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Summary:  

Marble and Granite industry powder wastes have high alkaline nature that causing 

serious damage to the environment. Recycling of these wastes into production of 

vitrified clay pipe as a partial replacement of the standard clay pipe mixture was 

investigated. Samples consisting of standard pipe mixture and waste content varying 

from 0-35% were formed using marble and granite powder waste individually. They 

were molded, dried and fired at temperatures of (1000, 1100, 1150, 1200 and 1250 °C) 

for 3 hour. Different tests were conducted on clay pipe combined wastes specimens so 

as to evaluate the suitability of addition of wastes in the production of vitrified clay 

pipes. Tests including plasticity, linear drying shrinkage and modulus of rupture were 

performed on green unfired bodies. While, for fired bodies; linear firing shrinkage, 

Loss on ignition, bulk density, apparent porosity, water absorption and bending strength 

were examined. The results concluded that firing at 1200°C for 3 hours was the ideal 

condition for incorporating marble and/or granite fine waste with certain composition 

into the clay pipe mixture. It was found that the addition of 20 wt. % of marble waste to 

the standard mix gave sample conforming to standard values.  While, 35 wt. % of 

granite waste was the optimum addition into typical standard mixture. 

 



 

 
 

Disclaimer 

I hereby declare that this thesis is my own original work and that no part of it has 

been submitted for a degree qualification at any other university or institute. 

I further declare that I have appropriately acknowledged all sources used and have 

cited them in the references section. 

  

Name:  Manar Morsy   Date: 

 

Signature: 
 



 

i 
 

 

Acknowledgments 

"In the name of Allah, the most gracious, the most merciful" 

I would like to express my truthful gratitude and appreciation to my supervisor Dr. 

Shakinaz El-Sherbiny, Chemical Engineering Department at Cairo University, for her 

guidance, valuable advice, remarks, assistance and support throughout this dissertation. 

She was very generous with her time and cooperative to this research project. 

Considerable thanks and sincere gratitude go to my second supervisor Dr. Shereen 

Kamel Amin, Engineering Research Division at National Research Center, for her 

major aid and invaluable help in this research, in addition to patience. She provided me 

with limitless support, valuable direction, guidance and motivation. This work couldn't 

be accomplished without her engagement in implementing and facilitate the 

experimental structure of this thesis work. I wish to express my great acknowledgement 

and respect to my honored supervisors. It was really a pleasure to work with them.  

Very special thanks and gratitude to Prof. Dr. Chakinaz El-Sheltawy for her 

appreciated gesture and motivation to produce this dissertation. Also, sincere 

appreciation and profound gratitude go to Prof. Dr. Magdi F. Abadir for the support and 

help provided in the experimental analysis of this dissertation. I owe them my utmost 

appreciation and gratitude. 

 

I hope to express my deepest and warm thanks and respect to my family: my lovely 

mother Mrs. Saadia Eid, who has been a stream source of continuous encouragement, 

strengthening and support in each step of my life, my father Mr. Morsy Abd-Elmonam 

and my brothers Mohammed, Moamen and Majed Morsy for their impetus and support 

throughout writing this thesis and my life in general. 

I would like also to thank my friends, Eng. Suzan Hasan, Eng. Hadeel Alaa, Eng. 

Eman Mohamed Abd- Elhamid and Eng. Sondus Ibrahim for their advices, 

encouragement, help and support. They have always been there whenever I needed 

them. 

Thanks are also prolonged to the staff of inorganic industry laboratories at 

Chemical Engineering Department in Cairo University for their assistance and valuable 

time. 

  



 

ii 
 

Table of Contents 

 

ACKNOWLEDGMENTS ........................................................................................................... I 

TABLE OF CONTENTS .......................................................................................................... II 

LIST OF TABLES ..................................................................................................................... V 

LIST OF FIGURES .................................................................................................................. VI 

NOMENCLATURE .............................................................................................................. VIII 

ABSTRACT ............................................................................................................................... X 

CHAPTER 1 : INTRODUCTION ............................................................................................ 1 

1.1. OVERVIEW ...................................................................................................... 1 

1.2. AIM OF PRESENT WORK .................................................................................. 3 

1.3. STRUCTURE OF THE THESIS ............................................................................. 3 

CHAPTER 2 : LITERATURE REVIEW ................................................................................ 4 

2.1. INTRODUCTION ............................................................................................... 4 

2.2. VITRIFIED CLAY PIPE (VCP) .......................................................................... 4 

2.3. RAW MATERIALS ............................................................................................ 5 

2.3.1. CLAY ....................................................................................................................... 5 

2.3.1.1. CLAY MINERALS ........................................................................................................ 5 

2.3.1.2. PHYSICAL CHARACTERISTICS OF CLAYS ................................................................... 7 

2.3.1.3. CLAY ORES AND ITS AVAILABILITY IN EGYPT ........................................................... 9 

2.3.2. GROG ..................................................................................................................... 10 

2.4. VITRIFIED CLAY PIPE PRODUCTION STEPS .................................................... 10 

2.4.1. STORAGE OF RAW MATERIALS ...................................................................... 11 

2.4.2. MILLING ............................................................................................................... 11 

2.4.3. MIXING ................................................................................................................. 12 

2.4.4. SHAPING ............................................................................................................... 12 

2.4.5. DRYING ................................................................................................................. 13 

2.4.6. GLAZING ............................................................................................................... 14 

2.4.7. FIRING ................................................................................................................... 15 

2.4.8. FINISHING ............................................................................................................ 17 

2.5. WASTES INCORPORATED IN VITRIFIED SEWER PIPES .................................... 17 

2.6. NATURAL STONE .......................................................................................... 18 

2.6.1. GENERAL .............................................................................................................. 18 

2.6.2. NATURAL STONE COMPOSITION ................................................................... 19 



 

iii 
 

2.6.3. NATURAL STONE IN EGYPT ............................................................................ 19 

2.6.4. THE OPERATIONS OF NATURAL STONE ....................................................... 21 

2.6.4.1. STONE QUARRYING OPERATION .............................................................................. 21 

2.6.4.2. STONE PROCESSING STEPS ....................................................................................... 21 

2.6.5. NATURAL STONE WASTE GENERATION ...................................................... 24 

2.6.6. ENVIRONMENTAL IMPACTS ........................................................................... 25 

    2.7. LITERATURE SURVEY ON UTILIZATION OF MARBLE AND GRANITE WASTE 

INTO VALUABLE PRODUCTS ............................................................................................ 26 

    2.8.   SUMMARY .................................................................................................... 30 

CHAPTER 3 : EXPERIMENTAL WORK ............................................................................ 31 

3.1. INTRODUCTION ............................................................................................. 31 

3.2. RAW MATERIALS .......................................................................................... 31 

3.3. CHARACTERIZATION OF RAW MATERIALS .................................................... 31 

3.3.1. CHEMICAL ANALYSIS (XRF) ........................................................................... 31 

3.3.2. MINERALOGICAL ANALYSIS (XRD) .............................................................. 32 

3.3.3. THERMAL ANALYSIS (DTA AND TGA) .......................................................... 33 

3.3.4. SCREEN ANALYSIS ............................................................................................ 33 

3.3.5. DETERMINATION OF THE POWDER DENSITY ............................................. 35 

    3.4. PREPARATION OF MIXTURES ......................................................................... 36 

3.4.1. DETERMINATION OF PLASTICITY OF THE PREPARED MIXTURES ............   

………………………………………………………………………………………...36 

3.5. PREPARATION OF CLAY PIPE TEST SPECIMENS ............................................. 37 

3.6. TESTING OF UNFIRED AND FIRED CLAY SEWER PIPE SPECIMENS ................. 37 

3.6.1. DETERMINATION OF THE LINEAR SHRINKAGE ......................................... 38 

3.6.2. DETERMINATION OF LOSS ON IGNITION ..................................................... 38 

3.6.3. DETERMINATION OF BULK DENSITY, WATER ABSORPTION, AND 

APPARENT POROSITY FOR FIRED SAMPLES ................................................................... 39 

3.6.4. DETERMINATION OF MECHANICAL STRENGTH (MODULUS OF 

RUPTURE)                                                                                                                                   40 

3.6.5. ELECTRON MICROSCOPE INVESTIGATIONS ............................................... 40 

3.7. QUALITY ASSESSMENT OF THE PIPE SAMPLES .............................................. 41 

CHAPTER 4 : RESULTS AND DISCUSSION ..................................................................... 42 

4.1. INTRODUCTION ............................................................................................. 42 

4.2. RAW MATERIALS CHARACTERIZATION ......................................................... 42 

4.2.1. CHEMICAL ANALYSIS (XRF) ........................................................................... 42 

4.2.2. MINERALOGICAL ANALYSIS (XRD) .............................................................. 43 



 

iv 
 

4.2.3. THERMAL ANALYSIS (DTA–TGA) .................................................................. 46 

4.2.4. PARTICLE SIZE DISTRIBUTION (PSD) ............................................................ 47 

4.2.5. POWDER DENSITY ............................................................................................. 48 

4.3. VITRIFIED CLAY SEWER PIPES CHARACTERIZATION ..................................... 49 

4.3.1. PROPERTIES OF UNFIRED TEST SAMPLES ................................................... 49 

4.3.1.1. EFFECT OF WASTE CONTENT ON PLASTICITY OF MIXTURES .................................... 49 

4.3.1.2. EFFECT OF WASTE REPLACEMENT ON DRYING SHRINKAGE .................................... 52 

4.3.1.3. EFFECT OF WASTE REPLACEMENT ON GREEN STRENGTH ........................................ 52 

4.3.2. PROPERTIES OF FIRED TEST SAMPLES ...................................................................... 53 

4.3.2.1. FIRING SHRINKAGE .................................................................................................. 54 

4.3.2.2. LOSS ON IGNITION ................................................................................................... 57 

4.3.2.3. BULK DENSITY AND APPARENT POROSITY .............................................................. 60 

4.3.2.4. WATER ABSORPTION ............................................................................................... 64 

4.3.2.5. MECHANICAL STRENGTH ......................................................................................... 66 

4.3.2.6. SEM RESULTS ........................................................................................................... 69 

4.4. COMPATIBILITY WITH STANDARDS ............................................................... 71 

CHAPTER 5 : CONCLUSION ............................................................................................... 74 

REFERENCES ........................................................................................................................... 78 

 

 

  



 

v 
 

List of Tables 

Table 2.1: Operating data of tunnel kilns [European Commission, 2007] ..................... 15 

Table 2.2: Symbols identity for marble and granite factories location .......................... 20 
Table 3.1: Set of sieves were used for screen analysis test ............................................ 34 
Table 4.1: Chemical analysis of raw materials ............................................................... 42 
Table 4.2: Percent of organic matter and free silica of raw materials ............................ 43 

Table 4.3: The volume – surface mean diameter ( sD ) and (D50) values of raw materials

 ........................................................................................................................................ 48 

Table 4.4: Powder density of raw materials ................................................................... 48 
Table 4.5: Effect of waste content on linear drying shrinkage ....................................... 52 
Table 4.6: Compatibility of suggested mix with International and National Standards 

for vitrified clay sewer pipes .......................................................................................... 72 
  



 

vi 
 

List of Figures 

Figure 1.1: Production processes of vitrified clay pipes .................................................. 2 

Figure 2.1: Schematic structure of kaolin group .............................................................. 6 
Figure 2.2: Schematic structure of montmorillonite group .............................................. 6 
Figure 2.3: Structure of kaolinite, illite, and montmorillonite ......................................... 7 
Figure 2.4: Block flow diagram of the production steps of vitrified clay pipes ............. 10 
Figure 2.5: Types of mills used in crushing and grinding of raw materials ................... 11 

Figure 2.6: Vertical extruder .......................................................................................... 12 
Figure 2.7: Tunnel dryer for clay pipe ............................................................................ 13 
Figure 2.8: Elimination of water of plasticity during drying process ............................. 14 
Figure 2.9: Glazing process ............................................................................................ 14 
Figure 2.10: Schematic diagram of a tunnel kiln ........................................................... 15 

Figure 2.11: Densification occurring as grains fuse together and reduce porosity ........ 16 
Figure 2.12: Ceramic firing cycle ................................................................................... 17 
Figure 2.13: Polyurethane sealing elements are casted at the spigot and in the socket . 17 

Figure 2.14: Locations of marble quarries and marble and granite factories in Egypt .. 20 

Figure 2.15: Schematic view for stone quarrying operations ......................................... 21 
Figure 2.16: Process flow diagram for processing steps ................................................ 22 

Figure 2.17: stone cutting process .................................................................................. 22 
Figures 2.18: Slab surface polishing .............................................................................. 23 
Figure 2.19: Customizing stone size .............................................................................. 23 

Figure 2.20: Stone packaging ......................................................................................... 24 
Figure 2.21: Powder heaps of stone waste ..................................................................... 24 

Figure 2.22: Generated settled sludge of stone waste .................................................... 25 
Figure 3.1: AXIOS, Panalytical 2005, Wavelength Dispersive (WD – XRF) Sequential 

Spectrometer ................................................................................................................... 32 

Figure 3.2: Set of sieves were used for screen analysis test ........................................... 35 

Figure 3.3: Pfefferkorn Plasticimeter ............................................................................. 37 
Figure 3.4: Pfefferkorn plasticity method [Amin, 2009] ................................................ 37 
Figure 3.5: Bending strength measuring device ............................................................. 41 
Figure 3.6: Vitrified clay sewer pipe sample.................................................................. 41 

Figure 4.1: XRD pattern of all raw materials; (a) Clay, (b) Grog, (c) Marble waste, and 

(d) Granite waste ............................................................................................................ 45 
Figures 4.2: DTA – TGA pattern of two fine wastes; (a) Marble waste, (b) Granite 

waste ............................................................................................................................... 46 
Figure 4.3: Cumulative screen analysis of raw materials ............................................... 47 

Figure 4.4: Determination of Pfefferkorn plasticity with: (a) Marble waste, (b) Granite 

wastea ............................................................................................................................. 51 
Figure 4.5: Effect of waste content on Pfefferkorn plasticity number ........................... 51 

Figure 4.6: Effect of waste content on green mechanical strength ................................. 53 
Figure 4.7: The deformation of the most samples containing marble waste fired at 

1250°C ............................................................................................................................ 54 
Figure 4.8: Effect of waste content on linear firing shrinkage of fired samples; (a) 

Marble waste, (b) Granite waste ..................................................................................... 55 
Figure 4.9: Effect of waste content on total linear shrinkage of fired samples; (a) 

Marble waste, (b) Granite waste ..................................................................................... 56 



 

vii 
 

Figure 4.10: Effect of waste content on loss on ignition of fired samples; (a) Marble 

waste, (b) Granite waste ................................................................................................. 58 
Figure 4.11: Calculated vs experimental values of LOI for: (a) Marble dust containing 

samples, (b) Granite dust containing samples ................................................................ 59 
Figure 4.12: Effect of waste content on bulk density of fired samples; (a) Marble waste, 

(b) Granite waste ............................................................................................................ 61 
Figure 4.13: Effect of waste content on apparent porosity of fired samples; (a) Marble 

waste, (b) Granite waste ................................................................................................. 62 
Figure 4.14: Relation between apparent porosity and bulk density for marble dust 

containing sample ........................................................................................................... 63 

Figure 4.15: Relation between percent linear firing shrinkage and apparent porosity for: 

(a) Marble containing samples, (b) Granite containing samples .................................... 64 
Figure 4.16: Effect of waste content on boiling water absorption of fired samples; (a) 

Marble waste, (b) Granite waste ..................................................................................... 65 
Figure 4.17: Effect of waste content on MOR of fired samples; (a) Marble waste, (b) 

Granite waste .................................................................................................................. 67 
Figure 4.18: Effect of waste content on crushing strength of fired samples; (a) Marble 

waste, (b) Granite waste ................................................................................................. 68 
Figure 4.19: Effect of porosity on MOR; (a) Marble waste, (b) Granite waste ............. 69 

Figure 4.20: SEM photomicrograph of a sample containing 35 % marble waste .......... 70 
Figure 4.21: SEM photomicrograph of a sample containing 35 % granite waste .......... 70 

 

  



 

viii 
 

Nomenclature 

PiD : The average particle diameter, mm 

sD : Volume – surface mean diameter of particle, mm 

D : Dry weight/mass of the specimen, g 

d1: Inner diameter of the pipe, mm 

D50 : Median particle size, mm  

DN : Nominal interior diameter, mm 

DTA : Differential Thermal Analysis  

E : Water absorption 

FN : Crushing strength, kN/m 

GP : Granite Powder 

Hf : Final height after compression, mm 

Ho : Original height of the cylinder, mm 

Ho/ Hf : Compaction ratio 

L.F.S : Linear Firing Shrinkage 

Ld : Tile length after drying (original length), mm 

LDS : Linear drying shrinkage 

Lf : Tile length after firing (final length), mm 

Li : Selected tile length (initial length), mm 

LOI : Loss On Ignition 

M : Saturated weight of the specimen after submersion in boiling water, g 

m1 : Mass of liquid added to the solid in the pycnometer, g 

MD : Marble Dust 

MOR : Modulus of Rupture, N/mm
2
 

ms : Mass of the solid powder in the pycnometer, g 



 

ix 
 

mw : Mass of water in the pycnometer, g 

mw+s : Combined mass of the solid with the liquid, g 

NRC : National Research Centre  

P : Apparent porosity 

p : Fractional porosity 

PSD : Particle size distribution 

S : Summation of hook and wire weights, g 

s1 : Wall thickness of the pipe, mm 

SEM : Scanning Electron Microscope 

SMD : Sauter mean diameter, mm 

TGA : Thermo–gravimetry Analysis 

V : Exterior volume of specimen, cm
3 

VCP : Vitrified Clay Pipe 

VP : Volume of the pycnometer, cm
3
 

Vs : Volume of the solid, cm
3
 

Wƒ : Tile re–weight after firing (final weight), g 

Wi : Tile weight after drying and before firing (original weight), g 

wt. %: Weight in percent  

x : The percent marble or granite waste added 

Xi : The differential fraction retained between two sieves (i) and (i ‒ 1) 

XRD : X-Ray Diffraction 

XRF : X–Ray Fluorescence 

αk : Correction factor 

ρB : Bulk Density, g.cm
-3 

ρp : Powder (true) density of the body, g.cm
-3 

ρs : Powder density of solid, g.cm
-3 

σbz : Bending tensile strength, N/mm
2
 



 

x 
 

Abstract 

Marble and Granite sawing powder wastes impose a serious problem to the 

environment and human-being as well. These wastes are non-biodegradable materials 

with highly alkaline nature, dumping such wastes to surrounding causes threat to the 

environment and ecosystem. Recycling of these wastes in construction material 

industry has become more significant for sustainability development.   

On the other hand, Vitrified clay sewer pipe has proved its capability to stand for 

hundreds of years because of its high durability and for its chemical and corrosion 

resistance. VCP production using different waste has been investigated lately in some 

researches as a part of economical and environmental benefits.  

This thesis aims to use marble and granite powder waste as a partial replacement of 

standard raw materials by mass in the production of vitrified clay pipes. For that aim, 

samples consisting of standard raw materials mixture (85% clay and 15% grog) with 

content of waste, varying from 0-35% on a step of 5 %, was formed from marble and 

granite fine powder waste separately.  Chemical, mineralogical, thermal and screen 

analyses, as well as powder density were identified for both standard raw materials and 

wastes used. 

Samples were prepared, casted, pressed and dried. Plasticity was measured for free-

waste specimens and specimens incorporated wastes. Dried samples were then fired at 

temperatures range from 1000 to 1250 °C for 3 hours soaking time.  

Physical and mechanical tests were conducted on both green and fired wastes 

incorporated clay specimens in order to evaluate the suitable addition of wastes in the 

production of vitrified clay pipes. Linear drying shrinkage and modulus of rapture were 

measured for green bodies. Whilst examinations including; linear firing shrinkage, loss 

on ignition, bulk density, apparent porosity, water absorption and bending strength 

were conducted on fired bodies. Scanning electron microscope (SEM) was also done on 

selected fired bodies in order to determine their microstructure. The tests were 

compared to the standard requirements for clay sewer pipes technology. The 

recommended mixture were then produced in Sweillem Vitrified Clay Pipe Company’s 

production line and were tested for acid and alkali resistant and other tests according to 

both International and National standards. 

The results show positive significances in terms of strength by the substitution of the 

standard mixture of clay sewer pipes by both marble and granite fine wastes. It is 

possible to reach a modulus of rapture, water absorption and chemical resistance 

conforming to the standard requirements. It was found that substitution of 20 wt. % of 

the standard body mix by marble waste, and firing to 1200 °C for 3 hour gave samples 

that are conforming to standard values in both physical and mechanical properties. 

Granite waste showed a slightly better performance than marble ones. Thus, 

substitution by 35 wt. % of granite waste into typical standard mixture yielded samples 

that are compatible to the standard values when fired for 3 hour at 1200 °C.  

Marble and granite can be induced in clay/grog mixture producing vitrified clay pipe at 

lower temperature; reducing energy, saving natural resources and protecting 

environment.  


