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Porous ceramics with three different porosities were fabricated by the sintering of redart clay and
woodchips (sawdust). The latter was used as the pore-forming agent in porous ceramic water. The
porosity, pore size and density of the materials were characterized using Mercury Intrusion
Porosimetry and Helium Pyncnometer technique, while the structure and chemistry of the materials
were elucidated via X-ray diffraction (XRD), environmental scanning electron microscopy (ESEM) and
energy dispersive X-ray spectroscopy (EDX). The compressive strength of the porous clay ceramics
were found to exhibit a downward trend with increasing porosity. Due to the anisotropic nature of the
porous material, two types of specimen (T- and S-Type) were fabricated for the measurement of
flexural strength, fracture toughness and resistance-curve behavior under three point bending. The
observed crack-tip shielding/toughening mechanism was then modeled using fracture mechanics
concepts. The measured mechanical/physical properties, such as: elastic modulus, density and porosity,
were then incorporated into finite element models for the computation of stress distributions due to
hydrostatic pressures exerted on the porous clay ceramics by the water in filter with different
geometries and supporting configurations. The implications of the results are discussed for potential

scale-up and design of a mechanically robust porous ceramic for water filtration.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Porous ceramics are a class of materials that cover a wide
range of structures including (but not limited to): foams, honey-
combs, interconnected rods, interconnected fibers and intercon-
nected hollow spheres [1]. The properties of porous ceramics such
as density, surface area, permeability, porosity, hardness, mod-
ulus, wear resistance, corrosion resistant and thermal conductiv-
ity, may be controlled by controlling their structure and nature.
This has ultimately led to porous ceramics having a wide range of
applications, which include prosthetics and biomedical devices;
electronic sensors; refractory materials (thermal insulators); heat
exchangers; bioreactors; and for separating materials in food,
chemical and pharmaceutical industry [2,3]. They are also used in
environmental technologies (e.g. the catalytic converter). A pro-
mising application of porous clay-based ceramic is in their use in
water purification [4-7].

About 884 million people worldwide lack access to improved
water supplies and as a result approximately 1.5 million people,
mostly children, die every year [8]. The ceramic water filter
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(CWFs) is one of the few types of point-of-use (POU) water
purification system that is currently been used to tackle this
scourge. CWFs are fabricated by mixing clay with a combustible
or pore forming material (usually sawdust, flour and rice husk)
with a binder (water). The resulting homogenous mixture is then
pressed using a mechanical press, or in some cases by manual
molding using pottery wheel, into the desired shaped. The
frustum (or pot) shape is the most popular shape. However, other
filter geometries do exist, such as disk shapes and candle shapes
[9,10]. During sintering, the combustible material burns off and
leaves behind pores. The micro- and nano-scale pores form
complicated porous network. The geometry and surface proper-
ties of the pores are also the primary keys to the CWFs successful
removal of microbial contaminants to levels that are below the
WHO standard [11,12]. CWFs can also reduce the turbidity of
water to the acceptable levels provided it is designed, used and
maintained properly [13,14].

Furthermore, the clay-water mixture is a combination that can
be doped with other materials. This affords the CWFs the robust-
ness required for the removal of other contaminants besides
microbial contaminants from water. The removal of chemical
contaminants such as arsenic, iron and fluorine has been reported
[14-16]. Moreover, it has also been shown that with the right
amount of iron oxide doping, the CWFs are capable of removing
viruses [17,18].
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The porous nature of the CWFs makes them susceptible to
failure. This leads to filter breakage during processing, distribution
(transportation) and usage. The latter is because the filter has to be
able to support its own weight on its lips (which rests on the rim of
a receptacle) during operation (due to the hydrostatic pressure of
water). There is, therefore, a need to relate the mechanical proper-
ties of the porous clay ceramics to their porosity and pore size
distributions. There is also a need to fabricate filters with improved
structural integrity. This can be achieved by re-designing the filter
geometries and by finding ways to toughen them.

In this paper, clay ceramics with three different levels of
porosity were produced by the sintering of clay/sawdust mixture
with ratios of 50:50, 65:35 and 75:25 by volume. The structure
and mechanical properties (elastic modulus, hardness, compres-
sive strength, flexural strength, fracture toughness and resistance-
curve behavior) were studied using a combination of experiments
and models. The finite element method (FEM) was then used to
study the stress distributions due to the hydrostatic pressures
exerted on the filter walls with different shapes and support
configurations. The implications of the results are then discussed
for the scale up of ceramic water filtration and the design of filter
shapes and structures with improved robustness.

2. Experimental
2.1. Materials and processing

The (redart) clay that was used in this study was obtained from
Cedar Heights (Cedar Heights Redart Airfloated Clay, Pittsburgh,
PA). The chemical composition of the clay is given in Table 1. The
sawdust (woodchips) used was obtained from a local sawmill
(Hamilton Building Supplies, Trenton, NJ). The clay was mixed with
the sawdust in three different ratios (clay-to-sawdust) by volume,
viz 50:50 (or 50-50), 65:35 (or 65-35) and 75:25 (or 75-25). Prior
to mixing, the sawdust was manually sieved using 35-1000 mesh
wire sieves. The clay was then blended with sawdust in an
industrial mixer (Model A-200, The Hobart Manufacturing Com-
pany, Troy, OH), with water as the binding agent.

The resulting mixture (clay, sawdust and water) was formed
into a dough shape (about 5.5 kg/12 lbs is required to make a
CWFs). The dough was then formed into a frustum-shape, with a
two-piece frustum-shaped aluminum mold. This was done using
a 50t hydraulic press (TRD55002, Torin Jacks, Inc., Ontario,
Canada). The resulting greenware was dried in laboratory air
(temperature of 25 °C, humidity of 40%) for about 5-8 days. After
drying, the greenware was sintered in a gas kiln (Ceramics Art
Department, Princeton University, Princeton, NJ). The firing
involved pre-heating of the greenware to 450-550 °C for three
hours (to burn off the sawdust), followed by heating to the
sintering temperature of 955 °C in the same gas kiln. The initial
heating rate of 50 °C per hour was increased to 100 °C per hour
beyond a furnace temperature of 200 °C. The CWFs were sintered
for 5 hours at the peak temperature of about 955 °C. They were
then furnace-cooled in air to room-temperature.

The frustum-shaped CWFs consists of two sections, the base
(or disk part) and the side (or curved part). The disk has a radius

Table 1
Chemical composition of redart clay raw material.

Component  Si0, Al,O; Fe,0; TiO, MgO CaO Na,0 K,0 Other LOI
Fraction 642 164 7 11 16 02 04 41 0.1 49
(wt%)

* LOI=Loss on ignition.

of ~91.5 mm and a thickness of ~15 mm. The side has a slant
height of ~240 mm and is ~10 mm thick. The CWFs is ~237 mm
deep, and hence has a capacity of about 10 L. In this study, only
the base (or disk part) of the CWFs was used in the characteriza-
tion of the structure and mechanical properties of the porous
clays ceramics. The sides were not used due to their curvature.

2.2. Materials characterization

The porosities, (average) pore-size, bulk density and skeletal
density of the porous clay ceramics were measured using a
Mercury Porosimeter [19]. The porosimetry measurements were
carried out in a MicroMetrics Autopore III 9400 analyzer (Micro-
Metrics, Norcross, GA). The two-stage MP experiments were
performed on pieces with dimensions of ~3 mm x 3 mm x 3 mm
that were cut from the three different porous ceramics (50:50,
65:35 and 75:25). The skeletal density of the porous ceramic was
also found using a AccuPyc 1330 Helium Pyncometer (HP)
(MicroMetrics, Norcross, GA).

The surface morphology of the woodchips and the three
porous ceramic was carried out using the Environmental Scan-
ning Electron Microscope (ESEM) (Quanta 200 FE-ESEM, FE]I,
Hillboro, OR). The elements present in the redart clay and porous
clay ceramics were also verified using the Oxford EDX detector
(Oxford Instruments, Oxfordshire, UK) on the Environmental SEM.
X-ray diffraction (XRD) was performed on powders of redart clay
and porous clay ceramics to determine their phase compositions.
This was done using a Bruker D8 Advance diffractometer, with
secondary graphite monochoromator and Cu-Ko radiation
(A=0.15418 nm). The scan step was 0.02° and the step time
was 0.8 s per step. The measurement was done over the interval
10° <260 <70°. The entire operation was carried out at room
temperature (25 °C).

2.3. Modulus and hardness measurement

Nanoindentation was used to obtain the moduli and hardness
values of the porous ceramic. The indentation studies were
performed in a TriboScope nanomechanical testing system (Hysi-
tron Inc., Minneapolis, MN), coupled to a Dimension 3100 scan-
ning probe microscope (Veeco Instruments Inc., Woodbury, NY). A
three-plate capacitive transducer was used by the TriboScope to
control the applied load. A conical (spherical-tipped) indenter
with a norminal tip radius of ~100 um was used. The loading
profile consisted of the following three steps: loading at a rate of
5 uN/s to a peak load of 1000 uN; holding at the peak load for 5 s,
and returning to zero load at an unloading rate of 5 uN/s. For each
porous ceramic type, 45 nanoindentation measurements were
obtained.

2.4. Strength measurements

Both the compressive strength and flexural strength testing
were carried out in an Instron Model 8872 servo-hydraulic testing
machine (Instron, Canton, MA) instrumented with a load cell of
25 kN. The compressive strengths of the porous clay ceramics
were obtained by compressive loading of bars of height,
H=35 mm, width, W=12.63 mm, and breadth, B=12.63 mm
was used. These were loaded to failure at a rate of 0.1 Ns~'.
The compressive strength was then evaluated from the following
expression:

P
BW
where P is the load at failure; B and W are the respective breadth
and width of the rectangular specimens.

Oc=

M
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The flexural strengths or moduli of rupture [20] were obtained
by the bend testing of bars of height, H, of 12.63 mm, width, W, of
12.63 mm, and length, L, of 76 mm. Two types of specimens were
made due to the anisotropic nature of the porous clay ceramics.
The specimens were oriented for fracture in the short transverse
and traverse orientations, referred to here as “S-Type” and
“T-Type” specimen respectively. The bend testing was done under
three-point bend loading at a cross-head speed of 0.1 Ns~! and a
loading span of 40 mm.

The MOR was then evaluated from the following expression [21]:

3PS

MORO' =
@ 2B’W

@)

where S is the loading span, P is the applied load at the onset of
failure, while the other constants have their usual meanings.

2.5. Fracture toughness

Due to the anisotropic nature of the porous clay ceramics,
fracture toughness (Kj.) tests were performed on two types of
single-edge notched-bend (SENB) specimens. The specimens
mainly differ by the orientation of the notch. Specimens with
height, H, of 12.63 mm, width, W, of 12.63 mm, and length, L, of
76 mm, were used. The specimens were tested using the Instron
5848 MicroTester (Instron, Canton, MA) instrumented with a
500N load cell. The specimens were loaded monotonically to
failure at a loading rate of 0.1 Ns~!, with a loading span of
35 mm. An initial notch, with a notch-to-width ratio (a/W) of
~0.25, was introduced at the center of the specimens. Fracture
toughness, K, was determined from the following expression
[22,23]:

PS a
Kie= W Xf(w) 3
where a is the crack length (depth of the notch), f(a/W) is the
compliance function and the other constants have their usual
meaning.

2.6. Resistance-curve measurements

Resistance-curve experiments were also performed on the
same type of SENB specimens that were used in the fracture
toughness measurements. The experiments were performed
under three-point bend loading. Crack growth was monitored
with Krak gages (KG-A05, Hartrun Corp., Eden Prairie, MI) bonded
to the specimen surfaces with the Epotek 353ND (Epoxy Tech-
nologies Inc., Billerica, MA). After curing for 24 h, four wires were
soldered on to the Krak gage and connected to a FRACTOMAT
system (Model 1288, Hartrun Corp., Eden Prairie, MI), which is a
two-channel microprocessor-based instrument for monitoring
crack growth. The FRACTOMAT system was connected to a NI
CB-68LP board (National Instrument, Austin, TX) that was linked
to a computer with LABView software package (National Instru-
ments, Austin, TX). The latter was used to collect the voltage data
(due to crack growth) as a function of time. The specimens were
loaded in incremental steps to peak loads below the critical loads.
The loads were then increased in incremental steps, while the
corresponding incremental crack growths were monitored using
the in-situ Krak gages. This was continued until the crack growth
reached the steady-state regime. In this way, the resistance
curves were obtained for all the porous ceramics.

3. Modeling
3.1. Crack-tip shielding

The resistance of the porous ceramic to crack growth was
quantified in this section using a combination of small- and large-
scale crack bridging models. For small scale bridging, where it is
assumed that the bridging zone is small compared to the crack
size (Aa < 0.5 mm), the toughening due to small to small-scale
crack bridging, AKqy, is given by

A
AKgp = \/% /O aVB%dx @)

where [g is the bridge length (which is equal to the distance from
the crack-tip to the last unfractured reinforcement), a(x) repre-
sents the bridging traction across the ductile reinforcement, x is
the distance from the crack face behind the crack-tip, o is the
triaxiality/constraint factor [24], and Vj is the volume fraction of
the ligaments.

In the case where the bridging zone is comparable to the
overall crack dimensions (Aa> 0.5 mm), large scale bridging
models are used to estimate the shielding contributions from
crack bridging. The shielding due to large-scale bridging, AK,, is
given by [25,26]:

L
AKp = / aVga(x)h(a,x)dx 5)
Jo

where L is the length of the bridging zone, « is the constraint/
triaxiality factor, V,, is the volume fraction of bridging ligaments,
o(x) is traction function along the bridge zone, and h(a,x) is a
weighting function given by Fett and Munz [27].

The overall resistance curve behavior may be estimated by the
application of the principle of linear superposition. This gives:

Kapp = Keip +AK (6)

where K,,, is the applied stress intensity factor, K, is the
initiation toughness and AK is the toughening due to small-scale
crack bridging (Aa < 0.5 mm) or large-scale bridging (Aa > 0.5 mm)
as the case may be.

3.2. Finite element analysis

The objective of Finite Element Analysis (FEA) is to optimize
the geometry and supporting configuration of the water filters
under the effects of hydrostatic pressure. The finite element
software ABAQUS™ v6.9-EF2 (ABAQUS, Inc., Pawtucket, RI) was
used in the study. Axisymmetric finite element models of filters
were developed as shown in Fig. 1. A 4-node linear axisymmetric
element was used. The mesh was refined at the corners as in
Fig. 1(a). The diameter, thickness, height and angle of the frustum
model (Fig. 1(a)) are the same as that of typical CWFs, as
described in Section 4.2.

Figs. 2(a)-(g) shows the different support configuration that
was used in the modeling of the frustum-shaped filter. Models of
potential uniform thickness filter model, ellipsoidal filter model,
semi-spherical filter model, cylindrical filter model, and inverted
frustum filter model, were also built, as shown in Fig. 1(b)-(e),
respectively. The same wall thicknesses and heights were used in
all the filter models.

The measured mechanical properties of the 65-35 filter, such
as Young’s modulus, density and porosity, were used for this
study (Table 2 and Table 3). It was assumed that all the materials
exhibited isotropic elastic behavior. The axisymmetric boundary
condition was also applied at the symmetry axis. The bottoms of
the filter lips were fixed to have no displacements or rotations. A
hydrostatic pressure load was applied on the inner surface of each
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Fig. 1. Finite element axisymmetric models of the filters for (a) frustum filter model, (b) uniform thickness frustum filter model, (c) ellipsoid filter model, (d) semi-
spherical filter model, (e) cylindrical filter model, and (f) inverted frustum filter model.

f
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r~

Fig. 2. Different support configurations modeled. Figure shows support spanning
(a) 1st quarter of lip, (b) 2nd quarter of lip, (c) 3rd quarter of lip, (d) 4th quarter of
lip, (e) 1/2 of lip, (f) 3/4 of lip and (g) the entire lip.

filter to simulate the effects of water in the filter. In this way, the
stress distributions were computed for the possible filter designs.
A body force was applied on each filter to simulate the effects of
the filter self-weight and the weight of water contained within
the filter during operation. In this way, the stress distributions
were computed for the different filter designs.

4. Results and discussion
4.1. Materials characterization

Fig. 3(a) is the environmental scanning electron micrograph of
the woodchips (sawdust) used in making the porous ceramics.
Micrographs of the surface of the three different porous clay
ceramic studied are given in Fig. 3(b)-(d). The micrographs reveal
the presence of microscopic pores. The bulk density and skeletal

density (using HP and MP) are found to increase with increasing
sawdust content (Table 2). One hypothesis is that the greenware
with higher sawdust content, burns off quicker than a greenware
with lower sawdust content. This is because of larger pathways/
channels available expulsion of the combustion products (mainly
carbon dioxide). As a result, the greenware with the higher
sawdust content has more time to sinter (due to the relatively
early eviction of the sawdust).

Furthermore, the skeletal density measured by the helium
pycnometer (HP) was greater than that measured by the mercury
porosimeter [19]. This suggests that the porous ceramic had pore
sizes below the detectable limits of the MP method. This higher
skeletal density measured by the HP resulted in a higher porosity,
compared with the values for MP (Table 2). This is because of
helium gas has a small atomic radius (~31 pm) and is thus able to
seep through pico-scale pores. The mercury porosimetry on the
other hand is only effective for pores diameter greater 3 nm. The
linear relation between the two types of porosities is shown in
Fig. 4. This exhibits a correlation coefficient, R?, of about 0.995.
Both the MP and HP porosities were found to increase
with increasing sawdust content (that was used in fabricating
the porous ceramic). No apparent trends were observed between
the measured porosities and the average pore sizes (Table 2).
The firing of the CWFs is sometimes carried out under controlled
conditions that result in carbon residues from the sawdust. How-
ever, the EDX analysis revealed no trace of carbon, meaning all of
the sawdust was completely burnt off during the firing process (See
supporting information S1). Also, the EDX is a necessary prerequisite
to X-ray diffraction. The X-ray diffraction analyses of the redart clay
and the porous ceramics are presented in Fig. 5. The results show
that the redart clay and porous ceramic exhibit similar diffraction
patterns. The redart clay structure consists predominantly of illite
and kaolinite mineral. Above 500 °C, the kaolinite mineral (which
has a weight percent of about 10%) undergoes an endothermic
dehydroxylation process. This transforms it into a disordered
alumino-silicate, metakaolinite [21,28]. The kaolin clay, which was
originally crystalline, is now transformed into metakaolin,which is
amorphous. This explains the shorter peaks in the porous ceramics,
and why some of the peaks (that existed in the redart clay) are
missing in the porous ceramics.

4.2. Modulus and hardness

Elastic modulus and hardness are not strictly functions of
porosity but also depend on pore morphology, pore size distribu-
tion (and arrangement) and microstructure [29-32]. The unre-
laxed moduli and hardnesses of the porous ceramics, indented
using a spherical (conical) indenter, are plotted as a function of
porosity and average pore size in Fig. 6(a) and (b). The results
showed that the modulus and hardness do not have any clear
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Table 2
Physical properties of porous ceramic. MP is Mercury Porosimeter and HP is Helium Pyncnometer.
Porous ceramic type  Volume fraction of sawdust (%) Average pore diameter (um) Bulk density (g/cm®) Skeletal density (g/cm?) Porosity (%)
MP HP MP HP
75-25 25 0.605 1.500 2.358 2.720 36.384 44.848
65-35 35 0.551 1424 2411 2.731 40.891 47.854
50-50 50 1.074 1.286 2.424 2.741 46.955 53.095
Table 3
Summary of mechanical properties of the porous ceramics.
Porous Volume fraction of Porosity Average pore Compressive Young’s Hardness Specimen MOR Fracture toughness,
ceramic sawdust (%) (%) diameter (pm) strength (MPa) modulus (MPa) type (MPa) K;c (MPa. m®>)
type (GPa)
75-25 25 36.38 0.605 9.11 +£047 1.66 +0.44 22934966 T 539+1.72 0.61+0.03
N 7.16+2.26 0.47 +0.09
65-35 35 40.89 0.551 7.41 £0.84 3.06+0.73 39.15+12.72 T 4.22 +0.12 0.40 +0.05
S 4.64+1.16 0.43 +0.03
50-50 50 46.96 1.074 5.25+0.19 1.36 +£0.20 2036+894 T 3.89+0.09 0.35+0.02
N 4.29+0.53 0.37 +0.02

10 ym

Fig. 3. Environmental scanning electron microscopy micrographs of (a) the woodchips (sawdust) used, (b) 50:50 porous ceramic, (c) 65:35 porous ceramic and (d) 75:25

porous ceramic.

relationship with porosity but increased as the average pore size
is decreased.

4.3. Compressive and flexural strength
The compressive strengths decreased linearly (R?=0.9997)

with increasing porosity (Fig. 7). A better fit can be obtained
considering a wider range of porosities, the problem however is

that making filters below porosity of ~35% significantly
decreases the flow rate of CWFs and porosity above ~50%
significantly reduces the strength of the filter and may drastically
reduce its microbial efficacy. The flexural strength [20] of the
porous ceramic is also seen to decrease with decreasing porosity
(Fig. 8). Similar trends have been observed by other researchers
[30,33,34]. It was also observed that the MORs of the “S-Type”
specimen were somewhat greater than those of the “T-Type”



26 I. Yakub et al. / Materials Science & Engineering A 558 (2012) 21-29

54

52

50

48

46

44

Porosity (%, Helium Pyncnometer)

42
35 37 39 41 43 45 47 49

Porosity (%, Mercury Porosimeter)

Fig. 4. Linear relationship between porosity measured using helium pycnometer
and mercury porosimeter.

—— Redart Clay
— Porous Ceramics
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ittt

10 20 30 40 50 60 70
2-Theta (Degrees)

Fig. 5. XRD pattern of Redart clay (bottom/blue) and the porous ceramic (top/red).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

specimens. This is because the flexural strength largely depends
on surface condition and the “S-Type” surface is relatively denser
compared to the “T-Type” due to nature of sintering. Both the
compressive and flexural strengths are generally attributed to
stress concentration phenomena [35-37].

4.4. Fracture toughness and resistance-curve behavior

The fracture toughness (of both specimen types) decreases
with increasing porosity (Fig. 9). Similar trends have been
reported by other researchers [32]. The fracture toughness for
the “T-Type” specimen fell sharply for porosities of ~36% and
~41%. This may be due to a reduction in crack deflection and the
critical strain energy release rate. At ®=40.3%, the porous
ceramic material becomes isotropic with respect to fracture
toughness. The resistance-curve behavior of the ceramic obtained
using the Krak gage is given in Fig. 10. The result shows that the

W)
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Fig. 6. Variation of elastic modulus and hardness with porosity and average pore
diameter. (a) Variation of elastic modulus with (i) porosity and (ii) average pore
diameter. (b) Variation of elastic modulus with (i) porosity and (ii) average pore
diameter.

porous ceramic exhibited very limited crack growth resistance, as
is typical of brittle materials. The limited crack growth resistance



L. Yakub et al. / Materials Science & Engineering A 558 (2012) 21-29 27

10

Compressive Strength (MPa)
~

4 L L L L L L L L
35 40 45 50
Porosity (in %)

Fig. 7. Dependence of compressive strength on porosity of the porous ceramics.
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Fig. 9. Dependence of fracture toughness on porosity of the porous ceramic.

was attributed largely to crack bridging. Evidence of crack-tip
shielding by crack bridging is presented in Fig. 11.

4.5. Modeling of filter stress

4.5.1. Effects of supporting configurations

Table 4 shows the maximum principal stress at the lip edge
and bottom edge for the filter under two extreme conditions:
when dry and when filled with water. Also shown in the table is
the variation of maximum principal stress with different support
conditions. It is seen that the maximum principal stress at the
bottom edge (for both the dry and filled filter) has a weak
dependence on the support configuration. This may be because

25

T T
S-Notch 75:25 Model
S-Notch 75:25 Experiment
S-Notch 65:35 Model
S-Notch 65:35 Experiment B
S-Notch 50:50 Model
S-Notch 50:50 Experiment
T-Notch 75:25 Model
T-Notch 75:25 Experiment 1
T-Notch 65:35 Model
T-Notch 65:35 Experiment
T-Notch 50:50 Model
T-Notch 50:50 Experiment

=1

1.5 H

0|l|*|.

0.5

Stress Intensity Factor (MPa.m %)

0 0.5 1 1.5 2 25 3 3.5 4

Crack Growth, Aa (mm)

Fig. 10. Resistance curve behavior of the porous ceramic.

the bottom edge is far away from the filter lip which is being
supported. For the dry filter, for any given support system the
maximum principal stress at the lip edge was generally greater
than the maximum principal stress at the bottom edge. The
reverse is true for the filter when it is filled with water. This is
because when the filter is dry, i.e. during storage and transporta-
tion, the lip undergoes greater stress than the bottom. Also, when
water is added to the filter, it increases the bending moment on
the bottom section, by a lot, and makes it much larger than that in
the lip. This indicates that the filter is more likely to fail at the lip
when it is dry. It is also more likely to fail at the bottom, when it is
wet, i.e. during use.

Fig. 12 shows the maximum principal stress as a function of
hydrodynamic head of the water (measured from the base of the
filter up). This mimics the change in maximum principal stress as
the filter is drained. The graph also shows the variation of the
maximum principal stress with support configuration. For any
support configuration, the maximum principal stress at the
bottom edge is more or less the same as shown by the dash line
in Fig. 12. From both Fig. 12 and Table 4, it is apparent that the
closer the support is to the (side of the) filter, the lower the stress
at its lip edge. This is because closer support gives a smaller
bending moment to the lip. The worst scenario is when the
support was at the “fourth quarter”. Not only does it have the
highest maximum principal stress at any given pressure head, it
has the longest range of maximum principal stress per cycle. A
cycle is defined as the time it takes a filter that is completely filled
with water to empty out its content. Also, the best support
configuration is the one that spans the entire lip of the filter. In
this case the applied bending moment is minimized.

4.5.2. Effects of filter geometries

Fig. 13 shows the maximum principal stress as a function of
hydrodynamic head of the water. The modeling was carried out
with support fully spanning the entire lip. For reasons mentioned
in Section 4.5.1, for any given filter model (and for the same
pressure head) the maximum principal stress on the filter lip is
generally greater than that at the bottom of the filter. Fig. 13 also
shows that the uniform frustum shaped model is better than the
regular frustum shaped filter. This is because it has a higher
second moment of area (due to higher thickness). In terms of
stresses on the filter bottom edge, the general order (from best to
worst) is as follows: ellipsoidal model > semi-spherical mode-
1 > uniform thickness frustum shaped model > frustum shaped
model > inverted frustum model > cylindrical model. Ellipsoidal
and semi-spherical filters have lower stress concentration
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Fig. 11. ESEM image of a porous ceramic showing evidence of crack bridging.

Table 4
Maximum principal stress (in MPa) in the “lip edge” and “bottom edge” of the
frustum-shaped filter under different support condition.

Support condition Dry Filled to the brim with

water
Lip edge Bottom edge Lip edge Bottom edge

1st quarter of lip  0.0221765 0.0148261 0.0926826  0.162217
2nd quarter of lip  0.0253766 0.0148275 0.101166 0.162222
3rd quarter of lip  0.0328176 0.0148293 0.12904 0.162228
4th quarter of lip  0.0447144 0.014832 0.175444 0.162239
1st quarter of lip  0.0221765 0.0148261 0.0926826 0.162217
1/2 of lip 0.0185462 0.0148254 0.0712261  0.162213
3/4 of lip 0.0165832 0.0148251 0.0611436  0.162211
The entire lip 0.0157076 0.014825 0.056979 0.16221
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Fig. 12. Variation of the maximum principal stress on the “lip edge” and the
“bottom edge” of the frustum-shaped filter as the pressure head of water changes.

because of the roundness its bottom edge. Uniform thickness
frustum filter has thicker wall than the frustum filter, and there-
fore have a greater stiffness. The cylindrical filter appears to be
the worst because of effects of bending moments. In terms of
stresses on the filter lip edge, the order (from best to worse) is as
follows: frustum shaped model > ellipsoidal model > uniform
thickness frustum shaped model > cylindrical model > inverted
frustum model. This is largely because of effect of bending
moments due to a combination of filter self-weight and hydro-
static pressure. It is hard to rank the semi-spherical model. It
appears to be better at handling stress at lower pressure head and
worse at handling stress at higher pressure head.
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Fig. 13. Variation of the maximum principal stress on the “lip edge” (dash lines)
and “bottom edge” (solid lines) of the filter models as the pressure head of water
changes.

4.6. Implications

The implications of the current work are quite significant. First,
the result shows clearly that the mechanical properties of porous
ceramics are not a simple function of its density but depends
largely on porosity, except for modulus and hardness which were
more or less a function of the average pore size. Other possible
factors that affect the mechanical strength of porous ceramics
include: surface and internal defects (such as cracks) during
processing (thermal shock), transportation (mechanical vibration)
and usage (hydrostatic force). One way of solving this problem is
to fabricate CWFs from homogeneous mixtures of clay and
sawdust.

Future work should include research on porous ceramic
structures that can offer greater resistance to crack growth during
transportation, usage and processing. One way of improving the
mechanical properties of the filter is to optimize the porous
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structure of the filters [29]. Future ceramic water filters should
also be made such that they have uniform thicknesses. Further-
more, if they are to be fabricated into “curvy” shapes, they have to
be “as ellipsoidal as possible”. Also, the receptacle has to span the
entire lip of the filter and be as close to the side of the filter as
possible. Future work is also needed to study the effects of doping
and the effects of hydration on the structure and mechanical
properties of porous clay ceramics. These are clearly some
challenges for future work.

5. Conclusions

The porosity of clay ceramics increases with increasing volume
fraction of sawdust. The higher skeletal density of HP reveals that
the porous material has pore sizes that are smaller than what MP
is capable of detecting. The modulus and hardness are functions
of the average pore size. The strengths (compressive and flexural)
and fracture toughness decreases with increasing porosity. The
porous clay ceramic materials exhibit resistance-curve behavior
that is typical of brittle materials, with limited crack growth
resistance attributed to shielding by crack bridging. The shielding
due to crack bridging can be predicted using a combination of SSB
and LSB models. The wider the support provided by the recepta-
cle, and the closer it is to the side of the filter, the better. Also, the
more uniformly thick a filter is the better. Finally, if a filter has to
be fabricated to be “curvy”, the more ellipsoidal it is the better.
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