@ S o w Yt (4
mswannaouniaiasgunn lagldduua

AULINENINeINg
ARIANTAUUNINGIAY

b4 . ‘
InotiwustidludumiisvesmsinuaundngasdSyaiimnisumaniaufiiudia
M1913313N3 50 o571 MR IAINTIN U5
AULIANINTTUANEAT PUIAINTUUMIINOTS
= =2
Unseinui 2547
ISBN 974-17-6381-6

a a L3 a @
AVANTUDIPWIAINTUNVIINGINY



DEVELOPMENT OF CEMENT-BASED ULTRA-HIGH STRENGTH CONCRETL

]

¥

AULINENINYINS
AU INYAE

A Dissertation Submitted in Partial Fulfillment of the Requirements

for the Degree of Doctor of Philosophy in Civil Engineering
Department of Civil Engineering
Faculty of Engineering
Chulalongkorn University
Academic Year 2004

ISBN 974-17-6381-6



Thesis Title Development of Cement-Based Ultra-High Strength Concrete

By Mr. Putthipong Haleerattanawattana
Field of Study Civil Engineering
Thesis Advisor Professor Ekasit Limsuwan, Ph.D.

Accepted by the Faculty of Engineering, Chulalongkorn University in Partial Fulfillment

of the Requirements for the Doctor’s Degree

THESIS COMMITTEE

ARANYS

(Associate Professor Boonchai Stitmannaithum, D.Eng)

(Associate Professor Teerapong Senjuntichat, Ph.D.)



v

##4171808721 : MAJOR CIVIL ENGINEERING
KEY WORDS : ULTRA-HIGH STRENGTH CONCRETE / MIX PROPORTIONING / COMPRESSIVE
STRENGTH / MICRO-STRUCTURAL MODEL / CEMENT-BASED
PUTTHIPONG HALEERATTANAWATTANA : DEVELOPMENT OF CEMENT-
BASED ULTRA-HIGH STRENGTH CONCRETE, THESIS ADVISOR : PROF.

EKASIT LIMSUWAN, Ph.D., 171 pp., ISBN 974-17-6381-6.

construction has lead to the remarkable

benefits in duration and economics. Toward the W Wiy ‘ Sure its strength and performance, the
production of concrete with compressi npth orédter tﬁs still challenging. The primary
objective of this research is to produce ‘ athigh. stre ieth concrete by using the commonly-used

S

The compressive behavior@f coutre rsily Simgulaté ite element analysis of triangular basic
element. Aggregate particles are randg
each phase are described by using $meag ,\ ictitious crack model. The principal
properties of each material componght sj ahy: ‘ - Jthe c ‘t‘ cte properties and performance. The
internal structure of each concrete ingredient r1.CsT cement, ani¢ materials, as well as fine and coarse
aggregate, would then be investigated phy Pey ad/or mechanically. The appropriate mix

proportion for ultra-high stren on nined by ity o obtain the highest strength

of proper flow for workable. T |& tatn this, the optir i,‘iﬂ itable addition of pozzolanic

materials, and the selection of wﬁis b 0 d as the keys. Strength-based

gradation, which is also developed in this research, is cons1dered as an influential indicator to qualify the

potential coarse aggregaﬂnﬁkﬂ'vj W‘B‘ﬂ"ﬁgw '] ﬂ ‘j

The eight-step m1x design procedure for "tra-hlgh strengthpncrete is present@d# The compressive

strength of cer %CI;I]UM ﬂt@@umy % co ln’asqu Hg'tl:] ahga function of

water/cement ratig, by the coefficients associated with the existence of aggregate and pozzolans. Flowability of

the mix is facilitated by using free water concept. With this procedure, a concrete with compressive strength up

to 188.30 MPa at 28 days and 203.48 MPa at 91 days can be produced.

Department Civil Engineering Student’s signature /4@3— &’\

Field of study Civil Engineering Advisor’s signature chansd G )

Academic year 2004




wniwed  wedviautaun : asWennaouniadidsgenn TaeldEue.
(DEVELOPMENT OF CEMENT-BASED ULTRA-HIGH STRENGTH CONCRETE)

8. 7/30¥1 : fL.A3. ONANT Aug235%, 171 W1, ISBN 974-17-6381-6.

Y 2 o w ' Y a a ' Y ] q‘: &
ﬂﬁ‘l‘lfﬂﬂ'llﬂiﬂﬂ'I?N'cIQﬂﬂ‘lﬂlﬂﬂﬂﬁﬂi’)ﬂ1\1u1ﬂ‘1‘uﬂ1iﬂﬂﬁ%”lﬂﬁﬂﬂlﬂu m'lmmwmszuznmmi

v o

1 1 Y a o Ao ° a 3 Ao
naa%'wuaxm‘lamu NINAAADUNIANUNIAITULIIDE JUNUNI 150 wazithamanianuansaluns

k4 3y
o o o o o av Jd v
Mewléa sazawsodsziugunwldde Ay aseilliyaisyasAmanlums
1 o [ s o w a sl& an o = '
penuUUdIUNTNdMSURBUNTAMAS anv 1A lduag 3 nmsheanii ldeg
wlsnd

anuiiuly 1dveanms WS o iR p AN RN TABN s SraeangAns sums Sunss
vodInssaseneluneunindgaiBinade ullut il B ANIA' (Fini ement  Analysis) 1Agfivua
¢ ; \“\ sranlasiimaduda nwld
nanN1599330031291909 (Ficlitioug s ie: \: WAUTM (Smeared Crack) lums

kS

BTUIINGANTTUMTSULTIVOIT \ iwesduilszneuvesneunia
Ai Y o v q ' ~ [
eI Idaussouzmmndesns g JI9 Rl \ Uszneudieg vesneunin su
1hun Fwud Saqloxlean winsulieides ; MMM maall uaz/mse mMana
AIUNANYRINBUNTARIAIFINIT RN SR esiiqge  iefde IMiAamdesy

4' a ~ 1 = ~ @ A
usshgenge Taslinis lnasdaudios Lim A uazmsfadenuia
— -

D hAn0BIias  (Strength-

swhlinnanazuasa e .*,
- A o - = e . =
Based Gradation Index) m'lﬁ'wﬂ‘u 1 pRFNuIMveIas ey lunisnan

o v w

Foavesnumuiy lunmssasosia e s g

‘o v
ﬂu%ﬂﬁﬁﬂﬁu Esl!tgnm&n@mﬂ%m1g¥muqaeun‘s’mmmm

o v Lo a &4 @ §
ﬂm’;m'lﬁ’l'innﬂ15Qmmayuuse11aﬁmué{mmfwﬂuﬂszﬂ‘nmﬁmmmmmuazaﬁdwhmu Taed

5o QARARSEPIN ) T B

A, A o Y. 9

Usuufinis Inadpeneunia ynsmsesnuuniiiudueiinunsonanneuniafiimifeiunse 188 188,30

k4
aounIafdegeninlded1sdng

wnzihanaiey 28 fu uaz 203.48 wnzihaniadieny o1 Su

1NN 2nssu e aeille¥eiidn : é’D\ﬂ

CAUNGLY! Anssulos moileyoernsimlSom

Umsdnu 2547




Vi

ACKNOWLEDGEMENTS

No written words can express the continuous support, enduring patience and tremendous

To Prof. Dr. Ekasit Limsuwa Wiy wishes to express his profound

gratitude for the valuable guida
University. The special gratitude g upport from the dissertation
committee members, i.e., Pro gaksin} Th Assoc. Prof. Dr Boonchai

Stitmannaithum, Assoc. Profi D

ially Prof. Dr. Somnuk

Tangtermsirikul from Sirindho SIIT), is also recognized.

The author extends His deer eciatic D idayuth Chompooming from
Thammasat University for access 111 and fseflit’ i 1 ite element analysis program
of ANSYS. Further, the cordial hos -'.":::-'-f wortt ounseling of Prof. Dr. Walter Lukas
and Dr. Adreas Saxer during six-

Building Materials and Building

Y]

The author also exten § his deep *-c': ho have shed light on the

Physics, Innsbruck Univers i e

different angles of his studies. The thor is extremelwateful to the laboratory supervisors and

staffs of the Concxetﬁ'lwﬁ qm B%qzﬁ)’w yeﬁ]-ﬂ,‘jd Materials Science

Research, and the s8kntific and Technol%gy Research Equlpment Centre, Chulalongkom
o QR RGATRHRTTNH AR B
their unfailing®@ooperation and kind assistance throughout the experiments. Appraisals are also
addressed to Siam Cement Group, W.R. Grace (Thailand) Ltd., Sika (Thailand) Ltd., and those

quarries for providing useful materials.

To his friends, the author would like to give thanks for their support and help throughout
the study period. Finally, this study would have never been possible without financial support

from the Royal Golden Jubilee Ph.D. Program, Thailand Research Fund (TRF).

The last word would be expressed to Miss On-anong Larpparisudthi, his ambition.



Vil

TABLE OF CONTENTS

Page

ABSTRACTINENGLISH il & . v
ABSTRACT IN THAIL e g e v
ACKNOWLEDGEMENTS e oo eeeeeeee e vi
TABLE OF CONTENTS . F 008 L AN N, vil
LISTOF TABLES . % 4 S NEL (8 SRR, ™ 3 X
LISTOFFIGURES ___ # 4 & B [T SUNSR SN ™ Xii
CHAPTER 1. INTRODUCTI

1.1 Background % @ &=t W Y 1

1.2 Production of High : Concrete == 2

1.3 Objectives and Signi T e S 6

1.4 Research M3 e o 6

| T

CHAPTER 2. MICRO-MECHANICAL MOB

2.1 Failure Mechanisuf gfConcrete g ... 10

U RENINEINT

2.3 Compre%!nve Response of Congrete ... . .. 14
ARIIRTHININGINY -
% ffect of Concrete Components’ Properties . 16

CHAPTER 3. CEMENT PASTES

3.1 Factors Affecting Paste Strength 33
3.2 Optimized Water/CementRatio . 38
3.3 Effects of Superplasticizers 43

3.4 Effects of Pozzolanic Materials 45



CHAPTER 4. FINE AGGREGATES AND MORTARS
4.1 Inclusion of Fine Aggregate

4.2 Gradation and Fineness Modulus

Vil

Page

78

82

4.3 Optimized Sand/Cement Ratio

4.4 Change in Optimized Water/Ceme

84

85

101

5.2 Coarse Aggregatesm
5.3 Strength-Based
5.4 Sand/Aggregatg

5.5 Effective Binde

102

106

109

110

CHAPTER 6. MIX DESGIN F

6.1 Keys to Achieve

6.2 Recommended Mix 1J€si Yt

6.3 Production of UHSC

.......

CHAPTER 7. CONCLU S i —

7.1 Research Su

7.2 Suggestions for urther Study

BIOGRAPHY

oo ﬂumwﬂmwmm -----

ammmmummmaﬂ

141

143

146

162
164

—

66

171



LIST OF TABLES

Table Page
2.1 Material properties for simulating compressivg gesponse 19
2.2 Mix proportion of mortars and co s fo l't i ;7 giification 19
2.3 Mechanical properties of mortags andeaggregate formedtLyerification 19
3.1 Molecular weight and densi s | volvil -: ydfation calculation 48
3.2 Chemical compositi . //// \\\\:1 : \ | 48
. positions an@®p 2 lges &f materialSs, ™™ L
3.3 Mix proportion of cemenifastcgl® JF - % AWANNL NN " 20000000 49
3.4 Fresh-state properties of cgiffengipagiedl s SRR A W 2000000 49
3.5 Amountof CSHincementpiiStegl’ JF =~ Moofss ~ TR "N 50
3.6 Total porosity of cement pastlii  JiF WSSl UM NN 51
3.7 Compressive strength of cemeniiifastesemr——um.. &% 51
3.8 Tensile strength of cement Pastes e — 52
3.9 Elastic modulus of ceni@iyt paStes e 52
3.10 Mix proportion of cer -i"'i ____________________________ 53
3.11 Fresh-state properties of -:E ent pastcS contammeg superp astici _______________________________ 54
3.12 Hardened-state properties ofg@gaent pastes. contal‘qu superplasticizer 55
3.13 Mix proportion ﬂe% g%w &wag w H,] ﬂ ‘i ...................... 56
3.14 Mix proportion of‘lsment pastes containigg silica fume _____________________________________ 57
worer QRARIAFURNAINEIRY
3.16 Fresh-statd properties of cement pastes containing silica fume 59
3.17 Amount of CSH in cement pastes containing flyash 60
3.18 Amount of CSH in cement pastes containing silica fume 60
3.19 Total porosity of cement pastes containing flyash 61
3.20 Total porosity of cement pastes containing silica fume 62
3.21 Compressive strength of cement paste containing flyash . 63
3.22 Compressive strength of cement paste containing silica fume 64



Table Page
4.1 Packing density of fine aggregates with various size 87
4.2 Properties of fine aggregate with various gradation patterns - 88
4.3 Parameters for simulating compressive behavior of mortars 89
4.4 Results of the simulations ... 89
4.5 Mix proportion of mortar with various gradatignpatterns ... 90
4.6 Fresh properties of mortar with varig ‘ fghos 90
4.7 Total porosity of mortar with Begtadiiion pleme ™, 90
4.8 Compressive strength of morlar wathevaFious gradaiompaiems. 91
4.9 Mix proportion of mortar wi W ol e dent ratio s 91
4.10 Fresh properties of mortar yiflif vafiods Sand/c@mentrations, e 91
4.11 Total porosity of mortar witl N 92
4.12 Compressive strength of mor Ario 7 % O —— 92
4.13 28-day total porosity in eaéh cq CRLQ Iy g ’\\\ and/cement ratio 92
4.14 Ratio of mortar to paste strength f it ;‘ ionsand expénment 93
4.15 Mix proportion of mortar with Variow Swater/coment o 93
4.16 Fresh properties of mortar with various-waler/cementration,.,. 93
4.17 Total porosity of morta ;1‘————"7—* L 94
4.18 Compressive strength of !I;i _______________________________ 94
i
5.1 Typical strength values of vaﬁ TOCKS 112

5.2 Standard methodﬁ u E’ g w ﬂnﬁ ﬁ %;lg}aﬂ \gous sizes 112

5.3 Specific gravity oa,oarse aggregates w1th‘var10us SIZES e

e QRIS ERTINGINE -

5.5 Unit weigh} of coarse aggregates with various sizes 113
5.6 Void content of coarse aggregates with various sizes 113
5.7 Flakiness index of coarse aggregates with various sizes 114
5.8 Elongation index of coarse aggregates with various sizes 114
5.9 Aggregate crushing value of coarse aggregates with various sizes 114
5.10 Aggregate impact value of coarse aggregates with various sizes 115

Ul

-I'l Los Angeles abrasion of coarse aggregates with various sizes 115



X1

Table Page

5.12 Sizes of sieves used for screening lost from testing

5.13 Modified Los Angeles abrasion of coarse aggregate with various sizes

aggregate mixtures

5.23 Mix proportion of concrete W Arious satio-of Pasic e to void content of dry

and compacted aggregate

5.24 Ratio of paste volume to void.e ‘otidry an aooregate of concretes

b

5.25 Total porosity of conci ;,r""’“ : "“;'_ content of dry and

compacted aggregate

i¥
5.26 Compressive strength of corﬁrete with various ratlo of paste volume to void content of

o RUHINENINYINT

6.1 Gradation and ph)gcal properties of ﬁnee,_.,gregate for t example leCS _______________

- SRARINIHURTIREANY

6.3 Chemical®nd physical of cementitious materials

6.4 Mix proportion and design strength of concrete with different degree of strength

6.5 Fresh-state properties of concrete with different degree of strength

6.6 Compressive strength of concrete with different degree of strength

6.7 Tensile strength of concrete with different degree of strength

6.8 Elastic modulus of concrete with different degree of strength

6.9 Poisson's ratio of concrete with different degree of strength

115
116
116
117
117
118
120
120

120

121

122

123

125

126

p—

28

152

—

52

153

153

153



LIST OF FIGURES

Figure

1.1 Principal internal factors affecting concrete s
1.2 Summary of strength data as a funcg

1.3 Summarized research program®

2.1 Concrete crack and fracturé pro
2.2 Algorithm for simulation
2.3 Sample of aggregate arr
2.4 A part of finite element m
2.5 Element constitutive relati

2.6 Boundary conditions for sim

2.7 Finite element mesh for simula

2.8 Simulated stress-strain relation of ¢ ..—_'T:—
2.9 Simulated crack patterp 2k

2.10 Simulated stress-strain e
2.11 Patterns of aggregate arraggements
2.12 Simulated stress ﬁ:ﬂ relati®n@s concrete with dififérent aﬁjrgiate arrangements

2.13 Concrete specimén

2.14 Simulated stress- straln relation of concreté with dlfferenmemmen sizes )

2.16 Failure of%oncrete specimen under compressive loading
2.17 Stress-strain relation of concrete with various elastic modulus of aggregate
2.18 Stress-strain relation of concrete with various tensile strength of aggregate
2.19 Stress-strain relation of concrete with various fracture toughness of aggregate
2.20 Stress-strain relation of concrete with various Poisson'’s ratio of aggregate

2.21 Stress-strain relation of concrete with various elastic modulus of matrix

2.22 Stress-strain relation of concrete with various tensile strength of matrix

Wil-d N ENINEINT.

215 com B bGP RV 3 HE 1 B B)

X1

21

21

22

22



Xiil

Figure Page
2.23 Stress-strain relation of concrete with various fracture toughness of matrix 31
2.24 Stress-strain relation of concrete with various Poisson’s ratio of matrix 31

2.25 Contribution of aggregate and matrix tensile strength on concrete compressive strength 32

3.1 Microstructure of cement paste with water/cement ratioof 0.36 ... 65
3.2 Microstructure of cement paste with watey/cidhtgatioof 0.24 66
3.3 Microstructure of cement paste withi water/icemenygraficef0.16 67
3.4 Microstructure of cement past€™Withswater/cepgent ramerof012 68
3.5 Amount of hydration produets®@¥?8 da¥sfagaihst wateg/ccrmenssatio 69
3.6 Total porosity against watefCegaft G/ § W o ™ 69
3.7 Compressive strength agasfiSt wafCrfement ratio o W0 % v, ™88 70
3.8 Tensile strength against waer/cgincit ftiom——. R0 % % 70
3.9 Elastic modulus against Qat _________________________________ 71
3.10 Compressive strength against gquigalenfatiountof CSHat 28days 71
3.11 Compressive strength against to@l posésity———==. & 72
3.12 Flow value against water/cement ratig"cEpastes éofaining superplasticizer . 72
3.13 Unit weight against water/cement ratio of pastes containing superpfasticizer 73
3.14 Air void against water. ‘- cinent ratio of pastes containing superplasticizer . 73
3.15 Total porosity against wa :! cement ratio-of pastes’eontaining s ', rplasticizer 74

3.16 Compressive strength against’water/cement ratio Qf pastes containing superplasticizer 74

17 comprsive o DV HNT WA T e 7

3.18 Total porosity agaﬂst against water/cemeet ratio of pastgoqtammg fly as t 28 days 75

o e AR ENA %%ﬁgiﬂffla

2 AAYS N 76
3.20 Compressive strength against against water/cement ratio of pastes containing fly ash at
2 Y S 76

3.21 Compressive strength against against water/cement ratio of pastes containing silica fume

AU 2 QAN S 77

4.1 Gradation patterns for illustrating packing density 95

4.2 Coating thickness of paste against sand/cement ratio 95



X1V

Figure Page

4.3 Example of fine aggregate arrangement for the simulation (FM=2.74, s/c=2.0) 96

4.4 Simulated normalized mortar strength against sand/cement ratio with various gradations 96

4.5 Total porosity of mortar with various gradation patterns 97
4.6 Compressive strength of mortar with various gradation patterns 97
4.7 Total porosity of mortar with various sand/cgment ratio 98
4.8 Compressive strength of mortar withvariotis\sand/ofaént ratio 98
4.9 Comparison between ratio of mortario pas 2 simulations and experiment 99
4.10 Total porosity of mortar with Varigusewater/camentfatiOme w. 99
4.11 Compressive strength of mog e s e s 100
5.1 Schematic diagram for couiffiingffogfg€dessofiroele '\ % ", ™8 130
5.2 Specific gravity of coarse g#freglited wiith variouws sizes % % &% 130
5.3 Water absorption of coarse aggregatgs with#var - ~N 131
5.4 Unit weight of coarse aggregaifs wilthivariolis<sizes™™ % "% 131
5.5 Void content of coarse aggregatgfwithvamoussizesss,. &% =~ 0000 132
5.6 Flakiness index of coarse aggre.gates ------ csiges 132
5.7 Elongation index of coamsg ¢ tes with vatious sizes . £ 133
5.8 Aggregate crushing va t;r ____________________________ 133
5.9 Aggregate impact value o iE parse aggregates oussizesdld 134
5.10 Los Angeles abrasion of coageaggregates with vagigus sizes 134
5.11 Modified Los Arﬂ %r%l)’&% &mﬁ‘w &’D’s] %‘j ...................... 135
5.12 Point-load strengthq,ndex of coarse aggregates with vario SlZCS _____________________________ 135

e RRLRIATRHRIINEI R

5.14 Packing dalsny against s/a ratio of aggregate mixtures with 3.04-FM fine aggregate 136

5.15 Packing density against s/a ratio of aggregate mixtures with GP0O1 coarse aggregate 137
5.16 Comparison between optimum s/a ratio from experiment and calculation 137
~ 5.17 Comparison between maximum packing density from experiment and calculation 138

5.18 Total porosity of concrete with various ratio of paste to void content of dry and

compacted aggregate



XV

Figure Page

5.19 Compressive strength of concrete with various ratio of paste to void content of dry and

compacted aggregate . 139

5.20 Concrete to mortar strength against y of concrete with various SBG index 139
5.21 Interaction for concrete to mortar strength against SBG index and yofconcrete 140
6.1 Mix proportioning procedure for ultra-i :|| agth concrete 155
6.2 Ratio of concrete to mortar strent : 2 |'1 , e /- gficrete with various SBG index 156
6.3 Compressive strength of cemefit%p “" inst yater/cemenitratio 156
6.4 Ratio of mortar to paste stroagti®Palastsind/fementuatio™ e 157
6.5 Mixing procedure for conesC IniiSAUIGNET § WG, . @~ 0 158
6.6 Void content against sandi@®mepfrafiofoficonctete mix noly, ™% 159
6.7 Void content against sand/gémenfTafiofof conerete mix o 2, & 159
6.8 Void content against sand/cegflengifatio of enctele Y, 160
6.9 Void content against sand/cemght | 8o Conere noN AN 160
6.10 Compressive strength against tengile stiengthofconerete % 161
161

6.11 Compressive strength against elastic

.qi
W

AULINENINYINg
ARIANTAUNNINGIAY



	Cover (Thai)
	Cover (English)
	Accepted
	Abstract (Thai)
	Abstract (English)
	Acknowledgements
	Contents

