
gas flow of dry nitrogen. Feldman [41] estimated the interlayer
spacing in the C–S–H to be �3 Å in thickness, and the layers are
thus only about one molecule of water apart.

The amount of evaporable water also increases when the w/c is
changed from 0.4 to 0.5 (Table 4). Moreover, the amount of evap-
orable water exhibits almost the same variation as the non-evapor-
able water released at 105–700 �C in that it is similar for the
kaolinite and silica fume pastes, larger for the reference pastes,
and largest for the palygorskite and bentonite pastes. It is impor-
tant to note that the evaporable water is determined on samples
<2 mm in size, i.e., some of the larger pores may have been
destroyed by grinding.

The amount of calcium hydroxide after 3 months of hydration is
lowest for the silica fume pastes, followed by the kaolinite paste
and is largest for the reference, bentonite and palygorskite pastes
(Table 5, Fig. 2a and b). It increases on going from w/c = 0.4 to w/
c = 0.5, probably due to an increased degree of hydration at higher
w/c. However, this is not confirmed by the present measurements
of water release in the temperature range 105–700 �C. The low cal-
cium hydroxide content in the silica fume pastes can be explained



Table 4
Results from the DTA-evolved water analysis of pastes: Calculated data for the non-
evaporable, physically adsorbed and evaporable water in the C–S–H for the pastes
hydrated for 17–20 months

Paste w/c Evaporablea Non-evaporable Physically
adsorbed

105–
700 �C

Peak
�180 �C

Peak �130 �C

Kaolinite 0.40 16.1 16 4.8 11
0.50 21.0 15 4.7 15

Palygorskite 0.40 40.4 20 5.8 29
Bentonite 0.40 30.0 20 5.9 19

0.50 33.0 20 4.7 24
Silica fume 0.40 20.7 13 5.5 15

0.50 25.3 19 6.5 18
Reference 0.40 18.2 19 5.7 11

0.50 22.2 18 5.8 12

% of weight of the material heated to 105 �C.
a By heating to 105 �C.
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by pozzolanic reactions, and this is supported by an observed de-
crease in the calcium hydroxide to C–S–H ratio for the silica fume
samples. The higher calcium hydroxide content in the bentonite,
palygorskite and reference pastes compared to the kaolinite pastes
can partly be explained by a higher degree of hydration in the ben-
tonite, palygorskite and reference pastes, since the clay minerals
exhibit no pozzolanic effects. The amount of calcium hydroxide de-
creases from 3 months to 17–20 months for the reference pastes,
the w/c 0.5 bentonite paste and the w/c 0.4 silica fume paste,
whereas it is almost invariant for the other pastes. This may be
compared to reported observations of a maximum in calcium
hydroxide content for cements high in belite and the fact that
the calcium hydroxide content may decrease slightly after 28–
91 days even for modern cements high in alite [4].

Based on the non-evaporable water contents (Table 6), Bogue
calculation of the clinker minerals [4], and assuming (i) the follow-
ing non-evaporable water contents for the fully hydrated clinker
minerals of 0.24, 0.21, 0.40, and 0.37 (g water)/(g clinker mineral)
for C3S, C2S, C3A, and C4AF [42], respectively, and (ii) simultaneous
hydration of all clinker minerals, the degrees of hydration
(weighted average) for the 17–20 months old pastes are estimated
to be 0.9 or more. The only exception is the paste including kaoli-
nite, for which a lower degree of hydration of 0.8 was achieved.
This finding for the kaolinite mixture is in contradiction with the
degrees of hydration for alite (>0.95) and belite (>0.85) determined
from 29Si MAS NMR for two similar mixtures of kaolinite and ben-
tonite with white Portland cement (w/c = 0.5) hydrated for one
year [15]. The 29Si and 27Al MAS NMR investigations of these mix-
tures give no indications of a lower degree of reactivity for the ce-
ment in the kaolinite mixtures. Thus, we expect that the slightly
lower degree of hydration, estimated from the non-evaporable
water contents for the kaolinite mixture, is due to the approxima-
Table 5
Calcium hydroxide content (% of dry material) determined for the paste samples from
DTA-evolved water measurements

w/c 3 months hydration 17–20 months hydration

Kaolinite 0.40 20 19
0.50 23 23

Palygorskite 0.40 29 30
Bentonite 0.40 23 24

0.50 32 25
Silica fume 0.40 13 10

0.50 17 16
Reference 0.40 29 22

0.50 32 25
tions used in the calculation of the degree of hydration by this
approach.

3.3. Microstructure from atomic force microscopy

A transmission electron microscopy (TEM) investigation [43] of
a paste made from a mixture of calcium oxide and silica identified
a C–S–H interlayered with calcium hydroxide in a lamellar struc-
ture with a lamellae thickness of �10 nm. Moreover, TEM investi-
gations of white Portland cement pastes hydrated for 1–8 years at
20 �C [2,44] have shown that the C–S–H formed inside the original
cement grains (the inner product, IP) consists of small, globular
particles with a diameter of 4–8 nm. The C–S–H formed in the pore
space (the outer product, OP) appears in alite and belite pastes to
consist of aggregations of long, thin, fibrillar particles, which in ce-
ments blended with slag, metakaolin, or silica fume changes from
fibrillar to a foil-like morphology [2].

AFM images of pastes hydrated for 20 months (Figs. 5–9) show
globular grains and irregularly shaped pores. The grains are rather
small (�100 nm diameter) in the bentonite paste (Fig. 8), larger in
the palygorskite (Fig. 9) and kaolinite (Fig. 7) pastes and largest in
the reference (Fig. 5) and silica fume (Fig. 6) pastes. In the paly-
gorskite pastes, some large grains are elongated (Fig. 9c). Clay par-
ticles could not be observed, probably because cement hydration
products have crystallised on the surface of the clay particles.

For all five pastes, the AFM images of the pores demonstrate
that calculations assuming the cylindrical pore systems in cement
pastes are principally wrong. The layer structure observed in the
reference paste (Fig. 5b) resembles the layer structure of clays
and conform with the layer structure model for C–S–H. However,
the observed layer structure appears to have formed in the pore
space. The C–S–H phase formed on the surface of cement grains
or of layer silicates may have a quite different structure, as indi-
cated by the AFM images of the kaolinite, bentonite, and palygorsk-
ite pastes, and from the 5 nm blades observed for the kaolinite
paste (Fig. 7b and c). These blades may well be the C–S–H formed
on the kaolinite surfaces and resemble the curved layers of the
Feldman–Serada model [6]. Furthermore, they are similar to the
foils growing in the pore space observed by TEM [2]. The small
4–8 nm sized globules, observed by TEM and growing on the ce-
ment grains, have not been observed by AFM. However, TEM spec-
imens are subjected to elevated temperature and high vacuum,
whereas the AFM specimens are scanned at room conditions.

3.4. Pore structure of pastes

3.4.1. Specific surface area and porosity from nitrogen adsorption
Nitrogen adsorption isotherms are of the types II or IV of the

BET classification, types II and IV being characterized by high
(>30) BET surface affinity coefficients [24]. Accordingly, the specific
surface areas can be calculated from the linear BET plots [24]. The
Table 6
He-porosity (%) of the paste and mortar samples after 3 months of hydration

w/c Pastes Mortars

Kaolinite 0.40 20.6 17.9
0.50 26.7 –

Palygorskite 0.40 42.4 35.1
0.50 40.6 34.1

Bentonite 0.40 34.2 25.9
0.50 39.6 30.1

Silica fume 0.40 13.6
0.50 22.0 17.3

Reference 0.40 20.2 17.3
0.50 25.8 19.5

The samples were dried at 110 �C prior to the He porosity measurements.
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magnitude of the Sw values for pastes (Table 2) corresponds to the
values found by Bodor et al. [45] (Sw 53 m2/g for w/c = 0.4 and
Sw = 89 m2/g for w/c = 0.5). However, the Sw values vary much with
drying and preparation techniques (vide supra). Thus, the present
discussion of the Sw values will be based on the variations of S with
w/c, aggregate, clay, and silica fume addition employed for the
studied samples.

Relative to the reference pastes, the silica fume pastes have a
lower specific surface area and pore volume. The kaolinite pastes
have about the same and the bentonite and palygorskite pastes sig-
nificantly higher specific surface area and pore volume relative to
the reference pastes. Except for the bentonite paste at age 17–
20 months, the specific surface areas and the Gurvitsch porosity in-
crease with increase in w/c from 0.4 to 0.5 (Table 2). A constant
specific surface area and pore volume is observed for the reference
pastes and for the silica fume pastes hydrated for 3–17 months,
whereas an increase in specific surface area of 33–100% in the
same period of hydration is apparent for the clay pastes. These
changes caused by clay addition cannot be due to the specific sur-
face of the clay because the clay surfaces appear according to AFM
to be covered with hydration products, as also indicated by kinetic
studies of the C–S–H formation for cement–clay mixtures by 29Si
MAS NMR [15]. Furthermore, addition of e.g. 10% of palygorskite
with a specific surface area of 112 m2/g can at maximum contrib-
ute with a specific surface area of 11 m2/g. It is noted that for w/
c = 0.4 the increase following palygorskite addition is equal to
69 m2/g relative to the reference samples.

From small angle scattering (SAXS) measurements, the surface
area of pastes has been observed to increase to 600 m2/g during
one year of hydration [46]. However, SAXS is probing size scaled
of the order of the radiation, which was 0.7 Å. For Portland cement
pastes, Odler and Chen [47] found for 1–24 months of hydration
that the Sw(N2) value did not increase with time for w/c = 0.3,
but increased 30% for w/c = 0.6 and 100% for w/c = 1.0. For Sw(H2O),
they found for all w/c ratios an increase with time, by 50% for w/
c = 0.3 and w/c = 0.6, and by 100% for w/c = 1.0. Moreover, the ob-
served strong increase in nitrogen adsorption and penetration fol-
lowing heating to 110 �C (Fig. 3) indicates a widening of gel pore
connections during heating as mentioned earlier.

For most of the pastes hydrated for 3 or 17–20 months, the
average pore diameter calculated from nitrogen adsorption is
�20 Å (Table 2) and this value does not change significantly from 3
to 17 months. An exception is the silica fume paste with w/c = 0.4
where the average pore diameter is �30 Å.

3.4.2. Helium porosity
The bentonite and palygorskite pastes have high and fairly

equal helium porosities (Table 5), which correspond to the exper-
Fig. 5. Atomic force microscope images (non-filtered data) of the reference paste (prepar
surfaces imaged at room conditions. For each image is shown lateral distances and vert
imental and calculated porosities of Portland cement pastes
(18 months) by Taylor ([4], Fig. 8.5) except for a small decrease
for the palygorskite pastes with increasing w/c ratio from 0.4 to
0.5. The kaolinite, reference and silica fume pastes have equal he-
lium porosities. However, the porosities are only half of the values
for the bentonite and palygorskite pastes.

3.5. Pore structure of mortars

3.5.1. Specific surface area and porosity from nitrogen adsorption
The specific surface area of mortars with w/c = 0.4 is similar for

the reference, kaolinite and silica fume mortars and two to three
times larger for the bentonite and palygorskite mortars, largest
for the palygorskite mortar (Table 3). This corresponds to the trend
found for the pastes. The surface areas increase on going from w/
c = 0.4 to w/c = 0.5 for the kaolinite and the bentonite mortars
and decrease for the silica fume mortar. The same tendency is seen
for the Gurvitsch porosities (Table 3). In accordance with the data
for the pastes, the specific surface areas and Gurvitsch porosities
decrease strongly following drying over silica gel for 3 months
(Table 3).

3.5.2. Helium porosity
The helium porosities for mortar samples with w/c = 0.4 and

dried at 110 �C (Table 6) show the same changes with clay addition
as the values for nitrogen specific surface area and Gurvitsch
porosity. However, the increase of w/c from 0.4 to 0.5 for the silica
fume mortar increases the helium porosity slightly. This may re-
flect that inlet constrictions in the silica fume mortar with w/
c = 0.5 have been opened to helium during heating at 110 �C. Alter-
natively, the small helium atom is able at room temperature to
pass inlet constrictions which are closed to nitrogen at �200 �C.

3.5.3. Water and porosity from low-temperature calorimetry, LTC
In LTC measurements freezing of water probably takes place by

propagation of an ice front from the specimen surface [28,48]. This
means that ice formation in pores with inlet constrictions depends
on ice formation in the constrictions and that water in closed pores
will be included in non-freezing water. All LTC data given in the
following are derived from single experiments, as repetitions
undertaken in connection with earlier work, using the same exper-
imental setup, showed limited variability in the results [49] (a gen-
eral discussion of the assessment of LTC data is also given in that
study). The measured heat flow as a function of temperature is
shown in Fig. 10. Sellevold and Bager [29] as well as Fontenay
and Sellevold [27] found that the temperature difference between
the sample and the reference block is typically between 0.4 �C and
0.8 �C during cooling at �3.3 �C/h and heating at 4.1 �C/h. However,
ed without additives) with w/c = 0.5 and hydrated for 20 months. Freshly fractured
ical distance (colours from black to white correspond to the vertical scale).



Fig. 6. Atomic force microscope images (non-filtered data) of the paste including silica fume hydrated with w/c = 0.5 for 20 months. Freshly fractured surfaces imaged at
room conditions. For each image is shown lateral distances and vertical distance (colours from black to white correspond to the vertical scale). The spikes are due to vibrations
of the AFM tip.

Fig. 7. Atomic force microscope images (non-filtered data) of the pastes with addition of kaolinite (w/c = 0.5, 20 months hydration). Freshly fractured surfaces imaged at
room conditions. For each image is shown lateral distances and vertical distance (colours from black to white correspond to the vertical scale).
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the difference in temperature can be up to several degrees when
extensive freezing and thawing take place.

Based on the LTC measurements the ice formed in selected tem-
perature intervals has been calculated using a reported procedure
[50] and the results are given in Table 7. Note that ice formation is
calculated in the same temperature intervals for all samples and
not temperature intervals selected from the positions of each indi-
vidual peak. The calculated amounts of ice formed are highly influ-
enced by the positioning of the baseline and interpretation should
be supported by the graphs.

The amount of evaporable water has been calculated based on
the weight of the saturated surface dry sample before LTC and
the dried sample after LTC and subsequent drying. The results
are given in Table 7. The amount of non-freezable water is calcu-
lated as the difference between the amount of evaporable water
and freezable water determined by LTC.
In most samples at least three freezing peaks are observed; an
initial peak in the temperature interval from 0 to �10 �C, a second
peak around �25 �C, and a third peak at approx. �40 �C. Based on
the porosity model proposed by Jennings [7], Snyder and Bentz
[51] have suggested the interpretation of freezing peaks given in
Table 8. In their work they also included data from the studies of
Bager and Sellevold [28]. Due to supercooling, ice forms below
the normal freezing point. The first freezing peak is assumed to
originate from the freezing of ‘‘bulk” water, i.e. water in capillary
pores connected to the surface as well as possible excess water
on the surface of the samples. This peak appears in the tempera-
ture interval from 0 to �10 �C.

All samples are observed to have a freezing peak around �25 �C,
except for the mixtures with silica fume. This peak is attributed to
percolated inter LD and HD C–S–H pores (Table 8). The freezing
peak around �40 �C is attributed to interglobular LD C–S–H pores



Fig. 8. Atomic force microscope images (non-filtered data) of the paste prepared with addition of bentonite (w/c = 0.5, 20 months of hydration). Freshly fractured surfaces
imaged at room conditions. For each image is shown lateral distances and vertical distance (colours from black to white correspond to the vertical scale).

Fig. 9. Atomic force microscope images (non-filtered data) of the paste prepared with addition of palygorskite (w/c = 0.4, 20 months of hydration). Freshly fractured surfaces
imaged at room conditions. For each image is shown lateral distances and vertical distance (colours from black to white correspond to the vertical scale). The spikes in (b) and
(c) are due to vibrations of the AFM tip.
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and it is observed for all samples; although only to a small extent
for the reference mortar with w/c = 0.4. Some freezing seems to
take place between the initial freezing peak and the peak around
�25 �C in the bentonite and palygorskite mortars both with w/
c = 0.5. However, such freezing is not observed for the bentonite
mortar with w/c = 0.4 and the absence of this peak indicates that
percolated pores of the size between capillary and inter LD and
HD pores are absent in this mortar. Finally, some freezing seems



Fig. 10. Apparent heat capacity as a function of temperature for pastes with w/c 0.4
(bold) and 0.5. The baselines have been adjusted in order to display all curves in the
same graph (i.e., an adjustment of the origin for the abscissa axis).

Table 8
Suggested interpretation of the peak temperature observed by LTC

Pore size classes Temperature interval

Snyder and
Bentz [51]

Bager and
Sellevold [48]

This work

Bulk water – – 0 to �10 �C
Percolated capillary pores �20 �10 0 to �10 �C
Percolated inter LD and

HD gel pores
�30 �25 Around �25 �C

Percolated inter globule
pores in LD gel

�45 �45 Around �40 �C

696 H. Lindgreen et al. / Cement & Concrete Composites 30 (2008) 686–699
to take place in the temperature interval from �28 to �38 �C, an
effect that is most pronounced for the sample with silica fume,
indicating a change in the structure of the C–S–H for this material.

The amount of evaporable water is equal for the reference, silica
fume and kaolinite mortars and larger for the palygorskite and
bentonite mortars (Table 7). The same tendency is observed for
freezable water in (i) capillary pores freezing at 0 to �10 �C, (ii)
interconnected gel pores freezing at �10 to �30 �C, (iii) interglo-
bule pores in LD C–S–H freezing at �30 to �40 �C, and for the
non-freezable water (Table 7). For all mortars, each type of water
increases with the increase in w/c from 0.4 to 0.5. The largest part
of the evaporable water is present as non-freezable water.

For the freezeable water, the main part in the silica fume mortar
is present in the interglobule pores, whereas for the clay mortars
the largest part is present in the capillary pores. For the reference
mortar, about equal amounts of freezable water are present in the
three types of pores. Thus, relatively to the reference samples the
addition of clay has resulted in a large amount of water freezing
at temperatures corresponding to capillary pore dimensions,
whereas addition of silica fume has created pores corresponding
to LD C–S–H interglobular pore dimensions. However, considering
the additional nitrogen surface area and helium porosity resulting
from the addition of sand (Table 9), it may be concluded that the
ITZ of the clay additive mortars is connected to the surface but is
closed for the silica fume mortars.

3.5.4. The interfacial transition zone
The ITZ may be modified by addition of fine particles. Nano- and

micron-sized layer silicates in the ITZ may modify the porosity of
Table 7
Low-temperature calorimetry (LTC) data for the mortar samples

w/c Evaporable Freezable

0 to �10 �C

Kaolinite 0.40
0.50 0.164 0.018

Palygorskite 0.40
0.50 0.277 0.043

Bentonite 0.40 0.224 0.019
0.50 0.260 0.044

Silica fume 0.40
0.50 0.191 0.019

Reference 0.40 0.149 0.009
0.50 0.190 0.011

Calculated amounts of evaporable, freezable, and non-freezable water (g/g dry material
this zone due to packing effects and due to dendritic growth of
C–S–H at the silicate surface. Furthermore, pore structure modifi-
cations in the paste due to these additive materials will change
the connection through pores between the ITZ and the surface of
the mortar/concrete. In order to investigate this effect the differ-
ences between pastes and the corresponding mortars were calcu-
lated after 3 months of hydration with respect to specific surface
area per gram paste (DSw) and porosity per gram paste (DHe) (Ta-
ble 9).

After hydration for 3 months the DSw values are larger for w/
c = 0.4 than for w/c = 0.5, except for the kaolinite mortars. As the
specific surface area (Sw) most likely originates from the LD C–S–
H, a large amount of LD C–S–H seems to have formed in the ITZ
for most mixtures. An alternative explanation is that the propor-
tion of pores in LD C–S–H connected to the surface increases with
sand addition, probably because of linkage of otherwise closed
pores through the ITZ. This explains that the effect of sand addition
is most pronounced for w/c = 0.4. The fact that the DSw values are
negative for silica fume and reference mortars with w/c 0.5 may re-
flect that HD C–S–H has formed and closed the connections to the
ITZ at this w/c ratio. However, the clay additive mortars have a
pore system open to N2 and connected to the ITZ. This conforms
with the larger amounts of pores seen in LTC of the clay additive
mortars (Table 7).

An increase in DHe is found for all samples hydrated for
3 months. This indicates that the pore blocking effect observed
for Sw values at w/c = 0.4 is not so pronounced for helium. Further-
more, the DHe values are roughly similar for w/c = 0.4 and w/
c = 0.5. These findings may reflect that helium can penetrate the
narrow paste pores blocked for nitrogen and present in large
amounts at w/c = 0.4 for all mixtures and at w/c = 0.5 for the refer-
ence and silica fume mixtures. However, it is more likely that the
structure has opened during heating at 110 �C prior to helium
porosity measurements, as found by the specific surface area mea-
surements of the samples before and after heating.
Non-freezable

�10 to �30 �C �30 to �43 �C

0.009 0.008 0.130

0.024 0.007 0.202
0.015 0.007 0.182
0.025 0.012 0.178

0.003 0.029 0.140
�0.004 �0.002 0.146

0.012 0.014 0.154

).



Table 10
Grain density values (g/cm3) for the samples hydrated for 3 months and dried at
110 �C prior to the measurements

w/c Pastes Mortars

Kaolinite 0.40 2.20 2.35
0.50 2.13

Palygorskite 0.40 2.03 2.23
0.50 2.10 2.26

Bentonite 0.40 2.05 2.26
0.50 2.08 2.25

Silica fume 0.40 2.24
0.50 1.94 2.17

Reference 0.40 2.11 2.29
0.50 2.09 2.24
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3.6. Structural modifications of pastes by clay and silica fume addition

29Si MAS NMR studies have demonstrated that the clay miner-
als kaolinite and smectite (in bentonite) act as nucleation agents
for the C–S–H hydration products [15]. Furthermore, it was found
that the addition of bentonite resulted in C–S–H with a shorter
average chain length of SiO4 tetrahedra, whereas addition of kaol-
inite resulted in a longer average chain length as compared to hy-
drated samples of a pure white Portland cement paste. The effect of
addition of the clay minerals palygorskite, smectite, and kaolinite
is principally different from that of silica fume, since the clay min-
erals are not pozzolanic and thereby do not dissolve during the ce-
ment hydration.

For the silica fume paste, the large grains observed by AFM
(Fig. 6a and b) correspond to the relatively low specific surface area
and the low volume of fine pores determined with nitrogen
adsorption (Table 2). As mentioned earlier, the porosities deter-
mined using nitrogen and helium reflect the amount of open pore
space. However, the amount of closed pore space in the cylinders
that have been investigated by helium porosimetry may be esti-
mated from an evaluation of the grain density values (Table 10).
Only the silica fume paste with w/c = 0.5 deviates from the other
samples by having a significantly lower grain density. This devia-
tion cannot be explained by a lower density of the grains. There-
fore, as the helium porosimetry values for the silica fume
mixtures are similar to those of the reference and kaolinite pastes,
the lower grain density for the silica fume paste reflects a larger
amount of closed pores. The fact that the Sw value for the silica
fume paste is much lower than for the other pastes shows that,
in addition to these closed pores, the silica fume paste contains a
large proportion of pores, which are open to helium but closed to
nitrogen. Alternatively, the pores may be opened during the heat-
ing at 110 �C prior to helium porosimetry. The closed porosity and
inlet constrictions are probably due to the pozzolanic nature of the
silica fume, which during hydration may block pores and create
closed pore spaces or pore constrictions. This is in accordance with
the observation by Bentz et al. [11] that an addition of 10% silica
fume results in a reduced diffusion of chloride ions both in the cap-
illary pores and in the C–S–H, and the hypothesis [52] that initially
formed Ca(OH)2 crystals may dissolve due to reaction with silica
fume and the space be left empty.

For the kaolinite paste, the AFM images (Fig. 7a–e) indicate C–
S–H growth on the particle surfaces of kaolinite. Since these parti-
cles are large (e.g., compared to the smectite particles, Fig. 8a–d),
the resulting structure will be composed of large particles and
large interparticle pores. The grain density of the paste with w/
c = 0.4 is larger than for the reference paste indicating a smaller
amount of closed pores, whereas the paste for w/c = 0.5 hardly
deviates from the reference (Table 10). The helium porosities for
the kaolinite pastes are similar to those for the reference (Table
Table 9
Additional specific surface area, DSw (m2/g dry paste), and additional He-porosity
(DHe) created through addition of 40% (by volume) sand to pastes (3 months
hydration)

w/c DSw (m2/g) DHe (%)

Kaolinite 0.40 34 9.2
0.50 33

Palygorskite 0.40 77 16.1
0.50 50 16.2

Bentonite 0.40 38 9.0
0.50 23 10.6

Silica fume 0.40 46
0.50 �10 6.8

Reference 0.40 14 8.6
0.50 �16 6.7
6), whereas the Sw values for the kaolinite pastes are significantly
lower than those for the reference (Table 2). This indicates that
some inlet constrictions have formed. However, these are either
penetrable to helium or removed during the heating at 110 �C prior
to the helium porosimetry measurements.

For the bentonite paste, the particles observed in the AFM
images (Fig. 8a–d) may have formed by C–S–H growth on the
nano-sized smectite particle laths. This growth pattern has formed
a paste having a large specific surface area, as measured with nitro-
gen, and especially a larger volume of fine pores compared to the
reference paste which contains larger grains with correspondingly
larger pores (Table 2). For the cylinders of the bentonite mixtures,
the grain densities are similar to those of the reference mixtures
(Table 10), indicating similarity in closed porosity for these
samples.

The observation of elongated grains in the palygorskite paste
indicates that the C–S–H has probably formed on the palygorskite
particle surfaces. For the palygorskite pastes, the grain densities
(Table 10) are fairly close to those of the reference pastes indicat-
ing similarity in closed porosity.

The total amount of C–S–H is the same in all samples, as judged
from the equal amounts of non-evaporable water released at
180 �C (Table 6). The palygorskite and bentonite pastes contain lar-
ger amounts of physically adsorbed water assigned to interlayers
in C–S–H (Table 4) as compared to the silica fume, kaolinite, and
reference pastes. This indicates a more open structure of the C–
S–H in the palygorskite and bentonite pastes, a conclusion which
is supported by the larger specific surface areas (Table 2) and the
larger helium porosities (Table 6) for these pastes. Similarly, the
amount of capillary water is larger for the palygorskite and benton-
ite pastes (Table 4), demonstrating a more open paste structure for
these mixtures. These differences can be attributed to the growth
of C–S–H on the micro- and nano-sized clay particles. This strongly
suggests that the particle size of the added clay to a large extent
determines the porosity characteristics of the pastes, not only by
the particle size as such, but also as a result of the growth of C–
S–H on the particle surfaces. A consequence of the modified nano-
structure for the palygorskite and bentonite pastes is that physi-
cally adsorbed and evaporable water will have escape outlets in
these pastes during heating.

The new type of cementitious material obtained by adding the
clay micro- and nano-fillers may be employed in concrete struc-
tures where transport by diffusion in an open nano-pore system
is preferred compared to a material having large pores of which
a substantial proportion is closed, such as in materials with silica
fume addition.

4. Conclusions

The present work has shown that it is possible to engineer ce-
ment paste structures by addition of clay materials without pozzo-
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lanic properties. The results are accomplished by investigations of
pastes and mortars of a white Portland cement and of this cement
including additives of silica fume, kaolinite, bentonite, and paly-
gorskite using a number of different techniques. Furthermore, the
degree and duration of sample drying have been found to strongly
modify the structure of the cementitious material under investiga-
tion. Pastes having been rapidly dried, e.g., under high vacuum at
room temperature, are likely to be closest in structure to the un-
treated cement pastes. The specific surface area and the volume
of fine (diameter <200 Å) pores have been determined by nitrogen
adsorption and the total porosity by helium porosimetry. The larg-
est values of surface area and porosity are obtained for pastes and
mortars that include palygorskite or bentonite as additive. DTA-
evolved water analysis of pastes has shown that the amounts of
non-evaporable, total evaporable and physically adsorbed water
are largest in the pastes including bentonite and palygorskite. This
is supported by low-temperature calorimetry, which indicates that
the amounts of evaporable water and of water in capillary and
intraglobular pores are largest for mortars with the palygorskite
and bentonite additives. Atomic force microscopy (AFM) of raw
paste surfaces at room conditions imaged globular grains and
irregularly shaped pores. Clay particles could not be observed in
the hydrated materials, probably because the cement hydration
products have crystallised on the surface of the clay minerals. In
addition, layered structures were observed in the AFM images of
the hydrated samples and tentatively assigned to C–S–H. This sug-
gests that the C–S–H growth on the clay particle surfaces results in
structures determined by the size and shape of the clay particles
and the negative charge of some of the clay minerals and thereby
that it is possible to engineer cement paste structures and porosi-
ties by addition of non-pozzolanic clays. The effects of clay addi-
tion on Portland cement hydration are more pronounced for
palygorskite and bentonite than for kaolinite. This reflects that
bentonite and palygorskite have the largest surface areas and neg-
ative charges on the particle surfaces. Compared to the reference
and kaolinite pastes, the palygorskite and bentonite pastes have
a more open pore structure consisting of interconnected fine pores.
Silica fume paste contains a significant proportion of closed pores.
In mortars with clays added the interfacial transition zone (ITZ) is
connected to the system of interconnected fine pores.
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