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(4)ABSTRACT 


This thesis deals with the development of high performance concrete (HPC) of 100 
 MPa incorporating rice husk ash (RHA) as a supplementary cementing material (SCM).  


Some  constraints  to  produce  HPC  of  100  MPa  incorporating  RHA  are  related  to 
 appropriate average particle size of RHA to be used, percentage replacement of cement 
 with  RHA  at  low  water  to  binder  ratio  (w/b)  concrete,  mixing  method  and  to  design 
 such  HPC.    Most  information  available  on  the  strength  of  RHA  concrete  is  up  to 
 compressive strength of 80 MPa only.  


In this study, three average particle sizes of RHA of 13.5, 20.43 and 29.92 µm were 
 used in mortar mixes to find a suitable particle size to produce the highest compressive 
 strength.    In  producing  HPC,  the  homogeneity  of  mixing  affects  the  mechanical 
 properties of concrete.  Conventional and two steps mixing method were examined in 
 order to find which appropriate mixing method is more suitable. For 100 MPa HPC, the 
 average particle size of RHA and suitable mixing method are 13.5 µm and the two step 
 mixing  method,  respectively.    This  particle  size  and  mixing  method  significantly 
 improved the compressive strength of RHA concrete.  Furthermore, the models based 
 on five key factors, which are ratio of water to cement, binder content, percentages 
 replacement  of  cement  with  RHA,  ratio  of  fine  aggregate  to  total  aggregate  and 
 dosage  of  superplasticizer,  were  developed  to  design  HPC  containing  RHA.  The 
 models were able to predict the value of slump as well as compressive strength at 1 
 day  and  28  days.    The  optimum  mix  proportion  of  HPC  of  100  MPa  containing 
 RHA  was  used  for  further  study  and  compared  with  silica  fume  and  OPC 
 concretes.    The  fresh  HPC  was  tested  for  slump,  unit  weight  and  air  content.  The 
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(5)compressive strength of the HPC were also studied.   In durability tests, samples were 
 tested  for  water  absorption,  total  porosity,  sorptivity,  initial  surface  absorption  and 
 magnesium  sulphate  attack  on  compressive  strength  of  HPC.  The  time  dependent 
 deformation tests such as drying shrinkage and restrained shrinkage  at early age were 
 also conducted.  


Test  results  revealed  that  the  mechanical  and  durability  properties  of  HPC 
 incorporating RHA were better than that of control concrete.  The compressive strength 
 and ultrasonic pulse velocity increased, whereas the water absorption and total porosity 
 decreased with w/b of 0.25 and the percentages of cement replacement with RHA up to 
 20%.  HPC incorporating RHA is less sensitive to curing as insignificant differences in 
 compressive strength were observed.  The RHA and silica fume were able to function as 
 a  filler  and  pozzolanic  material  so  that  the  porosity  and  water  absorption  of  these 
 concrete decreased due to the concrete being less porous and denser.  In general, these 
 concretes  indicated  good  durability.    The  HPC  containing  10%  RHA  showed  better 
 compressive  strength  than  HPC  containing  10%  silica  fume  or  OPC.  Another 
 advantage of utilizing 10% RHA instead of 10% silica fume in HPC is its ability to 
 delay the propagation of cracks under restrained shrinkage at early ages.  


RHA, therefore, has the potential for contributing to the sustainable development and 
 economic prosperity of the construction and agricultural industries of Malaysia as well 
 as other rice growing countries of the world.  
University
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(6)ABSTRAK 


Tesis  ini  membentangkan  pembangunan  konkrit  berprestasi  tinggi  (HPC) 
 berkekuatan  mampatan  100  MPa  dengan  abu  sekam  padi  sebagai  supplementary 
 cementious  material  (SCM).  Terdapat  banyak  rintangan  dihadapi  dalam  proses 
 pembangunan HPC yang mempunyai kekuatan mampatan 100 MPa.  Antara rintangan 
 adalah  mencari  saiz  partikel  RHA  yang  sesuai,  peratusan  optimum  penggantian  RHA 
 dengan simen apabila nisbah air-pengikat rendah, cara pencampuran konkrit dan kaedah 
 merekabentuk  HPC.    Kebanyakan  literature  mengenai  konkrit  RHA  adalah  campuran 
 setakat kekuatan mampatan 80 MPa  


Pada  peringkat  awal  kajian,  3  purata  saiz  partikel  RHA  13.5,  20.43  dan  29.92 µm 
 digunakan  dalam  pencampuran  mortar.    Saiz  partikel  optimum  ditentukan  dengan 
 berpandukan  kekuatan  mampatan  mortar.    Kehomogenan  adalah  penting  dalam 
 penghasilan  HPC  kerana  ia  boleh  menjejaskan  sifat  mekanikal  konkrit.    Kesesuaian 
 antara  cara  pencampuran  konvensional  dan  cara  pencampuran  dua  peringkat  dalam 
 proses  penghasilan  campuran  yang  seragam  telah  dijalankan.    Untuk  HPC  100  MPa, 
 purata  saiz  partikel  RHA  yang  optimum  adalah  13.5 µm  dan  pencampuran  dua 
 peringkat  didapati  paling  berkesan  untuk  mencapai  kehomogenan.    Saiz  partikel 
 tersebut  dan  cara  pencampuran  dua  peringkat  didapati  meningkatkan  kekuatan 
 mampatan konkrit.  Tambahan pula, sebuah model berdasarkan 5 faktor iaitu nisbah air-
 simen, kandungan bahan pengikat, peratusan penggantian simen dengan RHA dan dos 
 superplasticizer  telah  dihasilkan  untuk  merekabentuk  HPC  yang  mengandungi  RHA.  


Model tersebut dapat meramalkan turun konkrit dan kekuatan mampatan pada 1 dan 28 
 hari.  Seterusnya  campuran optimum HPC  100  MPa  mengandungi  RHA  dibandingkan 
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(7)konkrit  terkeras  adalah  ujian  kekuatan  mampatan,  ujian  kekuatan  ketegangan,  ujian 
 modulus keanjalan dan ujian kelajuan denyutan ultrasonik.  Kesan pengawetan konkrit 
 dalam  air  dan  udara  terhadap  kekuatan  mampatan  turut  dikaji.    Dalam  ujian  ketahan 
 lesakan,  spesimen  konkrit  telah  diuji  penyerapan  air  dan  ujian  serangan  magnesium 
 sulfat.    Dua  ujian  berlandaskan  masa  adalah  ujian  pengerutan  kering  dan  pengecutan 
 terhalang.  Kedua-dua ujian ini dijalankan ketika konkrit berumur muda. 


   


Keputusan-keputusan  ujian  menunjukan  sifat  mekanikal  dan  ketahanlasakan  HPC 
 mengandungi RHA  adalah lebih baik daripada konkrit kawalan.   Kekuatan mampatan 
 dan  kelajuan  denyutan  ultrasonik meningkat,  manakala  sifat  penyerapan  air  dan 
 kandungan keliangan berkurangan apabila nisbah air dengan pengikat adalah 0.25 dan 
 simen  diganti  dengan  20%  RHA.    Konkrit  yang  mengandungi  RHA  adalah  kurang 
 sensitif terhadap cara pengawetan dan ini dapat ditunjukkan antara hubungan kekuatan 
 mampatan  dengan  cara  pengawetan.    RHA  dan  wasap  silika  dapat  berfungsi  sebagai 
 pengisi  dan  bahan  pozolanik.    Kandungan  udara  dan  penyerapan  air  konkrit  ini 
 berkurangan  menunjukkan  konkrit  adalah  tahan  lasak.    HPC  mengandungi  10%  RHA 
 menunjukan  kekuatan  mampatan  yang  lebih  tinggi  berbanding  dengan  konkrit  yang 
 mengandungi 10% wasap silika dan konkrit biasa.  Selain itu kelebihan menggunakan 
 RHA  dalam  konkrit  berbanding  dengan  wasap  silika  berkebolehan  untuk  melewatkan 
 propogasi retakan dalam ujian pengecutan terhalang. 


RHA  mempunyai  potensi  untuk  menyumbang  dalam  pembangunan  mampan  dan 
 membawa pendapatan kepada industri pembinaan dan sektor pertanian di Malaysia serta 
 negara-negara pengeluar beras di seluruh dunia. 
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(27)CHAPTER 1: INTRODUCTION 


1.1  Research Background

Concrete is the most common construction material used nowadays and accounts for 
 a large part of the infrastructure system.  It is recorded as a second material being used 
 after water in the world (Gambhir, 2006).  Comparing to other construction materials, 
 concrete is easy to form the shape and to cast in situ.  Its basic ingredients are available 
 in the local area of the construction site, such as fine aggregate, coarse aggregate, water 
 and Portland cement.   


Like  other  building  material  used  in  industries,  concrete  also  experiences  the 
 development  of  qualities  in  order  to  support  the  need  of  concrete  industries,  which 
 develop  from  normal  concrete  (NC)  to  high  strength  concrete  (HSC)  and  up  to  ultra-
 high  strength  concrete  (UHSC).    However,  the  classification  HSC  is  changing  with 
 time,  depending  mainly  on  the  availability  of  raw  materials  and  technical  know-how 
 and the demand from the construction industry.  It could be classified as low or at most 
 medium strength concrete now but it was considered HSC in the 1950s (Rashid et al., 
 2002).    According  to  ACI-363  (1984),  HSC  is  the  concrete  having  a  compressive 
 strength  of  6000  psi  (41  MPa)  or  greater.    The  deterioration  and  premature  failure  of 
 concrete structures such as marine structures, and concrete bridge deck, etc. has leads to 
 the development of high performance concrete (HPC) which is the answer of weakness 
 of  normal  concrete.    The  American  concrete  institute  defines  HPC  as  concrete  that 
 meets  special  performance  and  uniformity  requirements  that  may  not  always  be 
 obtained using conventional ingredients, normal mixing procedures and  typical curing 
 practices.      Mehta  and  Aïtcin  (1990)  defined  HPC  as  concrete  has  better  in  strength, 
 workability, and durability.  The HPC can range the compressive strength from normal 
 up to high strength concrete.  
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(28)High strength concrete is often made with a high cement content, a very low water-
 cement  ratio,  a  highly  reactive  pozzolan  and  then  it  is  called  as  high-performance 
 concrete.  The concrete  may not turn out to be  durable and maintenance-free because 
 these  concrete  mixtures  may  generate  too  much  heat  and  are  characterized  by  high 
 autogenous and drying shrinkage, and therefore are prone to cracking due to restrained 
 shrinkage at early age.  A concrete structure containing interconnected cracks and micro 
 cracks will not be durable under certain conditions and will award “low-performance” 


based on Mehta and Aitcin’s definition.  


The history of new modern skyscrapers started in Chicago in 1884 as the city rebuilt 
 due  to  a  fire  devastated  the  city.    Those  structures  were  designed  with  iron  and  steel 
 frame to support its weight.  Soon, skyscrapers started to appear in New York as well as 
 Chicago and mostly they were built higher as competition with one another.  In recent 
 years,  skyscrapers  are  also  built  in  China,  Malaysia,  Taiwan,  Saudi  Arabia  and  the 
 United Arab Emirates as economic growing on those countries.  Building a skyscraper 
 becomes validated if the buying price of the area is really high in order to decrease the 
 expense  of  the  area  per  the  total  floor  area  of  a  building.    Hence  the  structure  of 
 skyscrapers  is  determined  by  its  economics  and  benefits.    On  engineering  views, 
 skyscraper  also  must  have  fulfilled  the  requirement  of  foundation  and  construction 
 materials.  The location of bedrock determines the type of foundation and it is preferred 
 near the surface which can save the cost of foundation.  The skyscraper also needs the 
 construction material that having high stiffness can reduce the drift due to either wind or 
 earthquake and the high compressive strength concrete that can support the load.  A few 
 Examples  of  application  of  this  special  type  of  concrete  are  Twin  tower  in  Kuala 
 Lumpur  and  East  Island  Centre  in  Hong  Kong  used  high  performance  concrete  with 
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(29)performance concrete (HPC), it is a necessity to apply a low w/b ratio and to include 
 cementious material and superplasticizer (Speare et al., 1999) in the ingredients.  


Supplementary  cementious  materials  (SCM)  such  as  fly  ash,  silica  fume,  slag  and 
 rice  husk  ash  are  applied  successfully  as  partial  replacement  of  cement  in  normal 
 concrete.    Most  SCM  now  days  used  is  silica  fume  due  to  capable  to  improve  the 
 strength  and  workability  of  concrete.    The  particle  size  of  SF  is  100  times  finer  than 
 Portland  cement  and  the  content  of  SiO2  is  almost  90%.    CaOH  of  cement  hydration 
 reacts with SiO2 of SCM forming another CSH which create  concrete denser and less 
 permeability.  Mazloom et al. (2004) investigated the influence of silica fume (0, 6, 10, 
 and  15%)  on  the  compressive  strength  of  high  performance  concrete.    They  observed 
 that the compressive strength of silica fume concrete was 21%, 26 % and 14 % stronger 
 than that of  control concrete  at 28, 90  and 360 days, respectively.  To cope with low 
 workability  of  fresh  concrete,  they  applied  a  certain  dosage  of  superplasticizer  in 
 concrete  mixture.  (Sobolev,  2004a)  studied  the  compressive  strength  of  high 
 performance concretes.  It was observed that increase in superplasticizer dosage from 8 
 to  18%  led  to  a  reduction  of  w/c  from  0.31  to  0.26  and  improved  the  concrete 
 compressive strength from 86 to 97 MPa. 


In this study, RHA was used as SCM due to its chemical properties are similar with 
 silica fume and its raw  material is locally available.  Rice husk is considered  a waste 
 material  in  rice  mill  in  paddy  producing  countries  such  as  Malaysia,  Thailand  and 
 Indonesia and has a potential to be used as raw material for SCM in concrete.  Paddy is 
 a  leading  agricultural  crop  in  Southeast  Asia  countries  and  Malaysia  is  one  of  paddy 
 production  with  the  production  around  1.8  million  MT  which  is  0.38%  of  the  total 
 world supply.  There are more than 231 rice mills operating in Malaysia (Wong et al., 
 2010)  and a significant amount of rice husk is produced as waste.  Each ton of paddy 
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(30)produces  about  200  kg  of  husk,  which  on  combustion  yields  approximately  40  kg  of 
 highly siliceous ash.  In addition, mostly rice husk did not feed to the cattle due to the 
 husk contains arsenic that could accumulate and cause a disease on cattle (Rahman et 
 al., 2008).  Some of rice husk are used in turbine for supplying electrical energy for rice 
 milling operation and par boiling paddy.  The rests are dumped and burn it in a landfill 
 area,  creating  environmental pollution and health hazard.  RHA has a high content of 
 silica  in  the  surface  of  the  husk  and  it  is  possible  to  be  used  in  concrete  as  partially 
 replacement of cement.  RHA is reactive amorphous silica if combustion of rice husk is 
 less  than  7000C.    Research  outcomes  confirmed  that  finely  ground  RHA  can  be  used 
 successfully as an SCM for producing various types of concrete  (Safiuddin, M.  et al., 
 2011). The production of HPC will be cost-effective if RHA can be used in concrete as 
 an  SCM.    Comparing  with  silica  fume  which  its  price  is  high  due  to  imposed  import 
 duties; RHA is locally available and assumed cheaper than silica fume.  Therefore, the 
 use  of  RHA  is  more  desirable  to  decrease  the  overall  production  cost  of  HPC  while 
 achieving substantial environmental benefits.  


1.2  Problem Statement

The  practical  approach  to  produce  HPC  with  28  day  compressive  strength  of  100 
 MPa is by reducing water to binder ratio of concrete mixture and incorporating SCM. 


As water to binder ratio is decreased, mixing water is reduced and at other side binder 
 content increases.  Reducing water induces low workability of fresh concrete and makes 
 the  mixture  sticky.    Furthermore,  the  incorporating  cementious  materials  on  these 
 concretes also impose more effect on workability of concrete due to SCM having high 
 specific surface area so that SCM need more water.  The specific surface area of RHA is 
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(31)get workability and strength requirement such as high range water reducer (HRWR) and 
 SCM.    HRWR  is  used  to  lessen  the  demand  for  water  and  to  ensure  sufficient 
 workability of fresh concrete.  However, the use of HRWR, SCM, and higher cement 
 content than that of normal concrete increase the cost of HPC.  The strategy to solve this 
 problem  is  through  optimizing  the  amount  of  binder,  aggregate  composition  and  use 
 local available SCM, such as RHA.  However, there is no a guideline to mix design of 
 HPC up to compressive strength of 100 MPa. The guidelines for mix design of concrete 
 are available up to compressive strength of 70 MPa, ACI and BS standard. This study 
 will propose a model that can predict slump value and compressive strength at 1 and 28 
 days. 


The  sources  of  any  SCMs  are  from  wastes  and  thus  their  disposal  in  concrete 
 generally  saves  environmental  pollution.    Silica  fume,  fly  ash,  blast-furnace  slag, 
 metakaolin  have  been  used  in  concrete  as  SCM  to  improve  properties  of  concrete.  


However, some of them are not cheaper than cement and therefore it may not be cost-
 effective.    The  cost  of  silica  fume  is  higher  than  that  of  cement.    The  cost  of  blast-
 furnace  slag  is  comparable  or  higher  than  that  of  cement  but  fly  ash  is  cheaper  than 
 others.  Metakaolin has the high manufacturing cost as it must be produced with high 
 temperature  with  specific  turbine.    Thus,  those  SCMs  increase  the  material  cost  in 
 producing  HPC.    In  comparison,  the  use  of  RHA  is  more  desirable  due  to  it  can  be 
 produced  with  simple  equipment  and  minimum  cost  involvement,  which  decrease  the 
 overall production cost of HPC. 


1.3  Objectives of the study

The main objective of the present research is to develop high performance concrete 
 grade  100  concrete  incorporating  rice  husk  ash  (RHA)  as  a  supplementary  cementing 
 material (SCM).  The sub objectives of the study can be described as follows: 
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(32)1.  To  determine  the  most  suitable  fineness  of  RHA  that  can  produce  mortar  with 
 compressive  strength  of  100  MPa,  the  optimum  packing  density  with  desired 
 proportion of fine and coarse aggregates and mixing method that is applicable for 
 HPC incorporating RHA. 


2.  To develop a statistical model based on Response Surface Method for predicting 
 responses  of  slump  and  compressive  strength  at  1  and  28  days.    Based  on  this 
 model, an optimum proportion was proposed to get concrete compressive strength 
 of 100 MPa at 28 days,   


3.  To  determine  the  mechanical  properties  such  as  compressive  strength,  tensile 
 strength, flexure strength and modulus of elasticity of RHA concrete based on the 
 optimum proportion adopted.  


4.  To study the durability of RHA concrete such as initial surface absorption, water 
 absorption, sorptivity and porosity. 


5.  To investigate drying shrinkage behavior as time dependent property of OPC and 
 RHA concrete as well as restrained shrinkage behavior of OPC, RHA and silica 
 fume concrete at early ages. 


1.4  Research Significance and Novelty

HPC  is  a  special  type  of  concrete  that  needs  cementitious  materials  (SCM)  and 
 HWRA  to  obtain  sufficient  workability  and  high  strength.    SCM  can  reduce  bleeding 
 and  increase  plastic  viscosity,  thus  improving  the  segregation  resistance  of  HPC.  


Moreover,  SCM  also  can  improve  the  hardened  properties  and  durability  of  concrete.  


Those SCM such as silica fume, fly ash, ground-granulated blast furnace slag, and rice 
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(33)The  novelties  of  this  study  are  the  usage  of  RHA  as  a  supplementary  cementious 
 material in producing high performance concrete of 100 MPa with less binder through 
 utilizing the two steps mixing method for improving the homogeneity of concrete and 
 mixing  time.    In  addition,  the  Box–Behnken  design  (BBD)  and  response  surface 
 methodology (RSM) are being applied for the design of experiment and for optimization 
 of mix proportion of high performance RHA 100 MPa concrete.   


1.5  Organization of the Thesis

The present thesis consists of five chapters.  The first chapter gives the overview of 
 the study.  At the outset of the introduction, the  background of the research has been 
 described.    The  problem  statement,  summary  of  the  research  approach,  research 
 significance  and  novelty,  research  contributions,  and  organization  of  the  thesis  are 
 briefly presented in this chapter.  The second chapter is review on the use of cementious 
 materials  like  RHA.    The  properties  of  constituent  materials,  the  workability  of  HPC 
 and its binder paste phase, and the different methods of mixing are described here. This 
 chapter also describes the fresh and hardened properties, discusses several basic aspects 
 of  HPC,  and  identifies  the  research  needs  for  the  further  study.    The  third  chapter 
 presents  the  experimental  investigation  of  the  research.    This  chapter  describes  the 
 selection  and  testing  of  constituent  materials  including  the  processing  and  testing  of 
 RHA, and the preparation and testing of aggregate blends.  The detailed experimental 
 procedures for the fresh and hardened concretes are also presented in this chapter.  The 
 fourth  chapter  presents  the  detailed  experimental  results  obtained  from  the  research. 


This chapter describes the characteristics of constituent materials and the properties of 
 aggregate blends. The choosing of particle size of RHA and mixing method suitable for 
 HPC  incorporating  RHA  are  explained.    The  developed  model  for  predicting  HPC 
 incorporating RHA is explained in this section.  The optimum mix proportion of HPC 
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(34)are described and discussed here.  The test results for the fresh and hardened properties 
 of HPC and the optimum content of RHA are discussed in this chapter. In addition, this 
 chapter discusses the microstructures of different HPC.  The conclusions based on the 
 research  findings  are  given  in  the  fifth  chapter.    This  chapter  also  gives  several 
 recommendations for future study.  


University


of  Malaya



(35)CHAPTER 2: LITERATURE REVIEW

2.1  Introduction

One of the major  construction materials being used worldwide is concrete and one 
 type of the concrete, which its demand increased, is high performance concrete (HPC).  


Since  1990  in  the  US,  there  has  been  a  significant  increase  in  the  use  of  HPC  in 
 buildings and bridges.  Nowadays, HPC with compressive strength of 100 MPa, mostly 
 by  incorporating  silica  fume  as  mineral  admixture,  is  available  with  good  workability 
 due to the high quality  of high range water reducer  admixture (HRWR).  Silica fume 
 (SF) is a pozzolanic material from a waste of silicon industries.  There are pozzolanic 
 materials  from  agriculture  wastes  such  as  rice  husk  ash  (RHA),  palm  oil  fly  ash 
 (POFA),  sugar  cane  ash  (SGA),  etc.    There  are  available  codes  for  fly  ash  and  silica 
 fume in ACI such as ACI 232.2 and ACI 234.   Similarly those are in ASTM such as 
 ASTM  C  618  and  ASTM  C  1240,  respectively.    However,  there  is  still  a  hesitant  by 
 designers and constructors of concrete structure in specifying and recommending HPC 
 incorporating  RHA  in  the  construction  projects  due  to  the  absence  of  standards,  code 
 and  other  reliable  information  concerning  its  use.    In  the  near  future,  the  body  of 
 knowledge of HPC incorporating RHA will increase then the confidence in the use of 
 HPC  and  construction  standards  will  develop  to  take  full  advantage  of  RHA  as  a 
 potential replacement of silica fume in HPC. 


2.1.1  Characteristics of HPC 


The  material  constituents  of  HPC  are  water,  cement,  fine  aggregate,  coarse 
 aggregate,  mineral  admixtures  and  one  or  two  types  of  superplasticizer.    HPC  is 
 characterized  by  special  performances  in  term  of  workability,  strength  and  durability.  


Gagne et al. (1992) mentioned two fundamental principles should be applied to get high 
 compressive strength of HPC.  There are low w/b ratio and high workability.  Mostly it 
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(36)is designed with very low water binder ratio (w/b), from 0.35 down to 0.2.  The low w/b 
 ratio will affect the cement particle being close to each other due to less free water and 
 then particles of cement will be denser.  Consequently, this concrete is less permeable 
 and more resistant to aggressive solution (Aïtcin, P.C., 2001). 


HPC usually contains about 450-550 kg/m3 of ordinary Portland cement (OPC) with 
 the  cementitious  material  ranged  from  5%  to  15%.    By  using  superplasticizer, 
 workability of concrete ranged from 200-250 mm slump whit a very low w/c ratio can 
 be  achieved  (Aïtcin,  P.C.,  2000;  Neville,  A.M.,  1995).    However,  it  is  sometimes 
 difficult to control the rheological properties of HPC, with a slump of  200 mm, and to 
 maintain  its  workability  at  an  hour  or  more  after  mixing  (Aïtcin,  P.C.,  2001). The 
 interaction between the cementitious materials and superplasticizers are more complex 
 when incorporating some mineral admixtures such as blast furnace slag, fly ash, silica 
 fume  or  natural  pozzolans.  Therefore,  the  selection  of  the  compatible  between 
 pozzolanic  material  and  superplasticizer  requires  further  consideration    (Hallal  et  al., 
 2010). 


The  information  on  the  properties  of  cement  needed  in  producing  HPC  are  the 
 fineness (Bentz, 2010), particle size distribution (Osbaeck & Johansen, 1989), and the 
 chemical  composition  of  cement  (Sobolev  et  al.,  2009).    The  amount  of  chemical 
 compounds in cement also affects the rate strength development.  Chemical compounds 
 of cement are dicalcium silicate (C2S), tricalcium silicate (C3S), tricalcium aluminate 
 (C3A), and tetracalcium aluminoferrite (C4AF).  It will hydrate and gain early strength 
 at a faster rate if the amounts of C3A and C3S contain is high in cements.  Table 2.1 
 shows the approximate the C3A in various type of cement.  The other hand the quality 
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(37)cement,  affect  the  strength  of  concrete  and  lead  to  the  corrosion  of  the  reinforcement   
 (Neville, A.M. & Brooks, 1987).   


Table 2.1: C3A content in the types of cement

Type of Cement  Purpose  Content 


Type I  General  C3A < 8% 


Type II  Moderate  heat  of 


hydration  and  sulphate 
 resistance 


C3A < 8% 


Type III  High early strength   C3A < 15% 


Type IV  Low heat   C3S  <  35%,  C3A  <  7%, 
 C2S > 40% 


Type V  Sulphate resistant   C3A < 5% 


Workability is an important part in HPC because concrete with low w/b in the range 
 of 0.2 to 0.3 and including mineral admixture cannot be placed easily.  Superplasticizer 
 has  to  be  added  during  mixing  to  achieve  high  workability  for  that  type  of  concrete.  


Also  aggregate  could  affect  the  workability  of  HPC  since  aggregate  is  the  most 
 dominant quantity, which is about 70% of concrete volume.  Its properties such as the 
 fineness  modulus,  the  maximum  size  and  the  type  of  aggregate  influence  the 
 characteristic of HPC.  The fineness modulus of fine aggregate of 3, which is a coarse 
 one, is more favourable for HPC because there is a huge part of finesse material already 
 in mix proportion of HPC.  By increasing the fine modulus of fine aggregate the surface 
 area of the aggregate in the mixture is decreasing and free water is more available and 
 increasing the workability (Neville, A.M., 1995).  


Zia  et  al.  (1991)  explained  that  HPC  having  high  strength  can  be  produced  with 
 coarse  aggregate  size  within  the  range  of  20-25  mm.  Yaqub  and  Bukhari  (2006)  
 observed  high  strength  concrete  with  different  maximum  size  of  coarse  aggregates, 
 cement  content  and  w/b  ratio.    They  mentioned  that  aggregate  size  of  10  mm  gave 
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(38)(2001) reported that the type of coarse aggregate is also a significant factor in producing 
 high strength HPC.   Concrete containing basalt or limestone as coarse aggregate exhibit 
 about  10%  to  20%  higher  strength  compared  to  granite  and  when  comparing  to 
 limestone, concrete containing basalt exhibited higher compressive strength.  


Larrard  (1992)  produced  HPC  with  compressive  strength  of  80  MPa  at  28  days 
 inclusion of ultra-fine particles and superplasticizer in concrete with the w/c ratio of 0.3.   


It is expected that some particles react with lime and the other fill the voids between the 
 cement and the silica.  This effect contributes to the strength development of concrete. 


Aïtcin, P.C. (1992) explained that compressive strength of concrete can be increased by 
 decreasing  w/c  ratio,  using  efficiently  cement/superplasticizer  combination  and  using 
 the best material.  


2.1.2  Definition of high performance concrete 


Since HPC was introduced, there are many developments of HPC around the word.  


At the beginning, HPC is related to high strength concrete.  According to Aïtcin, P.C. 


(2001) some parts of them are true but do not represent a complete and accurate picture.  


A variety of characteristics and enhanced properties of concrete generally refers to high-
 performance concrete.  There are also some definitions by institution related to concrete 
 such as ACI, SHRP and experts.  


American  Concrete  Institute  (ACI)  defined  HPC  as  a  concrete  that  meets  special 
 performance and uniformity requirements that cannot always be achieved routinely by 
 using only conventional materials and normal mixing, placing, and curing practices (Zia 
 et  al.,  1991).    Pliskin  (1992)  classified  HPC  based  on  the  compressive  strength  of 
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(39)Table 2.2: Classification of concrete based on strength at 28 days  (Pliskin, 1992)

Type of concrete  Comp. Strength 


(MPa) 
 Ordinary Portland Concrete (OPC)  20 to 50 
 High Performance Concrete (HPC)  50 to 100 
 Very High Performance Concrete (VHPC)  100 to 150 


Exceptional Concrete (RPC)  > 150 


Mehta and  Aïtcin (1997) defined HSC as  a concrete which  generally  characterized 
 by  low  water/cement  (w/c)  ratio,  high  cement  content,  presence  of  several  chemicals 
 such as superplasticizer, air entrance agent and mineral admixtures such as fly ash (FA), 
 ground granulated blast-furnace slag(GGBFS) and silica fume (SF).  Strategic Highway 
 Research  Program  (SHRP)  defined  HPC  as  a  concrete  having  strength  characteristics 
 greater than or equal to 70 MPa at 28 days, or 20 MPa at 4-hour, or 35 N/mm2 at 24-
 hour with w/c ratio less or equal to 0.35 (Meeks & Carino, 1999).  Its durability factor 
 should be greater than 80% when the concrete is subjected to freezing and thawing for 
 more than 300 cycles.  Brandt and Kucharska (1999) defined HSC as a concrete resulted 
 from  better  quality  aggregate,  careful  selection  of  the  grain  distribution  down  to  the 
 small diameters and low w/c ratio.   


          


2.1.3  Curing of HPC 


Curing  is  a  method  of  keeping  satisfactory  moisture  content  and  temperature  in 
 concrete  for  a  period  of  time  immediately  following  placing  and  finishing.   Desired 
 properties such as strength and impermeability may be obtained if curing is maintained 
 during the development of concrete.  After placement, the factors that influence cement 
 hydration of concrete are the water to cement (w/c) ratios, curing temperature, particle 
 size distribution (PSD) and water-accessibility (Chen, W. & Brouwers, 2008).  Sastry et 
 al.  (2012)  reported  that  maximum  moisture  losses  from  HPC  are  during  the  first  24 
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(40)hours after placement.  Proper curing can maintain a satisfactory moisture content and 
 temperature  in  concrete  during  its  early  stages  so  that  the  desired  properties  may 
 develop (Meeks & Carino, 1999).   


Curing  duration  and  curing  techniques  are  important  in  HPC  because  they 
 significantly affect the strength and durability of concrete (Huo & Wong, 2006).  The 
 characteristics of pozzolanic concrete are sensitive to poor curing condition than that of 
 OPC  concrete.    It  is  necessary  for  silica  fume  concrete  to  apply  water  curing  for  the 
 initial  7  days  to  explore  pozzolanic  activity.    However,  for  fly  ash  concrete  it  is 
 imperative to cure with an extended period to utilize its full potential pozzolanic.  ACI 
 Committee 234 (Zia et al., 1991) reported that silica fume does not improve the 7-day 
 compressive strength of concrete when cured at 50 oF (10 oC).  However, when cured 
 under  temperatures  exceeding  68 oF  (20 oC),  the  7-day  compressive  strength  tends  to 
 improve significantly (Meeks & Carino, 1999).  It was also indicated that the pozzolanic 
 reaction  is,  in  general,  very  sensitive  to  the  temperature.    With  the  continuation  of 
 moisture curing, at later ages it was observed that the rate in tensile and flexural strength 
 concrete with increasing silica fume content was higher as compared to plain concrete.  


However,  it  is  also  important  to  note  that  additional  water  gets  into  the  near-surface 
 zone of the concrete for durability purposes. 


RHA  has  mesoporous  structure which  can  absorb  more  water  and  creates  high 
 capacity of water absorption (Van, V.-T.-A. et al., 2013).  RHA is possible to act as an 
 internal  curing  agent  (Van,  V.T.A.  et  al.,  2014).    The  mechanism  of  RHA  starts  to 
 release  water  in  pores  when  the  internal  RH  in  RHA  concrete  drops  below  98%,  the 
 absorbed water in these mesoporous will be released to compensate the self-desiccation 
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(41)2.1.4  Advantages of HPC  


During  the  last  two  decades  the  development  and  application  of  high  performance 
 concrete  (HPC)  have  greatly  increased  all  over  the  world.  The  process  involved  is  a 
 combination  of  improved  compaction,  improved  aggregate  matrix  bond  and  reduced 
 porosity using special additives.  However, there are always pros and cons in HPC. 


Some  advantages  of  choosing  HPC  are  economic,  early  strength,  durability  and 
 environmental  reasons.    First,  HPC  is  estimated  more  economical  in  major  concrete 
 construction projects (Sobolev, 2004b).  The size of primary structural members such as 
 columns of high-strength concrete (HSC) can be reduced significantly.  Some structural 
 members may also be safely designed with less reinforcing steel, saving on both labor 
 and material costs due to greatly increased strength and load carrying capacity.  Second, 
 due to its early strength is higher than normal concrete; HPC has practical implication 
 when  required  for  faster  turnover  of  formwork,  especially  a  concern  for  early 
 applications of construction loads  (Swamy & Mahmud, 1986).  Third, it is well known 
 that  repairing  concrete  is  costly.  One  of  the  reasons  choosing  HPC  is  due  to  its 
 durability that could avoid water or solutions penetrating into the concrete initiating or 
 accelerating  stress  in  concrete.    It  affects  to  the  increase  of  life  cycle  of  concrete 
 structure.  Last, now, there is an increasing important to preserve the environment.  The 
 uniqueness  of  HPC  is  some  amount  of  cement  can  be  replaced  by  mineral  admixture 
 which mostly from industrial and agriculture wastes.  By using of these wastes in HPC, 
 it  will  reduce  the  CO2  emission  due  to  less  clinker  production  and  less  burning  those 
 wastes in dumping fill area  (Vanchai et al., 2010).     


2.1.5  The mixture proportion for HPC 


There are various methods for proportioning conventional concrete. These methods 
 are  based  on  fundamental  functions:  water-to-cement  ratio,  the  constancy  of  water 
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(42)demand as well as theory of optimum aggregate proportioning.  All those methods are 
 used  to  determine  mixtures  with  the  required  properties.    For  HPC,  which  is  mostly 
 incorporating  mineral  additive  such  as  fly  ash,  silica  fume  and  rice  husk  ash,  these 
 methods can be used to yield concrete mixtures of HPC.  However, the mix proportion 
 for achieving compressive strength of 100 MPa incorporating RHA is not available yet.  


Furthermore, Sobolev (2004b)  also presented a chart as a  guideline in designing mix 
 proportion of HPC (see Figure 2.1.).  


Figure 2.1: Method for HPC mixture proportioning  
 Adopted from (Sobolev, 2004b) 


These steps can be elaborated as: 


a.  Optimization of mineral additive and Sp dosage 


Aïtcin, P.C. (1992) conducted optimization of Sp dosage on the binder of cement and 
 silica  fume.  He  found  the  saturation  point  of  Sp  dosage  on  the  binder.    Beyond  that 
 point, the time binder to flow the cone is almost similar even the dosage of Sp added. 


Compare to silica fume in similar percentage replacement, RHA needs more Sp dosage 
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(43)b.  Optimization of aggregate proportioning 


The proportion of fine and coarse aggregate affect the mechanical properties as well 
 workability in fresh concrete.  By optimizing the aggregate proportion it minimize the 
 void  in  the  aggregates  and  it  can  reduce  the  paste  needed  to  cover  all  aggregates  or 
 increase  workability.    According  to  Domone  and  Soutsos  (1994)  the  optimum 
 proportion of fine and coarse aggregates depended on the surface area of the aggregates, 
 the ratio of fine aggregate to total aggregate is in the range of 0.35-0.45. 


c.  Concrete composition 


Aïtcin, P.C. (1997) proposed the  absolute volume to find concrete composition for 
 HPC  but  the  formula  was  modified  to  incorporate  superplasticizer.    This  method 
 considers Sp in solid content and then the free water for mixing should be adjusted due 
 to Sp also containing water. 


d. Optimizing mix proportion    


As the cost of materials increases, optimizing concrete mixture proportions for cost 
 becomes more desirable.  Furthermore, as the number of constituent materials increases, 
 the problem of identifying optimal mixtures becomes increasingly complex.  Not only 
 are  there  more  materials  to  consider,  but  there  also  are  more  potential  interactions 
 among materials.  HPC is the concrete combined with several performance criteria, the 
 number of trial batches required to find optimal proportions using traditional methods 
 could  become  unreasonable.    According  to  Domone  and  Soutsos  (1994)    the 
 optimization  of  the  material  proportions  was  harder  for  HPC  than  for  conventional 
 concrete  as  many  existing  proportioning  methods  for  concrete  was  based  on  data  and 
 knowledge  of  existing  materials  in  a  specific  region  or  country,  and  generally  are 
 restricted to the type of Portland cement, aggregates and water. 
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(44)Various  statistical  methods,  such  as  Taguchi  designs,  designs  for  second  order 
 model,  optimal  designs,  mixture  designs,  response  surface  methodology  (RSM),  etc., 
 are  satisfied  in  achieving  desired  concrete  properties  and  mixture  optimization  for  a 
 given set of constituents.  These methods are commonly used to optimize products and 
 process  in  various  industries    (Simon,  2003).    The  method  also  have  been  applied  in 
 some  researches  to  improve  HPC  (Nehdi,  M.L.  &  Sumner,  2002),  self-compacting 
 concrete (SCC) (Alqadia et al., 2013) or general cement based material (Lawler et al., 
 2005).    Islam  et  al.  (2012)  have  utilized  the  static  method  to  predict  of  strength  and 
 slump  of  HPC  incorporating  RHA  with  compressive  strength  in  the  range  of  40-92 
 MPa.    Another  trend  the  statistical  methods  utilized  in  concrete  is  Response  surface 
 methodology  (RSM),  which  is  a  tool  of  modern  statistics  to  investigate  the  relative 
 significance of multi variables in any complex form of interaction (Myers et al., 2004).  


Alqadia  et  al.  (2013)  used  central  composite  design  (CCD)  and  RSM  to  model  the 
 response of fresh and hardened concrete through mix proportioning of SCC.  Bektas and 
 Bektas  (2014)  investigated  the  effect  of  some  critical  concrete  mix  parameters  on  the 
 alkali silica reaction (ASR) expansion and engineering properties by  employing Box–


Behnken and RSM.  The results of the regression analysis showed that the fitted model 
 explains over 85% of the variations for ASR expansion, compressive strength, flexural 
 strength and modulus of elasticity. 


2.2  Pozzolanic materials used in HPC

The utilization of pozzolanic materials were become establish especially in achieving 
 a  high  strength  and  high  performance  concrete.    ACI  Committee  232  (1998)  defined 
 pozzolan “as a siliceous or siliceous and aluminous material, which itself possesses little 
 or  no  cementitious  value  but  will,  in  finely  divided  form  and  in  the  presence  of 
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(45)Pozzolans can be classified as natural or by-product materials.  A natural pozzolan is 
 one  obtained  from  volcanic  rocks  and  minerals.    These  pozzolan  usually  must  be 
 processed  such  as  crushing,  grinding  and  size  separation.  In  some  cases  it  may  also 
 involve thermal activation before use as mineral admixture.  By-product materials are a 
 waste  from  the  industry  and  the  use  of  these  materials  as  mineral  admixtures  may  or 
 may not require any processing e.g., drying and pulverization  (Mehta, P.K. & P.J.M. 


Monteiro, 1993).  Table 2.3 shows the classification of pozzolan type based on chemical 
 properties.    The  purpose  of  ASTM  C618  is  to  classify  different  qualities  of  ash, 
 especially for fly ash.  The quality of fly ash is determined by the source of coal.  Class 
 F  fly  ash  are  pozzolanic  in  nature  meanwhile  Class  C  fly  ash  are  pozzolanic  and 
 hydraulic  material.    Class  F  fly  ashes  have  lower  calcium  contents  and  react  slowly 
 compared to Class C fly ashes.  Differently from fly ash, RHA does not come by nature 
 as  a  finely  divided  powder  as  one  of  the  requirements  to  be  a  good  pozzolan.    The 
 quality of RHA depends on combustion and grinding process.  RHA can be classified as 
 pozzolan type N as it has high content of SiO2 and low SO3.  The contribution of the 
 pozzolanic  and  cementious  material  including  in  concrete  are  to  fill-up  void  through 
 producing additional products of calcium silicate hydrate (CSH) (Memeon et al., 2002).  


Calcium  hydroxide  (Ca(OH)2)  is  reacted  with  SiO2  from  cementious  material  is 
 transformed  into  additional  CSH  gel  and  changed  large  pores  into  finer  pores.    This 
 formed a basis for improvement of strength and durability of concrete (De Sensale, G. 


R. et al., 2008).   


Table 2.3: Classification of pozzolans according to ASTM C618 
 Chemical properties  Type of Pozzolan 


N  F  C 


Minimum. SiO2+AlsO3+Fe2O3 (%)  70.0  70.0  50.0 
 Maximum Sulphur trioxide (SO3) (%)  4.0  5.0  5.0 
 Maximum Na2O+0.658 K2O (%)  1.5  1.5  1.5 
 Maximum loss on ignition (%)  10.0  6.0  6.0 


University


of  Malaya



(46)2.2.1  Rice husk ash as a supplementary cementitious material 


In concrete, the principal cementious material is Portland cement.  Nowadays, most 
 concrete  mixture  contains  supplementary  cementious  material  in  concrete.  RHA  is 
 natural pozzolan and also called as a supplementary cementious material
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