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Abstract

In the construction industry, concrete is the most used construction material. With the
large-scale depletion of non-renewable natural resources, material optimization is important for
the future sustainability of the construction industry. The amount of cement consumption has
decreased due to the use of chemical admixture and fly ash. The knowledge about fly ash as a
civil engineering material dates back to more than a century. However, research on marble
powder as an engineering material is just 15-20 years old and the understanding regarding its
use as an inert filler material is not yet fully understood. The utilization of fly ash as a pozzolana
and marble powder as a non-pozzolanic inert filler material opens a lot of possibilities in
concrete production of desirable texture and workability. With the use of the efficiency factor
for fly ash and proper water correction for marble powder, then the concrete can be confidently
designed for the desired strength. Granite powder also presents a similar possibility as that of

marble powder.

Both fly ash (mainly Siliceous Type — ASTM Class F) and marble/granite powder are
abundantly available in the country. Even though extensive research and the Indian code
support fly ash utilization, government projects still have problems in using fly ash. Since the
benefits of utilization of fly ash are not understood and often the cost paid to the contractors is
based on the amount of cement consumption, hence the contractors end up getting paid less as
there is a decrease in cement consumption on account of fly ash utilization. Thus ironically, a
superior material is being underpaid affecting the optimum utilization of fly ash. The utilization
of marble powder is yet a dream, as it is not incorporated in any code except EFNARC

specifications for Self Compacting Concrete.
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Limited optimization work on fly ash was carried out in the past with the proposed
concept of effective water to cement ratio. Whenever fly ash is used in concrete, it is important
to define effective water to cement ratio between water to binder such that binder is not cement
plus fly ash but it is rather the cement plus the efficiency factor for fly ash times the amount of
fly ash. For a proper design of the mix using marble powder, it is assumed to be inert with no
influence on the effective water to cement ratio. Limited work on marble powder was carried
out with the proposal that it is important to assume higher water absorption of marble powder.
This concept was extended and verified in lower strength ranges also. In this thesis, extensive
work has been carried out in normal and high strength ranges using fly ash and marble powder

utilizing these concepts.

Fly ash and marble powder mixes were used for effective water-cement ratios in the
range of 0.50 to 0.20. 28 days compressive strength up to 96 MPa was achieved without the use
of micro-silica. Marble powder has been added taking the total powder content up to 900 kg/m?,

saving a significant amount of aggregate and improving the cohesiveness of the concrete.

Water permeability is usually measured using DIN: 1048 (Part 5)/ (IS 516 (part2/Sec
1), 2018). While it is reported that usage of fly ash improves (decreases) water permeability of
concrete by making it more impervious, the reported data does not provide a clear quantitative
estimation of water ingress for comparisons. Because of all of this, it is essential to carry out a
study of structural concrete, both in the normal strength and high strength range, towards
understanding optimal usage of materials and their effects on the durability parameter of water
permeability. Water permeability has also been measured using a new method developed at 11T

Delhi. Limited mercury intrusion porosimeter experiments have also been carried out.

This detailed experimental work presents the limit of fly ash utilization without the use
of micro silica in high strength range up to 96.2 MPa. It was found that the fly ash utilization

limit percentage decreases with the increase in strength. In addition, the utilization limits and

viii



benefits of using marble powder are also demonstrated. Optimum cement savings has been
achieved when it is used with 15% fly ash. One could use marble powder up to maximum
powder content of 800-900 kg/m3, demonstrating the higher possibility of marble powder
utilization in lower strength ranges. Plasticizer dosage percentage, which is a percentage of the
total weight of powder including cement, fly ash and marble powder, depends more upon
effective w/c and less on fly ash % or quantity of marble powder used. Through the use of
quantitative methods, it was found that the water permeability improved significantly with the
use of fly ash and less significantly but noticeably due to the use of marble powder. The water
permeability method developed at IIT Delhi was easy to conduct and reliable. This work
provided a clear understanding of the effect of the utilization of fly ash and marble powder on

the strength and durability of concrete.

In concluding, it was found that with the proper utilization of fly ash, high strength
concrete can be produced even without the use of micro silica. Further, there is an upper limit
of fly ash % that can be utilized as a function of effective w/c of the target strength of the
concrete. The industrial waste product of marble powder can be utilized optimally to get good
cohesive mix with either 0% or 15% fly ash in normal strength and in high strength concrete.
The 15% fly ash mix along with marble powder provides the best opportunity as there is the
optimum saving of cement along with optimal utilization of the industrial waste of marble
powder.

Keywords: Optimization, Fly ash, Pozzolana, Marble powder, Water correction,
Water permeability, Durability, Mercury intrusion porosimeter



TR

frofor IET 8, Sl Iad Sifd IUANT Bt S arelt FEto Il g1 IR-
TAIpRUY YT THIE! B sg YU R HH! & 1Y, Faior Iei o1 yidsy &1 R
& fore ATl e Hedqul ¢ | I 0T 3R UaTg U & SUTNT & HRUI e
B IUIRT H Bt o5 7| Rifad SSifafeT Il & &0 o vk 0¥ @ 96 I9 U
Tt 4 ot 3ifIes QR | gTaifos, Soli=aieT St & &0 § Ared urdex W Y b 15-
20 I AT § 3R TS 3fehg WR1a It & U H 305 ITART & R H JHg 3+t I
T3 oRE Q TET TS & | Ub U b U H Tl U b1 IUUNT SR TR-uTSiIae 3ifpa
WRIG IR & T § HRIR USSR $T IUANT aia-1d Sac 3R ATaglRebdl & o4
3TE B §gd TR YHIGHTE WIerdT § | TS U1 & 7T Gl R & SUANT 3R TR
UT3ex & g Ifad it JUR & 1Y, Hebic ! difedd debd & 1018 STAHN F FSos

T S T dr 81 F1ge UrdeR Y AT USSR & THH & THTIAT Udd &l |

3 H Uds U (R w9 ¥ RifR@y @12y - ASTM Class F) iR AdAARe
TT3ER G &t TR AT & Judsy g | gIalifor Tges [NY 3R HRAIT HIs Ualls U &
SUIRT T JHY HRd &, PRI aRArerHref 7 st of trg U=1 7 SUART oA H T
2| s TS U1 & SUAIT & AT DY THS Ae! ol § SR SRR SHER] B! YA Bl
S aTelt AT HiHe &1 @Ud &1 A6 R TR 81! 8, SACE ShaR! ® HH YITdH
foan ST 8 Hifes WS U & IuANT o HRUI HHE B @ud H HHI Il 81 39 UHR
fage g g 5 U AW & ST IUINT B GHIfAT A aTelt U Sgak A &1 1
YA fhar S @1 81 Hied Udex &1 Iuan 3ift % U Ul g, difd 39 Ao




PG dhebic & foTT EFNARC fafden ! Biear fod off e o wnfira Aa! foar man
gl

TS U R i Srgea &1 Sicdid H THTET Sfd-Hide 3iaTd & forg uanfaa
SAYRUT & A1 fosam a1 Tl 5ia ot TaiTs URT ST SUANT Shobie § Tt o &, af ot 9
TIESR & S THTA T+ & Tie ST 1 uRHId =1 Heayu! &, o b aTger dide
@Y TRTS U 81 €, Sfedp U8 He @iy Tells U & oM G&icll Rep § il Tells U b1
A ¢ | IR & USSR $T IudNT I Y07 & 3ford feoms & forg, 3 gurdt urt
T e 3ud R $Ig THTE el 814 & 1Y FfSsa 7M1 SaT 81 Hed ureer R giffa
HT 9 YA & 1Y foar T o1 o Hidd ureeR & I S ARl I T
HEAYUl ¢ | S YR HI T 7T 3R &Y drdbd arat AT # o gefud foear
T 59 R & 37 SrayRomsit o1 IuahT HRa §U TS U 3R AEd Ur3eR o1 SuanT
IR AT R I Yfad aTet &1 § e B b 11 8 | TelTs URT 3R AT Ura e
0T BT ITANT 0.50 ¥ 0.20 & & YHTHT STd-HHe Surd & forg fovar T uT| ATgeh-
fferpT & IUTT & 91 96 MPa @@ 28-fa &t TUifea dred g1k &t 1% ot $a
TT3SR AT BT 900 kg/m? & T §U HIEA USSR DI SitsT 74T &, FoId U Hgeaquf
O & $d & 99d idl § IR dhebie B Uholed] H GUR i1 g

Tt 1 URITHIAT 1 3THAR TR DIN: 1048 (Part 5)/ (IS 516 (part2/Sec 1), 2018) T
IUYINT Hb AU SI1dT & | e gg ST 7T & fob UalTs U b SUTNT I heble bl UL
& IR H GUR (@ 8 971t 7, o a8 sifdres s1ver g1 e §, Ruid faru 11 Ser
I & TG Uit 3 o 1 ¥ AETAS STHM USH el dd & | 39 I & HRUT, It
& SETH SUANT 3R O URTIAT & RIMRA@ IR TR 390 JUTE! I THgH & g,

I dihd 3R I Widd ST SH1 B GREATdS Bohic BT T BT A H ¢

Xi



1T fewett # il T 7 3 &1 SuavT SR o uyRIRgar &1 i \an g1 g
URT Y06 URIRHeR 7anT oft e e &

Tg favga Uraifie &1 96.2 MPa d% &1 3 Tfad ¥o1 H AT RifeeT & Suai
& T oIS TR & SUANT 1 T BT URgd Rl & | T8 Ura 7 o wfdd & af g & 9y
TS URT SUART T UFa=Id g€ STt ¢ | $Hb 3faldl, Hled 3SR & SUART &1 JudN]
Tt IR @y |l yafRid fBu ord §115% s U= & J1Y IugiT fhT o W 39ad Hide
I U §5 6| BIs Ht Afad 800-900 kg/m3 B SHTYHAH USSR WHRR T A T3S
BT IUINT HR Yhdl 5, Sl 5 e I T ATeldd URSR & SUANT BT I GHTGT Dl Uarid
HAT 8 | WIRCAEER QR Gfawrd, S Hde, warg U 3R Aed Urds Ifed Use &
$d IO BT U= g, THTE w/c TR 31 3R g T% I1 SUTNT fhy M0 HRER
gr3ex & HE R &8 R a1 31 e faftrl o Iudi & wregd 9, g8 urn 1
3 TS U= & STIRT I U B IR H S 0 § GUR §3HT 3R HH Hgdqui
¥ ¥ b TR & UI3SR o IUANT & HRUI Iecha-19 =Y J JUR g3 1T faeedt
¥ IRy SId IRl Usfd T HATe HRAT ST 3R Ay 1| 9 &1 A debic
B! HoTge 3R VTR TR TRlTS U 3R AT USSR & SUANT & UHTE B! WY JAY UG
@11 frspy 7, g ra T o vemTs U1 3 Ifd SuanT 9 Aiseh! RifereT & SuanT & foe

1fi 3= Tfdd Hepic &1 IdTe fbaT o GohdT 2|

D AT, TS UR% B T SHULT AT § IorenT SN dshic BT A& e b
THTE w/c & B & T H 531 o T ¢ | A6 T3S & e Ul Idrg &I
T Rk 3R I VAo debic | 0% TT 15% TTs URT P W1y 31<s] Fuh arall fsyon
T = o fo1T SFAH T I STANT a1 Sff Thell & | AT TS b 1Y 15% TS ORI

Xii



ooy e 33T TR U HRdT & R AT UT3 SR & SN BT & SYTH U
& IIY-T7Y HHe ot 3yaq gad glal g |

PIgs: AJHa, Ts U, USIAHET, A USSR, ofd guR, Sd IR,

R, IRT gHUS URIRATER

Xiii



Table of Contents

COITITICALE. ... [

ACKNOWIEAGEMENTS.....cciiiiecciiece e ii
Abstract vii

Table OFf CONTENTS ......ceeiiieee e XV

LiST OF FIQUIES ...ttt XiX

LiSt Of TADIES ..o podlll

Abbreviations, Symbols and Notations...........c.cccccevveeiieeiiic e, XXV

Chapter 1 INtrodUCTION. ........cooiviiieiecieieeee e 1

1.1 Background of the StUY .........cceiieiicccce e 1

1.2 Importance 0f the RESEAICH ..........c.coviiiiicce e 4

1.3 Objective and limitations 0f the StUY ...........ccooiiiiiiiii e, 5

1.4 OULIINE OF the THESIS ....cveiiieeieee ettt enes 5

Chapter 2 Problem Definition and Review of Literature ........................ 7

P20 A 1 0o L1 od £ o o RSP 7

2.2 Concrete WIth Iy @Sh..........ooiiiii s 7

2.2 L FIY @SN s 7

2.2.2 Effect of fly ash on strength and durability of concrete............ccccevvvenene. 9

2.3 Concrete with marble powder as inert filler material ..............ccccooevviiiiiiciiciece, 12

2.3.1 Marble POWET ..ot 12

2.3.2 Review of studies on utilization of marble powder in concrete................ 13

2.3.3 Effect of addition of marble powder on the durability of concrete........... 15

2.4 High Strength CONCIET. .......oviiie s 16

2.5 DUrability Of CONCIELE........c.ooiiieee e 17

2.5.1 Review of studies on water permeability...........cccccoeiiiinininiiiisenee, 18

2.5.2 Studies on Mercury Intrusion POrosSimetry ..........ccocovevveveiicsiesesieennn, 20

2.6 Problem DefiNItiON ..o 23

2.6.1 Control and Fly ash ConCrete.........cccooveiiiiiiccieccee e 23

2.6.2 Concrete with marble powder as an additional inert filler (apart from sand)

......................................................................................... 26

2.6.3 Optimization EXPErIMENTS ........cceeiiiiiiiieiie e 27

2.6.4 Concrete with a higher powder CONteNt ...........ccoeveieiiieninineeeee e, 32

2.6.5 Issues addressed in this TheSIS.......cvcvviiervireiiereee e 33

XV



Chapter 3 Materials and Methodology ........ccccccveveeiiiiiiiiiecee e, 35

TR 1 oo [0 od 1 o] o F USSR RPN 35
3.2 Materials Used in EXPerimentation .........ccccccveivereiieieese e 35
3.2. 1 OPC CBMENT ... 35
S22 FIY ASN oo e 36
3.2.3 MaArble POWAET .......coiiiiieieiecieee e 37
3.2.4 Fine and Coarse AQQregate .........ccoveerereereerieseeseeie e sieeeesree e seesesseas 38
L2 5 WAALET ..t 41
3.2.6 Chemical AAMIXIUIE .....ccvoiiiiiiiesiieesee e 41
3.3 Particle Size DIStrDULION ........coiiiiiiieei e 41
3.4 SEM Imaging of MaterialS..........cccoiiiiiiiieiie e 43
3.5 COSt OF MALEITAIS .....eveeeeie ettt eneas 44
3.6 SPECIMEN PreParation .........cceiveiieiieieesie et st te et sta et eenae e sreenreenee e 45
3.6.1 Preparation fOr AQQregates..........coouririeierierieriesiesie st 45
3.6.2 Preparation for Marble POWAET .........ccccooiiiiiiniiieee e 45
3.7 Batching Of MatErTalS. .......ccoiuiiiiiiieee e 46
3.7.1 MiXING OF CONCIEL. ......oiuiiiiiiieiieeie e 46
3.7.2 Casting of concrete iNt0 MOUIdS.........c.cccvevieieiicie e 46
3.7.3 CUrNg Of SPECIMEN .....cuviiiieii e 47
3.8 Test Techniques and ProCEAUIES............ccveiiiieieee ettt 47
3.9 Hardened CoNCrete PrOPEITIES .......ccvviieiieeieiie ettt 48
3.9.1 Compressive SIrENGh .......oooiiii s 48
3.9.2 Water permeability test (DIN Method) ........ccocvviniiiiiiiiieeceee 48
3.9.3 Water penetration TST........cooiiiriiirieieee s 49
3.9.4 Mercury Intrusion Porosimetry (MIP)........cccocoiiiiiiiinieiee e 50
3.10 LiSt Of CONCIELE MIXES CASL......ueiuieiierieieie ittt sttt b eneas 52
Chapter 4 Design, Workability, and Strength..............cccoooeiiiiinne, 53
o I [ oo (3 Tox o] USSR 53
4.2 Fly ash and marble powder concrete for effective w/c = 0.50..........cccceevvviiieiieinnnns 54
4.3 DESIQN OF CONCIEIE MIXES...c.vviiiie et e ettt e st re e e e beesreeena e 56
4.4 Control and fly ash CONCIEte MIXES.......ccuviiiiiie e 59
4.4.1 Estimation of water reqUIrEMENT .........ccovvieiereieie e 59
4.4.2 EStimation OF S/@ Fati0.........c.ccvevueiieiieie e 61
4.4.3 CONIOL MIXES .vevieiieie ettt esreeneenee e 61
4.4.4 Mix detail for fly ash concrete.........ccoooviiiiiii 62

XVi



4.5 Marble POWOET MIXES....ccuveiieeieiieesie e see et se e e e et e e e sreeseesneesreennennes 63

4.6 Admixture dosage and SIUMP .......ooviiiiieie e 68
4.7 Admixture dosage and slump and of fly ash mixes.........cccccvvevieveiieiicie e 68
4.8 Admixture dosage and Slump for Marble powder MiXes..........cccovverererieninieeneenen, 70
4.9 SHENQLN RESUILS.....coiiieie et 72
4.9.1 Study Of CONrol CONCIELE .......eoveeiieeiece e 72
4.9.2 Comparison with data from Literature...........cocooeveieiiiieninieeeen, 75
4.9.3 Comparison of the present study with the Standards.............cccccceevvevenee. 78
4.9.4 Strength of control and fly ash MiXes .........ccceovvieviv i, 78
4.9.5 7Day to 28 Day compressive strength ratio............ccccecevvveveeienieeseeiiennn, 83
4.9.6 Strength of marble powder MIXeS .........cccooveviiieiiieii e 84
4.10 COSt OF CONCIELE .....eeivieiieeiieeie ettt ta e s e nbeaneesneesreeneennes 86
4.11 Discussion and CONCIUSION ........ccuveiiiieieiie et enes 88
Chapter 5 Water permeability........c.ccccoooiviiiiiiiiei e 89
T8 A 1 0o [ o4 £ o o SRRSO 89
5.2 LIBIAEUNE .ottt e, 90
5.3 Water permeability test (DIN Method).........cccceveiiiiniiiiiiccec e 93
5.3.1 Water permeability of fly ash concrete ...........cccooovevviiiiieieciciiecece, 94
5.3.2 Water permeability of marble powder MiXes.........cccccoevveveiieiiesinciieenn, 98
5.4 Water Penetration 0f CONCIELE ..........cooiiiiieieiee e 102
5.4.1 Water Penetration of fly ash concrete..........ccccooveiiiciiiiieicceeee, 102
5.4.2 Water Penetration of marble powder concrete...........c.ccooevvrvnvnicnennenn. 111
5.5 CompariSoN OF RESUILS .......ccueiiiiiiiiiiiieee s 117
5.5.1 FOr fly @sh CONCIete........ooiiiiieee e 117
5.5.2 For marble powder CONCIete ..........cccooiiiiiiiiieiceee e 118
5.6 RESUIS aNd DISCUSSION ......vviuierieieiieiieiti sttt sttt 119
Chapter 6 Mercury Intrusion POroSimetry ..........ccocevvvevenieeneseeneennenn, 121
6.1 INEFOTUUCTION ...t ettt ettt sbeer e e e e nee e 121
8.2 T Y o 121
6.3 Sample CalCUIAtION.........cciiiic e 123
6.3.1 Calculation of porosity/permeability ...........ccccoooviiiiiiiiiie e, 125
6.4 EXPEIIMENTS RESUITS .....c.eiuiiieiiie e 126
6.4.1 Experiments on control and fly ash mixXes.........cccccevvviiinininnncienenn, 126
6.4.2 Experiments on marble pOWder MiXeS.........ccoovvriereneneniniseseeee s 129

XVii



6.5 ReVIEW OF PAST JALA.........cccveiieeieiiesc e 132

6.5.1 Comparison with Kumar and Bhattacharya ..............ccccceevevveieiieinenne 132
6.5.2 Comparison with (Poon, Lam and Wong, 1999)..........ccccccevvvevviiieieennnne 135
6.5.3 Comparison with other researchers and combined comparison............... 139
6.6 Discussions and CONCIUSIONS.........coviiiiienieie et 141
Chapter 7 CONCIUSIONS .......ooiiiiiiiieee e 143
NOVRIEY .o 147
FULUNE SCOPE .. et 147
REFERENGCE ...ttt 149
CUITICUIUM VITAE ...t 159

XViii



List of Figures

Fig. 2.1 Layout of fly ash generation process (Thomas, 2007)..........ccceurmrrmenrrrmenssssssssssssssssssssssssssssssans 8
Fig. 2.2 Comparison of efficiency factors reported in the literature (Murumi, 2016) ..........cccocereerernernnens 11
Fig. 2.3 Strength Development of fly ash concrete (Duran-Herrera et al., 2011) by (Murumi, 2016)......12
Fig. 2.4 Marble sludge and Broken marble pieces(Courtesy KiirsatEsatAlyamag).........ccoreeveereeneenenne. 12
Fig. 2.5 (a) and (b) Strength and abrasion resistance with marble pPOWAEr USE...........c.covveerrvreeneererreeeneinns 15
Fig. 2.6 Porosity and strength in Durability EXPEriment ...........ocrerneeneenerneeseesesssessesssesssesssesssessens 22
Fig. 2.7 Efficiency factor of fly ash percentage ((Murumi, 2016), (Meera, 2020))........ccccerrrrrrmrrrerrerereennns 26
Fig. 2.8 Powder content vs. fly ash percentage for best PCE-based mixes(Murumi, 2016) ............ccoceeuee 28
Fig. 2.9 Powder content vs. fly ash percentage for best MLS-based mixes (Murumi, 2016) ................... 28
Fig. 2.10 Admixture dosage vs. fly ash% for best mixes in mix optimization (Murumi, 2016)................ 29
Fig. 2.11 Admixture content vs. fly ash % for best mixes in mix optimization (Murumi, 2016)............... 29
Fig. 2.12 Cost of concrete with fly ash percentage (MUrumi, 2016)..........ccveuereereeneenemmerersnernesesnessnens 30
Fig. 2.13 Limit of fly ash utilization for normal strength concrete (Murumi, 2016) .........ccceeververreenenns 30
Fig. 2.14 Limit of fly ash utilization for low to high Strength CONCIete ... 31
Fig. 2.15 Powder utilization in concrete (ANUj, 2015)........ceuueeeinrrcinrieresssesessssssssssssessesssssessssssssssssess 33
Fig. 3.1 Homogeneous marble POWET PASTE ...........cureeeeeeeeeeieeiesssesssesssesssesssessse s sssessesssesssssssesssessees 37
Fig. 3.2 Relationship between density (gm/cc) and water absorption of marble powder ... 37
Fig. 3.3 Particle size distribution of fine aggregate (natural Sand) ............cccoeeuverrernerreeineireeessesiesseesssenens 42
Fig. 3.4 Particle size distribution of materials used in the EXPEriMENt ...........c.vvrererrerneeerneeseressenens 43
Fig. 3.5 SEM images of cementitious materials used in the eXperiment............cc.veveenevereescriesnssesnenens 44
Fig. 3.6 Experimental setup for water penetration test (DIN 1048 (Part 5))........ccccvuemeeeerneeneresnesnens 48
Fig. 3.7 Experimental set-up for the water penetration teSt...........c.vveeneneninensssssssssss s esssssenens 50
Fig. 3.8 MIP instrument set up at NCCBIM, Faridabad............oceeeninieeieeeessessessesssesssessens 51
Fig. 4.1 Admixture demand (in %) VS POWETN CONLENL.........covurirrirrerniineissississississsssssssss s sssssssesssssesssssesens 55
Fig. 4.2 Admixture demand (KQ/M?3) VS POWOEI CONTENE ................covevemmmmmmsseseeereeessssssssssssssssssssssssseesssssssess 55
Fig. 4.3 Water demand against Effective w/c (for 0% and 25% fly ash Mixes) .........cccoovvrenisinrnirnnnn. 60

XiX



Fig. 4.4 Variation of 5/a With €ffECHIVE WIC...........ccvvieeerreieessisessse st ssssesssssssssessssssesssssssssssssnens 61

Fig. 4.5 Powder content VS flyash PEICENTAgE .........c.uuriemririneeseiseiseisesseesesssessesssessssss s ssssssssssesens 63
Fig. 4.6 Admixture (%) dosage vs effective wic for different fly ash %..........ccccovvevrnvrseveieeseseiisnins 69
Fig. 4.7 Admixture (%) dosage vs fly ash % for different effective W/C...........ooevvrreneenrernieneirneneereeneeneens 69
Fig. 4.8 Slump vs. effective wic for different fly ash percentages ..........cocveuvrveenrreessneensesersesneesesssseneens 69
Fig. 4.9 Slump vs. fly ash percentages for different effeCtive W/C ... 70
Fig. 4.10 Admixture dosage (%) for various effective w/c for marble MiXes .........ccccvveererverreenerreenseenns 71
Fig. 4.11 Slump for various effective w/c for marble pOWEr MIXES ..o 71
Fig. 4.12 7 Day compressive strength compared with (Kaplan, 1960) and (Meera, 2020)............c.coo.u.... 74
Fig. 4.13 7 Day compressive strength compared with (Kaplan, 1960) and (Meera, 2020)............coucerneen. 74
Fig. 4.14 28 Day compressive strength compared with (Kaplan, 1960) and (Meera, 2020)...........c........ 75
Fig. 4.15 28 Day compressive strength compared with (Kaplan, 1960) and (Meera, 2020)............ccc...... 75
Fig. 4.16 28 Day Compressive strength vs. w/cC ratio (from literature) ............cccoveveeeenceerverseeenessesnsenenns 76
Fig. 4.17 Comparison of Codes and experiential results for different grades of cement.............ccccovvennen. 79
Fig. 4.18 7 Day compressive strength vs. effective wic for 15% and 25% fly ash............cccccveevercennnnne. 82
Fig. 4.19 28 Day compressive strength vs. effective wic for 15% and 25% fly ash...........ccccovrnennienneen. 82
Fig. 4.20 7 Day compressive strength vs. effective wi/c for 35%, 45%, 55% and 60% fly ash.................. 82
Fig. 4.21 28 Day compressive strength vs. effective wic for 35%, 45%, 55% and 60% fly ash............... 83
Fig. 4.22 Ratio of 7 Days to 28 Days COMPressive StrENGEN..........ccoceeeerneiieensesssssesessse s ssesseens 83
Fig. 4.23 7 Days compressive strength for marble pOWAEr MIXES...........oc.eeeeieienneeneeeeseeseeseeeeens 84
Fig. 4.24 Cost of concrete vs. effective w/c for control and fly ash mixes...........cccooeeervceveeverreenercesnienn. 86
Fig. 4.25 Cost 0f Marble POWAET IMIXES..........vueeieiiinisesseessess s sssssesens 87
Fig. 5.1 Literature data of Penetration Depth VS W/(CH).......c.ucueenicecscecscceesee s 92
Fig. 5.2 Literature data of Penetration depth vs effective w/c for different fly ash %.........ccccooevvinnien. 93
Fig. 5.3 Samples of water permeability test for different fly ash % for effective w/ic = 0.50..................... 95
Fig. 5.4 Samples of water permeability test for different effective w/c for 25% fly ash .........ccccecvvveen. 96
Fig. 5.5 Penetration Depth VS €ffECHIVE WIC........c.cuiircecsrsscssssssissss st sssssssssesens 97

XX



Fig. 5.6 Penetration depth vs fly ash % for different effective W/C.........c.coeeeverrernrinenersssscsesse s 97

Fig. 5.7 Comparison of fly ash mix concrete data with literature data............c.coveereererrernerneeneenerneiens 98
Fig. 5.8 Effect on water permeability with marble powder and 0% fly ash..............cccovrenrnerreenerseniennns 99
Fig. 5.9 Effect on water permeability with marble powder and 15% fly ash ... 100
Fig. 5.10 Combined Effect on water permeability with marble powder and 0%/15% fly ash............... 100
Fig. 5.11 Samples of water permeability test for different marble content.............cocvverernneereereeeneeennnens 101
Fig. 5.12 Penetration depth vs Powder content for fly ash and marble powder Use..........cccoeevrrreenrennne. 102
Fig. 5.13 Samples of water penetration test for different fly ash %..........cccovevnrnnineincncseinenne, 109
Fig. 5.14 T2 vs fly ash % for different effeCtiVe W/C ..........ocvriienniiincncssessssssesssisssssssssseeens 109
Fig. 5.15 Tos vs effective wic for different fly ash percentage ... 111
Fig. 5.16 Tos (minutes) vs Marble powder(Kg/m®3) for CONLrOl MiX ..........erereeevvveveveeeeesssssssssseseeeeesssees 112
Fig. 5.17 T2s (minutes) vs Marble powder (kg/m®) for 15% fly ash concrete mix for different effective 1V\i/g
Fig. 5.18 Combined graph of control and fly ash concrete mix with marble powder ............c.cccoeereeenneen. 116
Fig. 5.19 Penetration depth VS Tos TOr fly @Sh........cceiininscssssssssssssessssssssssssssesens 117
Fig. 5.20 Penetration depth vs Tos for marble pOWOEr CONCIELE. ... 119
Fig. 6.1 The sample cell of Mercury porosimeter (MIC, May 2020)).........ccccnurrerrmrrnerreerserresnsssesesssenns 122
Fig. 6.2 Cumulative intruded VOIUME VS. POTE FAAIUS ..........currerrerieeeieeeeieseieeisssssssssssesssessessssssesens 125
Fig. 6.3 Relationship between Rso and effECtIVE W/C ... sssessssssssssssssesens 127
Fig. 6.4 Relationship between Rso and fly ash percentage for different effective wiC............cocccnvvreienen. 127
Fig. 6.5 Relationship between Porosity and effective wi/c for different fly ash%..........ccccovevervrvcrerinnne. 128
Fig. 6.6 Relationship between Porosity and fly ash percentage for different effective wic ...................... 128
Fig. 6.7 Change of Rsoto change in marble powWder CONENL...........ccvereeneerneneeneneereeeseeeeeseeseesseeseenns 131
Fig. 6.8 Porosity/permeability vs. marble pOWOEr CONENE..........c..vwiereiereereiseiesisesssesseeeseseseesesens 131
Fig. 6.9 Compressive strength of concrete at 28 days (Kumar and Bhattacharjee, 20033) .........c..cccevneee 133
Fig. 6.10 Comparison of Rsoexperimental data with Kumar and Bhattacharjee (2003) .........ccoeereeeneen. 134
Fig. 6.11 Comparison of Porosity experimental data with Kumar and Bhattacharjee, (2003)................. 134

XXi



Fig. 6.12 Compressive strength with respect to w/c and w/b (Data in table 6.7) .........cccevvrrernrerreerereenn. 136

Fig. 6.13 Rsp comparison of author’s data with Poon, Lam and Wong, (1999) .......c.cccoenereneenneneeneenn. 136
Fig. 6.14 Comparison of Porosity/Permeability data with Poon, Lam and Wong, (1999)..........cccc.u..... 137
Fig. 6.15 Comparison of R for paste and concrete (Poon, Lam and Wong, 1999)'........cccccvereeneeene. 138
Fig. 6.16 Comparison of Porosity for paste and concrete Poon, Lam and Wong, (1999) ..........cccccuuue.e. 138
Fig. 6.17 Comparison of Rso obtained by author with few other researchers..............couveeneerneeereernenns 139
Fig. 6.18 Comparison of Porosity obtained by author with few other researchers............c.oocovveeeereenne. 140

Fig. 6.19 Overall comparison of Rsp obtained by the author with all other relevant researchers’ work . 140

Fig. 6.20 Overall comparison of Porosity obtained by the author with all other relevant researchers’ work

xxii



List of Tables

Table 3.1 Physical Properties Of CEMENL...........cccvirremreiieeeissss st ssesssssessssssssessssans 35
Table 3.2 Chemical Properties Of CEMENL............ocieierieieieeiseiees bbb 36
Table 3.3 Physical properties Of fly @Sh..........c.ccceienriiecses s 36
Table 3.4 Chemical properties Of fly @Sh............o s 36
Table 3.5 Chemical and Physical properties of marble POWEF ..., 37
Table 3.6 Sieve analysis of fine aggregate (Natural SANd)..........oeevrerremrrrninernrernensreseeesseeesseess s 39
Table 3.7 Sieve analysis of coarse aggregate: 10 MM ... ssssessssssssessssans 39
Table 3.8 Sieve analysis of coarse aggregate: 20 MM ...........crereeeeemeeessesessssssssssssesssessesssesens 39
Table 3.9 Properties of fine aggregate (Natural SAN)...........cccueeereeereemriieresrnesiesssssessssse s ssssssssesssenns 40
Table 3.10 Properties Of COArse AQgQIEUALES ... wrerrerrreesrsssesseesssesssssesssssssssssssssssssssssssssssssssssssssssesens 40
Table 3.11 Properties of water used in the EXPEMIMENT ... ssessssans 41
Table 3.12 D-values for materials used in the EXPEMENT ..o sseeseessessessseseeseeeens 43
Table 3.13 Unit cost of materials used in the experiment (X Per KQg) .......cocereneenmeenenmeenseenseensessseeeeens 45
Table 4.1 Calculation of all ingredients for different CONCrete MIXES..........c.vveeeerrerrermrereermeeseessesseeseesessseenns 58
Table 4.2 Water required (in kg/m?3) with fly ash % and W/C Fatio................coemerreeeeeeemsnesssesesssessssessssssenes 60
Table 4.3 Details of mix design (per m®) for control mixes and 15% fly ash MIXES ................ceeemmrerrrereenns 65
Table 4.4 Details of mix design (per m®) for fly ash mixes along with the efficiency factor...................... 66
Table 4.5 Mix design of marble powder concrete (per m?) with 0% and 15% fly ash ......................ccceeee 67
Table 4.6 28-Day compressive strengths for normal and high strength concrete...........c.covevevneccrvesienne. 73
Table 4.7 28-Day compressive strengths for low strength concrete (per m?) (Meera, 2020)..................... 73
Table 4.8 Strength against w/b ratio data from the literature for CONtrol MIXES.........cvevveerninrnirssnsnninns 76
Table 4.9 Strength Data of control and fly ash CONCrete Castings .........cc.eereeeneenmeeneeneeeeeeeseseeseeeens 80
Table 4.10 Strength Data of marble powder concrete castings (0% fly ash and 15% fly ash)................... 85
Table 5.1 Literature data for the CONIIOl MIX..........oeiiiieiriseessessisessss s ssssssesssssens 91
Table 5.2 Literature data of different % of fly ash mix CONCrete ..o 93
Table 5.3 T25 TOr CONMION MIXES........cverierierrereeeeesesseesesssesssees s sees st ss sttt st st sessse s ssssssens 104



Table 5.4 Tos for 15% fly @S MIXES ... 105

Table 5.5 Tos for 25% fly @S MIXES ..o 106
Table 5.6 Tos TOr 3590 fly @SN IMIXES........vuieieiiieiiieis s 107
Table 5.7 Tos TOr 45%0 fly @SN MIXES.......covveeereerrincseieeise ettt sssnens 107
Table 5.8 Tos Tor 55% fly @SN MIX ...t 108
Table 5.9 Tos TOr 60%0 flY @SN MIX ...ttt nees 108
Table 5.10 Tos for marble powder mixes With 096 fly @Sh.........cc.ovrinneeseeeens 113
Table 5.11 Tos for marble powder mixes With 15% fly aSh...........cccvinniieeeeeeeeeeens 115
Table 6.1 Detailed calculations for specimen D1 (w/ b = 0.50, 15% fly ash MiX)........ccccovevernerrernrrnn. 124
Table 6.2 MIP data for control and fly ash CONCIEte MIX...........coiinienrssseeeeeeeeeeens 127
Table 6.3 MIP data for marble powder concrete mix with 0% fly ash ..o, 129
Table 6.4 MIP data for marble powder concrete mix with 15% fly ash ..., 130
Table 6.5 Comparison with (Kumar and Bhattacharjee, 2003) (Ref 69)........cccourrrmrrrererrnerrseneeseesneenns 133
Table 6.6 Comparison with (Kumar and Bhattacharjee, 2003) (Ref. 70)........ccccrvrrmrermrermeermeereeeneeereeereeens 134
Table 6.7 Comparison with (Poon, Lam and Wong, 1999) .........c.cccrnenseinsnessssesesssssessssssssssseens 135

XXIV



Abbreviations, Symbols and Notations

Abbreviations
ACI American Concrete Institute
ASTM American Society for Testing and Materials

BIS Bureau of Indian Standards

BSE Back-scattered electrons

BSEN British Standard European Norm

BSI British Standards Institution

CA Coarse aggregate

CEM Cement

DIN Deutsches Institute for Normung (meaning German institute for

standardisation)
Dxx ‘xx’ percent of sample mass has diameter less than D-value
EFNARC European Federation of National Associations Representing for Concrete
FA Fly ash
GGBS Ground granulated blast furnace slag

HS High strength

HnT Indian Institute of Technology
IRC Indian Roads Congress

IRS Indian Railway Standard

IS Indian Standard

LS Low strength

MMF model  Morgan, Mercer, and Flodin model

MoRTH  Ministry of Road Transport and Highways

MLS Modified lignosulfonates (a napthalene-based admixture)
MP Marble Powder

M.S.A. Maximum size of aggregate

NCCBM National Council for Cement and Building Materials

NS Normal strength

OPC Ordinary Portland cement

PCC Plain cement concrete

PCE Polycarboxylate ether

PPC Portland pozzolana cement (fly ash-based)
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PSC
R2
RCC
S7 days

Sos days
SCC

SEM
Strength
SG

SSD
WA

Pre-stressed concrete

Coefficient of determination

Reinforced cement concrete

7 days compressive strength of concrete
28 days compressive strength of concrete
Self-compacting concrete

Scanning electron microscope
Compressive strength of concrete at a particular age
Specific Gravity

Saturated surface dry

Water Absorption

Symbols and Notations

%

Al;03

b

C
Ca(OH);
C7

Cc28

cm

f

F

F%,f%
k-value
k7

Kas

INnRm
min
NOx

p

Rso or Rm
S

Indian National Rupee

Alumina

Effective binder, that is, c+kf (kg/m?)

Ordinary Portland cement (kg/m®) unless otherwise stated

Calcium hydroxide

Compressive strength of concrete of 150 mm cubes at 7 days (MPa)

Compressive strength of concrete of 150 mm cubes at 28 days (MPa)

Cementitious material, that is, the sum of cement and fly ash (kg/m?)

Fly ash (kg/m®)

Foam Volume

Fly ash percentage (%), that is, f/(c+f)

Efficiency factor of fly ash

Efficiency factor of fly ash at 7 days

Efficiency factor of fly ash at 28 days

Logarithms natural base of Rm

Minute (time)

Oxide of nitrogen

Powder content as the sum of cement and fly ash and Marble powder(kg/mq)
Mean pore radius

Natural sand or fine aggregate (kg/m°)
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s/a Sand to total aggregate ratio

SiO, Silicon dioxide (a constituent of calcium silicate hydrate)

SOx Oxide of sulphur

T25 Time required for 25mm of water penetration from the concrete surface
w Water (kg/ m3)

w/b Water to binder (c+f) ratio

w/c+kf Effective water to cement ratio
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