Fourth -
CANMET/ACI International
Bl onference on Superplasticizers and
——  Other Chemical Admixtures
in Concrete



http://www.avadocuments.com/doc/aci-sp-148-94
http://www.avadocuments.com/doc/aci-sp-148-94

ACI SP-144 94 WM 0bb2949 0519770 147 WA

Fourth
CANMET/ACI International
Conference on Superplasticizers and
Other Chemical Admixtures
in Concrete

V.M. Malhotra @

Editor Do§phgt&


http://www.avadocuments.com/doc/aci-sp-148-94
http://www.avadocuments.com/doc/aci-sp-148-94

ACI SP-148 94 B8 0bL2949 0519771 013 WA

DISCUSSION of individual papers in this symposium may be submitted in
accordance with general requirements of the ACI Publication Policy to ACI
headquarters at the address given below. Closing date for submission of
discussion is April 1, 1995. All discussion approved by the Technical
Activities Committee along with closing remarks by the authors will be
published in the July/August 1995 issue of either ACI Structural Journal or
ACI Materials Journal depending on the subject emphasis of the individual

paper.

The Institute is not responsible for the statements or opinions expressed in
its publications. Institute publications are not able to, nor intended to,
supplant individual training, responsibility, or judgment of the user, or the
supplier, of the information presented.

The papers in this volume have been reviewed under Institute publication
procedures by individuals expert in the subject areas of the papers.

Copyright © 1994
AMERICAN CONCRETE INSTITUTE
P.O. Box 19150, Redford Station
Detroit, Michigan 48219

All rights reserved including rights of reproduction and use in any form or
by any means, including the making of copies by any photo process, or by any
electronic or mechanical device, printed or written or oral, or recording for
sound or visual reproduction or for use in any knowledge or retrieval system
or device, unless permission in writing is obtained from the copyright
proprietors.

Printed in the United States of America

Editorial production Victoria Wieczorek

Library of Congress catalog card number 94-72367

Documents

Full document details: ACI SP-148-94


http://www.avadocuments.com/doc/aci-sp-148-94
http://www.avadocuments.com/doc/aci-sp-148-94

ACI SP-148 94 WM 0LbL2949 0519772 T5T M

PREFACE

In May 1978, The Canada Centre for Mineral and Energy
Technology (CANMET), in association with the American Concrete
Institute, the ACI Eastern Ontario and Quebec Chapter, and the Structural
Division of the Canadian Society for Civil Engineering, sponsored a three-
day conference in Ottawa on the use of superplasticizers in concrete.
Selected papers from the symposium were published as American Concrete
Institute special publication SP-62.

In 1981, CANMET in association with the above organizations, spon-
sored a second three-day international conference in Ottawa on the use of
superplasticizers in concrete. The proceedings of the conference were
published as American Concrete Institute special publication SP-68.

In October 1989, CANMET in association with the American Con-
crete Institute and the ACI Eastern Ontario and Quebec Chapter sponsored
the third three-day international conference in Ottawa. The purpose of the
third conference was to review the progress made since the meetings in
1978 and 1981; and to bring together representatives of the chemical
admixtures, cement, and concrete industries to exchange information and
to delineate the new areas of needed research. The scope of this conference
was expanded to include chemical admixtures other than superplasticizers.
The proceedings of the conference were published as American Concrete
Institute special publication SP-119.

In October 1994, CANMET in association with the American Con-
crete Institute sponsored the fourth conference on the subject in Montreal,
Canada. The objective of this conference was to bring to the attention of
the concrete community the new developments in chemical admixtures since
the last conference in 1989. A total of 44 papers from more than 12 coun-
tries were received and reviewed by an expert panel of ACI reviewers, and
25 were accepted for publication in the proceedings of the conference. The
proceedings were published as American Concrete Institute special publica-
tion SP-148. The co-operation of the authors in accepting the reviewers’
suggestions is greatly appreciated.

Particular thanks are extended to the members of the review panel
for their contributions towards the publication of this volume.

The help and assistance of A. Bilodeau (Chairperson), B. Fournier,
R. Chevrier (Members) of the Slide Review Panel are gratefully acknow-
ledged. Thanks are also extended to Harry S. Wilson, Maria Venturino, and
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Gordon D. Brearly for their help in the processing of the manuscripts, both
for the ACI proceedings and the supplementary volume. Acknowledgement
is also made to Helayne Beavers, Managing Editor, Journals and Special
Publications, for her help in getting the proceedings ready on time.

V.M. Malhotra, P. Eng.

Editor

Chairman, Fourth CANMET/ACI International Conference

on Superplasticizers and Other Chemical Admixtures in Concrete

October 1994

Organizing Committee

Fourth CANMET/ACI International Conference
on
Superplasticizers and Other Chemical
Admixtures in Concrete

Montreal, Canada
October 1994

V.M. Mathotra
Chairman

Theodore W. Bremner (Member) Wilbert (Wib) S. Langley (Member)
Henri L. Isabelle (Member) Vangi S. Ramachandran (Member)

Harry S. Wilson
Secretary-Treasurer

Documents
v Document Sharing Hub

Full document details: ACI SP-148-94


http://www.avadocuments.com/doc/aci-sp-148-94
http://www.avadocuments.com/doc/aci-sp-148-94

ACI SP-1u48 94 EE 0bbke2949 0519774 822 W

PREFACE . .ttt e e i
ORGANIZING COMMITTEE . . ..ottt e e e iv
ROLE OF SUPERPLASTICIZERS AND SLAG FOR PRODUCING HIGH

PERFORMANCE CONCRETE

by RN. Swamy, M. Sakai, and N. Nakamura . ........ ... ... ... oot 1

APPLICATION OF A NEW SUPERPLASTICIZER FOR ULTRA HIGH-STRENGTH CONCRETE
by K. Mitsui, T. Yonezawa, M. Kinoshita, and T. Shimono . ..................... 7

CEMENT/SUPERPLASTICIZER/AIR-ENTRAINING AGENT COMPATIBILITY
by M. Baalbaki and P.C Altcin ... ...t 4

PROGRESS IN UNDERSTANDING THE FUNCTIONAL PROPERTIES OF SUPERPLASTICIZERS
IN FRESH CONCRETE
by C Jolicoeur, P.C. Nkinamubanzi, M.A. Simard, and M. Piotte ... .......... ..... 63

INFLUENCE OF ACRYLIC POLYMERS ON THE RHEOLOGY OF MORTARS
by S. Maximilien, J. Ambroise, and J. Péra . .. ... ... ... .. Ll 89

SLUMP LOSS AND RHEOLOGY OF SUPERPLASTICIZED MORTAR AND CONCRETE WITH
DIFFERENT POLYSACCHARIDE SYRUPS
by G. Mantegazza and E. Alberti . . ... ... ... 105

WORKABILITY CHARACTERISTICS OF HIGH-STRENGTH CONCRETE INCORPORATING
AN AIR-ENTRAINING, HIGH-RANGE WATER-REDUCING ADMIXTURE

by M. Kagays, H. Tokuda, M. Kawakami, and T. Kaneko . ........... ... ... ... ¥4
EFFECT OF A PHOSPHONATE-BASED COMPOUND ON THE HYDRATION OF CEMENT AND
CEMENT COMPONENTS

by V5. Ramachandran and MS. Lowery ........ ... ... ... .. iiit 13

THE INFLUENCE OF CROSS-LINKED AND NSF SUPERPLASTICIZER ON THE FLOW
PROPERTIES OF BLENDED CEMENTS
by T. Sone, S.L. Sarker, and H. Uchikawa ... ............. .. ...l 153

Documents

Full document details: ACI SP-148-94 -


http://www.avadocuments.com/doc/aci-sp-148-94
http://www.avadocuments.com/doc/aci-sp-148-94

ACI SP-1u48 94 EE 0bb2949 0519775 7:9 I

A STUDY ON THE FLOW OF HIGHLY SUPERPLASTICIZED CONCRETE

by S. Nishibayashi, S. Inoue, A. Yoshino, T. Kuroda, and T. Kume . . .............. 177
APPLICATIONS OF RHEOLOGICAL MODIFIERS AND SUPERPLASTICIZERS IN

CEMENTITIOUS SYSTEMS

by CB. Skaggs, W.G. Rakitsky, and S.F. Whitaker . .. ...... .. .. ... ... .. ... 189

MIXTURE PROPORTION, FLOWABILITY, STRENGTH AND DURABILITY OF FLOWING CONCRETE
by Y. Kosoi, S. Hiraishi, K. Tobingi, and K. Osada ............ ... .coiiiit, pil

AN EXPERIMENTAL CONSTRUCTION OF MODEL STRUCTURE WITH FLOWING CONCRETE
by N. Nishiyama, Y. Kosai, N. Yuasa, and Y. Nakata . ....................... 7

SHRINKAGE AND CRACKING OF HIGH-STRENGTH CONCRETE AND FLOWING CONCRETE
AT EARLY AGES
by K. Yokoyama, S. Hiraishi, Y. Kosoi, ond K. Kishiteni . ............ .. ... .. 143

THE INFLUENCE OF SUPERPLASTICIZER ON MIXTURE PROPORTIONING AND THE STRENGTH
AND DURABILITY OF SILICA FUME CONCRETE
by SA Austinand PJ. Robins ...... ..o ool 59

PROPERTIES OF AN ACRYLIC GRAFT COPOLYMER-BASED NEW SUPERPLASTICIZER FOR
ULTRA HIGH-STRENGTH CONCRETE
by M. Kinoshita, T. Suzuki, T. Yonezowa, and K. Mitsui ...................... 281

SPLIT ADDITION OF A HRWRA AND ITS EFFECT ON HIGH-PERFORMANCE CONCRETE
by JJ. Schemmel, V. Avora, ond J. Williams ... ........ ... ... ... oLl 301

EFFECT OF MOIST CURING AND MODIFIER CONTENT ON PERFORMANCE IN FREEZING
AND THAWING OF TWO LATEX-MODIFIED CONCRETES
by CM. Newtson and DJ. Jamssen . ............cooniiiiiiniiieennnnnn 37

EFFECT OF CHEMICAL CHARACTERISTICS OF ALCELL® LIGNIN-BASED
METHYLSULPHONATES ON THEIR PERFORMANCE AS WATER-REDUCING ADMIXTURES
by J. Zhor, TW. Bremner, and JH. Lora . ......... ... .. ... .. .. ... ... 333

PRACTICAL IMPLICATIONS OF LITHIUM-BASED CHEMICALS AND ADMIXTURES IN
CONTROLLING ALKALI-AGGREGATE REACTIONS
by H. Wang, S. Tysl, and JE Gillett . . . ....... ... .o it 353

PLASTICIZING CHARACTERISTICS OF SULFONIC ACID POLYMER CONTAINING
METHACRYLIC ACID DERIVATIVES
by E.l. Tozawa, A. Yonekura, M. Takahashi, S. Miyazawa, and K. Kawai .. .......... 367

PERFORMANCE EVALUATION OF SET ACCELERATORS FOR CONCRETE
by AA. Jeknavorian, N.S. Berke, and D.F. Shen . . ... ... ... .o Lt 385

. Documents
vi


http://www.avadocuments.com/doc/aci-sp-148-94
http://www.avadocuments.com/doc/aci-sp-148-94

ACI SP-148 94 EE 0bb2949 051977b LTS MR

ROLE OF SUPERPLASTICIZERS IN GYPSUMLESS PORTLAND CEMENTS
by L Hrazdira . ... . 407

MODIFICATION OF CEMENT MORTARS BY POLYMERIC LATEXES AND THEIR USE
FOR REPAIRING CONCRETE
by G. Mantegazza, AM. Penng, and S. Tattoni .. ......................... 415

PARAMETERS INFLUENCING THE OXYGEN AND CHLORIDE PERMEABILITY OF
SUPERPLASTICIZED NORMAL PORTLAND CEMENT AND FLY ASH-NORMAL
PORTLAND CEMENT MORTAR AND CONCRETE

by CJ. Lynsdale ond JG. Cabrera ........ ... ... .. 435
SE(Metric) TABLES . . . .. oottt e 451
1] 2. O 453
. Documents
Vil

Document Sharing Hub

Full document details: ACI SP-148-94 _ . I


http://www.avadocuments.com/doc/aci-sp-148-94
http://www.avadocuments.com/doc/aci-sp-148-94

ACI SP-148 94 MM 0Obb2949 0519777 531 W

SP 148-1

Role of Superplasticizers and Slag for
Producing High Performance Concrete

by RN. Swamy, M. Sakai, and N. Nakamura

Svnepsis: This paper presents a detailed investigation into the role and
effectiveness of ground granulated blast-furnace slag and a high range water
reducer (HRWR) on the quality of concrete in terms of bleeding, setting times,
heat evolution, strength development and pore structure. The tests were carried
out in two parts. (a) A slag of normal fineness was used, and both the
replacement level and water-binder ratio were varied. It was found that both
the slag and the HRWR acted as set retarders in terms of setting times and heat
evolution. The water-binder ratio was the predominant factor affecting the rate
of bleeding. The presence of slag, on the other hand, caused low early strength
and slow strength development but had significant beneficial influence on the
total pore volume and pore size distribution. (b) The fineness of slag was varied
from 453 to 1160 m?/kg and the replacement level was kept constant at 50%. It
was then possible to obtain compressive strength in excess of 30 MPa at 3 days
and 100 MPa at 28 days with very substantial reductions in total porosity and
water permeability. The bleeding rate was also reduced and the setting times
also improved. The overall conclusion of this study is that a judicious
combination of HRWR and slag fineness can lead to a very effective synergic
interaction to produce concretes of high strength, high modulus and very low
porosity.

Keywords: Blost furnace slag; bleeding (concrete); durability; high performance concretes;
permeability; porosity; setting (hardening); slogs; strength; superplasticizers; water reducing
agents
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ACI Fellow Prof. R. Narayan Swamy is at the Structural Integrity Research
Institute and the Centre for Cement and Concrete, University of Sheffield,
England. His research interests are in concrete materials and concrete
structures. He received the George Stephenson gold Medal of the Institution of
Civil Engineers and the Henry Adams Diploma from the Institution of
Structural Engineers. He is Editor of Cement and Concrete Composites and the
Book Series on Concrete Technology and Design. He recently received the
CANMET/ACI Award for contributions to Durability of Concrete.

Masami Sakai is a general manager at Building and Construction Centre, NKK
Corporation, Tokyo, Japan. He received his Doctor of Engineering degree in
1985 from the University of Tokyo. His main research interests are in
composite structures and utilization of steels and slag.

Nobuyuki Nakamura is a senior engineer at Building and Construction Centre,
NKK Corporation, Tokyo. He received his MS degree in 1976 from Tokyo
Institute of Technology. His main research interests are in high strength
concrete with slag and steel-concrete composites.

INTRODUCTION

Neither the use of superplasticizers nor the incorporation of ground,
granulated blast-furnace slag (GGBFS) in concrete are new to concrete
technology and to the construction industry. Water-reducing agents and
plasticizers and, more recently, high range water-reducers (HRWR) are,
however, often largely seen as workability agents, with the emphasis on
possible savings in cement and increases in compressive strength. The
incorporation of GGBFS as a cement-replacement material, on the other hand,
is often viewed as a means of reducing the temperature rise due to hydration, in
addition to its chemical resistance, with a penalty on early age and subsequent
development of strength. Both these perspectives are narrow and limited, and if
one takes the broader and global view of the need for concrete structures to
perform safely, satisfactorily and durably for a long time, these concepts may
be argued to be not only misplaced, but unrepresentative of the potential of
these concrete constituents to contribute to long-term durability, and to the
conservation of resources and energy.

Whilst good workability is accepted as an essential requirement for proper

placing and adequate compaction of concrete, the role of HRWRs should not be
seen to be solely related to water reduction nor are HRWRs to be treated as
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Superplasticizers and Chemical Admixtures 3

agents of workability. GGBFS, on the other hand, has the inherent ability to
contribute to strength, stiffness and durability, but this hidden potential is
chemically bound and locked within the material itself, and needs to be
extracted and mobilised for utilisation. A combination of slag and
superplasticizer can help to bring out the unique properties of each of these
components, and show that the synergic interaction between slag and
superplasticizers can produce a more durable and stronger concrete than when
either of these materials is used alone with portland cement. The aim of this
paper is to show how this synergistic reaction between superplasticizers and
portland cement-slag combination can be designed for and achieved, and
thereby influence beneficially bleeding, setting time, heat of hydration,
mechanical properties, and more importantly, the factors that control the
durability properties of the resulting composite concrete.

SCOPE OF INVESTIGATION

This investigation was carried out in two parts. The aim of the first part
was to identify the roles and effectiveness of slag and the HRWR in terms of
bleeding, heat evolution, strength development and pore structure. To achieve
this, tests on twelve concrete mixtures were carried out. In these tests, the
fineness of the slag and the water content were kept constant; the water-binder
ratio, the amount of HRWR and the cement repiacement level were varied to
achieve concretes of consistent workability. The second part was designed to
substantially enhance the qualities of the slag concrete in terms of strength
development, porosity and water permeability. This was studied by increasing
the fineness of the slag but keeping the replacement level, water-binder ratio
and water content constant, but proportioning the concrete mixtures to have the
same high workability as in the first part.

The concrete mixtures used in this study were proportioned to have low
water-binder ratios and high workability with slumps in the range of 150 to 200
mm. In the first part of the study, for mixtures with the same water-binder
ratio, the portland cement was replaced, mass for mass, by slag of the same
fineness of 453 m%/kg by amounts of 30%, 50% and 70% . The properties of
the fresh concrete such as temperature, density, bleeding rate and setting times
were determined. Heat evolution profiles from hydrating cement and slag were
measured by a conduction calorimeter using cement paste. The pore structure,
water permeability and the strength characteristics of the concrete were then
determined. The results of these tests are compared with those of concrete
without slag. In the second part of the study, slags of three different fineness,
namely 453, 786 and 1160 m%/kg, were used at a replacement level of 50%.
These concrete mixtures were proportioned similar to those in the first part, and
their strength development was related to porosity and water permeability. The
two sets of data show that the combined use of a HRWR and slag can lead to
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effective synergic interaction to produce concrete of high strength, high
modulus and very low porosity.

EXPERIMENTAL DETAILS

Concrete Materials

Normal portland cement, ASTM Type 1, was used for all the concretes.
The physical properties and chemical analysis of the cement are shown in Table
1. The GGBFS used in the first part of the study had similar average particle
size to that of portland cement but had about 40% higher surface area at 453
m/kg compared to 323 m%/kg of the portland cement. Table 1 also contains the
physical properties and chemical analysis of the slag. The concrete aggregates
consisted of crushed sandstone with a maximum size of 20 mm with a specific
gravity of 2.65, fineness modulus of 6.61 and water absorption of 0.69%. The
fine aggregate was a river sand with 5 mm maximum size, 2.60 specific gravity,
2.93 fineness modulus and a water absorption of 1.20%.

The only variable in the second part of the study was the fineness of the
slag. The physical properties and chemical analysis of these slags are also
shown in Table 1.

Concrete Mixture Details

In the first part of the study, twelve concrete mixtures were tested with
water-binder ratios of 0.45, 0.40 and 0.35. The cement replacement levels,
mass for mass, were 0, 30, 50 and 70%. The aggregate contents were slightly
adjusted for each mixture, with sand/total aggregate ratios varying from 0.470
to 0.426, to give dense mixtures. The mixture proportions used in the first part
of the tests are shown in Table 2.

All the mixtures were proportioned to have high workability with
cohesive and flowable matrices, and slumps in the range of 150 to 200 mm.
The total water content for ecach mixture was kept at 160 kg/m3. The high
workability and control of slump was achieved by using a high range water
reducer (HRWR), polyether carboxylic acid. The amount of HRWR was
adjusted for the required slump, and the actual quantity used in the mixtures
varied from about 3.8 to 5.8 kg/m3, i.e. from about 1.12 to 1.22% by weight of
the binder.

Test Programme

Immediately after the concrete mixing, the slump, air content, concrete
temperature and density were measured. In addition, the bleeding rate and the
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initial and final setting times were determined according to ASTM C 232-87
and ASTM C 403-88 respectively.

The heat evolved during hydration of the portland cement and slag paste
under constant temperature conditions was measured. These heat evolution
profiles were determined by a conduction calorimeter using neat cement paste.
The test was carried out at 20°C. Compressive strength and elastic modulus
were determined from 100 x 200 mm cylinders which were cured at 20°C and
100% RH for 24 hr, demoulded, and then cured in water at 20°C. The pore
structure of all the mixtures was determined from mortar samples through
mercury porosimetry. The test samples were cured at 20°C in a curing room for
24 hr, demoulded and then cured in water until testing. The water permeability
test was carried out on 150 x 300 mm size cylinders, which were cured in water
at 20°C for 28 days followed by air curing at 20°C and 65% RH for 7 days. By
applying a water pressure of 1.5 MPa for 48 hrs, the average depth of
penetration and the coefficient of water diffusion were determined.

TEST RESULTS AND DISCUSSION

Properties of Fresh Concrete

The properties of the fresh concrete immediately after casting are given in
Table 3. The slump results show that the designed workability was obtained for
all the mixtures. The actual slump varied from 165 to 185 mm giving concretes
of excellent flow characteristics. The effect of the incorporation of GGBFS in
concrete in enhancing their flow properties can be assessed from the amount of
HRWR added to these mixtures. For similar workabilities, it was possible to
reduce the amount of HRWR with increase in the substitution rate of the slag
for cement. In general, with the highest replacement level of 70%, about 10%
less HRWR was used compared to that for normal portland concrete.

The air content of the fresh concrete varied from 0.7% to 1.4%. In
general, the entrapped air decreased with the amount of cement replacement.
The temperature of the fresh concrete immediately after mixing remained
relatively constant, at 21-22°C, with the slag concrete mixtures registering more
or less the same temperature as the concrete without slag. The density of the
fresh concrete also varied little between the different mixtures, ranging from
2390 to 2430 kg/m3. The incorporation of slag had thus little effect either on
the temperature (immediately after casting) or the density of the fresh concrete
compared to concrete without slag.
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Rate of Bleeding

The rate of bleeding of all the mixtures was determined according to
ASTM C 232-87. The bleeding rate (%) and the volume of bleeding water are
shown in Table 4, and typical variations of bleeding with time are shown in Fig.
1 and 2. In general, the bleeding rate is seen to increase with an increase in the
substitution rate of slag for cement, although there appears to be no consistent
pattern between the amount of bleeding and the level of cement replacement.
However, the results taken altogether show that there is a progressive reduction
in bleeding as the water-binder ratio is decreased. The major reductions in
bleeding occur when the water-binder ratio is decreased from 0.45 to 0.40, and
still substantial reduced bleeding rates can be obtained when the water-binder
ratio is decreased still further to 0.35.

The bleeding test shows that the water-binder ratio is the principal factor
affecting bleeding, but that the replacement level has also an important
influence on the rate of bleeding. Tests reported elsewhere (1) also show that
the slag fineness is also a parameter affecting this property, so that a judicious
combination of these three factors can ensure a very highly workable mixture
with the minimum of bleeding.

Setting Times

The initial and final setting times of ali the mixtures were determined
according to ASTM C 403-88. The results of these tests are included in Table 4
and typical variation of the penetration resistance with time is shown in Fig. 3
for cement pastes with water-binder ratio of 0.40.

These results show that although the water-binder ratio has some minor
influence on the setting times, the major factor influencing this property is the
amount of cement replacement. Both the initial and final setting times increase
as the level of cement replacement increases. In general terms, at a replacement
level of 70%, both the initial and final setting times are increased by about 1 hr
to 1% hr. In the setting time tests, the mortar temperature was almost equal to
the concrete temperature taken soon after mixing. The temperature in all cases
was almost equal to 20°C.

The increased setting times with the incorporation of slag confirm that the
cement-slag hydration is a two-stage process (2-5) and that the presence of slag
acts in some respects as a set retarder. The combination of the HRWR with the
slag is also responsible to some extent to the increased setting times. The
carboxylic acid ether HRWR used in these tests is designed to obtain high
slumps easily, particularly with low water-binder ratios, and it is also designed
to control the slump loss. The setting time with the HRWR therefore tends to
lag behind that without the admixture as confirmed by the heat of hydration
tests shown later in this paper.
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The use of high slag replacements may thus appear to prolong the time
during which the concrete is vulnerable to plastic shrinkage. This may
particularly be undesirable in deep section concrete members where the slag
concrete may bleed longer than comparable cement concrete. In practice, this
does not appear to be the case because of the cohesive and dense nature of the
concrete mixtures, and the relatively short increases in the setting times
achieved by the controlled use of the HRWR. In situations where the
environment is such as to likely enhance the adverse effects of bleeding and
increased setting times, other precautions need to be taken irrespective of
whether the concrete is made without or with slag.

Heat of Hydration

The heat evolved during the hydration of the cement-slag combination
was measured by conduction calorimetry. The tests were carried out at 20°C on
neat cement pastes without and with the HRWR and with cement-slag mixtures.
Fig. 4 shows typical heat evolution profiles for mixtures with water-binder ratio
of 0.40 and cement replacement of 50%.

The results of the conduction calorimetry shown in Fig. 4 emphasize the
role of both the HRWR and slag on the heat evolved during hydration. The
presence of a HRWR, capable of reducing slump loss with time, has extended
the peak time of heat evolution by a factor of almost two, from about 9.2 hr to
about 17.2 hr. Replacing portland cement by 50% of slag at a water-binder
ratio of 0.40 is seen, on the other hand, to reduce the peak heat evolution to
about 60% of that of portland cement alone and this peak occurs at about the
same time as that for portland cement. The incorporation of a HRWR, in
addition to slag, on the other hand, again delays, as for portland cement, the
occurrence of the peak heat evolution by about the same period. It is thus clear
that both slag and the HRWR act as retarders so far as both setting times and
heat evolution are concerned.

The heat of hydration is a major factor influencing the long-term
durability of concrete. Early-age thermal cracking, arising from undesirable
thermal gradients, is not easy to heal, and takes a long time to disappear. The
results of the study reported here show that incorporating slag and a HRWR can
not only reduce the heat evolved but can also extend the time of its evolution
which will allow proper placement and compaction of the concrete in
reinforcement congested sections and in hot, dry environments to be carried out.
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PROPERTIES OF HARDENED CONCRETE

Compressive Strength and Elastic Modulus

Many studies have shown that the hydration of slag in combination with
portland cement is a two-stage process (2-5), and because slag hydration tends
to lag behind that of the portland cement component's hydration, there will
always be a penalty on early age and subsequent development of strength and
elastic modulus of slag concrete (5-9). The data presented in Table 4 and Fig. 4
provide basic confirmation of this phenomenon in terms of both setting times
and time of peak heat evolution. Conventional mixture proportioning methods
of incorporating slag in concrete are therefore likely to show a slower rate of
strength development than the comresponding portland cement concrete.
However, modifying the mixture proportions to compensate this can achieve
high early strength as shown elsewhere (5). The test data reported here are,
however, based on direct replacement of cement by slag, mass for mass, with no
mixture modifications to counteract the slower development of early strength.

The early development of compressive strength and Young's modulus
measured on 100 x 200-mm cylinders for the mixture proportions given in
Table 2 is shown in Fig. 5 and 6. The compressive strength results of Fig. 5.
show that at 3 and 7 days the slag concrete had lower compressive strength than
the poriland cement concrete for all substitution leveis and water-binder ratios.
The reduction in strength is almost inversely proportional to the amount of slag
substitution. At 28 days all the mixtures with a substitution rate of slag up to
50% were able to achieve strength equal to that of the portland cement concrete,
and this compressive strength varied from 50 to 70 MPa. At 70% replacement
level, however, it took about 91 days for the slag concrete to achieve about the
same compressive strength as portland cement concrete. At this age, all the slag
concretes showed higher strength than the portland cement concrete, and this
varied from 60 to 85 MPa.

Fig. 6 shows the variation of Young's modulus with compressive strength.
At 28 days, this value varied from 27.0 to 34.0 GPa, and only two concretes
with 70% slag at water-binder ratios of 0.45 and 0.40 showed lower modulus
than the corresponding portland cement concrete. At 91 days, all the slag
concretes showed higher elastic modulus than the portland cement concrete, and
this ranged from 35 to 38 GPa.

Pore Structure
The influence of slag on the pore structure of the mixtures with water-
binder ratios of 0.40 was determined by mercury intrusion porosimetry.

Typical data on the cumulative pore volume and pore size distribution on
portland cement mixtures and portland cement with 50% slag mixtures are
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shown in Fig. 7 10 9. These figures clearly show that the presence of slag has a
significantly beneficial influence on the porosity of the resulting concrete, both
in terms of total pore volume and the distribution of pore sizes. These are
substantial advantages which positively contribute to enhanced durability and
superior serviceability life compared to normal portland cement concrete:
however, the fact remains that this superior pore structure is obtained at the
expense of lower and slower early-age strength up to about 28 days at all
cement replacement levels.

CONCRETES WITH SLAG OF VARYING FINENESS

It is obvious that the maximum technical, practical and economic
advantages of utilizing slag concrete can be realised if one could combine the
superior pore structure with high-early strength and rapid strength development
comparable at least to that of portland cement concrete. Because of the inherent
nature of the portland cement and slag hydration processes, it is also clear that
low and slow development of strength will always be part of slag concretes,
unless some slag activation techniques are used. On the other hand, the results
presented above show that the combination of HRWR and slag possesses
intrinsic capabilities to produce high-early strength, high strength at later ages
and excellent durability. One method of overcoming some of the limitations
recognized in the first part of this study then appears to be to grind the slag
finer, and use the finer slag.

It is recognised that higher costs will be incurred in grinding the slag
finer, but these cost disadvantages can be greatly offset by the substantial
improvements in the quality of the resulting concrete and particularly in its pore
structure and water tightness, as shown later. In the tests reported here the slag
S4 with 453 m2/kg slag fineness was obtained by the ordinary grinding process.
The slags S8 and S12 of higher fineness of 786 and 1160 mZ/kg respectively
were obtained by classifying the S4 slag with an air classifier.

In the following sections, the strength development, pore structure and
water permeability of concretes containing these finer slags and the same
HRWR used previously are presented. In these tests three degrees of slag
fineness, namely, 453, 786 and 1160 m?/kg were used; the slag replacement
level was kept at 50% by mass, and the water-binder ratio at 0.40 and 0.30.
Only typical data are shown here to emphasize how the use of fine slag and a
HRWR can lead to concrete of high strength and excellent durability.
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DEVELOPMENT OF STRENGTH AND ELASTIC MODULUS

Table 5 presents data on cylinder (100 x 200-mm) compressive strength
development with age for portland cement concretes without and with 50% slag
replacement. These concretes were proportioned in a way similar to that shown
in Table 2; the water content was kept at 160 kg/m? and sufficient HRWR was
used to give slumps of 170 to 190 mm. Although not reported here to save
space, both the bleeding rate and the setting times also improved as the fineness
of slag was increased. The strength results show that slags of 786 and 1160
m?2/kg fineness gave strengths comparable to portland cement concrete at 3 days
and that these concretes gave strengths at 91 days in excess of about 60% to
70% compared to that of portland cement concrete. The strength data show that
with slag fineness of 786 and 1160 m/kg, cylinder compressive strengths in
excess of 30 MPa at 3 days and 100 MPa at 28 days can be obtained.

Fig. 10 shows the variation of Young's modulus with cylinder
compressive strength for all slag concretes tested in this study with slag
finenesses of 453 to 1160 m2kg. The elastic moduli of concretes with
compressive strength in excess of 85 MPa obtained with slags of 786 and 1160
m?/kg fineness are identified separately in Fig. 10. These results show that slag
concretes can develop elastic moduli comparable to that of portland cement
concrete. For the very high cylinder strengths of 110 to 120 MPa, the elastic
modulus was in excess of 40 GPa.

Porosity

The total pore volume of portland cement concrete and of slag concretes
of varying slag finenesses is shown in Table 5. Fig. 11 shows a comparison of
the cumulative pore volume and pore size distribution of portland cement paste
with that of cement-slag combination with the highest slag fineness. These data
show dramatic improvements in the refinement of pores and reduction in pore
volume of slag concretes compared to that of portland cement concrete. Two
significant factors stand out. Whilst the period of wet curing has a strong
influence on the resulting pore structure, the data in Table 5 show that while the
total pore volume for portiand cement concrete is reduced by about 50% after
91 days curing, compared to that at 3 days, that of concrete even with the
coarsest slag fineness of 453 my/kg at the same age of 91 days is only about 1/5
of its total pore volume at 3 days. As the slag fineness is increased, further
significant reductions in total pore volume compared to that of portland cement
concrete are also obtained. These are major improvements in the quality of slag
concrete which will have a direct impact on its long-term durability.

Secondly, typical data as shown in Fig. 11, portray how the pore structure

becomes finer as the slag fineness becomes higher. With all slag finenesses, the
pore size is almost uniformly small, whilst the portland cement concrete shows
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a large size pore distribution at all ages compared with even the coarsest slag
(Fig. 710 9). These results show that slag concrete has an inherently finer pore
structure, while portland cement concrete will always have a coarser pore
structure than the slag concrete.

Water Permeability

The water permeability tests reported here were carried out in accordance
with what is called the "input method" reported elsewhere (11). The tests were
conducted on 150 x 300-mm size cylinders which were initially cured in water
at 20°C for 28 days followed by air curing at 20°C and 60% RH for 7 days.
The cylinders were then subjected to a water pressure of 1.5 MPa for 48 hr.
The depth of water penetration is then measured, and the coefficient of
diffusion calculated (12).

The results of these water permeability tests in terms of the average depth
of penetration and coefficient of diffusion are shown in Table 5. Fig. 12 shows
typical cylindrical specimens of portland cement concrete and slag concrete of
1160 m2/kg fineness broken after the water permeability test. The depth of
water penetration in the two concretes is clearly seen in this Figure.

The results of the water permeability test in Table 5 and Fig. 11 show that
portland cement concrete has the highest water permeability compared to all the
slag concretes. It wiil be seen that even the coarsest slag imparts significant
improvements to water impermeability, compared to portland cement concrete.
The depth of water penetration is then reduced by about 35%, whilst the
diffusion coefficient is only about 45% of that of portland cement concrete.
Still further improvements to the quality of concrete can be achieved when the
slag fineness is increased from 453 to 786 m%/kg at the same water-binder ratio
of 0.4; however, very major benefits are obtained when the slag fineness is
increased further to 1160 m2/kg. At this slag fineness, the average depth of
water penetration is less than 25% of that of portland cement concrete. The
diffusion coefficient, on the other hand, is still further reduced. It is less than
10% of that of portiand cement concrete. Quantitatively these are dramatic
improvements, but when considering that water is the major transport medium
for deleterious agents, the superior quality of concrete arising from the
incorporation of slag in concrete can be appreciated.

There is one still further implication to the data shown in Table 3.
Comparing mixtures C, D and E, it can be seen that mixture D with the 786
m?kg slag can give almost the same microstructural quality as concrete with the
1160 m%/kg slag, if instead of grinding the slag finer, a reduction in the water-
binder ratio is effected. Thus concrete with slag of 786 m2/kg fineness and
water-binder ratio of 0.30 can impart durability properties similar to that of
concrete with 1160 m%/kg slag fineness at a higher water-binder ratio of 0.40.
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A judicious combination of slag fineness and water-binder ratio can thus
achieve very substantial improvements in strength, porosity and water-tightness
of concrete. The data in Table 5 thus confirm that a moderate increase in slag
fineness can achieve important and large improvements in durability properties.
The moderate increase in costs involved can thus be fully justified by longer
and durable service life and less repair costs. Indeed, it might even be possible
to achieve similar outstanding durability properties with slag fineness of 453
mZ/kg and a water-binder ratio of 0.30.

One important deduction from the porosity and water permeability data is
the good correspondence between the results of these tests. The total pore
volume is thus a good indicator of the denseness of the concrete and its
resistance to water permeability.

CONCLUSIONS

The major conclusions derived from this study are as follows.

The HRWR enabled concrete of consistent and high workability in excess
of 150 mm slump to be produced, and for similar workabilities, it was possible
to reduce the amount of HRWR with increase in the substitution rate of slag.
The heat evolution profiies, on the other hand, showed that the HRWR also
acted as a set retarder by almost doubling the time of occurrence of the peak
heat evolution, for all concretes without and with slag. The bleeding rate was
found to be primarily dependent on the water-binder ratio, although it did
increase with increasing amounts of slag content. The major factor influencing
setting times, on the other hand, was the slag content, although the water-binder
ratio also had some minor influence on this property. Replacing portland
cement by 50% of slag at a water-binder ratio of 0.40 reduced the peak heat
evolution to about 60% of that of portland cement alone, but a combination of
slag and HRWR not only maintained this reduction in peak heat evolution, but
also extended the occurrence of the peak heat evolution by about the same time.

The development of compressive strength of slag concrete was almost
directly dependent on the water-binder ratio and the amount of cement
replacement. In general, the reduction in strength was almost inversely
proportional to the amount of slag substitution, but neither the setting times nor
the heat of hydration appeared to have a direct influence on or relationship to
strength development. At 28 days all the concretes with slag substitution up to
50% achieved strength equal to that of portland cement concrete. At 70%
replacement level, it took about 91 days for the slag concrete to achieve about
the same strength as portland cement concrete. Beyond this age, all the slag
concretes possessed higher elastic modulus than portland cement concrete. The
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slag had also a significantly beneficial influence on the porosity of the concrete,
both in terms of total pore volume and pore size distribution.

A combination of the HRWR and a finer slag than normal produced
significant improvements in strength development, total pore volume and water
permeability. Cylinder compressive strengths in excess of 30 MPa at 3 days
and 100 MPa at 28 days were obtained with Young's elastic moduius values in
excess of 40 GPa. There were also very substantial reductions in total pore
volume and impermeability to water. The use of a very fine slag with a HRWR
can thus produce high strength, high modulus and very low porosity.

Grinding the slag finer will involve higher costs, but the substantial
improvements in the quality of the resulting concrete, and particularly in its
pore structure and water tightness, can greatly offset the higher initial costs
through Ionger and durable service life and less repair costs. However, the data
also show that a judicious combination of slag fineness and water-binder ratio
can achieve similar outstanding durability properties with only minimal increase
in costs.
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TABLE T — PHYSICAL PROPERTIES AND CHEMICAL ANALYSES OF PORTLAND CEMENT

AND BLAST FURNACE SLAG

Portland Slag
Description of Test
cement S4 S8 S12

Physical properties
Fineness

88 um (passing) % 99.5 1000 | — —

15 pm (passing) % 54.0 63.0 | 970 100.0

Average particle um 14.0 11.7 5.1 3.1
Surface area,

Air permeability 323 453 786 1160

(m?/kg)

Specific gravity 3.16 293 | 293 2.93
Mortar strength (MPa) *

3 days 16.0

7 days 238

28 days 423
Chemical analysis

%

Ca0 63.0 416 41.2 41.0

Si0, 21.6 335 338 33.9

Aly04 53 15.0 14.5 14.6

Mg0 26 6.8 6.9 6.9

Fey03 31 Tr Tr Tr

S0 22 Tr Tr Tr

Na,0 0.34 0.18 0.20 0.21

K,0 0.44 0.18 0.20 0.21
Loss on ignition 1.2 0.0 0.1 0.1
Insoluble 0.2 0.1 0.1 0.1
Bogue Compound composition

%

C3S 46.0

C,S 274

C;A 8.8

C4AF 94
* Based on 40-mm cubes
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Fig. 1—Bleeding rate for mixtures with water-binder ratio of 0.45
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Fig. 2—Fffect of slag replacement level on bleeding rate for water-binder ratio of 0.35
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Fig. 3—Initial and final setting times for slag concretes with water-binder ratio of 0.40
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Fig. 5—Cylinder compressive strength development of slag concrete
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Application of a New Superplasticizer
for Ultra High-Strength Concrete

by K. Mitsui, T. Yonezawa,
M. Kinoshita, and T. Shimono

Synopsis. The key to casting high-strength concrete with compressive strength of
more than 100 MPa nto complicated reinforced structures are to give the concrete
high fludity as well as to improve strength. The authors developed an acrylic
copolymer-based new superplasticizer that can improve flwmdity of concrete with
water to binder ratio of around 0.20.

This paper gives the results of a senes of studies conducted to determune the
properties of fresh and hardened high-strength concrete using the newly developed
superplasticizer. The effect of the new superplasticizer was exarmined with varying
water to binder ratio, type of cement, and temperature compared with conventional
superplasticizers ~ The new superplasticizer needed much less dosage than
conventional superplasticizers to attam a certan slump (250 mm) for a water to binder
ratio of around (.20 and it significantly reduced the wviscosity of concrete. Sufficient
workability was kept for 2 hours without much delay n seting time while
conventional superplasticizers showed large slump loss and excessive delay in setting
time. The results of strength development, drying shninkage and freezing and thawing
resistance did not show any harmful effect.

Field studies were conducted on application of the high-strength concrete to a
prestressed concrete bndge with design strength of 100 MPa using the new
superplasticizer Workability and strength development of concrete were tested and
resulted m sufficient quality

Keywords: Bridges (structures); coarse aggregates; compressive strength; drying shrinkage;
flowability; fly ash; freeze thaw durability; high strength concretes; mix proportioning; setting
(hardening); silica fume; slump; superplasticizers; temperature; workability
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INTRODUCTION

The development of concrete technology in recent years has led to considerable
increases In the strength of concrete. As a result, igh-rise buildings and long-span
bridges have been constructed with concrete, and high-strength concrete has become
essential for such huge structures. Further increases in the strength of concrete are
now required 1 order t0 construct structures of even greater scales economucally.
Commerciahization of ultra high-strength concrete exceeding 100 MPa is anticipated.

It 15 necessary to limit the water-to-binder ratio to a level as low as 0.20, in order
to produce ultra high-strength concrete with a design strength exceeding 100 MPa
This produces v.scous concrete and a loss of fluidity hampenng the m-situ placement
of such concrete

The authors developed a new acrylic superplasticizer that greatly improves the
fluidity of concrete with a water-to-binder ratio 1n an extremely low range, and retains
sufficient fludity for a longer ume, when compared with conventional
superplasticizers

This paper reports on the results of experniments to compare the properties of ultra
high-strength concrete in fresh and hardened states contamning the newly developed
superplasticizer with those of ultra high-strength concrete contaming conventional
superplasticizers. It also reports on the expenmental study and actual application of
this superplasticizer to a prestressed concrete bridge with a design strength of 100
MPa.
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OUTLINE OF LABORATORY EXPERIMENT

Compansons were made between the new superplasticizer and conventional
superplasticizers, with regard to dosages, slump and viscosity losses over time, setting
time, and compressive strength development.

Materials used

New superplasticizer. The newly developed superplasticizer (herein referred to as
SSP) compnises an acrylic graft copolymer wath graft chans and polyethylene glycol
chains, with an adequate mole ratio of carboxyhic groups and sulfonic groups (-
COOH/-SO3 = 80/20) in the molecule

Other chemical admixtures: A conventional polycarboxylic superplasticizer (SP)
and a conventioral naphthalene superplasticizer (NSF) were used for comparison with
the SSP.

Cements: Two types of Portland cement were used, 1.e. normal Portland cement
(N) and Portlanc fly ash cement (FB).

Aggregates: River sand with a specific gravity of 2.61, water absorption of 1.16%,
and fineness modulus of 2.81 was used as the fine aggregate. Crushed hmestone with
a maximum size of 20 mm, a specific gravity of 2.70, water absorption of 0.38%, and
fineness modulus of 6.42 was used as the coarse aggregate.

Silica fume: Undensified silica fume as presented in Table 1 was used to replace
10% of the cement by weight.

Mixture preportions

The mixture proportions of the concrete are presented in Table 2. The concrete
were proportioned to have the same volume of cementitious paste content (cement +
silica fume + water). The flow, which was determimned as the average diameter of the
concrete after spreading at slump test, was measured to determine the workability of
concrete. The dosages of the superplasticizers were estabhshed to provide a flow of
550150 mm. The air content was 2.0 X [ 0%.

Experimental procedure

Mix mortar for 1 minute in a pan-type mixer Add coarse aggregate and mux for 2
munutes Measure the slump, flow, air content, and wiscosity of the concrete at 30, 60,
90, and 120 minutes after mixing. Measure setting time 1n accordance with ASTM
C403  Test the compressive strengths using cylindrical specimens 100 mm n
diameter and 200 mm n length. Measure the drying shrinkage using beam specimens
100 x 100 x 400 mm 1 size at a temperature of 20 OC and relative hunudity of 60%.
Test the freezing and thawing resistance n accordance with ASTM C666 procedure
A
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Measurement of viscosity of concrete

Because high-strength concrete with a very low water-to-binder ratio has
considerably high wiscosity, the workability of the concrete should be evaluated not
only by slump tests, but also in terms of the viscosity of the concrete (1).

The wviscosity of concrete was measured by an L-shaped flow tester, a handy
viscometer proposed by the authors (2) The shape of this tester 1s shown m Fig. 1.
Concrete 1s filled in the vertical part of this meter. When the gate 1s opened, the
concrete 15 allowed to flow into the horizontal part. Sensors are attached to the
horizontal part at distances of 50 and 100 mm from the gate. The time the concrete
takes to pass through this distance of 50 mm (T) 1s recorded. The average flow
velocity of the concrete over the distance, Lv = 50/T (mmysec), 1s referred to as L-
flow velocity. [t represents the plastic viscosity of the fresh concrete. When the
concrete has stopped, the lateral flow (Lf) and vertical slump (Ls) are measured. Ls
and Lf correspond to slump and flow values in conventional slump testing.

It 1s known that the flow properties of ligh-slump concrete are approximated to
those of Bingham hiquid (3), for which the constitutive equation 1s

TTy=lY 1)
where T: shear stress, Tv. shear yield stress, J\: plastic viscosity, Y:shear strain rate

Concrete with the same slump 1s expected to have the same shear yield stress.
When such concrete flow through the L-flow meter, shear stress histories during
deformation will not differ very much The L-flow velocity 1s a parameter that
represents shear stramn rates. Thus, 1t 15 expected, for concrete with the same slump,
that the inverse of the L-flow velocity 1s a parameter expressing the plastic viscosity of
the concrete

RESULTS AND DISCUSSIONS
Properties of fresh concrete
Dosages of superplasticizers
Fig. 2 shows the relationship between the dosages of the superplasticizers and the

water-to-binder -atios with the types of cement, when the target flow 1s 550 mm. The
dosage of each superplasticizer 1s converted and expressed as the solid content.

The superplasticizers demand to obtain the requured flow increased as the water-
to-binder ratio decreased n all cases, but the tendencies vaned with the type of
superplasticizers. When the water-to-binder ratio was 0.30, the demand for SSP was
simular to that for SP, and shghtly smaller than that of NSF. As the water-to-binder
ratio decreased down to 0.20, however, the demand for NSF increased, up to more

Documents

Full document details: ACI SP-148-94


http://www.avadocuments.com/doc/aci-sp-148-94
http://www.avadocuments.com/doc/aci-sp-148-94

ACI SP-146 94 EMR (0bbk2949 0519807 0OT9 A
Superplasticizers and Chemical Admixtures 31

than 3 times the demand for SSP, which was less than 1%. As for SP, a dosage of
more than 5% did not lead to the required flow. Thus the superplasticizers showed
marked differences in their performance. In other words, when compared with
conventional superplasticizers, the effects of SSP on the fludity of concrete becomes
more evident as the water-to-binder raho decreases, and SSP imparts sufficient
workabihity to the concrete with a smaller dosage.

Viscostty of congrete

Fig. 3 shows the relationship between the L-flow velocity and the water-to-binder
ratio. As explamed above, concrete with a hugher L-flow velocity has lower viscosity
Both in the case of N and FB cement, lower L-flow velocity, and thus higher viscosity
were observed as the water-to-binder ratio decreased and the strength of concrete
increased. Concrete with FB cement showed higher L-flow velocity than with N
cement. When the water-to-binder ratio was 0.30, the L-flow velocity of concrete
with either one of the superplasticizers was practically the same. However, the
differences 1n L-flow velocity by the types of superplasticizers increased as the water-
to-binder rato decreased. When the water-to-binder ratio was 0.20, the L-flow
velocity of concrete contaimng NSF was approximately half and concrete containing
SP was less than 1/10, of that of concrete containing SSP. It appears that SSP
substantially reduces the wiscosity, and improves the placeability, when compared
with conventional superplasticizers. The effect of conventional superplasticizers on
fluidizing concrete results from the electronic repulsion between cement particles to
the molecules or the superplasticizer adsorbed on the surface of the cement (4). In
spite of low dosage, the reason for the excellent fludizing effect of SSP with a low
water to binder ratio 1s considered to be due to the synergistic effect of the
electrostatic repulsion and stabilization of the adsorbed protective layer due to the
steric hindrance of the graft chams (5).

Fig. 4 shows the relationship between the dosage, the L-flow velocity, and the
mixing temperature. In the range of a concrete temperature between 10 and 30 OC,
the demand of SSP and NSF to obtain the required flow does not vary with
temperature  However, SSP showed higher L-flow-velocity as temperature rose,
while NSF showed no difference with temperature. In other words, as the
temperature nises, the NSF's effect of improving the fludity remamns unchanged,
whereas SSP's effect increases

Loss of fluidity over time atter mixing

Fig 5 shows the relationstup between the loss of flow and L-flow velocity and the
temperature In the case of 10 and 200C, the flow of concrete contaming SSP
remained practically the same for 2 hours after mixing. The L-flow velocity also
showed little loss, indicating good fluidity retention effects even with a very low
water-to-binder ratio. Concrete contaming NSF showed slightly larger loss in flow
than in the case of SSP, but the loss of L-flow velocity was much greater than in the
case of SSP. i indicates that, in high-strength concrete , the viscosity of concrete
would increase over time after mixing while the flow would not show significant loss,
and 1t varies with type of superplasticizer The slump loss 1s considered to be caused
by the physical agglomeration of particles (6). The steric hindrance of SSP's graft
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chains 1s considered to be effecive in preventing ths physical agglomeration
especially with very low water to binder ratio.

Setting time
The results of the setting time tests are tabulated in Table 3. Because concrete

containing a lower water-to-binder ratio requures a hugher dosage of superplasticizer,
the setting time tends to be delayed. With a water-to-binder ratio of 0.25, the dosages
of the superplasticizers, especially SP, were so high that proper settng was
considerably delayed. Concrete contaming SP did not set even at 7 days after mixing,
Setting of concrete contaning NSF also tended to be delayed substantially. On the
other hand, the setting time of concrete containing SSP with a water-to-binder ratio of
0.20 was faster than that of concrete contamning NSF with a water-to-binder ratio of
0.30. Thus the concrete incorporating SSP did not show such excessive set-retarding
effects as found in conventional superplasticizers, even with a very low water-to-
binder ratio.

Properties of hardened concrete

Compressive strength

Fig. 6 shows the results of compression tests at 7, 28, and 91 days. With water-
to-binder ratios of 0.30 and 0.20, no appreciable difference was observed between the
effects of the superplasticizers on the strength development. With a water-to-binder
ratio of 0.20, however, the concrete contaming SP showed unsatsfactory setting
characteristics due to an overdose. It had not set at 7 days, and the strengths at later
ages were substantially low Though the concrete containing NSF attained a similar
strength at 91 days as that contamning SSP, the strengths at 7 and 28 days were lower
than that contamning SSP strengths This may be due to the marked delay caused by
the high dosage of NSF, simular to the case of the concrete mcorporating SP.

Drying shnnkage

Fig. 7 shows the results of drying shrinkage tests. The drying shrinkage of the
concrete contamming SSP tended to be shightly lower than that of concrete containing
NSF  The concrete contamning either SSP or NSF showed smaller drying shrinkage
with water-to-bmnder ratios of 0.25 and 0.20 than with water-to-binder ratio of 0.30.

Freezing and thawing resistance

Fig. 8 shows the results of freezing and thawing resistance tests. Because the air
content was set to as low as 2.0% m this mvestigation, great losses in the relative
dynamic modulus of elasticity were observed 1n spite of the low water-to-binder ratio
of 0.25 and 0.20. However, the concrete contaimng the SSP indicated higher
durability than that contamung NSF. The concrete containing the SSP with a water-to-
binder ratio of 0 20 showed no loss in the relative dynamic modulus of elasticity up to
300 cycles of freezing and thawing, in spite of the air content being as low as 2.0%. It
1s possible to improve freezing and thawing resistance without entraining air in such
high strength concrete.
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APPLICATION OF SSP FOR A 100 MPa HIGH-STRENGTH CONCRETE
BRIDGE

Based on the results of the laboratory tests, the newly developed superplasticizer
was applied to a cast-in-place ultra high-sirength prestressed concrete bndge with a
design strength of 100 MPa. The concrete was of the highest strength ever cast in situ
for structures 1n Japan. The structure 1s a bridge connecting two buildings. As shown
n Fig. 9, the rauo of the beam depth to the span is as small as 1/40. Therefore the
design strength was set at 100 MPa, so as to ensure the strength and ngidity required
for the structure. The concrete was proportioned as presented n Table 4, so as to
sansty the requuements established from the results of the laboratory tests, te
W/(C+SF) = 0.20, slump = 250 mm, flow = 550 mm and air content = 2.0%.

The concrete was produced m batches of 1.5 m3 wath a pan-type mixer at a ready-
mixed concrete plant. Silica fume was charged mnto the mixer by a special device,
which was developed by the authors, (as shown i Fig. 10). This device 1s designed
to automatically store, convey, batch, and charge undensified silica fume, which has
stronger effects of increasing the fluidity and strength of concrete than densified silica
fume (7). The mixing time was set at 70 sec, which 1s 1.5 times the time for normal
concrete with W/C around 0.55

MOCK-UP TEST

Before the actual application, a construction test was conducted using a full-scale
model, in order to study the quality and placeability of the fresh concrete, as well as
the surface texture and strength development of the hardened concrete. The model
was made to have 1dentical cross-sections and bar arrangement as the bndge, but was
1/10 m length. The filling capability of the concrete was mvestigated by using
transparent forms. The concrete was ceposited with a bucket, and was consohidated
with an internal vibrator.

Properties of fresh concrete

Table 5 presents the results of the tests on fresh concrete. Though the concrete
arnved at the site 100 munutes after mixing, changes in the qualities of fresh concrete
were marginal The required qualities such as slump = 250 mm, flow = 550 mm and
air content = 2.0% ,were retamed at the time of placing.

Compressive strength development

Fig. 11 shows the results of compressive strength tests on the control specimens
and on cores drilled from the model. The control specimens were cured m water at 20
OC, seal-cured on site, or seal-cured to be synchromzed with the thermal history
momtored at the center of the model Both water-cured and field-cured specimens
mdicated 110 MPa at 28 day, exceeding the design strength. At 91 days, the water-
cured and field-cured specimens had compressive strength of 140 MPa and 121 MPa,
respectively The drilled cores and the specimens synchromzed with the thermal

Documents


http://www.avadocuments.com/doc/aci-sp-148-94
http://www.avadocuments.com/doc/aci-sp-148-94

ACI SP-148 94 MM 0LLe949 0519810 LY93 MWW
34 Mitsui et al

history of the model also reached strength of 115 MPa at 28 days. Thus it was
confirmed that concrete with sufficient strength of the structure was obtamable.

Thermal history of the model

Fig. 12 shows the thermal history of the model momtored with thermocouples
embedded 1n the center and near the surface of the model. The temperature of the
concrete at the time of placing was 18.4 ©C, and no delay 1n setting was observed.
The temperature began to nise 11 hours after placing, due to the heat of hydration, and
the temperature in the center reached a maximum of 55 ©C 31 hours after mixing. It
has been pointed out that, in high-strength concrete, lugh volume cement content
causes high temperature rises within structures, resuling mn lower strength
development m dnlied cores than field-cured specimens. Here the temperature rise
was curbed, because the new superplasticizer enabled the unit water content to be
limited to 135 kg/m3, and the use of fly ash and silica fume enabled the cement
content to be limited to 470 kg/m3.

Filling of concrete
Fig. 13 shows the vertical distnbution of compressive strength and coarse

aggregate content tested by cores drilled vertically across the center of the model. The
vertical vaniations of the strength and aggregate content were small, and no
segregation or defective filling was observed. Adequate filling of the concrete was
confirmed by mspection of the transparent forms and by the appearance of the
concrete after removal of the forms,

ACTUAL CONSTRUCTION

As 1n the mock-up experniment, concrete n the actual construction was deposited
with buckets. Because of no accumulation of bleeding water, the surface of the
concrete was kept moist by being sprayed with water from immedately after placing
through the final setting, so as to avoid plastic shrinkage cracks due to rapid drying.

Properties of fresh concrete

Fig. 14 shows the results of the tests on the fresh concrete immediately after
muxing and upon arrival at the site. Though 1t took 2.5 hours to haul the concrete,
changes in the quality over ime were margmnal, and all testing lots satisfied the quality
requrements This is because the atmospheric temperature was 14 ©C, at which the
new superplasticizer's fluidity-retaning effects are fully exerted.

Compressive strength development

Fig. 15 shows the results of the compressive strength tests. The strength of the
water-cured specimens was 127 MPa at 28 days and 134 MPa at 91 days. The
strength of the specimens seal-cured on site was 62 MPa at 5 days, when prestressing
was apphied, and 110 MPa at 91 days. The synchromzed specimens had a strength of
112 MPa. Thus the concrete y attained required the design strength.
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Fig. 16 shows the appearance of the bndge after the completion. The concrete
filled every comer of the forms wthout any cold jomt or honeycomb, and was in
accordance with the quality control requirements.

CONCLUSIONS

The newly developed acrylic graft copolymer-based superplasticizer greatly
improves the fluidity of ultra high-strength concrete with an extremely low water-to-
binder ratio. This enabled an ultra high-strength concrete with a design strength of
100 MPa 1o be placed on site.

1 The newly developed acrylic graft copolymer-based superplasticizer reduces the
viscosity of concrete with a lower dosage than conventional carboxylate
superplasticizers and naphthalene superplasticizers. The wiscosity-reducing effect of
the new superplasticizer, when co-apared with conventional superplasticizers,
becomes more evident as the water-to-binder ratio decreases.

2 The new superplasticizer maintains fludity of even an ultra high-strength concrete
with a water-to-binder ratio of 0.20 for 2 hours without appreciable losses n the flow
and wiscosity. Also, concrete contaiung this superplasticizer develops sufficient
strength without excessive retardation 1n setting, and has the same or better durability
than concrete containing conventional superplasticizers.

3 An ultra hugh-strength concrete made using the new superplasticizer with a design
strength of 100 MPa was applied to a prestressed concrete bridge, and was confirmed
to have good placeability on site and adequate strength development.
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TABLE 1 — PHYSICAL PROPERTIES AND CHEMICAL COMPOSITION OF THE SILICA FUME

Specific Bulk Surface | S109 Carbon | Moisture | Loss on
gravity densi area Ignition
(kg/m%) | (m2/g) (%) () (o) (%)
2.35 325 14.1 93 8 0.78 0.40 2.76
TABLE 2 — MIXTURE PROPORTIONS USING FLY ASH CEMENT
Mixture Water/{ Air Unit Weight (kg/ m3)
No. |Cement|Binder Water Binder Fine Coarse
(%) Cement | Silica |Aggregate|Aggregate
Fume
1 ‘ 0.30 165 495 55
2  Fly-Ash] 025 | 2.0] 145 536 60 688 998
3 0.20 130 585 65
4 0.30 170 510 57
S Normal | 0.25 2.0 154 555 62 688 998
6 020 135 608 68
TABLE 3 — TIME OF SETTING
Super- Setting Time(hour)
plasticizer
WAC+SF)| Type Initial Final
0.30 717 8.50
0.25 SSP 7.75 9.17
0.20 8.58 10.33
0.30 7.75 9.50
0.25 SP 9.00 10.17
0.20 * *
0.30 9.42 10.58
0.25 NSF 9.83 11.17
0.20 11.08 12.17
*.not reached in 3 days
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TABLE 4 — MIXTURE PROPORTION OF 100 MPa HIGH STRENGTH CONCRETE

W/(C+SF)

Unit Weight (kg/m>)

Water

Cement

Silica
Fume

Fine

Awate

Coarse

Aggregate

Super-
plasticizer

020

135

574

101

748

836

13.5

Cement:Fly ash cement, Superplasticizer:SSP

TABLE 5 — PROPERTIES OF FRESH CONCRETE ON MOCK-UP TEST FOR
THE BRIDGE CONSTRUCTION

Testing
Pomt

Time after
mixing
(mun.)

slump

(mm)

flow

(mm)

content
(%)

Concrete
Temperature
4%

L-flow
Velocity
(mm/sec)

plant

0

260

605

2.1

18.0

96

sife

100

250

540

2.3

18.4

56

400

200

Sensor

Lf

Fig. 1—L-tlow meter
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dosage of superplasticizer (C*%)

ACI SP-148 94 MM 0b6bL2949 0519814 239 M
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(a) Fly ash cement

(b) Normal Porttand cement

Fig. 2—Relationship between W/(C + SF) and dosage of superplosticizer
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(b) Normal Portland cement

Fig. 3—Relationship between W/{C + SF) and L-flow velocity
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{a dosage of superplasticizer (b) L-flow velocity

Fig. 4—Effeat of temperature on dosage of superplasticizer and L-flow velocity (fly ash cement)
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30C —a—
0 N H 5 H H
0 30 60 90 120 0 30 60 %0 120
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(a) loss of flow (b} loss fo L-flow velocity

Fig. 5—Loss of fluidity of concrete with time after mixing {fly ash cement, W/(C + SF) = 0.20)
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compressive strength (MPa)
=4

]

SSP SP NSF  SSP SP NSF SSP SP NSF
W/(C+SF)=0.30 W/(C+SF)=0.25 W/(C+SF)=0.20

Fig. 6—Compressive strength development (fly ash cement)

duration of drying (weeks)
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©
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Fig. 7—Relationship between drying shrinkage and age (fly ash cement)
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freezing and thawing cycles
0 50 100 150 200 250 300
2 120 l g .
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Fig. 8—Freezing and thawing resistance {fly ash cement)

Model on Mock-up Test
Span:41.216m

mCross Section of the Girder

T N ‘ Anchorage

1.020

a-a Cross Section b-b Crosé Section

Fig. 9—Girders and cross-sections of the prestressed concrete bridge
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Fig. 10—A special device for using silica fume and ready-mixed corkrete plant
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