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                Abstract 

               Most countries in Africa are faced with difficult challenges in terms of providing safe, 

clean drinking water for their citizens. The world Health organization estimates that 

approximately 500 lives are lost per day in Nigeria  from water related diseases while 

globally, 1.1 billion lack access to improve water supplies. Point-Of-use water treatment 

technologies, such as household ceramic water filters, offer an affordable and effective 

means of treating water to standards suitable for drinking. The fact that ceramic water 

filter can be produced locally with local material makes it attractive as a point-of-use 

treatment technology that is affordable, appropriate and sustainable.  

              Ceramics are brittle and therefore Ceramic water filters are faced with the issue of 

breakages and rupture during transportation and usage. The focus of this study is on 

using finite element method with the aid of Abaqus software   to model and simulate 

the stress distribution and crack behavior within the geometry of ceramic water filter. 

Also try to come out with the optimum choice of filter geometry that can be used by 

producers of ceramic water filter to help address the rampant breakages and rupturing 

of water filters. Three shapes of geometry were considered in this study. These are the 

frustum shape, the cylindrical (circle) and the rectangular (square) base shape. 

Recommendations for future work include the maximum impulse force before 

fracturing and the critical thickness for reservoir. 

 

v 
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CHAPTER ONE 

1.0 INTRODUCTION 

 

1.1 BACKGROUND 

The world community still faces a hard challenge: to have more than halved the number of 

people without access to improve water supply and sanitation by the year 2015. This is also one 

of the millennium Development Goals that was committed to by governments from worldwide 

during the world 2002 summit on Sustainable Development in Johannesburg South Africa (1). 

The quantity and quality of water is necessary for life. One sixth of the world’s population as at 

2000, estimated to be 1.1 billion people, lack access to good drinking water supply and two 

fifths, or 2.4 billion people, lack access to good sanitation (2).Roughly, 3.4 million people are 

reported to die annually from water related diseases, these are mostly children under the age 

of five (3).Diarrhea diseases alone account for 2.1 million deaths. 

The millennium Development Goal for water is still working out  ways of getting and delivering 

access to good  treated  water supply by the year 2015(4).The achievements of this  ambitious 

goal by the world nations by the year 2015 through the conventional  centralized system 

approached is quiet doubtful. This is because the conventional system is quiet expensive and 

cannot be afford by all. 

In attempts of finding ways to providing treated drinking water that can be affordable to all, the 

point- of –use household water treatment systems were initiated to complement the 
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conventional centralized water supply systems. One of such initiative is the Ceramic water 

filter. It offers affordable and effective ways of treating water to a standard and suitable for 

drinking. Though its usage goes back to centuries, little has been done about the 

documentation, testing of the effectiveness of low-cost ceramic water filters both in the 

laboratory and in the field, physical and mechanical properties of ceramic water filter and the 

best choice of geometry to be used in order to solved the issue of breakages during distribution 

and service, and health impact of using these ceramic water filters (5). 

The use of clay ceramic water filters for water treatment has impacted the occurrence of water 

borne diseases across Africa, Asia, and South America (6,7). Clay and plant by-products, such as  

sawdust, agricultural residues, husk from rice and coffee etc   mixed in some composition are 

used as base materials to produce these filters .The mixture is moistened, molded dried and 

eventually fired to produce porous clay ceramic  materials as well as filtration devices.(8) 

Altering the composition change the microstructural and mechanical properties of the filters. 

The flow of microstructural and the mechanical features also change geo-spatially because of 

lack of similar raw material constituents at different places globally (8,-9). The porosity, density 

and the stress distribution play a great role in determining the strength of ceramic water filters. 

This has led to functional challenges such as water contamination, loading rate, application 

frequency, flow rate, material availability and composition are not the same worldwide. These 

therefore, contribute to variability in the physical and mechanical properties of clay ceramic 

water filters. Clay ceramic are known to be brittle, so adding organic or inorganic materials can 

controlled and optimize the structural integrity of ceramic water filters produce from them. 
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Also influencing the firing temperature can also controlled the strength of the water filter. As 

mention earlier, during transportation ceramic water filters got broken and ruptures also 

occurred during used.(7,10,11, 12) 

Finite Element Analysis (FEA) is a numerical method which provides solution to problem that 

would be difficult to obtain. It is the most widely applied computer simulation method in 

engineering. In fracture mechanics, it is most often used in determination of stress intensity 

factors, however the applications of this method is in much broader range of  areas such as  

Arospace,Civil  and Automobile Engineering to do Structure analysis, thermal or fluid flows 

analysis etc. It also plays a very vital role in Electromagnetics, Geomechanics   and 

Biomechanics.(13).The FEA allows more complex element analysis to be modeled. The finite 

element method (FEM) was originally an extension of matrix analysis, developed by structural 

engineers. It has since been used in every field where differential equations define the problem 

behavior (14). 

1.2 Problem Statement 

Though a lot of research has been carried out on ceramic water filters: for bacteria, fluoride, 

pathogenic removal and the physical properties of porous ceramic filter, there are currently, no 

work done on the best choice of geometry and the stress distribution and crack configuration 

within the geometry of the ceramic water filter. 
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1.3 Scope of work 

This research is focus on providing better understanding of the stress distribution within the 

geometry and identifying the region of maximum stress and maximum stress value using finite 

element model and explore the best alternative of geometry. It would also look at possible 

crack configuration and determine the fracture toughness and J-integral and determine 

condition at which failure occurs. The stress distribution values would be used to calculate 

fracture toughness, for Neumann Raju semi elliptical and corner crack and identify the best 

filter design for crack growth resistance.  
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Chapter Two 

                                                                             Literature Review 

 

 2.1 Point-Of- Used Household Ceramic Water treatment Technologies. 

 Most people – predominately women- spend most of their times during the day collecting, 

carrying and storing water for drinking. These waters are mostly not from any water treatment 

plant and supply system but from various sources including local dug wells, springs and stone 

taps. These waters if not contaminated from the source, may become contaminated along the 

line of transportation or during storage before consumption .In developing countries like 

Nigeria; ensuring safe drinking water is the duty of individual members of the community. This 

has made the household water treatment technology as ways to get meaningful clean drinking 

water. Recent studies indicated that household water treatment seems to be gaining ground 

especially within the International Development organizations like the World Health 

organization (WHO) and the UNICEF [2]. 

 



13 

 

 

Ceramic water filter is one of such household treatment technology which is less-costly and 

very effective at improving the quality of water. A variety of technologies are being used in the 

manufacturing of ceramic water filters. They are mostly doped with non-poisonous chemicals 

to enhance the health impact of the filter. 

2.1.1 Ceramic water filter doped with Colloidal Silver. 

The basic materials used in the manufacturing of ceramic water filters are clay, water, 

combustible material, and grog. These materials undergo process like grinding and sieving 

before they are mixed together into a uniform mixture, pressed or molded into a filter shape. It 

is dry and deep into Colloidal Silver as bactericide. It is the last step after the filter has been 

fired and dried.[3] 

A summary of the materials used in the manufacturing of CWF is shown in the below. 

 

Fig.1 Robert Dies,2001 
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The basic equipment needed for the production of CWFs is the grinder, Screens, Mixers, Filter 

Press and Molds. Others include Kiln, Buckets and Scales and Surface or Storage Area. 

2.1.1.1 Manufacturing Process 

The materials usually clay and sawdust are grinded to a more uniform and smaller grain. They 

are mixed and form moistened suspension of clay and sawdust in a given composition by 

volume. The plasticity present in the moistened of the mixture allows it to be molded under 

stress to any shape as needed [3].The filters are cast usually into frustum shape of given 

dimensions. They are sintered  around 900
o
C to introduce pores into the mold serving its 

filtration purposes[3].Colloidal Silver is used to paint onto the surface of the filters  after firing 

and drying has been done[1 and 4]. This would disinfect it and help to remove bacterial and 

microbial infection [5]. 

 

Summary of ceramic Water filter Production base on Madhyapur clay crafts in Thimi, Nepal. 

Fig.1 
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In a work by Robert Dies, 2003, at the Massachusetts Institute of technology, three types of 

filters were produced and tested in order to see which geometry is efficient in bacteria 

removal. The summary of the test perform is shown in the figure. 

Table 2 

The period of six hours were used by each of the three test carried out. The filters were soaked 

overnight with tap water to make them saturated before the test.The bucket were then clean 

with  soap and water and allowed to dry for  one to two hours. The filter element was cleaned 

by light brushing the surface of the filter with an abrasive scrub brush. 

The filters were filling with raw water to a height of 240mm for candle and 170mm for disk 

filters. They were left for two to three hours to allow water to be collected in the lower 
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container. Sample for microbial analysis was taken from this water. The water collected within 

the interval of three hours. This mostly is influence by the time the lower containers are filled. 

Sample collected were analyzed within one hour in the laboratory. 

The flow rate calculation was done using the relation 

 

Flow rate = 
������	��		
���	��
���	
�	����	�(��)
��
���	����,�	����	�
��	��	���	(����)             (1) 

      The average flow rate for Hari Clay disk without colloidal silver is 377mL/hr and with 

colloidal silver is 353mL/hr and that of Reid red Clay disk is 850mL/hr and 756mL/hr 

respectively. The black clay disk shows 412mL/hr and 341mL/hr respectively. 

The microbial removal efficiency was carried out in terms of Log reduction value as indicated 

below 

 

Log Reduction Value (LRV) =
�����(�����
���)
�����(���
���)           (2) 

% Removal efficiency = 
�����
�������
���

�����
��� 	100         (3) 

Untreated is the sample from the raw water and the treated is from the filtered water. 

Transport Simulations. Effluent tracer and bacteria concentrations over time for ceramic filter 

with and without colloidal- silver treatments were simulated using the following transient one- 

dimensional form of the advection-dispersion equation with first-decay: 
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ℝ "#
"� = % "&#

"'& 	− ) "#
"' − *+                  (4) 

Subject to the following initial boundary conditions 

C ( ,, 0) = 0 

C (0, t) =  Co for t < to 

C (0, t) = 0 for t > to                
"-(�,�)
"' = 0 

 

 

Where R is the retardation coefficient, c is the concentration of [3H]H2O (counts per minute per 

mL) or E.coli (mpn/100mL),t is the time, to is the tracer or bacteria pulse injection time, D is the 

dispersion coefficient(cm
2
min-1),x is the distance(cm),v is the linear velocity(cm/min),µ is the 

first-order decay coefficient(1/min), and L is the thickness of the filter. The model assumes local 

equilibrium sorption. The computer program CXTFIT(18) was applied to provide appropriate fit 

of the  model to the experimental data and v for each column were found from the 3[H]H2O 

transport experiment( where R=1and µ=0).R and µ were found from the E.coli experiments. µ 

=0 for untreated filter with colloidal silver [6]
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Table.3.(oyandel-craver-and-smith,2008) 

2.1.2 Ceramic filter Doped with Iron Oxide 

In   2010, Nadia H. et al, introduced a filter known as Fe- CWFs. This is to reduce if not eliminate 

the consumption of arsenic element through water. This filter has Fe2O3 added to it during 

production. The  Fe2O3 is noted to have the highest viral adsorption ability among the ceramic 

impregnated with various metal oxide [7].The Fe2O3 removed 4.6 to 5.6log of MS2 

bacteriophage with 3.5 log irreversible. However the FeOOH adsorb more than 8.0 log both 

MS2 and X-174 bacteriophage irreversibly.  

Three types iron: clay filter was manufacture and fired to about 861oC. These filters are 1:8,2:7 

and 3:6 representing 11 volume %,22 volume% and 33 volume% iron oxide respectively. To 

determine the species of oxide present, the powdered XRD of the iron oxide used were taken 

before and after firing to the temperatures of 700
o
C,800

o
C and 900

o
C.This is to see if there 

exists a phase change during firing. The results showed a unique pattern of quartz (SiO2) in both 

the fired and the unfired iron oxide. Also FeOOH was present in the unfired whiles the fired 
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show peaks for α-Fe2O3irrespective of the firing temperature. Interestingly, this was found to 

match with the literature;dehydroxylation of FeOOH to Fe2O3that begins at 240
o
C[8].When the 

EDX of both the iron oxide and the Red Art clay was taken ,they showed the elemental 

composition of the clay as;54.3wt%SiO2,24.5wt%Al2O3,11.6wt%Fe2O3,5.3wt%K2O with some 

minor ones. Iron oxide, when fired also displayed 72.1wt% Fe2O3, 15.5 wt%SiO2, and 7.5wt% 

Al2O3.Presented in Table 3 is the name of filter base on volume and the quantity of Fe2O3 in 

wt%. 

Table.4 

(Nadia H. et al,2010).  Table Total iron oxide weight percentages for test filters. 

 

 

 With regard to bacteriophage removal efficiency, the results indicated that the addition of 

Fe2O3 led to a high viral removal efficiency of the filters. The best filter (Fe:CWF,22% Vol) was 

able to remove 1.93 log of viral challenge as compared to the control which removed 0.87 log 

of MS2.They were both started with viral load of ~107puf/mL. 
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Table.5 (Nadia et al, 

2010) 

Table  showing log reduction of the various filters. 

Table6 ( Nadia et al, 2010) 

Table for E.coli filtration of Fe-CWF experiment. 

Figure  showing  the log reductions of iron oxide in wt%. 

Fig2.  (Nadia H. et al,2010.) 

Some were of the opinion that the addition of Fe2O3 may increase the sizes of the filters. But 

the result on bacteria removal efficiency was still high of about 3 log(99.9%), as indicated in the 

figure. 
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Fig 3. (Nadia.H.et al,2010) 

Comparison of the bacterial removal efficiencies of the Fe-CWFs with regard to 

Fe2O3concentration. 

This means that despite the increased in the sizes of the porous ceramic upon the addition of 

Fe2O3,  

 It was able to remove almost 99% of viral contamination whiles maintaining 99.94 to 99.99% 

bacterial removal efficiencies. 

2.1.3 Ceramic Filter Doped with Hydroxyapatite 

In another development, Yakub et al, 2010,in attempt to remove the overdose consumption of 

fluoride by the body through water, introduced the  used of Hydroxyapatite chemical to be 

used in clay during the  Ceramic Water filter manufacturing. 

Fluoride is present in all natural water. The intake of fluoride into the  body in rightful amount  

has  many beneficial effect  which includes  enhancing healthy teeth  and preventing dental 

cavaties.On the contrary, it may  lead to  serious effects  when  its concentration is high and 

consumed  over long  period. One of such effect is dental fluorosis that is feature by staining, 

pitting and mottling of the enamel. In some cases, it can lead to crippling skeletal fluorosis and 

osteoporosis (Inyang,2004:Mandinic et aal.,2010). 
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The mechanism involved in removing fluoride  from water  is through the process of adsorption, 

precipitation and ion exchange. Though  work has been done on  Hydroxyapatite(HA) by  

Parker, Fan and Smith,2003,C.Sairam Sundaram,2008 and Alagumuthu, Veeraputhiran, & 

Venkataraman, 2010.it was non-sintered. In Yakub et al, it sintered the mixture of clay and HA 

heterogeneously. 

Five types of different  adsorbent  were produced and have changing proportion of clay to 

HA.These are 0:100,75:25,80:20,90:10 and 100:0.Sawdust is added in the ratio of C:HA as 2;1,  

ie  C+HA:S. The adsorbents sintering temperature were 500
o
C, 600

o
C, 700

o
C, 800

o
C and 900

o
C. 

In studying the effectiveness of substances, three types filter with frustum shape were 

manufactured. The composition of clay to HA be 75:25, 80:20 and 100:0 and sawdust added in 

the ratio of 2:1 by volume. 

In looking at the effect of sintering temperature on HA, the quantity of fluoride adsorbed at 

equilibrium were used. This is given as; 

           Qe = mg/g                                                                    (5) 

Mg= mass of fluoride adsorbed and g= mass of adsorbent. 

It is also define as; 

Qe= 10
-3

(Ci-Ce) Vxm                                                                                         (6) 

Ci = initial concentration of fluoride 

Ce= concentration of fluoride at equilibrium 
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V= volume of fluoride solution 

M= mass of adsorbent used. 

It was shown graphically in this work that adsorption ability of “HA only “decreases in step-wise 

manner as the sintering temperature goes high. 

Sawdust was burn off during sintering at 450
o
C to 550

o
C. The HA produce was white but get 

darker after sintering with sawdust. The  HA sintered became  continuously lighter while 

sintering and was  almost white completely at 900
o
C.This showed that as the sintering 

temperature increases the  carbon residue in sawdust get reduce. That is to say at low 

temperature the residual carbon in the form of activated carbon is partially responsible for the 

adsorption ability of HA. This was why as the sintering temperature goes high the adsorption 

ability of HA decreases. 

In looking at the effect of HA content, it reported that the higher the content of HA, the greater 

the  quantity of  fluoride adsorbed. HA has the ability of removing fluoride ion in water and 

does that by the formation of fluroapatite, ion exchange and formation of calcium fluoride. Also 

the clay, which is made up illite and kaolinite, does the ion exchange when treated with fluoride 

ion and by the method of hydration of metal oxides in aqueous solution. The fluorine ion can 

also be adsorbed on the surface of Alumina by columbic attraction. The adsorbent with the clay 

only has the least number of fluoride removals. 

Work was done on adsorption Isotherm and change in Free Energy. Here the model of 

Freundlich Isotherm was applied. The model is given mathematical as; 
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Qe = Kf Ce1/n,                                                                            (7) 

Where 1/n and Kf are Freundlich constant  which relate to adsorption intensity and capacity 

respectively. 

The linear form would be  as; 

lnqe = 1/n ln(Ce) + lnKf                                                                         (8) 

 Freundlich constants were determined from the graph of lnqe versus ln(Ce).It shows an 

increase in adsorption capacity,kf, as the fluoride content of HA  goes higher. 

The free energy change  in   C-HA adsorbent was calculated using the relation; 

∆G = -RTlnKo                                                          (9) 

Where ∆G (kJ/mol) is the change in free energy, R ( 8.314/molK) is the universal gas constant, T 

is the absolute temperature and Ko is the thermodynamic distribution coefficient for the 

adsoption process. 

The values obtained is presented in the table below 

 

Adsorbent 

Type 

Sintering 

Temperature (°C) 

Freundlich isotherm 

parameters 

Kf 1/n R²   
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C-HA = 0:100 500 0.714 0.523 0.982 

600 0.657 0.524 0.987 

700 0.235 0.746 0.993 

800 0.219 0.742 0.956 

900 0.072 0.977 0.957 

C-HA = 75:25 500 0.027 1.130 0.934 

600 0.032 1.103 0.983 

700 0.008 1.500 0.906 

800 0.012 1.398 0.972 

900 0.011 1.398 0.962 

C-HA = 80:20 500 0.008 1.500 0.906 

600 0.030 1.120 0.937 

700 0.010 1.375 0.969 

800 0.009 1.439 0.939 

900 0.007 1.482 0.971 

C-HA = 90:10 500 0.005 1.603 0.988 



26 

 

600 0.010 1.398 0.995 

700 0.002 1.823 0.993 

800 0.003 1.637 0.999 

900 0.004 1.555 0.97 

C-HA = 100:0 500 0.006 1.404 0.911 

600 0.003 1.542 0.864 

700 0.001 1.870 0.941 

800 0.002 1.723 0.96 

900 0.000 2.853 0.931 

Freundlich Isotherm parameters and Gibbs free energy obtained for all adsorbent .( Yakub et 

al,2010.) 

Table.7 
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Clay 

to HA 

Ratio 

E.coli 

Removal 

(%) 

E.coli 

Removal 

(LRV) 

Initial Fluoride 

Concentration, 

Co(mg/L) 

Final Fluoride 

Concentration,*

Cf(mg/L) 

Initial pH Final pH* 

75-25      2.5 0.265 ± 0.043 6.332  ± 0.009 12.443 ± 

0.127 

20 2.026 ± 1.144 11.493 ± 

0.544 

80-20    2.5 0.157 ± 0.015 12.199 ± 

0.083 

20 2.333 ± 1.150 11.053 ± 

0.531 

Table 8. Proof-of-concept results using frustum-shaped C-HA filter. *Averaged over a 

cumulative volume of ~500mL (Yakub et al 2010)  

The paper at the end was able to show that the biological and chemical contaminant in water 

can be eliminated by using a heterogeneous adsorbent in a process of co-sintering with 

defluoridating material like hydroxyapatite. The concept clearly indicates that C-HA based filter 

is also another potential improved method for point-of-used water purification technique for 

removing fluoride and micro-organisms. 
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2.2 PHYSICAL AND MECHANICAL PROPERTIES OF CERAMIC WATER FILTER 

PHYSICAL  PROPERTIES: The physical properties of ceramic water filters include ;the strength, 

density and the porosity .The non-availability of  similar constituent of  raw material across the 

world affects the flow of microstructure of ceramic water filter(4-8).The strength of  ceramic 

water filter is define by the microstructural porosity and density(4,9).Also changing the 

composition of clay and plant by-product  can affect the physical properties of the filter. 

Physical properties of ceramic water filter can therefore be seen as function of raw material 

composition that is used in manufacturing [2]. 

The porosity of ceramic filter can be defined by the volume fraction of sawdust or any other 

plant by-product or agricultural waste used in manufacturing. The mathematical relationship is 

expressed as  Porosity(y) = pV +q, where p and q are the slope and intercept, and V is the 

volume fraction of agricultural waste.[2].The pore sizes of clay in the production of the filter can 

influence the structural  integrity of the  filter[9] . 

 Fig. 4 

Plappally,et al,2011)  

Pore size distribution in porous clay ceramic ware samples. 
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 The ceramic water filters which possess a bimodal pore size distribution tend to have high 

resistance to fracture. The porosity of filter can be measured by intrusion though difficult not 

damaging the material matrix, as closed pore porosity cannot measure with that method of 

intrusion. The effective porosity, n, is the open pore porosity which contributes to the passage 

of water through the filter. 

 Mathematically, 

General Porosity = 
0�����	��	0���

���
�	0�����	��	1
����                                               (10) 

Effective Porosity,2, = 
3���	4�����5

���
�	0�����	��	4�����5                                     (11) 

Another method of estimating the porosity of porous material is using the Archimedes’ 

Buoyancy principle. In this method a sample is weight in both air and distilled water, before 

being placed into boiling water to force water into the pores. The surface water is dried from 

the sample and this makes it to gain weight in air. The resulting differences make the 

calculation of Open- pore porosity [4].   

Applying the principle, we have; 

Volume of Sample Vs =
6��7��	��	
���6��7��	��		
���

�����5	��		
���               (12) 

Volume of open Porosity Vop =
6��7��	��	8���		
����	��7��	��	
��

9����5	��		
���            (13) 

Porosity = 
0:;

0:;<0=                                     (14) 
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2.2.1 Density of porous clay filter. 

The average density of the various filter type manufactured is denoted as Yd(g/cc).This is a 

function of volume fraction of sawdust(X). 

Table.9 

Plappally et al  2011 

Mathematically, 

G= > = >?�@A?�B = CA@��AD�& … A?�B                   (15) 

g =gi =ln >� = ln C H ∑ J� ln A�?�K@ = C� ∑ J� ln A�?�K@                  (16) 

G = 
L

MN = OA8
                                                                                        (17) 

ln > = 	 ln O H P ln A                                                                               (18) 

Where G is the response variable  of the filter that its used to predicts the density and it is a 

function of sawdust, X with regression coefficient R
2
= 99.99% and standard deviation, S 

=0.004993. 

The response variable G, was found to be express as; 
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> = Q�R.TUV AR.TT@                                                                           (19) 

This relation can be used to find the density of similar clay ceramic material that is manufacture 

with any quantity of plant material. 

Eg. For a similar clay filter with volume fraction of sawdust of 30% 

We have   G =Q�R.TUV�0.3�R.TT@ = 0.114Y/+C[ 

Plappally et al 2011. 

Fig.5 

2.3 Fundamental of fracture Mechanics  

In 1920, the work of A.A.Griffith on the   theoretical strength of material was accepted to be in 

the  order of E/10, where E is the Young’s Modulus for that particular material. This work was 

only considering elastic, brittle materials in which no plastic deformation do occurred. 

However, it was observed that the actual value of critical strength was as high as 1000 times 

less than the predicted value. This propels Griffith to further investigate the discrepancy. 
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He later discovered that there were many microscopic cracks in every material present at all 

times. These small cracks   actually lowered the overall strength of the material because as a 

load is applied to these cracks, stress concentration comes to play in the material. In his work 

he considered an elastic body containing an internal crack of length 2c subjected to the external 

applied load at the boundary. 

He tries to find the relation of the change of the free energy of the system with crack length as 

shown in the figure below 

 

E is the elastic medium S, crack surface, L is applied load. For a static crack system, the total 

energy is the sum of three terms; 

\ = � (]� H \�� H \ 

Thermodynamic equilibrium is attained by 
��
�# = 0 

The work of Griffith provided the fundamental starting point for any fracture problem in which 

the operative forces could be considered to be conservative. 
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Considering a real situation of a narrow crack where b approach zero in a remote, uniform 

tensile stress field. The material is ideal linear elastic up fracture (like Glass).Under a constant 

applied force the mechanical energy of the body during crack formation   can be calculated as; 

]� = 2 × \�  

Applying the solution of Inglis of stress and strain fields around sharp crack and integrating the 

strain energy over the whole domain gives ;( unit thickness) 

\� = 	`+Da#D/b    for plane stress ( thin plate) 

 

\� = `(1 − )D)cDa�D	/b     for plain stress, thick plate 

The surface energy of the crack system is  

\ = 4+d								d is the free energy per unit area. (Unit width) 

The total system energy for plane stress case then becomes; 

\ = `cDa�D/b H 4cd 

Applying Griffith equilibrium condition
��
�# = 0, we have the critical condition for fracture as; 

a� = √[D�gh# ]     Constant load for plane stress condition 

a� = √[ D�g
(@�0&)h#]  Plane strain condition at constant load 
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The plots for the mechanical energy, the surface energy and the total energy are shown in the 

figure below. It is seen that at equilibrium
��
�# = 0, the system energy reaches a maximum (

�&j
�#&   < 

0), so the configuration is unstable. Which means if the applied stress exceeds the critical level, 

the crack is free to propagate spontaneously without limit [14 and 15]. 

 

 

 

G.R.Irwin, in 1950, began to extend theory of Griffith to ductile materials. He determined that 

there was also certain energy from plastic deformation that had to be added to the strain 

energy originally considered by Griffith in order for the theory to work for ductile materials. 

Irwin in his work developed the concept of the strain energy release rate [17]. 

2.2.1 The stress intensity factor 

While the energy- balance approach provides a great deal of insight to the fracture process, an 

alternative method that examines the stress state near the tip of a sharp crack directly has 
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proven more useful in engineering practice. There are three types of cracks, term as mode I, II 

and III as illustrated below in figure below. 

 

 fig6 

Mode I is a normal- opening mode and is the most destructive, while mod II and III are shear 

sliding modes. The crack tip stresses of mode I is given by 

kl = ma√`O  

 

 

Distribution of stresses in vicinity of crack tip. 
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The stress field   around the tip of crack under the linear elastic fracture mechanic from the 

figure above is as follows; 

a5 = n
√Dh� cos r

D s1 H sin rD sin [rD 	u         1 

a' =	 n√Dh� 	cos r	D 	s1 − sin rD sin [rD u		  
v'5 =	 n√Dh� (sin rD cos rD cos [rD )  
The parameter K in the equation is a very important parameter known as the stress intensity 

factor.KI is the stress intensity factor for mode I, similar relations is used for mode II and mode 

III.The relations show three factors that are taken together to depict the stress state near the 

crack tip: the denominator factor (2`w)-1/2
 shows the singular nature of the stress 

distribution:	a approaches infinity as the crack tip is approached with a  r
-1/2

 dependency. The K 

factor gives the overall intensity of the stress distribution, hence the name stress intensity 

factor. These stress intensity factors are used in design and analysis by arguing that the material 

can withstand crack tip stress up to a critical value of stress intensity, termed Kic, beyond which 

the crack propagate rapidly. This critical stress intensity factor is then a measure of material 

toughness. The Failure stress a� is related to the crack length, a, and the fracture toughness by 

a� = kl#m√`O	 
m is a geometrical parameter equal to 1 for edge cracks and generally on the order of unity for 

other situations .The energy release rate and the stress intensity factor are also related as  

illustrated below; 
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 We know that; 

a� = √�xy
h
   

So we have 
nzy
{√h
 = |�xy

h
  

This gives  kl#D = b>#  

kl#D = b>#(1 − }D) for plane strain condition.(18) 

 

 

 

2.3 FINITE ELEMENT METHOD 

Finite Element Analysis (FEA) was first introduced in 1943 by R. Courant, who applied the Ritz 

method of numerical analysis and minimization of variation calculus to obtain approximate 

solutions to vibration systems. At this age its application was limited since computers were 

expensive and owned by few organizations like the aeronautics, automotive, defense and 

nuclear industries. Today, with the rapid declined in the cost of computers, the application of 

FEA has increase in many areas of life [1].   

Although analytical techniques are very important, the used of numerical methods to solve 

mathematical models of complex structures has become an essential ingredient in the designed 
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process. The finite element method has been the fundamental numerical procedure for the 

analysis of such models[2]. 

FEA consists of a computer model of a material or design that is stressed and analyzed for 

specific results. It is used to design new product and refined the existing ones. The FEA is based 

on idea of building a complicated object with simple ones or dividing the complicated object 

into small and manageable pieces.FEA can be applied in designed analysis, in computer 

simulation method in engineering as well as integrating it with CAD/CAM application. In terms 

of fracture, FEA most often involved the determination of stress intensity factors. 

There are generally two types of analysis that are used in FEA:2-D modeling and 3-D modeling. 

The 2-D modeling analysis is simple, runs on normal computer and yield less accurate results. 

The 3-D modeling however, required a fast computer to run effectively and produces accurate 

results. 

2.3.1  Types of engineering Analysis 

Structural analysis. It involved both linear and non-linear models. The linear model is applied 

for simple parameters and assumes that the material does not undergo plasticity. The non-

linear model, takes into account the plasticity of the material and that the stress in the material 

varies with the deformation of the material. 

Vibrational analysis: this involved the test of material against random vibrations, impacts and 

shock. This may cause resonance and eventually lead to failure. 
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Fatigue analysis:this play a vital role in predicting the life  time of a material or the effect of 

cyclic loading  on the structure. 

Heat Transfer analysis: it comes into play when one models the conductivity or thermal fluid 

dynamic of the material. This may be transient transfer or steady –state transfer. 

Theory of finite element 

2.3.2 GENERALIZATION OF FINITE ELEMENT 

 

Galerkin-Weighted residual and variatioinal Methods 

Given a function u, which satisfies a differential equaton 

A(u) = 

~
��
��

�@�\��D�\�...
�
��
�� = 0																														             (1) 

In a domain Ω =	 �)���CQ, OwQO, Q�+� 
Boundary conditions; 

                B(u) = 

~
���
�@(�)�D(�)... �

���= 0                                   (2) 

On the boundaries Γ of the domain. 
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The function can be scalar quantity or vector variables. Also the differentiation equation may be 

single or simultaneous and not necessary linear.  

Let seek an approximation solution in the form  

        U = ∑ ��O���K@  = ��																																												(3) 

 

Ni are shape functions in term of independent variable x,y etc  and all or most of the 

parameters ai are   

What we have to note is that; 

(a)the shape functions are defined locally for element or subdomains and  

(b) the properties of discrete systems were recovered if the approximating equations were cast  

in an integral form. 

We can now write the equation from which the unknown parameters ai in the integral form 

� >�(�)�Ω + �� Y�(�)�w = 0,					� = 1	��	J												(4)�  

>�	OJ�	Y�	OwQ	�J��J	��J+���J�	�w	��QwO��w�. 
The integrals above permit approximation to be obtained element by element and assemble to 

standard discrete systems. Since  >�	OJ�Y�		 are integrable, we have 

� >�	�Ω� +� Y�	�w = 	�(�
�K@� � >�	�Ω� +	� Y��w = 0															(5)�  
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Where Ω� is the domain of each element and Γ� its part of the boundary 

There are two methods of obtaining the approximation in such integral form; the weighted 

residuals (Galerkin method) and the variational functional. 

If we assume that (1) and (2) are linear, then we can write  

A(u) = L(u) + p =0    in Ω 

B(u) = M(u) + t = 0  in Γ 

By approximating (3), we have  

Ka + f=0  with  

kij = ∑ ���� 							  fi =∑ �����K@  

2.3.3 The Weighted Residual Method 

For the set of differential equations in (1) to be zero at each point of the domain	Ω  then we 

have to get 

� }��(�)�Ω ≡ 	� [�� }@�@ + }D�D(�) + ⋯]�Ω ≡ 0										(6) 

Where V = 

¢£¤
£¥
~
��
}@}D... �
��   is a set of functions equal in number to the number of equations involved 

2.3.4  Variational Principles 

It specifies a scalar quantity (functional)Π, which is defined by an integral form 
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                 Π = 	 § ¨(�, ��
�'� , … ��Ω H	§ b(�, ��

�'� , … ��Γ        (7) 

In which u is the unknown function and F and E are specified differential equations. 

2.3.5 Method of calculating stresses using finite element 

Fig.8 

From the diagram above we can obtained the relationship between forces and stresses as 

follows; 

Bending moments per unit length: 

Mx= § a'�/D
��/D ©�©, 

 

My =§ a5©�©�/D
��/D   

The twisting moment per unit length: 

Mxy =§ v'5©�©,�/D
��/D  
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Shearing forces, 

Qx =§ v'ª�©�/D
��/D , 

Qy = § v5ª�/D
��/D �© 

The maximum bending stresses are; 

(a')max =« ¬®�&     and (a5)max =« ¬®�&  

This are always obtained at z = «t2/2 with no bending stresses at the mid surface. 

Considering the plate theory, we assumed here that a straight line along the normal to the mid 

surface remains straight and normal to the deflected mid surface after loading, that is, there is 

no transverse shear deformation: 

 d'ª = d5ª = 0 

Fig.9 

Displacement along x,y  deflection from the diagram is; 

U =(© �	
�'   , V= =(© �	

�5  

This yields the strain equations as; 
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 ¯'= (© "&	
"'&  ,  ¯5 = 	−© "&	"5&   ,     v'5 =	−2	© "&	"'"5 

We note here that there is no stretch of the mid surface due to the deflection (bending) of the 

plate.  

In a plane stress condition, we have; 

° a'a5v'5± = 
�@��& °1 ) 0) 1 00 0 1 − ) 2⁄ ± ° ¯'¯5v'5±                                (8) 

 

2.3.6 Methods of calculating the crack driving forces using Finite element Method  

2.3.6.1  J-Integral 

The J-integral is a contour integral characterizing the strain energy release rate for an elastic 

non-linear material. The stress field is related to the strain energy density as: 

a�� = ³�¯��  

From the definition of potential energy along the contour, Rice defined an integral independent 

of the integration contour Γ around the cracks tips as: 

´ = ∮ (� �¶ − ·� "�"' ��)                                                          (9) 

Where w is the strain energy density per unit volume is the traction vector (T=a�).U is the 

displacement vector and y is the direction perpendicular to the crack line. For linear or non-

linear elastic materials,the strain  energy release rate is equal to the energy release rate along 
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the a contour at crack tip vicinity (J =G); this parameter is related ti the stress intensity factor as 

G = K
2
/E in the plane stress or G= k

2
/E(1-V

2
) in plain strain. 

K = [GE(1-V
2
)]

1/2
  for plane  strain 

K =[GE]1/2 for plane stress. 

2.3.6.2 Virtual crack closure Technique 

This method also used the idea of energetic assumption. The virtual crack closure Technique 

(VCCT) is based on energy release rate when the crack grows with an infinitesimal increment. It 

is based on the calculation of the strain energy release rate, using the energy variation when an 

extension of the crack length is imposed: 

> =	 "�"
 = 	j¸¹º¸�j¸∆
                                                                       (10) 

This approached was introduced by Rybicki and Kanninen in 1977,[16];howerver it requires two 

finite element analysis in order to calculate the strain energy release rate for specific crack 

length. In addition to the earlier assumption,  it is also assumed that the crack tip are not 

significantly altered when it extends by an increment ∆a, from a crack length a+∆a to a length a 

+ 2∆a.This suggest that when the displacement of a region close to the tip,  is at specific node, 

are approximately the same as the displacements at the same location when the tip is at the 

previous node. 
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Fig.10 

This is a modified virtual crack closure technique notation 

The energy changes ∆E required to closed the crack along a distance ∆a is given as 

∆E = 
@
D �A�.		. ∆\� H ¼� . ∆��� 

Where   A�.		And ¼� .		are	  the nodal forces at point I and ∆Ui and ∆wi are the node l 

displacement 

Therefore the information required for the calculation of the energy variation is obtained from 

a single finite element analysis. Having getting the energy variation, the energy release rate is 

determined as; 

G =
¿�		¿À	 = 	 ¿�¿
.8 

Where . ∆A	is the surface area created by a crack propagation of 	∆a; in the case of plates with a 

thickness b,the area is 	∆a	.b.The calculation of the strain energy release  rates for each mode is 

made using the displacement and nodal forces corresponding to the strain energy of that 

mode. 
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G1= -
@

D.∆Â¼�. ∆�� 

G11 = -
@D.∆ÂXi	∆Ui 

If the finite element model was built using other types of elements of solid or plate element 

with 8 nodes, the strain energy release rate equation must be modified in order to take into 

account the effects of the other reaction forces [14]. 
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CHAPTER THREE 

The application of finite element method (FEM) 

3.0 Modeling of Ceramic Water Filter Shapes Using Abaqus Software. 

3.1 Finite Analysis Tool-ABAQUS 

ABAQUS is a multi-purpose finite element method tool with a group of simulation programs, 

has the ability of modeling solids and structures under applied loading. Its capable of solving 

problems of simple structural form to a more complex nonlinear analysis.ABAQUS has a large   

library of elements where any type of geometry can be modeled. The application of ABAQUS 

has a much broader range of application many other different  areas like heat transfer, mass 

diffusion, coupled thermal- electrical analysis, acoustics, soil mechanics, piezoelectric analysis, 

fracture mechanics, and simulations involving manufacturing processes(ABAQUS  6.9 student 

version Online Decumenttation,ABAQUS.). 

Abaqus consists of two main analysis products ,Abaqus/Standard and Abaqus/Explicit. 

Abaqus/Standard solves implicit system of equations at each solution increment while 

Abaqus/Explicit uses an explicit dynamic finite element formulation and marches a 

solution forward through time in small time increments without solving a coupled 

system of equations at each increment. 

Abaqus analysis has three stages; preprocessing, Simulation and postprocessing.These are 

joined together by files. 
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Fig.11 

 

Preprocessing is the stage where the model of the physical problem is defined in the input file. 

This input file can be created using Abaqus/CAE.Simulation is the point in which 

Abaqus/Standard or Abaqus/Explicit solves the numerical problem that is defined in the 

model. At this time the output files are ready for post processing. Depending on how 

complex the problem is and the power of the computer being used is, it takes from 

seconds to hours to complete the analysis. Using the visualization module the results 

can be displayed with different contour plots animations, deformed shape plots and XY 

plots.  

The required input for the ABAQUS finite element analysis comprised the model geometry, 

material properties, loading conditions, and   an initial crack configuration. The general ABAQUS 

modules are shown in the figure  



50 

 

 

ABAQUS /CAE modules 6.9. 

 

A description of the steps taken to perform the model of the shapes and the calculation of   

stress distribution using ABAQUS were as follows: 

a. Create a two-dimensional shell model of the shape in the ABAQUS/CAE Part module. 

b. Define material properties for the shapes in the Property module, including density, 

modulus of elasticity, and Poisson’s ratio. 

c. Create the   sections of the geometry. 

d. Create an assembly of the part in the Assembly module. 

e. Create the mesh of the  shell elements in the Mesh module 
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f. Create steps for the analysis in the step module 

g. Apply boundary conditions and loadings in the generated input file, this consist of  set of 

keywords defining the geometry, material properties and meshing of the entity 

h. Create field output request 

i. When all the keywords are defined, submit the input file to the job module to solve the 

analysis. 

j. In post-processing, interpret the output in the Visualization module, including standard 

stresses, strain, and thickness variation. 

 

 

        

 

Components of   Abaqus Analysis model 

Basically, analysis in Abaqus  is made up of discrete geometry, element section 

properties  material data loads and boundary conditions, analysis type and output 

requests. 

DISCRETE GEOMETRY: The geometry is modeled using finite element and nodes. Each 

element in the modeled represents a discrete potion of the strucrure.They are linked to 

one another by nodes. The combination of these element and the nodes are called 

mesh of the modeled. 

ELEMENT SECTION PROPERTIES; Abaqus has wide range of elements in its library that 

can be used for structural applications. The name of the elements identifies the element 
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group, formulation, number of nodes, and the type of integration. All elements are 

therefore referring to a section property definition. It also provides additional data 

needed to define geometry of element and identifies the associated material property. 

MATERIAL DATA: All material data for an element must be indicated. These account for 

the validity of Abaqus simulation of any material. 

Boundary conditions and loads: When loads are applied the material is distorted and 

therefore creating stress. Loads that are used in Abaqus include: 

Concentrated loads 

Pressure loads 

Distributed tractions on the surfaces 

Distributed edge loads and moments on shells edges 

Body forces, like gravity and  

Thermal loads. 

Boundary conditions are applied to restrict the motion of the portion of interest in the 

model. That the needed to be fixed. This portion is assigned zero displacement. 

Analysis type:Abaqus can carry out many different types of simulations  which include  

static, dynamic ,seismic, and quasi-static 

Output requests: An abaqus simulation can generate a large amount of output. These 

can be limited by creating a report in the field output request to that required for 

interpreting the results of interest. 
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3.2 Modeling of filter geometry 

As mention earlier, that this work is to come out with optimum choice of filter geometry 

to be used as water filter geometry. Three shapes were considered. These are the 

cylindrical base shape (circle) ,the rectangular base shape and the frustum shape. During 

the loading process a simple hydraulic press method was used. Using the simple 

pressure equation, 

 Pressure=  density x gravity x height 

The concentrated force was calculated using the relation, 

Force = density of water x gravity x volume. 

 

A constant volume and height were assumed for all the shapes. The properties used is 

presented in the table 

Properties Values 

Density 2.3 g/cm
3
 

Young’s Modulus 15 x 10
6
Nm 

Poison’s ratio 0.33 

Pressure 2548 Pa 

Concentrated force 9810N 

Table. 10  

Due to symmetric nature of filter geometry, symmetry was model instead of the full 

geometry. 
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Rectangular base shape                                          Cylindrical base shape 

 

 

Frustrum shape 

 

 

 

They were meshed and the stress distribution of the various shape were as follows. 
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The thickness of each geometry was varied from 0.1mm to 0.4mm and at each 

thickness, the maximum principal stresses and the Von Mises stresses were recorded. 

The data is shown at the supplemtary data. 

A graph of thickness versus maximum Principal stresses was plotted in order to compare 

the variation of the stresses with respect to changes in thickness. 

Fig.12

 

3.3 CRACK MODELING 

Cracks were inserted at the corner of the geometry in order to determine the resistance 

abilities of the various filters. The crack lengths were varied from 0.1mm to 0.7mm with 

an increment of 0.2mm.At each crack length  J-integral value was calculated. A graph of 
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J-.integral which is the energy release rate as described earlier was plotted versus crack 

length. 

 

Frustum shape with crack. 

The rest are presented at the last page of the report. 

 

Fig.13 
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From the relation  

K = [GE(1-V
2
)]

1/2
  for plane  strain 

K =[GE]
1/2

 for plane stress. 

The crack driving forces were calculated .Plane stress condition was assumed. A graph of crack 

driving forces versus crack length was plotted. 

Fig.14 

 

3.4 Cantilevered Support 

The effect of Cantilevered support was also investigated for each of the three filters. 

Three elements were selected for each and plotted. The graphs are presented as; 
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fig.15 

fig.16 
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fig.17 
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CHAPTER FOUR 

 

 

4.0 DISCUSSIONS OF THE RESULTS. 

From the simple gradient relationship, Q=H/T, where H is the height of the element T is 

the thickness of the element and Q is the flow rate .This implied that when thickness  of 

the element is increase the flow rate reduces. Therefore element thickness must be 

kept as small as possible in order to obtain a maximum flow rate of the filter. Also, when 

the flow rate goes high the hydraulic conductivity of the element increases which 

suggest high porosity of the filter. 

Mechanically, as observed from the graph, the smaller the thickness the larger the 

Principal maximum stress of the filter. The effect of this is extended to the crack driving 

forces of the element. 

The crack driving forces is also seen to be a function of loading, crack length and the 

structural geometry. Also the flaw changes with the thickness of the element until that 

thickness exceeds some critical dimension. Once the thickness exceeds the critical 

dimension the value of K1 becomes relatively constant and this is the K1c of the element. 

This is a true material property of the element. At this point unstable fracture occurs. 

The parameter, J-integral can also be used to characterize a material. However, the 

toughness data produced by this parameter will be dependent on the thickness of the 

product and will not be a true material property. 
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From the previous work the fracture toughness  of  filters is in the range of 0.6MPam1/2 

to 0.4MPam
1/2

.This is comparable to what is display in this work, which suggest that 

frustum shape is the  optimum geometry  with fracture toughness of 0.3MPam1/2 to 

0.5MPam
1/2

. 

On the aspect of the cantilevered support, the cylindrical shape displayed the highest 

Maximum principal stress and frustum shape is the lowest. This show that at the 

cantilevered of frustum shape need to be thicken in order to support is resistance to 

fracture. 
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CHAPTER FIVE 

 

 

5.0 CONCLUSION AND RECOMMENDATION 

From the results of the thickness graph and the stress intensity factor, it can be 

concluded that the frustum shape is the optimum choice of geometry for ceramic water 

filter. Also the thickness of an element greatly affect flow rate of filter. Fracture and 

rupturing are irreversible processes at stress concentration which determine toughness 

of an element of the filter. 

5.1 Future Work 

A more thorough investigation into the effects of stress distribution and thickness of the 

geometry of ceramic water filter could be undertaken in order to gain greater 

understanding of the relationship among the stress, thickness and crack length on the 

geometry of the filter. 

Further investigation on the effect of bumping and impulse could be undertaken in 

order to account for the maximum impulse before fracturing during transportation. 

There is the need to scale –up ceramic water filter by creating a reservoir of tank to 

filter water to supply large number of people. The critical thickness for the reservoir 

could be investigated using the Abaqus/Explicit which could perform finite element 

analysis on brittle material. 
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