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Abstract

The aim of this work is to investigate the development of a high strength porous cementitious composite manufactured via cold-
pressed compaction for use as the restrictor in aerostatic bearings for high precision applications since they provide a number of advan-
tages over conventional orifice restrictors. The selection of suitable materials and microstructural design of composites phases is essential
to the development of material for optimum stiffness, strength, porosity and permeability. A variety of high purity (99.98% SiO2) silica
particle types was mixed with ordinary Portland cement to produce the composite mixtures. A full factorial design (2241) was carried out
to study the effects of silica properties (size and geometry) and uniaxial pressures (10 MPa and 30 MPa) on mechanical properties and
microstructure of the ceramic composites. The cementitious composite manufactured using small silica particles, non-spherical shape and
low level of compaction pressure exhibited the most appropriate properties for the stated application of porous bearings.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Common applications of air bearings include profile
projection equipment employing air bearing slides, rotary
measuring tables and machine tool lead screw measuring
heads [1]. Aerostatic bearings are able to provide a small
variation of properties with temperature, high damping,
high operational speeds, limited wear and capacity to sup-
port radial, axial and combined loadings [2]. Aerostatic
bearings operate on the principle of supporting a load on
a thin film of high pressure air which flows continuously
out of the bearing and into the atmosphere. Since air has
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a very low viscosity, bearings gaps need to be small and
are typically of the order of 1–10 lm [3]. Air bearings are
typically classed as orifice or porous media types. In orifice
bearings the pressurized air arrives at the bearing surface
through a small number of precisely sized machined holes.
The use of a porous material as the bearing surface to pro-
vide a large number of minute restrictors, uniformly dis-
tributed over the entire bearing surface, can potentially
create a highly uniform pressure distribution, and thus
the highest load capacity and stiffness. Typically, aerostatic
air bearings provide improved accuracy of up to two orders
of magnitude better than that of conventional rolling ele-
ment bearings [4].

Despite its many advantages, the availability of porous
material with predictable fluid flow characteristics has con-
tinued to hamper the widespread application of porous
aerostatic bearings. While much of the work immediately
after the last review by Kwan [5] concentrated on the
dynamic theories of such bearings, the most recent inter-
ests have been centred on material development. Most
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Table 1
Experimental treatments for composite manufacture

E.T. Factors/levels

Size (lm) Geometry Pressure (MPa)

Full factorial design – 2241

C1 500 Spherical 30
C2 500 Spherical 10
C3 500 Non-spherical 30
C4 500 Non-spherical 10
C5 250 Spherical 30
C6 250 Spherical 10
C7 250 Non-spherical 30
C8 250 Non-spherical 10
C9 125 Spherical 30
C10 125 Spherical 10
C11 125 Non-spherical 30
C12 125 Non-spherical 10
C13 44 Spherical 30
C14 44 Spherical 10
C15 44 Non-spherical 30
C16 44 Non-spherical 10
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examples of porous aerostatic bearings published so far
have been based on metallic or graphite materials [6],
because of their lower cost and also an ease of machining.
The use of porous ceramics with improved hardness in such
applications would, however, eliminate the problems of
pore smearing, which is one of the main causes of poor per-
meability control associated with other ductile materials.

According to Kwan and Corbett [4], the material
requirements for porous aerostatic circular thrust bearings
with a simple single-layered porous pad working at 5–
15 lm design gaps should exhibit: porosity level between
20% and 35%, permeability coefficient between 3.1 ·
10�15 and 8.4 · 10�14 m2 and mechanical strength around
35 MPa. Amongst the most important characteristics, the
restrictor should have a uniform open pore structure, with
permeability coefficients which are consistent and repeat-
able from batch to batch. Pores should be uniform, both
in terms of size and spatial distribution. The bearing should
be lightweight, especially for highly dynamic applications
with high accelerations. It should have a high modulus of
elasticity to minimise deflection, and be strong enough to
sustain the working pressure.

In these respects, the aim of this work is to investigate
the development of a cementitious composite as a potential
bearing material. In the last decades progressive improve-
ments have been occurring in cementitious materials. Tech-
niques for production of ultra-high strength cementitious
composite include the use of fine materials [7–10], chemical
admixtures [9,11], very low water–cementitious material
ratio [7,9–14], compaction by pressure [9,10,12,13,15–18],
high temperature curing [8–10,17,18] and autoclave curing
[8].

The present work concerns a design of experiment
(DOE) approach based on factorial design for the consid-
eration of interactions of composite properties and pro-
cessing parameters. The DOE approach can be divided
into a full factorial design and a fractional factorial design.
The full factorial design has the advantages that all of the
main effects and interactions can be considered. A full fac-
torial design (2241) and the analysis of variance (ANOVA)
technique will be applied to identify the significance of the
composition and manufacturing factors on the responses.
The statistical software ‘‘Minitab 14’’ was used to analyse
the results. The factors and responses were chosen in order
to provide a better understanding regarding the material
microstructure and the desired effective properties, such
as, high stiffness, high compressive strength, high perme-
ability coefficient and high porosity level.

2. Experimental work

Based on the following studies, [7,9,11,15,19] the chosen
factors for the manufacture of the composites were: ‘‘silica
particle size’’, ‘‘silica particle shape’’ and ‘‘uniaxial com-
paction pressure’’. The silica particle size was divided in
four size levels, each one with a mono size particle distribu-
tion: 500 lm, 250 lm, 125 lm and 44 lm. The silica parti-
cle shape was divided into two levels, namely spherical and
non-spherical. The compaction pressure was divided into
two levels: 10 MPa and 30 MPa. The water/cement (w/c)
mass ratio (0.20) and silica/cement (s/c) ratio (0.67) were
maintained constant in all experimental treatments. The
materials responses to be considered, bulk density, modu-
lus of elasticity (via compression testing), compressive
strength, apparent porosity, average pore size and perme-
ability, were considered to be relevant to aerostatic bearing
applications. The experiment might be replicated, which
means that the experimental plan should be manufactured
two or more times. The minimum of two replicates used in
this work ensured validity of the estimate of experimental
error and provides a basis for inference in analysing the
experiments. In addition to replication, the experimental
treatments were also randomised in terms of the order pro-
viding protection against variables that are unknown to the
experiment but may impact the response [20]. Thus, 16
experimental treatments (C1 up to C16) were designed
for the present experiment (Table 1), which combined a
variety of processing factors (aggregate particle size, shape
and pressing pressure). The statistical analysis carried out
in this work provides a relevant contribution not only in
precision engineering but also in the cement and concrete
technology. The experimental factors and the respective
levels chosen in this work will now be described.

2.1. Matrix phase: cement

The Portland cement used for all mixes was Brazilian
CP V ARI PLUS (ASTM Type III). Table 2 describes
the chemical analysis of the cement.

2.2. Dispersive phase: silica

In order to investigate the size and geometry effects of
the silica particles on the mechanical properties of the



Table 2
Chemical analysis of cement

Chemical composition (%)

CO2 (%) 1.13
SO3 (%) 2.85
SiO2 (%) 19.45
Al2O3 (%) 4.75
Fe2O3 (%) 3.12
CaO (%) 64.14
MgO (%) 0.8
K2O (%) 0.66
Loss in ignition (1000 �C) 3.31
Free lime 0.67

Physical properties
Specific surface (Blaine) 472.9 m2/kg
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cementitious composite, two types of silica particles were
chosen: spherical and non-spherical. High purity (99.98%)
silica particles (SiO2) from Minas Gerais State in Brazil
were selected. With regard to particle size, they have been
classified through a standard mineral sieving process in
mono size distribution in order to achieve a consistent dis-
tribution of pore sizes (Table 3). The addition of fine silica
particle in cementitious composites in order to obtain high
strengths has been studied by many researchers [7,9,11].

2.3. Silica and cement ratio (s/c)

Li and Ding [21] have studied the effects of the amount
of Portland cement in terms of chemical and physical
aspects. The silica/cement ratio of 0.67 was observed to
provide the highest compressive strength. This dosage
was adopted as a constant factor in all experimental treat-
ments in this work.

2.4. Water and cement ratio (w/c)

The reduction of w/c ratio causes (i) a decrease of the
total porosity of the hardened paste, (ii) an acceleration
of cement hydration during its initial period and (iii) the
formation of hydration products with a smaller amount
of bound water and with a substantially higher specific
binding capacity [13,17]. Higher strengths at very low w/c
ratios are attributed to direct formation of the cubic
C3AH6 phase on the original sites of the cement minerals.
The small amount of additional hydration is sufficient to
‘‘glue’’ the dense clinker particles together and modify
the stress field at regions of interparticle contact [22].
Table 3
Sieving processing for particle sizes

Particle size (lm) Oversize sieve (US Tyler) Undersize sieve (US Tyler)

Monosize particle distribution

500 35 40
250 60 70
125 120 140
44 325 400
According to Toossi, Iran [10], results demonstrate that
a reduced w/c ratio from 0.30 to 0.20 does not significantly
reduce the total porosity compared to that of higher w/c
ratios. Zhang and Gjorv [11] stated that although the total
porosity decreased with decreasing w/c ratio, the pore size
distribution was not very different for w/c ratios of 0.25
and 0.20. It has been shown that [23] the lower the w/c
ratio the lower the permeability of the cement paste at a
specific level of hydration. In addition, the permeability
does not vary significantly for w/c ratios in the range of
0.20–0.30.

Therefore, the w/c ratio used in the present cementitious
composite was 0.20. This amount of w/c ratio not only pro-
duces the highest range of strengths, but also ensures that
all the water in the mixture will be chemically bound when
producing calcium silicate hydrate (C–S–H), thus prevent-
ing the formation of large voids [9].

2.5. Compaction pressure

According to Cannillo et al., Bonneau et al.[16,22], the
application of pressure can have three effects: (i) the reduc-
tion of entrapped air, (ii) excess water removal and (iii)
chemical shrinkage compensation. The reduction of poros-
ity due to exertion of pressure can be the main cause for the
increased strength [9,10]. Roy et al. [18] observed that hot-
pressed (150 �C) cement specimens did not show a signifi-
cant difference in the pore size distribution from those com-
pacted by vibration and the effect of the increasing of
pressing pressure on pore size reduction was small.

Although the hot-pressing process provides high com-
pressive strengths [17], conventional cold press compaction
has been chosen in this work. Based on the studies of Bajza
[15] and Cheeseman et al. [19], two levels of compaction
pressure were considered relevant: 10 MPa and 30 MPa.
The samples were manipulated in a room with temperature
and humidity controlled at 25 �C and 65%, respectively.
Hand mixing of Portland cement, silica particles and water
was performed based on British Standard (BS NS 8000).
The samples were compacted for 1 min and then sealed
in plastic bags to avoid the loss of water. Plastic tubes
inside a steel die were used to manufacture the pressed sam-
ples with 0.0276 m of diameter. The samples were cured for
28 days in a cylindrical box at room temperature. Using a
precision saw, the samples were cut to ensure the same
height of 0.0453 m.

3. Experimental results and discussion

The experimental data obtained in this investigation,
including bulk density, modulus of elasticity, compressive
strength, apparent porosity, average pore size and perme-
ability are summarized in Tables 4 and 5. Table 4 details
the results for the replicate 1 and Table 5 includes the
results for the replicate 2. The average pore size has not
been statistically analysed since results for only replicate
1 are available. The standard deviations and the means



Table 4
Experimental results for replicate 1

E.T. Bulk density
(kg/m3)

Modulus of
elasticity (GPa)

Compressive strength (MPa) Apparent
porosity (%)

Oxygen permeability
(·10�16 m2)

Average pore
size (lm)

C1 2376.00 26.63 86.75 7.31 0.82 0.0124
C2 2366.00 43.57 94.94 8.40 0.89 0.0091
C3 2356.00 45.03 83.12 7.91 0.97 0.0092
C4 2331.00 51.62 97.36 8.92 0.69 0.0143
C5 2318.00 37.62 75.47 7.99 1.03 0.0090
C6 2321.00 50.78 91.77 9.93 0.79 0.0151
C7 2347.00 40.73 79.76 8.11 0.75 0.0090
C8 2285.00 45.08 87.78 10.13 1.44 0.0156
C9 2242.00 44.42 75.50 14.48 1.86 0.0183
C10 2199.00 51.47 87.49 15.61 5.68 0.0210
C11 2239.00 39.42 59.37 11.23 1.17 0.0095
C12 2202.00 43.27 75.06 13.62 11.51 0.0200
C13 2147.00 40.33 76.66 16.03 6.16 0.0108
C14 2105.00 46.88 71.97 17.55 16.37 0.0120
C15 2068.00 45.28 77.07 17.03 25.98 0.0244
C16 2020.00 41.83 71.41 19.77 64.54 0.0115

Table 5
Experimental results for replicate 2

E.T. Bulk density
(kg/m3)

Modulus of
elasticity (GPa)

Compressive
strength (MPa)

Apparent porosity
(%)

Oxygen permeability
(·10�16 m2)

Average pore
size (lm)

C1 2378.00 35.70 88.18 6.23 0.77 –
C2 2332.00 49.18 85.66 7.85 0.98 –
C3 2353.00 46.05 76.43 8.32 0.98 –
C4 2323.00 55.60 106.12 9.74 0.77 –
C5 2338.00 36.73 60.21 8.82 0.96 –
C6 2328.00 52.87 86.13 10.38 0.92 –
C7 2313.00 36.37 68.11 9.53 0.89 –
C8 2280.00 36.77 73.71 10.50 0.82 –
C9 2209.00 31.85 56.33 13.48 2.02 –
C10 2166.00 41.52 67.83 15.45 6.37 –
C11 2235.00 41.52 66.08 10.14 1.50 –
C12 2176.00 34.80 66.56 14.62 11.27 –
C13 2159.00 35.65 59.88 15.89 5.16 –
C14 2115.00 39.80 66.96 18.53 14.82 –
C15 2096.00 40.93 77.59 17.97 20.01 –
C16 2036.00 38.10 66.87 20.34 101.36 –
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of the measurements were not reported due to the statisti-
cal methodology is able to identify the location and the dis-
persion of the data by the replicates and the randomized
order. The replicates can estimate the true error variance
and also detect the effect significance.
Table 6
Analyses of variance (ANOVA), P-values (a 6 0.05)

Source Bulk density Modulus of elasticity

Size 0.000 0.497
Geometry 0.000 0.508
Pressure 0.000 0.001
Size * geometry 0.000 0.017
Size * pressure 0.314 0.127
Geometry * pressure 0.175 0.010
Size * geometry * pressure 0.458 0.950
R2 (%) 99.02 74.60
Standard deviation 0.015 4.548
The analysis of variance was performed by the statistical
software ‘‘Minitab 14’’. The P-values (Table 6) indicate
which of the effects in the system are statistically signifi-
cant, based on examination of the experimental data from
replicate 1 and replicate 2. If the P-value is less than or
Compressive strength Apparent porosity Oxygen permeability

0.000 0.000 0.000
0.988 0.246 0.000
0.010 0.000 0.000
0.675 0.000 0.000
0.151 0.164 0.000
0.719 0.248 0.008
0.199 0.269 0.004

77.38 98.99 94.80
7.919 0.579 6.604
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Fig. 1. Main effects plot for bulk density: (a) size, (b) geometry and (c)
pressure.
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equal to 0.05 it is possible to conclude that the effect is sig-
nificant. An a-level of 0.05 is the level of significance which
implies that there is 95% of probability of the effect being
significant. The results will be presented via ‘main effect’
and ‘interaction’ plots. These graphic plots cannot be con-
sidered a typical ‘scatter’ plots, but serve to illustrate the
statistical analysis and provide the variation on the signif-
icant effects.

(a) Main effects plots: The ‘main effects’ plot is most
useful when you have several factors such as particle size,
particle shape and pressing pressure that influence the
composite property. These plots are used to compare the
changes in the mean level to examine which of the process-
ing factors influence the response (e.g. bulk density) the
most. A ‘main effect’ is present when different levels of a
factor affect the response differently. Fig. 1 shows some
examples of main effect plots where particle size, particle
shape and pressing pressure significantly influence the bulk
density. This type of plot is used to examine the mean value
for each factor, compare the mean value for several factors
and compare the relative strength of the effects across
factors.

(b) Interaction effects: In addition to a ‘main effect’,
there may also be ‘interaction effect’. An interaction is pres-
ent when the change in the mean response of the composite
(e.g. bulk density) from a low to high level of a factor (eg.
particle size) depends on the level of a second factor (e.g.
particle shape) [20]. Interactions plots are used to visualize
the interaction effect of two or more factors (e.g. size and
geometry; size and pressure; geometry and pressure; size,
geometry and pressure) on the response and to compare
the relative strength of the effects. Fig. 2 shows an interac-
tion plot whereby composites manufactured using the small
silica particle size exhibit the lowest bulk density, but the
variation of bulk density with particle size also depends
on the particle shape.

3.1. Bulk density

In terms of bulk density, Table 6 shows that the P-values
for all three main effects of particle size, particle geometry
and pressure are zero and obviously less than 0.05. There-
fore, there is strong evidence of a significant effect of bulk
density on particle size, geometry and pressing pressure.
Fig. 1 shows the main effects of size (Fig. 1a), geometry
(Fig. 1b) and pressure (Fig. 1c) which demonstrates that
when you change from a low to high particle ‘‘size’’ and
pressing ‘‘pressure’’, the bulk density increases. When par-
ticle ‘‘geometry’’ changes from the spherical to non-spheri-
cal the bulk density is observed to decrease. The bulk
density data for all the samples vary from 2020 kg/m3 to
2380 kg/m3.

The ‘‘size and geometry’’ interaction is also a significant
factor with P-value (0.000) less than 0.05. The small 44 lm
particles provide the smallest bulk density and it is possible
to observe in the interaction plot in Fig. 2 that there is also
a decrease in density when changing from 44 lm spherical
to 44 lm non-spherical shaped particles. The particle size
factors of 500 lm and 250 lm also show a decrease in the
bulk density when using non-spherical geometry particles,
although for a particle size of 125 lm only a small variation
of bulk density between spherical and non-spherical parti-
cles is observed.

The R2 value represents the proportion of variation in
the response data explained by the terms in the model.
The R2 value given in Table 4 (99.02%) shows that the
model postulated for the bulk density measurements fits
the data well.
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The material for porous bearings should be lightweight
[4], especially for highly dynamic applications with high
accelerations, which means low bulk densities. The highest
bulk density is reached when the experimental treatment is
set as large particle size, spherical shape and high pressure.
However, the lowest bulk density is reached when the
experimental treatment is set as small particle size, non-
spherical shape and low level of pressure, which corre-
sponds to the experimental treatment C16 in Table 1.
Geometry

M
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40

Fig. 4. Interaction plot (size and geometry) for modulus of elasticity.
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3.2. Modulus of elasticity

The modulus of elasticity has been determined from the
use of strain gauges in a compression test (British Stan-
dard, BS 1881/121). The data results are shown in Tables
4 and 5, which demonstrate that the modulus of elasticity
data varies from 26.63 GPa to 55.60 GPa. For the modulus
of elasticity, there are three significant effects when a 6 0.05
(Table 1). These significant effects include one main effect,
‘‘pressure’’ (0.001) and two interactions effects, ‘‘size and

geometry’’ (0.017) and ‘‘size and pressure’’ (0.010).
The main effect plot in Fig. 3 shows that when we

change from a 10 MPa to 30 MPa pressing pressure, the
modulus of elasticity decreases by 13%. This behaviour is
thought to be related with the hydration process of the
cement paste [16,22]. It is possible that the water content
was not sufficient to hydrate the paste in the high pressure
level due to water being dragged to the sample surfaces
during pressing at 30 MPa.

From the interaction plot ‘‘size and geometry’’ of Fig. 4
we can observe that the largest (500 lm) and the smallest
(44 lm) particles provide the highest modulus when the
silica particles are non-spherical in geometry. The largest
particles present a variation of 20% when changing from
spherical to non-spherical particles. The particles 250 lm
and 125 lm provide the highest modulus of elasticity when
using silica particles with spherical geometry.

The interaction factor of ‘‘geometry and pressure’’ for
the modulus of elasticity has a significant effect with P-
value of 0.010 (Table 6). According to the interaction plot
(Fig. 5), we can observe that spherical and non-spherical
particle sizes provide a high modulus of elasticity when
the low level of pressure (10 MPa) is used. It is also possible
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to observe from the plot that the spherical particles provide
a higher stiffness than non-spherical particles in the low
level of pressure.

The high stiffness desired for porous bearing materials
[4] should be achieved when the experimental treatment is
set as large non-spherical particles at low pressure, see C4
in Table 1.
3.3. Compressive strength

The compressive strength was carried out based on the
recommendations of British Standard (BS EN 12390). A
test set consisted of five cylindrical test specimens. Since
there were 16 experimental treatments and two replicates,
160 compression tests were carried out. For each test spec-
imen, the concrete was taken at random from a different
experimental treatment, distributed approximately uni-
formly over the production period to be investigated. The
test was measured at 270 days. The compressive strength
data varied from 56.33 MPa to 106.12 MPa (Tables 4
and 5).

The P-values of 0.000 and 0.010 for main effects of
‘‘size’’ and ‘‘pressure’’, respectively, are less than 0.05
(Table 6), thus, there is evidence of a significant effect of
particle size and pressure on compressive strength. The
main effects plot for compressive strength (Fig. 6) shows
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that when you change from a low to high particle size,
the compressive strength increases (Fig. 6a). In addition,
when you change from the 10 MPa to 30 MPa level of pres-
sure, the compressive strength decreases (Fig. 6b). Accord-
ing to [13] the compressive strength of hardened cement
pastes is generally a power function of the amount of bid-
ing hydration products developed in them. The amount of
water is possibly the main responsible for the decreasing
the strength in the high level of pressure. According to
Sadrekarimi [9] the higher the bulk density the greater
the strength of the paste and lower the permeability since
there are fewer and smaller voids. In this work, while the
highest compressive strength is observed when using a
10 MPa pressing pressure, the highest bulk density is
obtained when using a 30 MPa pressure.

The material requirements in terms of high strength [4]
should be achieved when the composite is set as large
spherical or non-spherical silica particles at low pressures
(see experimental treatments C2 and C4 in Table 1).

3.4. Apparent porosity

The apparent porosity has been carried out based on the
recommendations of British Standard (BS EN ISO 10545).
The data results are presented in Tables 4 and 5. The
porosity data varied from 6.23% to 20.34% (volume %).
Table 6 shows the significant main factors for appar-
ent porosity being ‘‘size’’, ‘‘pressure’’ and the interaction
factor ‘‘size and geometry’’, both with the P-values of
0.000. The R2 is 98.99% indicating the model postulated
for the apparent porosity measurements fits the data very
well.

According to Jambor [14], there are two distinct stages
in the development of pore structure in cement composites.
The first stage is determined by the composition of the
mixture and by its compaction degree. The second stage
is highly influenced by the hydration process, such as the
volume increase of hydration products in the composites.
The main effects plot for apparent porosity (Fig. 7) shows
that when you change from the small to large particle size
(Fig. 7a), and low to high pressure (Fig. 7b) the apparent
porosity decreases. This indicates that large particles and
high pressure provide lower apparent porosity, in accor-
dance with Jambor [14]. This indicates that the compres-
sive strength is not only correlated to the apparent
porosity, but also with the binding capacity of hydration
products.

Fig. 8 shows the interaction plot between ‘‘size and

geometry’’ for apparent porosity. We can observe that,
apart from particles of size 125 lm, spherical particles pro-
vide lower porosities than the non-spherical geometry.

The apparent porosity values required for porous bear-
ings application should be between 20% and 35% [4]. The
highest apparent porosities should be achieved when the
cementitious composite is manufactured from small silica
particles, non-spherical particles and low pressure (com-
posite C16 in Table 1).
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3.5. Oxygen permeability

Gas permeability testing was carried out in the Univer-
sity of Sheffield using an oxygen gas permeameter. The
experimental procedure and further details about the test
can be obtained from [24]. The permeability data results
varied from 7.7 · 10�17 and 101.36 · 10�16 m2 and are pre-
sented in Tables 4 and 5.
The P-values for all three main effects in Table 4 are zero
which is less than 0.05, which means there is an evidence of
a significant effect of size, geometry and pressure on com-
posite oxygen permeability. The R2 is 94.80% indicating
the model postulated for the oxygen permeability measure-
ments fits the data well. As the interaction effect of size,
geometry and pressure is also significant, only the interac-
tion plot is analysed. It is possible to observe in Fig. 9 that
the effects are in accordance with the apparent porosity
results (Figs. 7 and 8), since the use of large particle sizes,
spherical geometry and high pressure give the lowest per-
meability and lowest porosity results for the composites.

The possible reason for the reduced oxygen permeability
in composites with large silica particles may be explained as
follows. The amount of water used in the composites is low
(water to cement ratio = 0.20) and the amount of water is
not sufficient to fully hydrate all the cement grains. Those
composites which are able to retain the most water are
likely to be those with higher amount of hydrated cement
phases and consequently higher density, strength and lower
apparent porosity and oxygen permeability. The specific
surface area is lower for the largest silica particles. As a
result, a thicker film of water around the large particles
may provide a better hydrating process, as well as the
lowest oxygen permeability and the highest strength.

According to Kwan [5], the permeability coefficient
required for porous bearings application should range
from 3.1 · 10�15 to 8.4 · 10�14 m2. The oxygen permeabil-
ity of the composites studied varied from 7.7 · 10�17 to
10.14 · 10�15 m2, indicating that the composites C14, C15
and C16 (Table 2) have the permeability requirements to
be applied as porous bearings.

3.6. Average pore size

When designing a porous material, it is important to
control not only the porosity and pore morphology, but
also the pore spatial positioning if mechanical properties,
such as fracture strength, are to be optimised [16]. The
main parameters of pore structure which determine the
strengths of cement composites are: total porosity, pore
size distribution, pore morphology between the hydration
products and between the cement matrix and aggregate,
homogeneity of the composite, presence of structure flaws
and macro pores acting as centres for formation of the fail-
ure cracks [14].

Mercury intrusion porosimetry tests were conducted
using a Micromeritics Porosimeter (series v2.0). The sam-
ples were cut as a cube dimension. The samples were dried
in an oven at 80 �C for 24 h. The average pore sizes were
determined for only the replicate 1, thus the statistical anal-
ysis could not be performed. According to Table 4, the
average pore sizes vary from 0.0090 lm to 0.0244 lm.
Based on the results of average pore sizes the use of high
pressure (30 MPa) provides a smaller average pore sizes
compared to low pressures. The factors particle size and
geometry did not demonstrate any significant effect.



Size (μm)

ln
 (P

er
m

ea
bi

lit
y 

x1
0^

-1
6m

^2
)

90

80

70

60

50

40

30

20

10

0

10
30

(MPa)
Pressure

Size (μm)
ln

 (P
er

m
ea

bi
lit

y 
x1

0^
-1

6m
^2

)

90

80

70

60

50

40

30

20

10

0

10
30

(MPa)
Pressure

Interaction Size x Pressure (Geometry = Spherical) Interaction Size x Pressure (Geometry = Non-spherical)

44 125 250 500 44 125 250 500

Fig. 9. Interaction effect plot for ln (permeability), size, geometry and pressure.

0

0.002

0.004

0.006

0.008

0.01

0.012

0.001 0.01 0.1 1 10 100 1000
Pore diameter (μm)In

cr
em

en
ta

l i
nt

ru
si

on
 v

ol
um

e 
(m

L/
g)

Fig. 11. Pore size distribution for composite 13.
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All cementitious composites exhibited a similar behav-
iour in terms of pore size distribution. Two different pore
sizes were observed in the composites: micropores in a
range of 0.002–1 lm and the macropores in a range of
50–120 lm. Figs. 10 and 11 show two types of cementitious
composites, C1 and C13, respectively. Composite 1 is man-
ufactured using large particles (500 lm), spherical geome-
try, and high pressure (30 MPa). Composite 13 is
manufactured from small particles (44 lm), spherical
geometry and high pressure (30 MPa). It is possible to
observe from Figs. 10 and 11 that the micro pores are pre-
dominant on the distribution of pore sizes showing a visible
peak. An amount of macro pores is also presented with a
small peak in a range of 50–120 lm. The backscatter
SEM images observed from Figs. 12a and 13a indicate that
micro pores are present in the cement paste and the macro
pores are present at the interface zone between the silica
particles and the cementitious matrix.
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Fig. 10. Pore size distribution for composite 1.
Despite the presence of two types of pore sizes, it was
possible to obtain a microstructure with a high concentra-
tion of micro pores, which means that the use of mono sil-
ica particles to reach a uniform pore size distribution was
achieved.

3.7. Microstructure

Backscatter-mode scanning electron microscopy (SEM)
was used for examination of the cementitious materials
investigated in this work. Differences in backscatter coeffi-
cients primarily reflect differences in chemical composition
among the different features present. Chemical components
of high electron density have high backscatter coefficients,
and appear bright in the backscattered images. Conversely,
components of lower electron density, such as most cement
hydration products, have lower backscatter coefficients and
appear less bright [25].



Fig. 12. Backscatter electron imaging at 300· of magnification: (a) C1
(0.500 mm, spherical with 30 MPa) and (b) C2 (0.500 mm, spherical with
10 MPa).

Fig. 13. Backscatter Electron Imaging at 300· of magnification: (a) C13
(0.044 mm, spherical with 30 MPa), (b) C14 (0.044 mm, spherical with
10 MPa) and (c) C16 (0.044 mm, non-spherical with 10 MPa).
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The hydration products found in most hardened Port-
land cement pastes primarily consist of C–S–H gel and cal-
cium hydroxide, accompanied by smaller amounts of
ettringite and monosulfate [25]. These hydration products
are intermingled with pore spaces.

Fig. 12 illustrates composites C1 and C2 in backscatter-
mode SEM with 300· of magnification. The composites
have large silica particles (0.500 mm) with spherical geom-
etry but they were compacted with 30 MPa (C1) and
10 MPa (C2) of pressure, respectively. The large dark areas
in the Fig. 12a and b are the silica particles. The bright
areas, which indicate the unhydrated components, are
more evident in Fig. 12a than those in Fig. 12b. The
removal of the excess of water in the high compaction pres-
sure provides an unhydrated condition, as also observed by
Canillo et al. [16] and Bonneau et al. [22]. The small dark
areas observed in Fig. 12b are the large pores often located
near the silica particles. Despite the unhydrated phase
being denser than the hydrated phase, the presence of more
unhydrated components can affect the bonding condition
in the cement paste. According to the experimental results
obtained in this work, the high level of pressure (Fig. 12a)
provides high bulk density, low apparent porosity, low per-
meability, along with low modulus of elasticity and low
compressive strength.
Fig. 13a and b shows backscatter-mode SEM images of
the composites C13 and C14, respectively. The composites
contain the smallest silica particles (44 lm) with spherical
geometry and are pressed at 30 MPa (Fig. 13a) and
10 MPa (Fig. 13b). The silica particles can be observed in
Fig. 13 as large grey grains. The small silica particles pro-
vide a specific surface area per unit mass or volume larger
than the large silica particles. In the same way, non-spher-
ical particles provide a larger specific surface area than
spherical particles. According to Neville [26], a larger



T.H. Panzera et al. / Cement & Concrete Composites 30 (2008) 649–660 659
specific surface area of the silica particles lead to the
absorption of a greater quantity of water, the effective
water/cement ratio being thus reduced. Based on this phe-
nomenon, it can be observed in Fig. 13a (30 MPa) that the
amount of unhydrated area is larger than that obtained in
Fig. 13b (10 MPa). A large amount of dark area is also
observed in Fig. 13b, which indicates the presence of pores.
Through the interaction plots for permeability (Fig. 9), it
can be verified that the small silica particles produce a sig-
nificant change from 10 MPa to 30 MPa pressure and par-
ticle geometry. Fig. 13c shows the microstructure of
composite C16, made from small silica particles (44 lm)
of non-spherical geometry at a low level of pressure
(10 MPa). Comparing Fig. 13b and c, it is possible to
observe that the composite C16 exhibits larger amount of
pores than composite C14, which confirms using non-
spherical silica particles reduce the hydration of the cemen-
titious composites.

4. Conclusion

The design of experiments and full factorial analysis has
been used to analyse and develop cementitious materials
for aerostatic bearings with high strength, low bulk density,
high permeability coefficient, and high porosity with open
pore structure [4]. The main conclusions and effects will
be now described:

(i) The significant main factors obtained for the bulk
density were particle size, particle geometry and com-
paction pressure. The interaction effect size and
geometry is also a significant factor. Based on the sta-
ted application, the lowest bulk density is achieved
when the main factors are set as, small particles
(44 lm), non-spherical geometry and low pressure
(10 MPa). The highest bulk density has been achieved
when the significant main factors are set as, large par-
ticle size (500 lm), spherical particle shape and high
pressure (30 MPa). This indicates that the optimisa-
tion of the particles packing can be enhanced with
the pressing compaction and the correct selection of
the particle size and geometry.

(ii) The significant main factor obtained for modulus of
elasticity was the compaction pressure. The signifi-
cant interaction effects were ‘‘size and geometry’’
and ‘‘geometry and pressure’’. The highest modulus
of elasticity is achieved at the low level of pressure
(10 MPa), which indicates that the water content
was not sufficient to hydrate the paste in the high
pressure level due to water being removed during
pressing at 30 MPa. The same behaviour was also
observed by Canillo et al. [16] and Bonneau et al.
[22]. The interaction plots ‘‘size and geometry’’ and
‘‘geometry and pressure’’ indicated that the highest
modulus of elasticity is reached when the composite
contains large particles of non-spherical geometry
and are pressed at a low level of pressure.
(iii) The compressive strength demonstrated the particle
size and the pressure as significant main factors.
The highest compressive strength is achieved when
the cementitious composites manufactured using:
large particle size (500 lm) and low level of pressure
(10 MPa). The removal of water in the high level of
pressure should be the reason for the low strength
at 30 MPa, despite it provides a large bulk density.

(iv) The apparent porosity demonstrated particle size and
the pressure as significant main factors. The largest
porosity is required for porous bearings. The highest
apparent porosity has been achieved when the com-
posite is manufactured using small silica particles
(44 lm) and low level of compaction pressure
(10 MPa). The interaction effect size and geometry
is also significant showing that the small particles
provide a large apparent porosity for non-spherical
geometry.

(v) The three main factors (particle size, geometry and
pressure) obtained a level of significance for the per-
meability coefficient. The highest permeability was
achieved when the composite made from small parti-
cle size (44 lm), non-spherical geometry and low level
of pressure (10 MPa), which means the presence of
macro pores in the interface zone between the silica
particle and the cement paste.

(vi) According to the backscatter-mode SEM images and
the pore size distribution obtained from MIP, the
presence of two concentrations of pores was
observed: the micro pores in a range of 0.002–1 lm
and the macro pores in a range of 50–120 lm. The
micro pores correspond to the most part of the distri-
bution of pore sizes. The SEM images indicated that
the micro pores are provided from the cement paste
and the macro pores are provided from the interface
zone between the silica particles and the cementitious
matrix. The biggest average pore size is reached when
the pressing compaction is set as 10 MPa.

Composites 14 and 16 which are made using small silica
particles (44 lm) and low level of compaction pressure
(10 MPa) optimise the properties and structure promising
to be a significant material for the stated application of
porous bearings. Other analyses including the interaction
between responses were not presented in this paper to
further optimise the properties for aerostatic bearing
applications.
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