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CONTRIBUTION

This study has contributed to the advancement of thy understanding of the
perforrmance of two sources of South African fly ash as cumentitious extenders to
cements of South African origin for use in concrete and/or mortar mixes.

The fly ashes used in the experimental work were those a\fallable as commercial
products in South Africa during the period 1686~1991.

A wide specirum of tests has been carried out fo show the effect that the ﬂy ashes
have on tha fresh and hardened properties of concrete and mortar. Particular attention
has been given 1o the use of such concretes under the conditions of exposure peculiar
to South African construction sites.
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ABSTRACT

The South African cement producers would like to utilisa cerient extenders in cement
to increase manufaciuring capacity at a relatively low cost. An understanding of the
implications such a step might have for the vement user was required,

A study was made of the performance of portland cement blends made with fly ash
derived from the two commercial sources in South Afrlea that were being utilised by
1991. The performance of the blends was compared against the performance of
ordinary pertland cement, the cement type to which the majority of users in South
Africa were exposed in the past.

An exiensivs literaturs study was provided which covered the latest research aspecis

.of the use of fly ash in many other parts of the world as well as information from local

South African research reporis.
The 8sh concrete or moriar properties studied in the iaboratory tests were as follows:

workabiiity
rheology

setting time
bleeding _
heat of hycration

The following properties of hardened concrete were studied in laboratory and simulated
site exposure tests:

compressive strength
floxural strength
elastic medulus
shrinkage

creep

permeabitity
abrasion resistance
carbonation

Some preliminary investigations were mads into the effect that the use of fly ash had
on the effectiveness of chemical admixiures, and into the compressive sirength
deveiopment of ternary (three component) blends.

As far as possible, use was made of standard SABS, BS, ASTM, DIN or RILEM test
methods although it was necessary to use ofher nor-standard or modified test
methods in some cases to provide the necessary information. Appropriate references
or details have been provided where methods have deviated from standard methods.
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e

Recommendations were made regarding the level of fly ash replacement which was
believed to be practical for site use for two categories of users, nameiy unsophisticated
users with a low level of understanding of concrete technclogy and relatively crude
methods of site batching and mixing, and sophisticated users with access 10 higher
fevels of technology and equipment.




At T, [ R VN e \
~ ~ }

s

o

ACKNOWLEDGEMENTS

lwould like 1o express my appreciation for the encouragement and assisiance sc fresly
offered during the testing and writing up of this work.

| am indebted io Dean Norion, Executive Direcior of the Portland Cement Institute
when the work for this project was initiated, for his encouragement, and for his faith in
my abifity. 1 am grateful to the cement producing companies, Anglo-Alpha Limited,
Elue Circle Limited and PPC for the facilities offered and for their interest in the project,
as well as providing the means with which the work was done. | am grateful for their
permission ta publish the information regarding the use of Lethabo fly ash generatad
on behalf of the cement producers.

To Nick Doulgeris | owe a special mention for his very substantial coniribution through
the meticulous preparation and laboratory work done on the Matla fly ash investigation.
Kevin Lester also contributed with practical assistance with the laboratory work for the
later chapters. | appreciate the help from Rod Butler and all the laboratory staif at the
PCl Midrand iaboratory. Bryan Perrie provided considerable assistance with the
preparation of the work with the Lethabo fly ash. John Goodman providad similar
information from other tests dore on Maila fly ash. Peter Crawford provided valuable
assistance and insight into the problems with testing for heat of hydration.

The Division of Building Technology of the CSIR provided assistance obtained through
discussions with Dr. R. E Oberholster and Dr. G. Davies with input on some testing
done by Mr. Joon van Dijk.

Gill Goldstein, Beth Massyn, Judy Wallace and Ansle Matrtinek all provided valuable
assistance with finding references, and ably wtiting up the necessary reference lisis.

Anne Jonker assisted with the preparation of the phoiographic material contained in
this work. Marija Reed, Loré de Bernier and Frans Makola helped with the copying and
assambly of the final document.

Derek Ball, Burt Dijkema, and Richard Kruger of Ash Resources (Pty) Limited and
Reinholdt Amisbuchler of Blus Circle Limited provided background information and
additional details of other experience with fly ash use. Peter Graham of Slagment Lid.
provided information on ternary biends tested by hic laboratory staff.

Messrs. Tudhope and Magner of Eskom contributed information on the coal and ash
handling at Matla and Lethabo power stations.

Bob van der Merwe, Marc Oelofse and Frofessor Mark Alexander of the Depariment
of Civil Engineering of ihe University of the Witwatersrand helped with the preparation
and testing of creep specimens in the University creep facility.

Professor John Mclver of the Department of Geology provided assistance with the
categorisation of the Matla fly ash and of the aggregates used in the different mixes.

vi




¢

Georga Gibbon of the Departinent of Elsctrical Engineering provided substential
assistance and guidance with the assembly of the Adiabatic Calorimeter, wrote the
computer sofiware to run ine calorimeter, and was indirectly respongible for my
decision 1o underiake the typing and preparation of this thesis myself.

Judith Forster and Leslie Libera nevertheless provided considerabls guidance and
assigtance with the final compilation and preparation of the document.

vil




CONTENTS L Page

DECLARATION ii
CONTRISUTION _ iii
ABSTRBACT iv
ACKNOWLEDGEMENTS vi
CONTENTS : ‘ viii
LiIST OF FIGURES yiv
LIST OF TABLES X
1 INTRODUCTION 1.1
14 Expectatlons of cement performance 1.1
1.2 Structural use of portland cement concrete 1.2
13 Work needed to provide the necessary confidence 1.2
1.4 Proposed Introduction of fly ash blended cement 1.3
2 FLY ASH - THE WMIATERIAL, AND HISTORY OF ITS USE 2.1
2.1 Introduction ' 2.1
2.2 Coai - the fuel for the combustion process 2.1
2.2.1 Matla Power Station 2.1
222 Lethabo Power Station 22
23 History of the use of fly ash 23
2.3.1 Fiy ash as a pozzolan 2.3
23.2 The modern use of fly ash 24
233 History of fly ash i South Africa 24
3 SURVEY OF RELEVANT LITERATURE
Glossary of relevant terms 3.1
3.1 Introduction 3.2
3.2 Physical and chemical properties TR
3.2.1 Alkall content 3.2
3.2.2 Beneficiation 3.3
3.23 Calcium oxide content 33
3.24 Carbon content 3.3
3.2.5 Cenospheres 3.4
3.26 Chemical composition ' 34
3.27 Environment: Disposal and energy saving 3.5
3.28 Flow 35

viil




-

..,_.......
3

¢

3.29
3.2.10
3.2.11
3.2.12
3.2.13
3.3
3.3.1
3.3.2
3.3.3
3.4
3.5
3.5.1
3.5.2
4.5.3
3.5.4
3.5.5
3.5.6
3.6
3.6.1
3.6.2
3.6.3
3.7
3.7.1
3.7.2
3.7.3
3.74
2.7.5
3.7.6
3.7.7
3.7.8
3.7.9
3.8
3.8.1
3.8.2
3.9

41
4.2
4.2.1
422
4.2.3
4.3
4.3.1
43.2

Clags content
sum and suiphate conterd
. arucle size distribution and surface area
Specifications for fly ash
Variability of composition
Rheolugy, seiting time and bleeding
Rheology
Setting time
Bleeding .
Heat of hydration '
Compressive and flexural strength
Mix design procedure
Influence on compressive and flexural strength
Effect of curing conditions
Fine filler effect
The hydration process
Reactivity of fly ash
bPimensional and elastic properties
Elastic modulus
Shrinkage
Creep
Durability
Imipermeability and low poros;ty
Abrasion resistance
Soft water attack
Carbon dioxide and carbonation
Sulphate attack
Chloride diffusion and corrosion of steel
Alkali-aggregate reactivity
Acid attack
General durability aspects
Miscellaneous
Ternary blends
Use of admixiures
sSummary

RESEARCH METHODOLOGY

Problem definition

Research methodology
Characteristics of fresh mixes
Characteristics of hardened mixes
Other studies

Selection of materisls o be used
Cemeniitious material

Aggregates

3.6
3.6
3.7
3.7
3.8
3.9
3.9
3.13
3.16
3.17
3.19
3.20
3.22
3.27
3.30
3.3
3.32
3.33
3.33
3.34

3.34

3.35
3.36
3.38
3.39
3.39
3.40
3.41
342
343
3.44
3.44
3.44
3.45
3.45

4.1

4.1
4.1
4.2
4.2
4.2
4.2
4.2
4.4




4.4
4.4.1
442
45

4.5.1
4.5.2
453
454
45.5
4.5.5

4.5.7
4.5.8
4.5.8
4.5.10

45,41

4.5.12
4.5.13
4.5.14
4.5.15
4.6

541

5.2

5.2.1
5.2.2
53

5.3.1
5.3.2
53.3
5584
5.3.5
5.3.8
5.3.7
5.4

5.4.1
54.2
5.4.3
8.5

5.5.1
55.2
5.5.3
55.4

Principles of mix propottioriing
Stone content determination when fly ash is used

- Other changes o standard procedure

Details of mix proportions used from which test

specimens have been produced in these investigations

Mixes for workahility assessment
Mixes for measurement of rhesclogy
Mixes for setling time determinations
Tests for bleeding

-Mixes for heat of hydration measurement

Mixes for compressive and flexural strength
determination

Determination of slastic modulus
Shrinkage testing

Creep tesiing

Assessment of permeability
Abrasion resiste.nce lesting
Carbonation testing .

Alkali reactivity testing

Ternary blends

Effect or admixtures

Summary

PLASTIC PROPERTIES; HHEOLOC;Y, SETTING TIME,
BLEEDING

Introduc? «n

Rheology _

Workability assessment by siump test
Viscosity measurement

Setiing time

Test method used

Discussion of test rasutis on Matla fly ash
Comparison against other reports
investigatien into cause of fly ash retardation effect
Temperatura effeocts

Results with Lewhabo fly ash

Summary of tha effect on setting time
Bleeding

Test methods used and results obtained
Discussion of findings

Summary on property of bieeding
Summary of fresh concrete properties
Woarkability

Viseosity

Setting times

Bleeding

4.6
4.12
413

4.14
414
414
4.14
4.15
4.15

415
4.15
4.15
4.15
4.16
4.16
4.16
4,16
4.16
4.16
4.16

5.1

5.1

51

5.1

5.8
£46
5.26
5.28
530
$.33
5.36
5.38
842
542
5.43
543
5.48
b.4%

5.49
549

- 5.50

e



6.1
6.2
6.3
6.4
6.5
6.6
6.7

7.1
7.1.1
7.1.2
7.1.3
7.1.4
715
7.1.6
7.2
73
7.4

8.1

8.1.1
8.2

8.2.1
822
8.2.3
8.2.4

0.1

9.1.1
9.1.2
8.1.3
9.1.4
8.1.5
8.2

9.2.1
8.2.2

HEAT OF HYDRATION

introduction

Adiabatic calorimeter

Development of the calorimeter equiprnent
The detailed test procedure

Test results

Discussion

Recommendation

COMPRESSIVE AND TENSILE STRENGTH

Compressive strength
introduction
Laboratory tests on cube specimens w'st Maila ash

Laboratory tests on cube specimens with Lethabo ash

Simulated site curing — Matla fly ash

Laboratory studies of temperature effects
Temperaiure maiched curing

Summary of findings on compressive strength
Flexural or tenslie strength

Summary of findings on flexurai strength

ELASTIC AND MOVEMENT PROPERTIES
Elastic modulus

Summary of findings on elastic modulus
Movement properties

Shrinkage

Summary of findings on drying shrinkage
Creep

Summary of findings on creep

DURABILITY

impermeability and low porosity

Tests with Matla fly ash

Comparison against another method of test (Matla)
Effect of poor curing on permeability; Matla fly ash
Test results using Lethabo fly ash

Summiary of findings on permeability

Akrasion resistance

Abrasian test g of cube specimens; Matla {fly ash
Abrasion testing on pootly cured large

concrete blocks; Matla fly ash

Xi

6.1

6.1
6.3
6.5
6.7
6.8
6.12
6.13

7.1

74

7.1

7.1
7.1
7.14
7.19
7.26
7.28
7.30
7.33

8.1
8.1
84
8.4
84
8.7
8.7
8.16

8.1

9.1
§.2
9.3
9.5
8.6
8.10
9.1
9.13

9.15




fegv s b A
-

-t o Sl s ks i L
{ B

9.2.3
8.2.4
9.3
831
9.3 -
9.3.3
8.3.4
8.4
8.5

10

109
10.1.1
10.1.2
10.1.3
10.2
10.2.1
10.2.2
10.2.3
10.3

11

111

11.2

11.2.1
11.2.2
11.23
1.24
11.2.8
11.3

11.3.1
11.3.2
11.3.3
11.3.4
11.3.5
11.3.6
11.4

11.4.1
11.4.2
11.4.3
11.44
115

11.841

Abrasion tests on cubes; Lethabo fly ash
Summary of abrasion iest findings

Carbonation

Carbonation of large poorly cured biocks
Carbonation of cube specimens

Possible mechanism for slowing of carbonation rafe
Summary of findings on carbonation

Alkall aggregate reaction

Summaty of findirigs on durability

MISCELLANEOUS

Ternary blends

History of use of ternary blends

Experimental work

Discussion of resulis

Use of admixtures

History of the use of chemical admixtures with fiy ash
Experimental work

Discussion of resulis

Recommendations

SUMMAFY OF FINDINGS AND CONCLUSIONS

Preamble '
Summary of findings on fresh concrets
Effact of workability

Effact on viscosity of pasies

Effect on setling time

- Effect on bleeding

Effect on heat of hydration

Suminary of findings on hardened concrete
Effect cn comprassive strength; standard cuting
Effect on compressive strangth; site curing
Effact on compressive strength: temperature effecis
Effect on flexural strength

Effect on elastic modulus

Effect on movement preperties

Durability aspects

Effect on permeability

Fffect on abrasion resistance

Effect on carbonation

Eftect on alkal silica reactivity

Effect on other miscellaneous propetrtiec
Effect of ternary blends

Xii

9.186
9.20
8.21
a.21
922
9.28
9.27
9.28
9.29

10.1

10.1
10.1
10.1
10.2
10.4
104
i04
i0.5
10.7

1.1

b il ol
e
Eoow v s
B = e =

1.3

114
11.4
11.5
115
11.5
11.5
118
116
11.8
11.6
11.6
11.7
11.7
11.7




U R i BN e e e R S R T
s ﬁj}?ﬁf&,w& S L G S AT o AT AL AN A

1152 Efiact on admixtures - 17
11.6 Conclusion B 118

APPENDIX A 7 —

£

APPENDIX B

Fr
e
A

REFERENCES o = Bib.1-30

xiii

il




it - - S S

LIST OF FIGURES
Figurs | Title Page
No. __ No.
21 1 Quantity of fly ash sold per year 27
4.1 | Particle size analysis for aggregates (Matia) 1 45 1§
4.2 Particle size analysis for aggregates (Lethabo) | 46
4.3 . | Particle size distribution of cements and extenders 4.7
44 | Photomicrograph of Matla fly ash 4.8
4.5 Photomicrograph of Duvha fly ash 4.8
4.6 Photomicrogruph of Anglo-Alpha OP™ 49
4.7 Photomicrograph of Blus Circle OPC 49
4.5 Photoricrograph of PPC OPC 4.10
4.9 Photomicrograph of Vanderbiil slag 4.10
4.10 Photomicrograph of silica fume 4.1
4.11 Photomicrograph of PPC 15 % ulend 4.11
\ 412 Photomicrograph of PPC 15 % grind 4.12
5.1a Water reduction vs FA content (Blue Circle coment) 5.3
5.1b Water recuction vs FA content {Anglo Alpha cement) 5.3
5.1¢ Water re..uction vs FA content (PPC cement) 5.4
5.1d Effect of fly ash on water content {all cement sources 55
and cement:water ratios) |
1 ble Grading curves of OPC and PC 30 FA mixes 5.7
| 5.2a Basic types of flow curves 5.9
o 52b | Reversibility of flow curves 5.10
1 o b.2¢c Viscosity curve for hand mixing ' 511
i 5.2d | Viscosity curve for machine mixing 5.12
'l‘ 5.3a | Viscous behaviour of OPCs (CAW ratio = 1,3) 5.14
j/ 5.3b Viscous behaviour of OPCs (C/W ratio = 1,67) - B.14 H
Ve 5.4a | Viscous behaviour of BC OPG (C/W ratio = 1,3) 515 |
% 54b | Viscous bshaviour of BC OPG (CW ratio) = 1,67) 516 |
N 5.5a | Viscous behaviour of A-A OPC (C/W ratio = 1,3)

: xiv



WU

1[ Figure Title Page
Ho. No.
5.5b Viscous hehaviour of A-A OPC (C/W ratio = 1,67} 5.17
5.6a Viscous bshaviour of PPC OPC (C/W ratio = 1,3) 5.18
5.6b Viscous hehaviour of PPC OPC (CG/W ratio = 1,67) 5.19

 B5.7a. | Viscous behaviour of PPC blends (C/W ratio = 1,3) 5.19
57b | Viscous behaviour of PPC biends (C/W ratio = 1,67) 520
5.8a Viscous behaviour of Duvha blends (C/W ratio = 1,3) 5.21
5.8b Viscous behaviour of Duvha blends (C/W ratio = 1,67) ; 5.21
5.9a Viscous behaviour of other cementitious materials 5.22

(C/W ratio = 1,3} | _
5.9b Viscous behaviour of other cementitious materiais 5.23
(C/W ratio = 1,67)
5.10a | Change of viscosity with fime for PPC OPC (C/W = 5.24
1.67)
5.10b ; Change of viscosity with time for PPC OPC + 16 % 5.24
Matla (C'W = 1,67) |
5.10c | Change of viscosity with time for PPC OPC + 50 % 5.25
Matla (C/W = 1,67)
5.1 Comparison of concrete and mortar setting time 5.27
methods for OPC and PC 30 FA
5.12 Setting time of mortars with and without fly ash 5.28
5.13a Initial and final setting times of mortars with cements 5.30
from 3 sources
5.13b | Setling time versus OIF 531
5.13¢c Initial setling time of OPC and FA mortars with 5.32
cernents from 4 sources
5.14 Setiing time of mortars with and without added cations | 5.34
515 Setting time of OPC and FA mixes with added anions 5.35
5.16a | Setting time of OPC and FA mortar at different 5.37
temperatures .
5.16b | Setting times of OPC, SL and FA mortar at dsﬁerent 5.37
tamperatures
- e T e e ey S IS




Figure Title Page
No. _ | No.
5.17a { Initial and final setling times for hot equivalent 28d 5.39
mixes
5.17b Initial and final setting times for hot direct replacement | 5.39
mixes _
5.17¢ initial and final setting times for standard equivalent 540
28d mixes _
5.17d Initial and final setting times for standard direct 5.40
replacement mixes
517e Iritial and final setting times for cold equivalent 28d 5.41
mixes
5.17f Initial and final setting times for cold direct 5.41
replacement mixes |
5.18a Biged volume at C/W = 1,0 for varying fly ash conients | 5.44
5.18b | Bleed volume at C/W = 1,5 for varying fly ash contents ; 5.44
5.18¢c Bleed volume at C/W = 2,0 vor varying fly ash 545 |
contents )
5.18d Blee¢ solume at C/W = 2,5 for varying fiy ash contents | 5.45
5.18e Bleed volume at FA = 0 and 15 % for varying C/W 5.46
ratios
5.18f Bleed volume of mortar mixes with and without fly ash | 5.46
5.19 Bleeding performance of mortars with and without fly 547
ash (C/W = 1,67)
5.20 Bleeding of mortars made with different cementitious 548
materials
6.1 Types of heat developmen: conditions 6.2
6.2 Schematic layout of adiabatic calorimeter 6.4
6.3a Heat of hydration of OPC and PC 30 FA mixes 8.7
6.3b Heat of hydration of OPC and PC 30 FA mixes 8.9
8.4 | Relative maturity of PC 30 ~A mixes 6.10
8.5 Performance of OPC and PC 3G FA mixes 6.11
7.1a 7.2

Compressive sirength vs fly ash content (CV = 1 0)
- B e R St P T Y,

o

xvi

SR



Figure Title Page
No. . _ No.
7.1a Compressive strength vs fly ash content 7.2
7.1b Compressive strength vs fly ash content 7.3
7.1¢ Compressive strength vs fly ash content | 7.3
7.1d Compressive strength vs fly ash content (CW = 2,5) 74 "
7.1e | Comparison of perfcrmance of § % blended and 75 |
interground cemenis |
7.1f Comparison of performancs of 15 % blended and 76
interground cements .
7.9 28d compressive sirength vs C/W ratio 7.6
7.1h 90d compressive strength vs C/W rafio 7.8
7.2a 28d compressive strength range (C/W = 1,0) 7.8
7.2b 28d compressive strength range (CGW = 1,5) 7.10
7.2¢ 28d compressive strength range (C/W = 2.0) 7.10
7.2d 28d compressive strength range (C/W = 2,5} 7.1
7.3a Compressive sirength of standard cured equivalent 7.12
28d mixes {1 and 7d values)
7.3b Compressive strength of standard cured direct 7.12
replacement mixes (1 and 7d vaiues)
7.3¢ Compressive sirength of standazu cured equivalent 713
28d mixes {28 and 56d values) _
7.3d Compressive strengih of standard cured direct 7.14
| replacement mixes (28 and 56d values)
7.4a Comprassive strength; large blocks; winter '87 717
7.4b Compressive sirength; large Llocks; summer ‘98 7147
7.4C Compressive strength; large blocks; winter '©8 7.18
7.5a Effect of curing temperature on compres-ive strength 719
of extended cements {OPC, PC 15)
7.5k Effect of curing temperature on compressive strength 7.20 §
of extendad cemenis (OPC, PC 30)
7.5¢ Effect of curing temperature on compressive strength 7.21
| of extended cements {OPC, PC 50)

xvii




O

Figure Title Page
No. _ Mo.
7.5d Age strength ratio at 30 °C 7.22
7.5e Age strenath ratio at 23 °C 7.22
7.5 Age strength ratio at 7 °C 7.23
7.5g 28d compressive strength equivalent 28d mixes cured 7.24
-| at different temperatures
7.5h 26d compressive strength direct repiacement mixes 7.25
| cured at different temperatures L
I 7.5 7d compressive sirength equivaient 28d mixes cured 7.25
i at different temperatures
7.5) 7d compressive sirength direct replacement mixes 7.28
cured at different temperatures
16 Age sfrength relationshin for TMC - 7.27
7.7a Ra*o of flexural/compressive strength of OPC and FA | 7.30
blends
7.7b Flexural and compressive strength of OPC and 50 % 7.21
FA mixas
8.1 Forms of elastic modulus 8.2
8.2a Elastic modulus vs comprassive strength for all OPCs 83
tested
8.2b Elastic modulus vs compressive strengih for all 84
| cements and blends tested
8.3a Drying shrinkage of mortars with different fly ash €6
contents |
8.3b Proportion of drying shrinkage to water content of 8.7
mortars with/out fly ash
8.4a Creep, shrinkage and elastic deformations of PPC 8.10
Jupiter OPC mix with 13 mm stone '
8.4b Creep, shrinkage and slastic deformations of PPC 8.11
L Juplter OPC mix with 19 mm stone
}* 8.4c Creep, shrinkage and slastic deformations of BC 8.12
i Lichtenburg QPC mix with 13 mm stone
ﬂ 8.4d Creep, shrinkage and slastic deformations of PFS 8.12

PC 15 FA mix with 13 mm stone

xviii




Figure Title Page
- Na. No.
7.5d Age sirength raiio at 30 °C 7.22
7.58 Age strength ratio at 23 °C 7.22
7.5f Age strength ratlo at 7 °C _ 7.23
7.59 28d compressive strength equivalent 28d mixes cured | 7.24
| at different temperaiures o
7.6h 28d compressive strength direct replacement mixes 7.25
cured at different temperaiures
7.5 7d compressive sirength squivalent 28d mixes cured 7.25
at different tempseratures
7.5} 7d compressive strength direct replacement mixes 7.26
cured at different temperatures
7.6 Age strength relationship for TMC 7.27
7.7a Ratio of fiexural/compressive strength of OPC and FA | 7.30
blands
7.7b Flexural and compressive strength of OPC and 50 % 7.31
FA mixes
8.1 Forms of elastic moduius 82 |
8.2a Elastic modulus vs compressive sirength for all OPCs 8.3
tested
8.2b Elastic modulus vs compressive strength for all 8.4
cements and biends tested :[
8.3a Drying shrinkage of mortars with different fly ash 8.6
contents H
8.3b Proportion of drying shrinkage to water content of 8.7
mortars with/out fly ash
8.4a Creep, shrinkage and elasfic deformations of PPC 8.10
Jupiter OPC mix with 13 mm stone
8.4b Creep, shrinkage and elastic deformations of PPC 8.11
Jupiter OPC mix with 19 mm stons
8.4c Creep, shrinkage and elastic deformations of BC 8.12 |
Lichtenburg OPC mix with 13 mm stone
8.4d Creep, shrinkage and elastic deformaiions of PPC 8.12
PC 15 FA mix with 13 mm stone
= -~ e T L e e e e e e

xviii




Ab?[aslon penefration (Standard, Equivalent 28d)

Ii Figure Title Page]
| No, No.
! 8.4e Creep, shrinkage and elastic deformation of BC 8.13
Lichtenburg PC 15 FA mix with 13 mm stone ]
8.41 Creep, shrinkage and elastic deformations of PPC 8.1
PC 30 FA with 13 mm stone |
8.5 Specific creep; Series 1 for OPC and fly ash mixes 8.14
8.6a Creop, shrinkage and slastic deformations of PPC 8.14
Jupiter OPC mix {13 mm stone, sealed)
8.6b Creep, shrinkage and ulastic deformations of PPC 8.15
Jupiter OPC mix {13 mm sione, unsealed)
8.6¢ Creep, shrinkage and elastic deformations of 8.15
PC 30 FA mix (13 mm stone, sealed)
8.6d Creep, shrinkage and elastic deformations of 8.16
PC 30 FA mix (13 mm stone, unsealed)
8.7 Spscific creep; Series Il for OPC, fly ash mixes 8.16
(sealed and exposed)
9.1 Results of DIN 1048 penetration tests _ 9.3
9.2 | Depth of DIN 1048 penetration in water cured cubwss 9.6
9.3a Water penefration depth {Oven, Equivalent 28d) 9.8
9.3b Water peneiration depih (Oven, Direct replacement) 9.8
9.3¢c Water penetrafion depth (Standard, Equivalent 28d) 9.9
9.3d | Waier penetration depth {Standard, Direct 9.9
replacemsnt) o
9.3e Water penetration depth {Cold, Equivalent 28d) g.10
0.3f i Water penairation depth (Cold, Dirsct replacement) 9.10
- Skatch of the PCI abrasion testing apparatus 9.12
9.4a Abrasion test; concrete cubes 9,13
9.4b Abrasion raie; concrete cubes, Summer 1987-88 8.14
9.4¢ Abrasion test; large concrete blocks 8.15
S5.4d Abrasion rate; large concrete blocks 9.16
9.5a | Avrasion penetration (Oven, Equivalent 28d) 9.17 l
9.5b 2.1 |

Xix



Figure Title Page
No. _ No.
9.5¢ Abrasion penetration (Coid, EQ 28) 9.8
9.5d Abrasion penetration (Oven, Direct replacement) 3.19
9.5e Abrasion penefration (Standard, Direct replacement) 9.19
9,5f Abrasion penetration (Cold, Direct replacement) 9.20
9.6a° | Depth of carbonation on large blocks 9,23

§ 9.6k | Depth of carbonaticn at 28 days | 9;23
i 9.5¢c Dapth of carbonation at 56 f.}:vs 9.24
" 96d | Depth of carbonation at 91 duys 924
8.66 Depth of carbonation at 182 days 9.25

9.61 | Ratio of PC 30 FA to OPC carbonation ciepth 9.25

8.7 Eifect cf fly ash on alkali silica reaction 0.28

10.1 Ternary blend sirength development 10.2
10.2 Relative strength; ternary hlends 10.3
10.3 | Compressive stregnth; mixes with admixture 10.5
104 Proportion of 28 day strength 10.6

3

e e ko  a etT

B Bl - e AL




LIST OF TABLES (The tables are located at the end of each chapter)

IF

Tab!é Title Page

No. No.

2.1 Ultimaie analysis on coal 28
i 2.2 Chervical anaiysis of ash 28

2.3 Quantity of fly ash sold (tonnes per annum) 29

4.1 Physical characteristics of cementitious materials 4.17

i 4.2 Chemical charapteristics of cementitious materials 4.18

4.3 Physical and chemical properties of cements used 4.19

(Lethaho fly ash) ) -

4.4 Physical characteristics of aggregates (Matla) 420

4.5 | Physical characteristics of aggregates (Lethabo) 4.21

48 | Particle size distribution of Matla, Lethabo, JL - | 4.22

4.7 Mix proportions for concrete mixes (Matia) 4.23

4.8 Mix proportions for mortar mixes (Matla) 4.24

i 4.9 Mix proportions used for workability assessment 4.25_1!
' (i.ethabo)

4.10 | Quantities used for paste mixes (Matla) 4.26

411 Mix proportions — sefting times (Matla) 4.26

412 Mortar mixes — setling times (Maila) 4.27

4,13 Concreie mixes - setling fimas {Matla) 4.28

4,14 Moriar mixes — setting times {Lethabo) 4,29

e 4.15 Concrete mixes — adiabatic calorimetry {(Matla) 4.30
4,16 | Concrete mixes - adiabatic calorimetry (Matla) 4.30
G 417 | Concrete mixes — large block curing effect (Matla) 4.31
4,18 Concrete mixes — slastic modulus (Matla) 4.32

|| 4.19 Concrete mixes ~ creep {(Matla) 433

xxi

. e i e Kk e .

T P

S T e e e e e A e e T M N gt eTw 1L

- e - L




i

.

. .\" \\\,“ W “
Table Title : Pag:i
No. o No.
4.20 Concrete mixes — water penetration 4.34
421 | Conerete mixes - carbonation (Lethabo) 4.35
4.22 Congcrete mixes — ternary biends (Matla) 435
4.23 Goncrele mixes — admixtures 4,36
5.1a | Mix proportions of concrete mixes (kg/m°) 5.51
5.ib | Slumps recnrdad from standard mixes (mm) 5.52
5.1c { Water reductions given by fly ash mixes 5.52
&.1d Additional data on water reductions 5.54
b.1e Water contents of OPC/fly ash mixes 5.54
5.1f Water reduction in litres/m’ 5.55
5.2 | Quantities of materials used for pagste mixes 5.55
5.3 Details of sources of materials 556
5.4a Shear stross values (FPa) for paste mixes 5.57
5.4b Shear stress vaiues {Pa) for pasie mixes 5.58
B54c Shear stress values (Pa} for pasie mixes 5.9
54d | Shear stress values (Pa) for paste mixes 5.60
5.4e Shear stress values (Pa) for paste mixes 5.61
5.5a Evaluation of difference betwéen concrete and mortar 5.62
setting times _ ‘
5.5b Evaluation of difference between concrete and mortar 5.83
setting times
5.6 Initial setfing time in hours 5.64
5.7a Setting times of other cements with and without Matla 5.64 E
_ fly ash
5.7b Setting fimes of other cements with and without Matila 5.65
fly ash e
E 5.8 Oxide and trace element analysis of iwo ashes i 5.A6
H 59 Evaluation of effect oi different caﬁdhs on moriar 5.67
setting times

oii

e R 4 ane n ke R e o mFamm s Rt e e he e m

BT T P S I A )

B, T e b




o
-

R N

(M__..,Q :

Table Title Page

No. No.
8.10a Variations with time in chemical properties of Matla fly | 5.58

i ash
5.10b Variation with time in ¢ emical properties of Lethabo 5.69

fly ash _

5 511 Setiing time of mortars with fly ash 570

u 5.12a | Setling time at different temperatures 5.71

“ 5.12b Setting time at different temperaiures B.71
512c | Mix proportions for mixes to study effect of non- 5.72

siandard cuting temperatures
5.13a | Mortar mix proporiions 573
5.13b Initiai and final setting times 5.74
5.14a | Mortar mix proporiions for preparaiion »f specimens 5.75
5.14b | Volume of bleed water in millilitres in mixes with Matlaz | 5.76
fly ash
5.15 Mortar bieeding test results using ASTM methiod C- 5.77
232
5.18 Progression of bleeding with time for mortars mz e .78
with different cements
6.1 Typical pro forma for information required at .14
programme Initiation stage
8.23 Mix proportions for OP( and PC30FA mixes 6.15
8.2b Mix proportions for OPC and PC30FA mixes 8.16
6.3 Measurement of the temperature due to the adiabatic 6.17
heat of hydration
6.4 Malurity of concrete cured under temperature matched | 6.18
curing cycle _

i 65 Compressive sirength (MPa) of mixes 6.19
7.1a Compressive strength results with PPC Jupiter 7.34
7.1b Compressive strength results with A-A Roodepoort 7.35
7.1c Compressive sirength resulis with BC Lichtenburg 7.36
7.1d Compressive strength with PPC Jupiter 7.37

Pl

T N




: O

Ratio (%) of 28 day flexural to compressive strength

I Table Title Page |
No. No.
7.18 Compressive strength results with PPC blended 7.38
cements :
YA Compressive sirength with PPC intergriund cements _ 7.39 g
7.1g | Cementitious material contents of mixes 740
7.2a. Co;llcrete mix proportions for-evaluation of Lethabo fly 7.41
as
7.2b 12 hour compressive strength (MPa) 742
7.2c 24 hour compressive strength of Lethabo fly ash mixes | 7.43
7.2d 7 day compressive strength of Lethabo fly ash mixes 7.44
7.2e 28 day compressive sirength of Lethabo fly ash mixes | 745
7.21 56 day compressive strength of Lethabo fly ash mixes | 7.46
7.3a Mix proportions for conciete used in large thocks for 7.47
: evaluation of curing eflacis ]
7.3b Compressive strength test resulis for cubes and cores | 747
7.3¢c Characteristics of fresh concrete | 7.48 II
7.3d Compressive strength test results for cubes and cores | 7.48 H
7.3e Compressive sirength results for cubes and cores 748 i
7.3f Characterigtics of fresh concrete 7.49
7.39 Compressive sétreﬁgth test results jor cubes and cores | 7.50
7.3h Compressive 'strength resuits for cubes and cores 7.50
7.3 Characteristics of frash concreie 7.80
74 Ambient temperature and humidity ranges 7.51
7.5a Compressive strength of OPC, RHC, Slag and fly ash 7.51
ﬂ 7.5b | Compressive strength of OPC, RHC, Slag and fiy ash | 7.52
7.5c | Compressive strength of OPC, RHC, Slag and fly ash | 7.52
7.8 Effect of temperature matched curin'g 7.53
7.7a Flexural sirei'-igth at 28 days ?..54 3
7.76 755 |

Xxiv




o]

B ch st

‘Fable Title ‘Page !
No. _ No,
7.7c J(%;r)erage ratio of 28 d ﬂexuratlcbmpressive sirength 7.58 l
8.1a [ :Mix proportions of concrete mixes 8.18 i -
8.2a Ei;"étlic modulus using PPF;I ..iupiter comant 8.19
8.2b | Elastic modulus using BC Lichtenburg cement 8.19 l
‘8.2¢ Elastic modulus using Anglo-Alpha cement 8.20
“82d | Blastic modulus using PPC cements' 8.20
8.2¢ Elastic modalus of CPC and fly ash concreies 8.21 .
8.3a Drying shrinkage df PPC Jupiter mortar specimens 8.21
83b | Drying shrinkage of mortars | 8.02
8.3¢ { Calculated drying shrinkage values 8.22
84 Drying shrinkage results. (%) 8.23
8.5a Drying shrinkage of OFPC and fly ash concretes 8.23
8.5b Drying shrinkage of OP( and fly ash concretes 8.24
8.6 Concrete mix proportions used in creep specimens 8.24
87a | Creap, shrinkage and elastic deformation 8.25
8.7b Creep, shrinkage and elastic deformation 8.26
8.7¢c Cl p, shrinkage and elastic deformation 8.27
8.7d Creep, shrinkage and elastic deformation 8.28
8.76 Creep, shrinkage and slastic deformation 8.29
8.7¢ Creep, shrinkage and elastic deformation 8.30
8.8 Specific creep for ope and fly ash mixes, Series | 8.31
8.9a Creep, shrinkage and elastic deformation 8.32
8.9b Creep, shrinkage and elastic deformation 8.33
8.9¢c Craep, shrinkage and elastic deformation 8.34
8.9d Creep, shrinkage and elastic deformation 8.35
8.10

Specific cresp for ope and fly ash miices, Series Il




- -

P i Ty T e B R A IRUL AN
. ._‘J_. P e 3

" Table | ' Title T Page |
No. No.

R‘ 9.1a Mix proportions for concrete mixes 9.31 i
9.1b Average depth of penefration for OPC 832 |

IL 9.2a Permeability results ex Division of Building Technology | 8.32
9.2b Measured depth of pensiration ’ 9.33
9.3 | Depths of penstration in DIN tests 9.33
94 | Penetration depth in modified DIN 1048 test 934 |
9.5 Abrasion testing of concrete cubes - 8.35

# 88 Abrasion testing of large concrete blocks 9.35
8.7 Abrasion pensiration (m...j of cube specimens 9.36
9.8a Pepth of carbonation of concrete | 9,37 E
9.8b Mix proportions for mixes for carbonation investigation | 9.37
9.8¢ Depth of carbonation {(mm) for cube specimens 838
9.9 Effect of fly ash on expansion 9.38
10.1 Mix proportions ~ ternary bleads 10.8 L_

5 102 Compressive strangth resul's — ternary blends 10.8
10.3 | Mix proportions — admixtures | 10.9
10.4 Compressive strength results — admixiures 10.9
11.1 Summary ¢f the influence of ily ash 11.9
11.2 | Summary of the influence of fly ash [ 11.10 §

xxXvi



o

CHAPTER 1

1 INTRODUCTIO:

1.1 Expectations of cement performance

South Africa, in common with most other cement producing countries, has built up

decades of experience with the use of portii: cement in the manufacture of concrate,
plaster and mortar and other cementitious products. This experience is held not only

by the site staff of coniractors; builders and concrete product manufacturers but alse

by the designers and owners of concrante structures.

Many apphcanons of the use of portiand cement are non—critical in that the
consequence of failure is cosmetic rather than life-threatening. Nevertheless the
owner will have certain expectations of quality and the supplier will iry 1o meet these
expectations with appropriate quality workmanship and materiais. The supplier wil
rely heavily on experience of the behaviour of commonly used materials in trying to
mest his customer's expectations. The supplier himself obwously has expectations of
how his matsrials and workmen should perform

A dilemma faces a producer attemptmg 10 introduce changes to a product that has
many years of successful application behind it. If these changes are of such a
magnitudie that the user's expectations are no longer met then some probiems can be
expected during routine use of the product. These probiems might occur even if the
changes result in the product performance being superior to that which experience has
led the user to anticipate.

The infroduction of cement extenders such as ground granulated blastfurnace slag, fly

= ash or silica fume In cement blends is likely 1o cause such problems to the users if

these blends perform in a way different to that expected by the user.

Thers have been many papers giving sound reasons why blended cement performance
should not be compared against that of ordinary portiand cement. Unfortunately when
a blended cement is used by site or factory workmen then inevitably those immediately
involved, unless specially trained in the use of the different product, wifl expect the

petformance given by the cement most commonly used. In South Africa this

experience will most probably have been deveioped on ordinary portland cement, or
in a smaller proportion of cases with a blend of ground granulated blastfurnace siay
and poriland cament.

Two options are open fo the preduct manufacturer who wants io iniroduce blended
cements with different properties:

. he can infreduce the different product together with an education program, or

. he can try to manufacture the new product to meet the user expectations.

1.1




AP SUN P YR E— P TR .. .
O

S—
-\

e

Both options present problems in South Africa. It would be a daunting prospect to try
to reach and rs~educate all cement users in South Africa.

The second option presents some interesting chalienges to the cement chemist. This
option is likely to lead to an increase in the production costs and would therefore tend
to diminish the cost benefits that might normally accrue to the producer of a blended
cement, and which could be passed on 1o the consumer.

1.2 Structural use of portland cement concrete

The techniques used to design concrete structures which will safely carry the loads
and stresses intended by the designer have developed aiong with the increasing
availability of the portland cerment used In its manufacture. These techniques are
largety based on empirical knowledge of the behaviour of concrete est specimens and
how these resuits reiate to the characteristics of the concrete in the structures.”

As this knowledge has, in the main, been developed using Ordinary Portiand Cement
{OPC) this has come to be regarded as the standard and it is common to find that
when the use of other cementitious materials is considered ihe performance of these

- concretes is compared agalnst that for OPC concrete to give the siructural designer

bt e S T2 B4

a feel for the new material.

Most civil engineers probably still regard compressive sirength as the most important
property of hardened concrete, although there is a growing awareness of the need to
consider durability in the design process. The designer has commonly assumed
adequate durabiiity in the past. Now with some structures showing unexpectedly poor
service fife,” properties other than compressive strength are growing in importance.

In evaluating the use of new cel =niifious malerials in concrete it is therefore
necessary fo measure the performar 2 not only in terms of compressive strength but
of many other characteristics which may have a bearing on the durabiiity of such
zoncrete when it is exposed e its service conditions.

Durability is not an easy property to measure, [t is influerced by many different
characteristics of the concrete and the environment and service conditions to which it
is exposed. ltis, furthermore, a property which influences the satisfaction of the long
term needs of the owner - a lack of durability in existing structures is likely to introduce
some doubts about the life expectancy of concrete when the owner comes to decide
on the choice of structural material fur his next structure,

1.3  Work needed to provide the necessary confidence

Substantia! work by Stutterheim™ and Fulton preceded the adoption of the use of
ground granulated blastfurnace slag (GGBS) as a partial substitute for portland cement
in South Africa and mude it possible for designers and concrete *echnologists to
understand how * use the material. With 31 years of successful use of GGBS in

1.2
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South Africa sincs its first introduction in 1958, it is evident that such research findings
contributed to providing the necessary confidence to stimulate the use of the material.

it was therefore believed that this was an appropriate way o advance any further
introductions of similar materials.

1.4 Propésed introduction of fly ash blended cement

In 1984 the South Africa cemem producers made known their intention to consider
producing a poriland cement containing approximately 15 % of {ly ash to be supplied
{0 the Pretoria~Witwatersrand-Vereeniging (PWV) marketing area. This cement would
he designated as a PC 15 FA, ie basically a pa-tland cement with a maximum
permitted fly ash content of 15 %.

Although the then National Building Research Institute (NBRI} of the Council for

Scientific and Industrial Research (CSIR) had done a larga amount of valuable

research {as will be discussed later) it was feit that their work was of a very broad and
general natuie and that there was a need for more specific information applying to the
particalar combinations of fly azh and portiand cemont likely to be used in this
marketing area. Other research work had been done overseas but there was concern
that the findings of such researchers might not be applicable to South African
materiais,

The Portland Cement Institute (PCI) decided to underiaks a research project to provide
the necessary information which would permit more confident use of cements
containing fly ash, and in particuiar a cement with up to 15 % of fly ash.

A survey was therefore undertaken of the intentions of the three cemsnt producers
supplying to the PWV market®™ The companlies were as follows:

. Anglo-Alpha Lid. ‘4-A)
. Blue Circle Cament (Pty.) Lid. (BC)
. Pretoria Portlana Cement Company Lid. (PPC)

Their expressed intentions could be summarized as follows:

Anglo-Alpha Limited stated that their intention was to blend portland cement with fly
ash —if they decided to produce the product at all.* Blue Circle Cement (Pty) Limited
wrote that they intended to produce a blended product™ Pretorla Portland Cement
Company Lid stated that they had not made a final decision between blending or
intergrinding of fly ash nor whether they would produce such a cement.® The holder
of the rights fo Eskom's ash at the time, D & H Ash Rescurces confirmed that ash for
any such product would be supplied from the Matla power station.

However during the course of the laboratory investigation for the evaluation of this
particular fly ash the Lethabo Power Station was under construction for the Soutt.
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African electricity utility company, Eskomn. As this source of ash is also to be exploited
for use in concrete and because it is likely to become the more commenly used source
due to its closer proximity 1o the major PWV market some consideration has been
given in the testing programmie to this material too. Unfortunately as the classification
equipment was only commissioned at the end of 1989 the ash from this source
became available too late for substantial laboratory work to be done on its properties.

Having thus obtained the infentions of the producers invoived the PCI research project
couid be staried.

Beiore prbviding details of ihe properties of the materials used it is aavisable to have

a look at the history of the usa of fiy ash in other paris of the world and in South Africa.
This aspect is covered In chapter 2,
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CHAPTEF. 2
2 FLY ASH -~ THE MATERIAL, AND HISTORY OF ITS USE
2.1 introduction

Fly ash is the waste product produced in modern coal burning plants when finely
ground, milled or pulverized coal Is burned and the fine residus, instead of being
permitted to escape through the flue to atmosphere, is collected either by electrostatic
precipitators or bag filters. This is a fairly wide definition and would encompass all fly
ashtes produced in South Africa including those produced by modern coal burning
power generating facilities of the Electricity Supply Commission. This organisation was
recently renamed Eskom.

in this particular study only two of Eskom's faciliies are of interest, namely Matla
Power Station in the Eastern Transvaal highveld near Witbank, and Lethabo Powsr
Station situated in the Orange Free State near Vereeniging, Transvaal. Details of
these two facilities and the fly ashes they produce are provided in later paragraphs of
this chapter.

2.2 Coal - the fuel for the combustion process

South Africa is blessed with abundant reserves of coal. Much of this coal is however
of too low a calorific value fo make it suitable for expont purposes. This is mainly due
to the fact that the cost of transport per kilojoule of energy is too high. It is however
possible to utilize this coal if it is not necessary to transport it too far. In an effort

reserve the betisr quality coals for export purposas Eskom has opted to make use of
these lower giade coals for alectricity generation. This decision has forced Eskom into
building their power generating facilities close to the coal sources. This is somewhat
in contrast 10 the normal trend of having these c¢lose to the demand for electricity.

The details of only twe of the many Eskom power stations are considered here as they
are the only two frem which fly ash is supplied for general comentitious use. The
relevant stations are Matia and Lethabo.

2.2.1 Matla Power Station

Maiia power station Is situated in the Easlern Transvaal in the vicinity of Witbank. [t
has a generating capacity of 3 600 Megawatt, produced from 6 boilers. The bollers
are fired with finely milled coal, and each boiler consumes about 250 tons of coai per
hour at peak load, burning at a temperature of about 1 500 °C. The Coal is supplied
by General Mining and Finance Corporation from their Matla underground colliery.™

The calorific value of this coal varies b¢tween 15,8 and 20,6 MJ/kg and the ash
content lies between 17,5 % and 33,0 %. The coal is delivered to coal storage
bunkers, 6 of which serve each boiler. The coal is supplied as a minus 25 mm size
and this is further broken down in ball mills prior to being fed to the boiler in an air flow.
The milis are required to praduce the coal with a guaranteed fineness leve! of 89 %
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finer than 300 micrometres, and 70 % finer than 75 micrometres."®

An analysis for the coal supplird to Matla is given in Table 2.1; these figures are the
average for iwo analyses for 1989.""

At peak load each boiler will produce about 1400 tons of fly ash per day ie a total of
8 400 tons per day from the power station. At the same fime each boilet produces 250
tons of botiom ash daily.

An analysis for the total ash, i.e. bottom + fly ash from Matla is given in Table 2.2,
These figures are the average for iwo analyses for 1989.1""

Al ash not removed for further processing for cementitious or other purposes is sluiced
away 1o an ash sump and subsequently io an ash dam. The water used 1o sluice the
ash away is recovered and re-used in a closed cycle.

Fly ash required for other uses is removed from the precipitator hoppers. The fly ash
required for cementitious use is then further processed through a British Rema air
separator™ {o meet the 45 micrometre retention requirements of SABS 1491-1989
(South Africain Bureau of Standards, Standard specification for Portland Cement
Extenders, SABS 1989 (1491-89)). Oversize material is rejected with this equipment
while the fine material is selected for use. This is the current procedure followed at
Mzatla; in the earlier days of supply of fly ash from Matla the practice was to select the
fly ash from precipitator fields No. 2 to No. 4 and it was only when Eskom decided in
1987 to dump all the ash together that the classifier equipment became necessary.
The change in selection procedure had some effect on the performance characteristics
of this fly ash as will be discussed in a leter chapter.

The process of separation or classification is necessary as fly ash fineness is an
important parameter in determining its suitability for use in cementitious reactions.

2.2.2 |ethabo Power Siation

Lethabo power station at the end of 1989 was siill under construction. It is situated
in the Orange Free State not far from the Transvaal town of Vereeniging. It has &
generating capacily of 3 708 MW produced in 6 boiler-turbine sets. The boilers are
fired with finsly milled coal which is consumed at the rate of 350 to 400 tons per hour
at peak load. The coal is supplied by Amcoal from its New Vaal colliery.™ The
calorific value of this coal is around 16 MJ/kg and the ash content is rather high at
between 28 % and 42 %. Average figures for two analyses for 1989 are shown in
comparison against those for Matla in Table 2.1.7%

The coal is ransponrted via storage silos 1o the boiler bunkers and mills. The coal is
supplied as a —25 mm size and this is further broken down in ball/tube mills and then
blown into the boilers where it is burned at a temperature of about 1450 °C fo generate
steam. The mills are required to produce coal with a guaranteed fineness of 99 %
finer than 300 micrometres and 70 % finer than 75 micrometres. In practice these mills
have produced 80 % finer than 75 micrometres during a commissioning test, and the

22



average levsl of fineness achieved during 6 months of operation in early 1986 was 78.2
% finer than 75 micrometre.”™®

At peak load each boiler will produce about 350 tons of coarse botiom ash and 3 400
tons of fly ash daily, ie a total production capacily of about 7.5 milion tons of fly ash
annually. The fly ash is coliected in an array of 7 precipiiators and is transported {o
ash bunkers from where, if it is not to be used for any other purpose, it is transported
to be dumped in the mined—out open cast mine workings.

An average chemical analysis for the ash produced at Lethabo is given alongside the
same figuries for Matla in Table 2.2, Thess figures are the average for two analyses
for 1989,

When ash is required for cementitious use it Is transported in a dry state to an air
classifier which produces a product to meet SABS 1491-1989 requirements. This
particuiar classifier is designed to be able to supply 400 00C tons of classified fly ash

~ per annum.

2.3 History of the use of fiy ash

In order to understand the use of a material such as fly ash it is necessary o go a
long way back in history and logk at the use of a natural pozzolan.

2.3.1 Fly ash as a pozzolan

The AC! defines a pozzolan as a siliceous or silicecus and alumiasus material, which
in itself possesses little or no cementitious value but will, in finely divided form and in
the presence of moisture, react with calcium hydroxide to form compounds pogsessing
cementitious properties."

The first record of the use of a pozzolan dates back to the days of the Roman Empire
when use was made of a natural pozzolan — a volcanic ash ~ obtained from a place
called Puteoli situated near the volcano Vesuvius.™ In this particular case the
pozzolan was used together with building or hydrated lime and the users were
surprised at how hard this particular mortar became.

Fly ash as the residus from the combustion of coal is similar io such natural
pozzolans. 1t will react with calcium hydroxide fo form cementiticus products. The
calcium hydroxide can be derived from hydrated lime or trom the hydration of portiand
cement. Substantial quantities of calcium hydroxide are generaied during the hydration
of portland cement and this material does not cuntribute materially to the strength of
the hydration products. Indeed porilandite, the crystaliine farm of calcium hydroxide,
contributes to the susceptibilily of hardened portland cement pastes to attack by
various aggressive chemicals. In the process of the pozzolanic reaction the caicium
hydroxide is consumed during the formation of further cementitious products in the
form of calcium silicate hydrates.
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2.3.2 The modern use of fiy ash

An early investigation into the chemical similarity of coal ashes and natural pozzofans
was published In the June 11 1914 issue of the USA publication Engineering News and
subsequently referred to by Maihotra.™ No significant fly ash utilization resulted from
this article. Mielenz™ in 1883 reported that in about 1932 fly ash was first used as a
mineral admixture after research done by power utility companies. in 1937 Davis®™
published the first detailed scientific study of the use of fly ash based on work done
at the Universily of California, Berkeley.

in 1942 tha US Bureau of Reclamation used fly ash as an extender in tunnel spiliway
repair works at the Hoover dam. The same organization was responsibie for the next
significant step with between 24 % and 32 % fly ash in the concrete of the Hungry
Horse dam in Montana., The use of fly ash in mauss concraete became fairly routine in
the USA up to the late 1960's. The oil crisis of the early 1970's provided the spur for
wider use of fly ash in the USA, culminating in the use of 10 million tons of fly ash in
1988 from an available fotal of 45.4 miliion tons ie a utilisation of 22 %*". Malhotra™™
reports that current USA tegislation requires the use of the highest possible proportion
of recovered materials in work paid through federal funding.

In Canada the first use of fly ash was in the early 1950s in mass concrete applications.
Subsequent use ran roughly parallel fo the deveiopments in the L.5.A. Current use is
1,1 million fons in 1988 from an available total of about 3,2 miliion tons, ie 34 %
utilisation.*"

Acceptance of the concept of using fiy ash was slower in Europe than in America with
the usse in several Europsean countries only starting in the late 1970's.” As much cf the
fly ash used in Europe is in the form of factory blended cements this slow acceptance
may have been due to the reluctance of vested interests to psrmit a competitive
material onto the market. It is however notable that some European countries have
axtremely high levels of utilization of the fly ash they produce eg Austria 38 %, Belgium
68 %, Denmark 73 %, West Germany 76 %, ltaly 57 %, and The Netherlands 97 %.*"
It is possible that these high levels of utllization are as a result of the importance these
countries place on environmental protection and the high "cost" put on the dumping of
waste materials.

Australia recorded their first use of fly ash in the 1950's with imported ash for mass
concrete backtil. Qnly after a major research projeci's findings wers published in 1968
was full scale commercial use of locally produced #ly ash commenced.™ Todzy
Australian industry is reported to be using 0.56 million tons of an available 5.2 million
tons ie about 10 %.*"

2.3.3 History of Fly Ash in South Africa

In 1877 a company by the name of Saific Resources concluded an agreement with
Eskom awarding them the rights to all the PFA produced by Eskom.™ (In those days
the term Puiverised Fuel Ash PFA was the accepted terminology.) The ownars of
Saffic Recources were Messrs P Bates and P Newton-King. The operation :taried
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with a small plant at the Grootviei Power Staiion, and the plant was expanded in
1978~1978. Without technical backup however Suiic Resource.. met with little
success,

I 1977 Randmix bought a 60 % interest in Saffic and not much later D & H bought
Randmix thereby becoming majority shareholder of Saffic Resources. In 1978 D & H
bought cut Mr P Newton-King and the company name was changed {0 D & H Ash
Resources. In 1980 D & H Ash Resources obtained a 100 % holding by buying, the
outstanding shares heid by Mr Bates.

In 1980 D & H Ash Resuurces signed the ﬂrst major contract for the sale of fly ash in
South Africa with the Westonaria Gold Mine. Fly ash for this contract was supplied
from Taaibos Highveld power siation. The fly ash was used in grout packs for support
of the hanging wall. In this case the fly ash was used in a 50/50 blend with ordinary
poriland cement. With the signing of this contract D & H injected skills and financlal
assistance into D & H Ash Resources. A facility with a capacity for handling 60 000
tons of fly ash per annum was erected at this power station. The plant was closed
when Taalbos Highveld power station closed in 1986.

The handling facility at Grootviel was enlargad in 1981, In 1981 a precast biock
manufacturer was a significant user of fly ash; this producer has been using a ¥riple
or ternary biend of fly ash, ordinary poriland cemert and ground granulated
blastfurniace slag {ggbs) since 1981.

In 1982 a handling facility was instailed at Matla Power Station with a capacity of 70
000 tons per yaar. This was increased in stages to the present capacity of 250 000
tons per year. The initial plani at Matla consisted of a selection plant, a 1 G00 fon
storage silo and a 750 fon loading silo at Oban station. In 1985 an ait classification
plant was instalied. .

fn 1982 a Cape Town based ready mixed concrete producsr started making use of fly
ash in the concrete they produced. During the period up to 1983 the major users were
mining companies and ready mixed concrete producars. In 1983 the coniractor doing
the Inanda-Wiggins tunnet in Durban elected to usg ily ash in the concrete. The
Nedbark centre, & prominent structure in Johannesburg, was buiti in 1984 using fiy ash
in the concrete. Also in 1984, cusiomer demand from Vaal Reefs and other gold mines
in the area prompted Pretoria Portland Cement (PPC) fo start up & blending plant to
produce a poriland cement containing 30 % fly ash specifically for this group of
customers. In 1985 Goldfields did a shaft lining using & 15 % fly ash concrete mix,
This was the first time that fly ash had been used in an application where the 8 hour
strength is a critical factor.

In 1985 Blue Circle introduced a portiand cemant with 15 % fly ash from their Indvistria
depot using the frade name Readybiend.

The department of Water affairs spent a iot of time from 1983 to 1885 on research into

the use of fly ash in dam consiruction. In 1984-5 the Bonnybrook dar: was
constructed near Amsterdam in the Eastern Transvaal. This was the first mass
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concrete dam in South Africa to incorporate fly ash.

The Depariment of Water Affairs then undertook their first rollerete dam construction
projects at Zaaihoek near Standerton, and the DeMistkraal dam situated about 30 km
south of Somerset East in the Cape Province. The forter made use of a. .:ux
containing 70 % of ggbs, while the mix for the latier oont(&med 50 % fly ash.

Structures constructed in the period 1986-7 and usmg fly ash included penstock

towers at Bafokeng (30 % fly ash) and the first bridge for the National Transport

Commission in which fly ash was used at Felixton near Richards Bay in Natal.

D & H and Blue Circle merged in 1986 and D & H Materials became & wholly owned
subsidiary of Biue Circle Materials. Subsequently the company became integraied with

Blue Circle Cement and iost contact with Biue Circle Materials. The company name

was changed 1o Ash Rasources (Ply) Lid. 0

In 1989, after negotiations lasting about 1 year, Ash Resources became a jointly owned

company with 4 equal shareholders, namely Anglo~Alpha, Blue Circle, PPC and
Eskom. o

The Department of Water Affuirs' first rolicrete arch dam, and in fact also a world first,
was the Knellpoort dam near Bloemfontein. This dam was constructed in 1888, The
world's second rollcrete arch dam is the Wolwedans dam near Mossal Bay which in
1990 was nearing completion. Both of thase projects made use of fly ash; in the case
of Wolwedans 70 % fly ash was used in the mix.

Petermix started producing a 30 % fly ash biend for the market in the Pietersburg area
in 1888. A similar operation was started by Interafrica in Swaziland a year later.

The most recent {ly ash production facility was due 1o be commissioned at the end of
1989 at Lethabo power station. It was designed to handle 400 000 tons per year but
room was ailowed for expansion. A 3 000 ton storage silo was provided. This plant
uses an air separator for classifying the fly ash.

The introductich of fly ash into the field of structural concrete has apparently been

slowser than into the mining or ready mixed concrete fields. This has been atiributed
to a greater degree of conservatism amongst the designers involved.”™

Tabla 2.3 gives the annual sales figures from Ash Resources (Pty) Lid for the 8 yaars
to 1989. These data are porirayed graphically in figure 2.1.
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 Figure 2.1
Quantity of fly ash a;l_iold per year

] Quantity soid [1onneslannumi

251 ¥ _ -

20g _ /£ -

150 —— | H ok

—— et e

100 gl A ' ' tf

|/ I | et [y
u £ 1 L] % T Z [ ] “

1982 1383 19464 1983 1986 1387 1588 1389

Year

At the end of 1988 the consumption of fly ash in South Africa was about 0,5 % of the
total fly ash produced®. About 30 % of this consumptlon is in cementitious
applications white most of the balance is utilised in mine tmackfuiis

This then is the p:cture as far as the history of the use of ily ash is concerned, The

next chapter gives an impression of the extensive spectrum of published information
on the technical aspects of the use of fly ash arcund the world.
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Table 2

.

Ultimate analyses on coal sampies

Parameter

Matla || Lethabo i
~ % 1 %

inherent molsture 4,95 _ 5,90
Ash 2320 | 3645
Carbon £649 | 428
Hydrogen 3,46 2,88
Nitrogen 1,85 4 147 |
Total Sulphur 0,09 | 0,61
Carbonate{as CO,) 1,66 1,43
Oxygen {differsnce) AR 8,96
Calorific Value (MJ/kg) 21,87 16,11

Table 2.2

Chemica! analyses of fypical ash samples from 2 sources
(not representative of the samples used in this research)

Manganese  {as MnQ)

28
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Parameter Mail= 35 i.ethabo
| %

Sificon (a5 §i0,) 50,85 52,55
Aluminium (25 ALOy) 2640 | 2675 g

Iron (as Fe,0,) 4,35 | 3,95
Titanium  (as TiO,) 1,35 1,56 E

Phosphorus  (as P,.O)) 0,95 0,45

 Caleium ___(as Ga0) 8,55 5,45

| Magnesium __(e3 MgO) 2,20 1.35

[ Scdum  (as Na,0) 0,50 0,20
Potassium  (as KO) 0,95 0,50 |
Equiv Sodium {as Na,C) 1,13 053 |

Sulphur (as SO,) 1,95 2,10

004 ¥ 003
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Table 2.3
Quantily of fly ash spid
{fonnes/annum)
Eﬂ YEAR | VOLUME
(Va)
1982 71482 B
1983 94741
1984 199052
1985 122760
i 1986 154248
1987 156948
11988 194176
1989 242708 1
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CHAPTER 3
3 SURVEY OF RELEVANT: LITERATURE

GLOSSARY OF TERMS
relating to methods of mix proportioning fiy ash mixes

Replacement methiod. This is a direct mass replacement of fly ash for cement. This
method will commonly result in & drop in strength at ages up lo, and sometimes
beyond 28 days. li is necessary to compensate for the lower relative donsity of the fly
ash by modifying the sand content of the mix to correct the yield.

Addition method. This methed involves incorporation of an additional mass of fly ash
~ without reduction ot the cement content. This method is used for lean mixes where the
addition of fly ash improves workability and reduces bleading and permeability. The
sand content of such mixes wifl be reduced as the fly ash essentially replaces sand.

Partial replacement method. This method is commonly used when comparable
performance to an ordinary porfland cement concrete is desired and the typical target
will be 28 day strength and equal slump. Again a correction should be made in the
sand content to correct for the yield,

Independent proportioning method. Such methods start from the principle of
meeting specific concrete propertles and do not consider an orclinary pordand cement
control. They would endeavour to provide the most economical mix proportions with
the available materials.

ASTM C 618-8%9' Type F fly ash. Fly ash produced by burning anthracite or
bituminous coal, sometimes referred to as low-iime fly ash, South African fly ashes
would generally fall in this category.

ASTM C 618-89 Type C fiy ash. Fly ash produced by buming lignite or
subbituminous cecal, sometimes referred 10 as high~lime fly ask.

1

American Society for Testing and Materials. Standard Specification for Fly
Ash and Raw or Calcined Naiural Pozzolan for Use as a Mineral Admixture
in Portland Cement Congcrete, Philadelphia: ASTM., (1988). (C618-89).
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3.1 Introduction

The research on which this thesis is based is presented in the following chapters using
a sequenca from frash to hardened concrete or moitar characteristics. In order for the
literature survey to form a coherent whole with the research work the same sequsnce
1s used for this chapter.

Section 3.2 covers the physical and chemical properties of ashes whife sections 3.3
10 3.8 cover the effect that the use of fly ash has on concretes and mortars. Detailed
discussions of the findings reported on are not given in this chapter as this will be dorie
in later chapters in the discussion on the resulis generated for this study.

3.2 Physicﬁl and chemical properties

Characterization of fly ashes has received much attention as workers in the fisid soon
became aware that not all fly ashes hehaved in the same way when mixed with
cement. An alphabetical list of these atfributes is given in the following paragraphs.

3.2.1 Alkali Content

Some concern has been expressed about the relevance of the alkali content figures
quoted for cements when the issue of alkali silica reaction is discussed. This is
particularly important when alkali levels in fly ash are considered. The total alkali
content, as determined by X-ray speciromstry, and the acid soluble alkali content
determined by solution In acid, are less meaningful than the active atkali content that
is produced by exposure to a calcium hydroxide solution for 28 da zys The ratio
between active alkali to total alkali contents seems to be about 40 %.

Bariow and Jackson® jound that a significant proportion of the alkali present in fly ash
is released when held in an aqueous solution with cement. in tha ASTM C-311 test
they found 33-39 % of the total fly ash alkalis were released, while in longer tests the
alkalis contributed by the fly ash could increase io 50 % of the total alkali content of
the fly ash. Nixon et al® showed that while the total alkali content of fly ash might be
high the water soluble alkali content was low. Some of the alkalis are held in the
glassy matrix and only become available once these glasses are dissolved by the
calciurn hydroxide released by the hydration of the cement. Generally they found fly
ash to be a nett contributor of alkalis 1o the pore solution at 28 days. In contrast to
this, Byfors™ found that the pore solution pH decreased with fiy ash addition.

Obernolster, B. E. Alkali reactivity of siliceous rock aggregales: riagnosis
of the reaction, testing of cement and aggregates and presentation of
preventailve measures, Sixth International Conference, Alkalis In
Concrete, Proceedings, Copenhagen, Jun. 1883, pp. 419-433.

Davies, G. Personal Communication, Division of Building Technology,
CSIR, Pretoria, Jul. 1991.
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Kollek™ suggested that about 17 % ot the acid soluble alkalis in the fiy ash become
available for further react_ions.

In summary therefore it stems that the quality of the ash may have some influencs on
the final pH of the pore sclution and this may affect the durability cf concreies which
contain aggregates which are sensitive to alkahs

322 Beneficiatioi

Beneficiation by means of an air classification process was shown to lead to selective
retoval of fina iron rich particies, the irregular shaped particies as well as large
spheren and fragments of 5 Jlahencal particles, and to concentrate trace elements
slighily in the finer fractions.?

Beneficiation by selection of fty ash from the second or subsequent fields will be shown
in later sections of this chaptur to reporiedly have an influence on the water demand
of fly ash mixes.

3.2.3 Calelum oxide content

Calcium oxide content of fly as:1 was shown by Valente ot al™* to be one of the main
factors, alorg with particle s.«a distribution, determining the mechanical behaviour of
the fly ash in concrete. Muke information will be provided on this fopic in the
paragraphs on compressive strangth,

3.2.4 Carbon content

Valente et al™ gave the loss on ignition (LOI) at 750 degrees centigrade as a measure
of burning efficiency as it dete'mines what proportion of carben is left unburned.
Munn®" noted that the LOI, the residue on the 45 micrometre sieve and the colour of
the fly ash are used In the monitpring of fly ash quality.

Mehta™ recommended that a sirgle figure for LO! of 8 % be used for a# extenders as
the only mandatory chemical requirement.

= Kruger et a* showed carbon cantent of fly ash to influence the water demand of the
mix but as South African fly ashes have ioss on ignition figures of between 1 and 5 %
he suggestad that the effect can he regarded as negligible for local ashes. Valente et
al™ gave high values for carbon gontents of fly ashes derived from South African coal
but ascribed this 1o poor burning efficiencies of the Ralian power stations.

&}

Dunstan™ however showed that high carbon ashes can 9 used successtully in high
fly ash concretes, and Valente 3% al reported on a fine fly ash with 13 % LOI that had
been used successfully,™

A i o i magmbm.

N

i

Cosia and Massazza™ reportzd that the carbon content Is a factor in determining the
rheclogical behaviour of fly ash mixes, This may be due to Diamond’s contention that
the Swiss-cheesa-like non-spherical particles are found to be composed of

L
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incompletely oxidized coal and melted organic material.®™ The carbon content of fly
ashes is also reporfed to influence the measurement of surface area.’™

Alstead Nielsen®™ pointed out that the carbon in fly ash is undesirable due to its effect
on colour and the tendency it has to absorb chemical admixtures. The South African
CSIR showed that the carbon content of a fly ash is dependent on the rate of
combustion, the airfuel ratio and the fineness of the coal.™

Osback* found that the carbon content of fly ash influgnced both water demand and
strength development of fly ash mixes.

There is thus some consensus regarding the fact that carbon is an undesirable
component of fly ash, but the presence of small quantities of carbon do not necessarily
make the fly ash unsuitable.

3.25 Cenospheres

Dhir et ai*" described cenospheres as holiow fly ash particies that float on water.
They concluded after using heavy liquid separation techniques that a major part
(97.6-99,9 %) of the fly ashes tested were cenospheres. Local recearchers concur
with the belief that the majority of particles appsar holiow.*?

The ACI pointed out that the presence of cenospheres influences the apparent specific
gravity of the fly ash.® Dhir et al*“ showed the cenospheres io be hydrophillic and
noted that a high proportion of unreacted cenospheres could be detected in mature fly
ash concrete.

There seems little doubt that a fairly substantial proportion of cenospheres ocecurs in
most fly ashes but the significance of this to the suitability of fly ash use in
cemeantiiious mixes is not clear.

3.2.6 Chemical composition

Diamond™ contended that the overall chemical analysis of fly ¢ sh is meaningless other
than to give an indication of the statistical average composition. Nevertheless many
authors have undertaken extensive analyses in attempts to classify the fly ashes being
woiked with. A few papers are clited here to give an idea of the spectrum, but
commonly a chemical analysis would form part of a research paper.

Some researchers™ found that sub-bituminous coals produce fly ashes with mora
Ca0 and iess Fe,0, than those derived from bituminous coals: they pointed out that
the bulk of the particles are glassy but that some crystalline quartz and mullite may be
present. They also noted that the quartz content decreased with increasing precipitator
field number.*® Manz" listed the crystalline minerals as quartz, muliite, magnetite or
ferrite spine! together with calcium suiphate and alkall sulphates and a%reed that there
is little correlation between oxide composition and reactivity. Munn,* on the other
hand, found that the chemical composition depends to a degrae on the operating load
of tha power station. The major change, as could be expected, was the loss on
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ignition, or carbon content, with other oxides changing only in proportion to the dilution
effect of the carbon. The ACI commitiee ascribed the presence of glassy particles fo
the rapid cooling that the pariicles undergo.”*®

Dhir et at pointed out that the chemical composition of the fly ash does niot define the
pozzolanicity of the ash, and noted that the mulfiite and amorphous components are
derived from the meiting of the incombustible fllite and kaolinite in the coal **

Mehtz®? noted that the aspect of calcium and magnesium unsoundness is easily
determined using the le Chatelier fest ani that it was not necessary to carry out an
autoclave test. ' :

Wiliis st a*® found a marked effect of the particle size of fly ash on the concentration
of volatile trace elements - this changes through the bank of precipitators.
Comparisons have been given between different South African sources and also
against vaiues from the USA.

Commonly it seems that the chemical composition from a particular source plays a
relatively Insignificant role in determining the suitability of the fly ash. There may
however be an Impact on some of the characteristics of the fresh mixes but this will
be discussed in later paragraphs.

3.2.7 Environment: Disposal and energy saving

Valente® indicated in his paper that when the fly ash content exceeds 10 % of the
mass of the coal burned the disposal or utilization becomes an environmenta! problam.
In ltaly the power stations burning South Aftican coal use a relatively high grade coal
when the ash content is compared against the levels at Matla (17,5-33,0 %)™ and
Lethabo (28~42 %).1" The disposal prnblem is therefore a proportionately larger one
in South Africa.

Dunstan™ peinted out that the use of fly ash in concrete reduces the energy
consumption of the concrete as fly ash requires less energy to produce than ordinary
portland cement. Souerbren®” mentioned that the dumping of #ly ash presents an
envirenmental hazard due to the leaching of soluble toxins, and this was therefore an
option that was no ionger considered in Holland dus to the lack of space. However,
also in the Netherlands, ENCI** indicated that the health hazard on exposure to fly ash
dust was no ﬁ?reater than that on exposure to ordinary portiand cement. Van der
Schaai et a*® showed further that exposure to fly ash dust posed no dangers from

silicosis, toxicily, radioactivity or carcinogenicity.

There are thus two snvironmental benefits to be had by utilizing fly ash in concrets; an
energy saving and a reduction in the quantity of a potential poliutant that needs to be
dumped,

Y,

3.28 Flow
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Alstead Nielsen™ pointed out that the flow characteristics of dry fly ash powder are
superior fo those of ordinary portland cement, and less difficulty can therefore be
expected in transporting the material.

3.29 Glass content

Valente et a™ indicaied that the glass content of fly ash is not an important
parameter for it's machanical properties when used in concrete or mortar. Fraay et
al* postulated that the glass had to go into solution before any pozzolanic effects
were noted and this required about 14 days and a pH of greater than 13,2. They noted
that the temperature is of great importance in this process. The glass eventually alt
reacts leaving the muliite lattices behind.

Berry ot a® indicated that beneficiation appeared to increase glassy particle content
as fineness increases with an accompanying drop in quartz and mullite content.

Whilg the glass component of fly ash is important it seems that within the range of
glass contents commonly found in fly ash there is little effect on its suitability for use
in concrete or mortar, '

3.210 Gypsum and sulphate content

Some fly ashes have a high SO, content ~ this allows a reduction in the gypsum
content of a cement during manufacture of a blended cement but can cause a
complication in that the o‘?timum gypsum content is no longer as cleatly delined
according to Haque et al.*" Giergiczny and Werynska™ came 1o similar conclusions
but found that the gypsurm couid be omitted altogether in some cases,

Ravina®™ indicated that the fly ash particles become coated with sulphates as they cool
in the boilers; these lead to early expansion n a mix with extra formation of ettringite.
luorn®™ said that the sulphates in the liquid phase are activators and create complex
secondary hydrates. Mehta™ showed that fly ash with high sodium oxide and sulphaie
content tends to accelerate the setting and hardening of fly ash concrete. Manz®™
showed that three fly ashes with sulphate contents in excess of ASTM limits had been
used successfully in high replacement fly ash concrete.

Associated with sulphates is calcium trisuiphoaluminate hydrate (ettringite). Jun~yuan
et al™ showed that the use of fly ash allows the conversion of ettringite fo the
monosulphate before 7 days while in the control mix this only happened at about 28
tiays, but noted that this might only occur with fly ashes having low suiphate contents.
This conversion is accompanied by an increase in microstructure density,

Berry ot al®? noted that the fly ssh particles provide nucleation sites for C~S~H gel and
ettringiie with a slowing in the rate of formation of calcium hydroxide and acceleration
in the rate of formation of etfringite. Saito et al*” found that etiringite normally occurs
at the aggregate/paste interface, but the use of fly ash restricts this.
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This would appear to be an example where the chemical composition of the fly ash can
be significant in determining the suitability of the fly ash for use in blended cements
where these are required to meet setting time and sulphate content requiremerits. The
control that the use of fly ash places on the formation of etiringite at the aggregate
interface may improve the aggregate/paste bend.

3.2.11 Particle size distribution and surface area

Valente et ™ showed that the particle size distribution and the calcium oxide content
of fly ashes arc the main characteristics influencing the mechanical behaviour of
concrete or mortar mixes incorporating fly ash, Schiessl and Hardt™ found that an
improvement of the particle size distribution of a fly ash by classification or grinding
had a posiiive influence on the workability, early strength and pozzolarie reaction of
a mortar. They also noted that fiy ash efficiency couid be improved if the particle size
distribution could be made to compiiment the grading of the cement and aggregaies.
Some authors“*® had similar findin?s on the degree of reactivily after grinding,
aithough others disagreed.® Dhir et a*" showed that only the coarsest of particies are

broken down during grinding. Osborne and Nixon noted that intergrinding of a cement

with a fine ash leads to little improvement In performance.™

Pat ot a® recorded the particle size distribution of fly ash using a sedigraph and found
a range from 1,5 to 90 micrometre with about 10 % exceeding 45 micrometre, Manz"**
gave a size range from 0,1 micrometre 1© 1,0 mm and found the nifrogen absorption
surface area 10 lle in the range of 300-500 m/kg.

The carbon content of fly ash is reported to influence the assessment of specific
surface of the ash.*® Butler warned that due to the fly ash particle density being highly
variable Sfrom 0,7 to 3,0) the specific surface of fly ash should be expressed by
volume.® This phenomenan could affect the measurement of particie size distribution
too.

Idorn and Thaulow™ noted that the fineness of fiy ash should at least match that of
the cement as most coarse fly ash particles do not react but mersly act as micro-
aggregate particles. Many authors confirm the significance of the finenass of the ash
as measured by the retention on the 45 micrometre sieve as being a good gulde fo the
performance of the ash, with jow retention values being advantageous, R4
However, the fineness cannot predict the reduction of water demand that may ocour,”™
nor does it have much Influence on the degree of retardation of seiting time.*

Gopalan and Haque™ noted how a fly ash becomes finer as it proceeds through the
cifferent stages of the electrostatic precipitator.

The particle size distribution together with the fly ash fineness appear fo bg important
characteristics of quality, but the grading of the ash should be compatible with the
overall grading of the other components of the mix so as to provide a smooth grading
for the total mix.

3.212 Specifications for fly ash
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Fly ash is a material whose composition and cementitious properties depend to some
extent on the physical and chemical characieristics:not all fly ashes work well in
cementitious mixes. In an attempt fo provide guidelines as to which fly ashes are
suitable, many cov.iries have compiled specifications for the physical and chemical
requirements of the fly ashes.

The South African CSIR summarized the specification requirements fo: various
countries,*” and commented on the various desirable (eg. 45 micromeire residue and
water reqwrement test resuits) and undesnrab!e clauses (eg. pozzolanicity indices and
free magnesium and calcium oxide contents).’™

Mehta noted that there is general dissatistaction with the various specifications on fly
ash and slag as there are too many requirements which have been found to be
unnecessary,®™ and md:cated that the specifications should be performance-based
rather than prescriptive.™ IManz®® had similar views and added that the division of
class F, and class C should be in terms of the degree of self-hydraulicity rather than
on the ca]cium oxide content.

Potter noted thai the Australian specifications have changed with fime and there are
moves towards monitoring the variability of cement and subsequently that of fly ash.”™

The tests for pozzolanicity of fly ashes have been criticized as taking too long when
done with cement and being irrelevant when done with lime.”™

The general view has heen well summed up by Brizzi™ when he stated that it seems
inappropriate to rely on many prescriptive requirements for fly ash when they have litlle
bearing on the performance in concrete.

3.2.13 Varlability of composition

Dunstan,®looking at the macro—variability of fly ash pointed out that the variability in
quality causes more protlems than using fly ashes which do not comply with the
British Standards specnflcatlon D & H Ash Resources showed that the inclusion of the
selected fly ash available in South Afref,a at the time did not increase the variability of
the strength results from the tests done

Diamond™ looked at the issue of variability on & microscopic level. He said that the
fly ash constitutes the parii¢ulate residue of the responses of individual particles of
ground coa! to brief exposure to high temperature oxidising conditions. Each particle

~ Is therefore lizely to differ slightly from the next, but on a macroscopic scale this will

e - S e

probably have little impact on the peirformance of the fly ash,

Macroscopic variability of fly ash is thus likely to iead to noticeabls changes in the
behaviour of mixes incorporating fly ash. In South Africa the vast quantily of fly ash
available for use allows the producer of cementitious grade fly ash to be very selective.
The likelihood of macroscopic variation should, given a commitment to uniform quallty
by the producers, therefore be less of a problem in Scuth Africa.
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3.3 Rheology, seiting time and bleeding

The impact that incorporation of fiy ash has on the leve! of fiow or workabillly of a mix
is of considerable importance in determining the economic feasibifity of the use of fly
ash. For this reason the problem is approached in a number of ways in the following
paragraphs.

3.3.1 Rheology

Rheology is defined as "the science of the deformation and flow of matter" and is thus
concerned with the relationships betwasn stress, strain, rate of strain and time,”"

For the concrete technologist or the site foreman this characteristic is the one whick
determines how easily the mix can be placed and compacted on site; the water content
of the mix is a critical aspect of this properly. The most commonly used test on site
iS the slump test, and this allows the mixer operator some contro! of the water content.
This aspect of the measurement of the flow characteristics of the mix is discussed first.

3.3.1.1 Assessment of workability with the slump test

Many authors™“”™ have noted that the slump test gives a poor reflaction of the
improvemeni in the mobility and ease of compaction of mixes using fly ash. While
some researchers attributed part of the improvement to the spherical shape of the fiy
ash particles,® Dhir et ai" suggested that the effect is brought about by influence of
the fly ash on the agglomeration of the mix. Kruger et ai® indicated that the increase
in mix cohasion helps improve the workability.

The improvement of the workability is more commonly measured by the amount of
water that can be removed from the mix and still give the same slump as th~ control
mix (which has no addition of fly ash). This is also referred {0 as a reduction in the
water demand of the mix ie the quantity of water (litres) required per cubic metre of the
mix. Hobbs for example indicated that the water demand increases when fly ash is
used as an addition to a mix, although he suggested that interground cements rmight
have lower water demands.”™ Other authors believed that mil'ing of fly ash to increase
fineness makes little difference to the water demand of mortar mixes.*® Van Zyl™
found no reduction in water demand for an increase in fineness of an interground fly
ash cement.

The area of fiy ash use that has received the most attention is that of partial
replacement. Hobbs"™ stated that the reason for the water reducing effect is that en
active component (cement) is being replaced by one that is inert at early ages (fly ash).
Hobbs further reported that the genreral order of water reduction lies between 7 % and
12 % {or 2-4 % for each 10 % of fly ash used) although this effect apparently
disappears above a total cementitious content of 450 kg/m?".

Dhir et a*” said that the water demand reduction is proportional to the product of
fineness (45 micrometre retenticn) and loss on ignition of the fly ash.
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Other authors ascribed the water demand reducticn to the srmooth spherical shape of
the fly ash particles.™ They found that water demand of mixes decreases along with
the numbser of precipitator fields that the ash has passed through before seleciion and
use. Carbon conlent was shown in this study to afiect the water demand - high carbon
content as revealed hy the loss on ignition being associated with high water demand.

Ravina and Mehta™ found that the reduction in water demand permitted an increase
in cement water ratio without increasing cement content. In another paper™ these
authors found a water demand reduction of 10-15 litres/m® for 50 % fly ash content
and 15-20 litres in the case of 75 % fly ash mixes.

Van Zyl found fly ash from a particular source to increase the water demand™
although the other source investigated showed a reduction™ Dunstan™ also
determined that the quality of the fly ash had an effect on the magnitude of the
recduction in water demand and found that a high quality ash permitted mix proportions
with a lower cementitious maierial content than was the case with a poor quality ash.
The ACI commitiee 224 concurred by noting that the use of fiy ash normally allows a
reduction in water content."®

Olek and Diamond used a different approach and determined how much exira
aggregate could be added to a mix without reducing the slump when various
proportions of fly ash were used.® A substantial addition of aggregate was found
possible for 15 % fly ash but the quantity of the addltional aggregate was found to

- reduce if the fly ash content was increased o 25 %.

In contrast to this siudy Thomas et al™ found the magnitude of the water demand
reduction o increass consistenily with fly ash content, varying from 8 litres at 15 % fly
ash, 15 litres at 30 %, to 26 litres at 50 %.

Berry et a™ jound that the proportion of fly ash particies larger than 45 micrometre
adversely iniliences the waler dernand and these pariciss contribute litlle to the
compressive strength, Dahi® found that the intergrinding of a poor fiy ash allowed litile
reduction in the water demand. Butler® showed that most fly ashes will permit a water
reduction but pointed out that the cement used plays an important role; he found that
a high water demand cement wili give greater water demand reductions than a cement
with 2 lower water demand.

Samaiin, working with mortars with consiant ASTM C-108 flow values found that the
water demand decreased or increased depending on the proportion of fly ash used.™
The flow reached a minimum value at between 2 and 3 % (by mass of mortar) fly ash
content, but increased steadily with increased fly ash content beyond this point.

Helmuth®™ suggested that the water reduction is due to the adsorption of the finest fly
ash particles onto the cement grains which prevents their flocculation in a manner
similar to a water reducing agent. The impioved mobility of the mix he ascribed {o the
ability of the increased paste volume o separaie the aggregate particies but pointed
out that as there is a possibility of aggregate interference with coarse ashes the
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greatest water reductions are found with the fly ashes having e highest specific: o

surfaces. Roy™ reported that the floc structure of fresh cement paste is Interrupted
by fly ash thus creating smalter units and leading to greater workabiiity.

Brizzi et al* found the only attribute of fly ash to correlate well with reduction in water
demand was the carbon content. The correlation was only good for fly ash with carbon
contents greater than 12 %. Cornelissen et al*” found that substitution of fly ash for
cement generally improved workability. Schiessl and Hardti™ reported that if the
incorporation of fiy ash imp ed the particle size distribution of the cementitious
fraction then the water demant: duced. Air classification was reporied to imptove the
rheology of the mix. Theissing ” stated that an irnprovement in the shape of the
grading of all the solid materials in the congcrete brought about by 1-sing fly ash may
also coniribute o reducing the water demand of the concrete.

Two ENCI papers reported that fly ash replacement of cement improves workabliity,™
and that the water demand is reduced by 5-11 litres for a 25 % fly ash conient."
Rivera reported that using 30 % fly ash and a superplasticiser permitted a cement
saving of 40-50 %.*"

Tikalski et al™ reported that fly ash mixes exhibited a greater degree of slump loss
which they ascribed to the lower water content permitted by the use of the ash, Rivera
had similar findings and commented that this occurred irrespective of the temperature
of the mix.*" lonescu and lspas™ provided contrary evidence where the fly ash mix
lost slump at the same rate as the control mix, but as {i started at a higher slump, the
fly ash mix took longer to get to the lowest accepiable slump.

The consensus of opinion wouid therefore seem 1o be that fly ash will improv ~ the
workability of a mix in which it is incorperated on a partial replacement basis but that
the guality of the fly ash and the cement used will defermine the magnitude of the
change. The clwinges measure | in the siump test may not be a true reflection of all the
modifications that have ocsurred i the placeability or compactibility of the mix.

3.3.1.2 ~ Viscosity measurement

The technologist in a laboratory has more sophisticated means of measuring the
rheology of the mix or of some of its constituents than the relatively crude siump tast,
and this topic has had substantial coverage in the literaiure. Inlaboratory assessment
of rhaology the most commonly used apparatus seems to be the coaxial cylinders
viscometer.

Atzeni et al™ pointed out that the fundamental role played by the experimental
conditions has sometimes led to gross discrepancies in the resulis obtained. As the
results of paste viscosily tests are rather sensnwe to the method adopted, and
because no standard method seems io exist"™ some references are provided fo
illustrate the spectrum of resuits obtained in ordinary portland cement mixes as well
as those incorporating fly ash, The majority of the work reported on here has been
done on pastes, although there is some mention of flow or other tesis on mortars.
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Atzeni et a™ evaluated a number of mathematical models ‘o see which most closely
represented the viscous flow behaviour of cementitious pastes. Whils the Bingham
mode! is commonly accepled as being representative of the behaviour of pasies they
showed other models to more closely simulate the actual fiow measured, The mixing
cycle used in Atzeni's™ work was 3 minutes of hand mixing with a spatula using a
range of water cement ratios (w/c) from 0,3 %o 0,45.

In anoiher paper, Atzeni et af™ indicated that the rheoiogy of pastes represented by
ths yield shear sirength correlates reasonably well with the siump and flow tests on
mortars. The mortars tested were mixed using an apparent stndard test for mortar
testing, ie the Hobart mixer with the ASTM standard method C-~30%, while the pastes
wera mixed by hand using a spatula for a total of 3 minutes as beiore. The range of
w/c ratios tested by Atzeni et al® ran from 0,3 1o 0,6.

in conirast to this method of paste mixing Costa and Massazza™ used a high speed
rotary biade mixer for 90 seconds in the preparation of their 0,45 w/c pastes. They
showed the same shape of hysteresis cycle on a plot of angular velocity against torque
as Atzeni et al, but noted that the fly ashes used in some of the iests had a limited
etfect relative io the results shown by the cement mixes.

Banfiil and Rudzinski®™ used a mixing cycle of 500 reve/min in a laboratory mixer for
= range of w/c ratios from 0.3 t0 0,4. They too, found similar shaped hysteresis loups,
i this case on non-shrink cement pastes.

Diamond and Tattersall™ used a range of w/c ratios from 0,28 to 0,34 but gave no
details of the mixing cycle used. They showed that while different types of behaviour
couid be obtained using a smooth coaxial cylinders viscometer the vanabifity was not
found when serrated cylinders were used. In all the above cases the hysieresis loop
had shown a reduction of torque on the down curve, ie strain softening or thixotropie
behaviour. _

Wolter™ showed that with time the hysteresis loops change from thixotroplc 1o
antithixotropic (strain stiffenirig) behaviour. Most of his work was done at a w/c ratio
of 0,5. He noted that the viscous behaviour of cament from any source changed from
one shipment to the next.

Ra‘geli™ working with mortars with a w/c range from 0,3 to 0,6 found thixotropic
behaviour in a vane shear apparatus. Mixing was done to ASTM C-305.

Rudzinski®™ made mixes of varying proportions of cement and fly ash using 2 minutes
of spatula mixing followed by 3 minutes of 50 re*/min machine mixing. He worked with
w/c ratios of 0,6 and 0,65. He founr the behaviour of the hysteresis loop fo change
from thixotropic t~ antithixolropic as the fly ash content increased. The shear stress
values were also seen to increase with the increase in fiy ash content.

Odler et al"™ found they nesded to use cement finer than Bl~ne specific surface 450
m’/kg in order to prevent too much sedimentation occurring. - 16 worked with a range
of paste w/c ratios from 0,375 to 0,55 and made use of the ASTh: C-305 mixer at 285
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rpm for 3 minutes; they found antithixotropic pseudoplastic behaviour. They
associated the antithixotropic behaviour with mechanical agitation of the paste during
hydration, but noted that the viscosity also depended on the fineness of the solids in
the pastes.

Nessim and Wajda"™ used a cycle of 6 minutes of hand mixing with a spatula in
pastes of w/c around 0,3. They monitored temperature during the testing and
concluded that a 1,6 degree change resulted in little change in the results. They found
thixotropic behaviour in the hysteresis loop.

Massidda and Sanna™ used 2 minutes of hand mixing for pastes of w/c from 0,35 to
0,45 and incorporated from 20 % to 40 % of fly ash in the mixes. A very fine cement
{Blaine of 490 m?/kg) was used. They jound pseudoplastic thixotropic behaviour with
the fly ash resuiting in reductions in the peak viscosity levels reached.

Lapasin et a"™ used a cycle of some hand and some mechanical mixing with three
wic ratios of 0,35, 0,40 and 0,45. The cement was moderately fine (Biaine = 360
méfkg). They found a partially thixotropie behaviour, and noted that if smooth cylinders
are usad on the viscometer then the viscosity measured is that of the liquid and not
the homogenous suspension.

Ish-Shalom and Greenberg™ found the predorninant kind of behaviour to be
thixotropic but did measure antithixotropic behaviour when the mixes had been
vigorously agitated and allowed to hydrate alitile. They used three minutes of vigorous
mixing (under vacuum to avoid air entrainment) on pastes with a range of w/c ratios
from 0,4 io 0,8. They found that reproducible results could be obtained if the test
conditions were kept constant, and stated that the temperature did not play much of
a role in the early viscosity results. The results indicated that the viscosity is
proportional 1o the surface area of the solids, and aiso to the C,A content where this
was above 4 %, and that the antithixofropic behaviour was dependent on the CA
content.

Helmuth™ ascribed the increased resistance to fiow of mixes with finer cements to the
tendency of the smaller particle= to flocculate, Destroying these flocs will increase
flow. He stated that fly ash is thought to deflocculate the cement by adsorption onto
the cement grains resulting in impreved flow,

With the wide range of different mixing techniques used it is not allogether surprising
that widely differing resuits have been reported. A good examplea is the tolally different
behaviour reporied by Rudzinski™ and Massidda"™ when fly ash is incorporated in the
mix. Unfortunately Insufiicient information has been given on the various fly ashes
used to be able 1o offer any explanation as to why one set of resulls indicates an
increase in shear stress with incorperation of iy ash,™ whita the other indicates a
decrease,"™ Animportant factor to be noted is that the test conditions need to be kept
as constant as possible 10 ensure reasonably repsatable results.

3.3.2 Setting time
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The influence thal fly ash has on the setting fimes of cementitious mixes has received
a substartial amount of atiention because of the potential impact that an increase in
these fimes could have on the construction techniques used on sile.

Ravina and Mehta®™ recorded increasas in both initial and final seiting fimes: the
increases ranged from 20 minutes to 260 minutes in initial set, and 60 minutes lo 327
minutes in the finai set. They noted that the delays in setting times with partial
replacement of cement with fly ash swere smaller than was the case if the mix was
made with only the ordinary portland cenient in the cement + fly ash mix proportions.
They also found that class C fly ashes gave greater delays than was the case with
class F fly ashes. They suggested that the delays could be as a result of sulphate
ions from the fly ash retarding the hydration of the tricalcium aluminate. In another
paper™ they noted that the increase in setting time was proportional to the quantity of
fly ash used. They felt that fly ashes with high alkali contents couid accslerate the
setting times.

Hague et a™ also found retardation of setting and further noted that the peak
temperature in the heat evolution curve was depressed by the incorporation of fly ash,
They supported the idea of sulphates in the fly ash causing delayed sefting and
reported that the optimum gypsum content for a cement was aliered by the
incorporation of fly ash.

Giaccio and Malhotra'™ noted that the setting time of fly ash mixes depended to some
extent on the type of cement used. There was little difference in setting fime between
beneficiated fiy ash mixes and as-raceived fiy ash mixes with ASTM Type | cement
but the setting time showed greater retardation with a ASTM Type Il ¢ement and
as-received fiy agh. They noted that opo/fa/si mixes wera retarded far less than the
opc/ta mixes. in contrast to this Baoyu et al"™ found dramatic increases of about 10006
minutes in both Initial and final seofiing times with similar mixes, but, as they were
aiming at producing a low heat curicreis, this is probably not surprising.

Dodson™™ reported that when a fly ash concrste is designed to give a compressive
strength at a pariicular age equal to a conirol ordinary portland cement mix, the setting
time of the fly ash mix will show some retardation. He introduced the Omega Index
Factor {OIF} which he maintalned Indicated whether the retardation caused by the uss
of fly ash is due to a chemical or physical regnlion. The O!F is computed as the
cement content of the mix {kg/m°) divided by the water cement ratio of the mix. In the
caicutation of the OIF the presence of the fly ash is ignored in both the cement content
and the water/cement ratio. Dodsc found a linear relationship between OIF and
sefting time. He remarked that fly ashes that gave acceleration in setting fime are high
calcium ashes while those that ratard commonly have high sulphate contents, Munn®™"
however reported that class F fly ash gave reduced setiing times while Class C fly ash
gave severe retardation.

The ACI™ noted that the incorporation of fly ash in a mix generally causes increased
initial and final setting times.
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Sivasundaram et al™ found that the initiai set was retarded slightly in a high volume
fiy ash mix {= 60 % fly ash) but final sef was retarded by more than 3 hiours. They
noted that the retardation was not expected to cause problems on site as site concrete
was seen to have set within 12 hours of casting. Sri Ravindrarajah and Tam"™
showed setling time to be increased by about 2 hours at 40 % fly ash replacement
level.

Gebler and Klieger™ found slight to significant delays in both initfial and final setting
fimes for most of the fl{y ash mixes they made: these Included both class F and class
C fly ashes. Rivera™ found that temperature affects the degree of retardation
measured with high iemperatures reducing the relative retardation, and low
temperatures increasing it. His work was done on class F fly ash.

Caretie and Malhotra™" tested a range of eleven fly ashes and found that most (2)
caused retardation to hoth initial (30180 min} and final {60-240 min) setting times.
The two ashes tested that did not retard caused no change in the setting times. They
ascribed the retardation in setting times to the dilution effect, but conceded that some
chemical effects might be influencing setfing times too.

Lin and Hwang™® reporied retardation in both initial and final setiing times for mixes
containing 20 % of fly ash and found the degree of retardation to be proportional fo the
content of tha class F fly ash they used in their tes's, Rodway and Fardirho™™ found
severe retardation of initial set in the superplasticised class C fly ash mixes they made
in a site evaiuation. The retardation for a 76 % fly ash mix was 35,5 hours.

Kasal et all' found thers 1o be a great deal of difference between the setting time
retardations caused by fly ashes from different sources., They reported a good
correlation of retardation against boron content as well ag against the concentration of
the so called fly ash fluxing agents, sodium and potassium, They also noted that the
degree of retardation caused by any one fly ash was proportional to the fly ash
content, Naik and Ramme™™ concurred with this last observation.

Samarin et al,"" in repaorting on the use of fly ash in Austraila noted that the effect of
fly ash on the selting times is insignificant in comparison with what happens when the
water/cement ratio is changed. This they found fo be the case for a wide range of mix
temperatures. In contrast Kerac and Ukraincik™” found that when they used 50 % fly
ash in the concrete for a daim construction project it was not necessary to use a
retarding admixture as the setiing times were sufficlently retarded by the fly ash.

Costa and Massazza™ found that the addition of {ly ash prolonged both initial and final
setting times but that the degres of retardation was diminished by an increase in
cement fineness. Changing the fineness of the fly ash by grinding had no influence on
the change in setting times. Roy™ noted satting time retardation with fly ash with class
C retarding more than class F. She reported that in both cases there would siill be
appreciable quantities of unreacted ash at later ages.

Collepardi"™ commented that in winter, when the greatest quantities of fiy ash are
available in Haly, the refarding effects of the use of fly ash are most noticeable. He
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commented however that when fly ash is added to a mix without any reduction in
cement content the seiting time is reduced.

it would appear to be fair to state that the incorporation of fly ash in a cementitious mix
is likely to extend tha initial and final setting times. The degree to which these times
increase seems fo depend not only on the quantity of fly ash used but alsoc on the
source and quality of the fly ash and ordinary portland cement used, and on the mix
proportions used. The method adopted for fly ash incorporation {eg addition,
replacement or partial replacement) also plays a role. The data presented by these
authors seem to contradict earlier staiements that the chemical composition of fly ash
is not an important factor in determining its suitability, unless setting time is regarded
as being of no consequence on a particular project.

3.3.3 Bleeding

The formation of a layer of clear water on the top surface of newly compacted concrete
or mortar is known as bleeding." It is caused by the settling of the solid particles in
the mix through the water and the rate of setilement determines the rate of bleeding.
The rate of settlement will, according to Stokes law, depend on the specific surface of

the solid materials in the mix, so an increase in the quantity of fine material (such as

cement or fly ash) in the mix will slow the rate of bleeding due to the effect that the fine
particles have on the rate of settiement.

The iotal volume of water that comes to the surface is known as the bleed volume.
The process will continue uniit the mix has set sufficiently to prevent any iurther
settlement. Therefore any changes to the mix that resuit in changes in the setting time
will probably impact on the bleed volume.

Giaccio and Giovambattista™ pointed out that for the concrete tested, a bleed

capagcity (i¢ total bleed volume as a proporiion of the water content of the mix) of 8 %.

should be considered as dangerous as it could lead fo a compressive strength
reduction of abo'it 30 % due fo the formation of voids such as bleed channels and
fissures. They noted that bleeding capacities of 3-3,5 % make little impact on the
concrete properties.

Dhir et al™*” reported a reduction of bleeding brought about by fly ash in concreie. In
contrast, Ravina and Mehta” noted that fly ash concrete had an Increased bleed rate
and volume relative to the control ordinary portiand cement concrets, with a fine ash
bleeding less than a coarse ash. They also showed that difierent fly ashes influenced
bleeding to different degrees.

Van Zyl™ found a reduction in bleeding when fly ash wes used in a mix containing
South African Cape flats sand as fine aggregate. Kruger et ai™ aiso found a reduction
in bleedilzg with improved pumpability and glaceability as additional benefits. Idorn and
Thaulow™ reported that by replacing 20 % of the cement by fly ash bleeding of a
concrete was successfully controlled.

3.18

. T



O

G

e Lo B T BV
(‘/ ot

Mehta®™ found that in high volume fly ash mixes the bleeding is aimost non-existent
as the initia} water content is relatively low. .

Munn®™" noted that the mix proportioning procedure used influences the bleeding; using
the Australian procedure the bleeding rate and volume is reduced, but if a mix is poorly
proportioned then the use of fly ash can lead fo increased bleeding.

Gebler and Kliger™"™ reporied reduced bleeding capacity with the use of fly ash. Dhir
ot al** mentioned reduced bleeding of fly ash mixes and stated that the phenomenon
was dependant on the s»eclfic surface of the fly ash used. This property is commonly
rieasured by the retention on the 45 micrometre sieve.

Carstte et al™" reported similar or slightly increased bleeding for fly ash mixes but
explained that there had besn no control of siump in these tests. Lin and Hwang™™
noted an increass in bleeding which was proportional to the fly ash content.

Pat et al* reported that a mix using rapid hardening cement with 25 % fly ash gave
lower bleeding than an ordinary portiand cement contre. mix. Samarin and dunn™
noted that typical partial replacement {ly ash mixes gave less bleading than the control
mixes.

There appear to be two distinct schools of thought on the effect that fly ash has on
bieading; the one side believes that there is an increass, and the other a decrease.
It is probable that both parties are correct under the conditions of test in sach. case.
it is also liksly that the particle size distribution of the fiy ash, cement and aggregates
and the way they combine to form an overall grading curve play an important role.
There is no way of canfirming this contention regarding the above pay .'s as seldom,
if ever, have the authors provided the full particle slze distributions of & he materials
used. '

34  Heat of hydration

The heat of hydration refers to the rise in temperature generated by the exothermic
chemical reaction between water and cemantitious materials. The pnenomenon can
cause problems when the heat cannot readily be dissipated, in, for example, mass
concrete pours, as the heat can cause expansion in the plastic concrete. The
expansion is easily accommodated at this stage, but once the concrete has hardened
and starts to cool then cracking may occur in the now stiff concrets, Reduction of the
rate and magnitude of the heat generation is thus desirable in mass concrete
applications, but the same reduction may result in such mixes being sensitive to low
ambient temperatures when used in thin sections. The degree to which fiy ash
influences the heat generation is discussed in the following paragraphs.

Owens"*" mentioned the impact that the heat of hydration car liave; he pointed out that
for every 10 °C rise in temperature the rate of the hydration reaction can be expected
to double, this in itself causing further heat generation, He noted tha! wien this occurs
in an ordinay portland cement concrete the long term strength s depressed. while in
a fly ash mix the strength is increased.
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The CSIR™ found a significantly lower heat of hydration when fly ash wes
incorporated in a mix. They made use of the BS 1370 Heat of Kolution metitod and
determined that fly ashes with high free calcium: oxide contents developed higher
temperatures than those with low calcium oxide contents. Kruger et al™ in another
paper concluded that the heat is reduced by about half the percentage of ily ash used.
ldorn and Hentiksen™ found that when 30 % fly ash was used in a site concrete the
heat of hydration was reduced tc hetween 60 and 80 % of the ordinary portland
cement control.

Fajun et al™ showed that the heat evolution for a 40 % fly ash mix was lowsr than
that for the contrel ordinary portland cement mix even when the reduction in cement
content was taken info accouni. Leaching out water soluble chemicals from the fiy ash
samples prior to mixing reduced the temperatures further, Retardation of the initial
reactions was a further coniributory factor to the reduction in heat. The authors
suggesied that the retardation is due to the fly ash particles acling as calcium sinks
depressing the concentration of calcium in solution during the first 6 hours or so,
resulting in a longer induction period during which the reaction rate is slow. Jun-yuan
et al™ ghowad the retardation of the hydration 1o be as much as 10 hours, and also
noted that the crystalline calcium hydroxide content of fly ash mixes was decreassd
relative to the conirol.

Tokyay"™ found the heat of hydration to be reduced when low-calcium fly ash was
used, but noted iittle change when a high-caiclum fly <.sh was used. It is not clear in
this paper on what basis the fly ash was used. The author concluded that high levels
of fly ash substitution are required for significant reductions in the heat evolution.

Shartsis and Newman"* pointed out some of the diffirulties of the Heat of Solution
method of test, and suggested modifications to the ASTM method. Such modifications
were subsequently made 1o the ASTM method.”™™

Coole"™” noted that ihe ily ashes in the United Kingdom are well established as heat
reducing agents after his adiabatic calorimeter studies. He pointed out that he had
found a slag that gave a greater heat of hydration than ordinary portland cernent in his
apparatus; this would not have been shown if isothermal testing had been done. In
another paper™ he reported that where the Faat of hydration raises the concrete
temperature above 40 degrees the fly ash reacts more readily.

Mehta"™ reported a 15 % reduction In temperature of mass concrete in 2 dam whan
30 % of the ordinary portland cement is replaced by fly ash., Barrow et al™ found a
7.5 degree reduction for 27,5 % volume replacement of fly ash. Bavyu et al'™ noted
a 18 % reduction in the heat generation for a 38 % reduction in ordinary porland
cement content, this being replaced with fly ash. The 90 day strength levels of fly ash
mix and controt were both about 30 MPa.

Dahl and Maland™ showed that there was little difference in the heat evolufion curves

for ordinary portland cement and two 20 % fly ash blended cements. Ryan™ reported
on the use of fiy ash mixes for major raft foundations in ordér 1o control the heat
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development, and Munn,®" also referring to work in Australia, mentioned that fly ash
was used fo reduce peak tempetatures in thick members.

Tenoutasse and Marion,"*" reporting on Belgian fly ashes noted that increasing fly ash
content helps reduce the heat of hydration and also retards the initiai kydration of
cement. Rodway and Fedirko"'™ reported on the temperatures recordect ir: yome large
blocks cast using 3 difforent high~calcium fly ash contents; the peaic tamperatures
dropped by 7, 19, and 20 degrees for 56, 68 and 76 % fly ash conalent, and were
delayed in time by 18, 28 and 38 hours raspectively.

Douglas et al"™ showed that the use of fly ash compared well against slag in reducing
heat, and noted that a 50 % fly ash mix gives reasonable sirength development and
jow heat. They noted that the fly « \ retards the heat evolution of the fricaicium
aluminaie.

Langley et a"™ found that the , .- , temperature of a 55 % fly ash mix was reduced
by 25 °C rslative to the control mix and the peak was delayed by about 6C hours.
These tests were done on concrete blocks of about 28 m°® volume.

ENCI™" reported that the heat generated by a fly ash cement made with 20 % fiy ash
in rapid hardening cement was equivalent to that of an ordinary portland cement with
comparable sfrength psrformance, In malching the performance of the ordinary
portland cement with the blended cement they have sacrificed the advantage in heat
evolution. Van der Schaai? jr  ad that the magnitude of the reduction in heat
development depends on the wr. s of the cement - the coarser the cement the
smaller the change that the fly as. makes.

~ Sturrup et al™ reported a reduction In temperature of about 15 °C for & 30 % fly ash

mix. Samarin et al’™ gave figures of between 13 and 17 °C drop for 25 and 30 % fly
ash mixes in 15 cubic meter blocks. The peaks were delayed by about 12 hours.
Korac eind Ukrainclk"™ found & 14 °C drop for a 50 % fiy ash cement relative to a 15
%5 % siag/pozzolan cement, with the peak delayed by about 24 hours. Costa and
Massazza™ showed the total heat generated in 28 days to be reduced by about 12
% in a series of tests on 30 % fly ash mixes.

A reasonable rule of thumb would appear {o be a reduction In peak temperature nf
about 0,5 x F where F equals the percentage of fly ash in the mix. This presupposes
that the cement is of average quality and that the fly ash is of good quality. It is
obvious that a great deal of care is nzeded In the selection of the fest method for
determining the heat development of & cement or blend.

3.5 Compressive and flexural strength

Compressive sirength, because it is used as the contro! measure of quality of site
concrets, often recelves an inordinate amount of attention, < . «times fo the datriment
of other properties such as durabiiity. In order to study the effect that {ly ash has on
the comipressiv «irgage.. o Zamentitious mixes it is first necessary 10 study the best
way to proportion ihe mixes when the fly ash is incorporated in order to achieve parity
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of e or more of the properties of the control ordinary portianrd cement mix with which
the users are familiar. - \

3.5.1 Mix design procedure
The CSIR™ proposed a method of mix proportioning using a cement afficiency factor

(k) and thereatfier basically following the method given in SABS 0100°. The efficiency
factor is a measure of how reactive the fly ash is and what proportion of its mass can

- be regarded as true cement replacement. Use of such a factor is a recognition that fly

ash modifies some of the properties of fresh and hardened ¢oncrets. They gave the
k value for Matla fly ash with PPC Hercules ordinary portland cement as 0,4.

Munn®™" detined 4 diiferent philosophies for the use of fly ash in cementitious mixes.

The replacemant method is where a mass of cemerr is removed from a mix and

replaced by an equal mass of fly ash; a subsequent adjustment is made to the
proportions to correct the yield. The addition method involves adding & mass of fiy ash
without removing any cement; the fly ash replaces sand and/or stone and again the
yield is corrected. The replacement/addition or partial replacement method refers to
the practice of replacing somse of the cement with a greater mass of fly ash and
correcting for vield. The final category is that of independent proportioning where
conventional methods are ignored; a substantial bank of data is necessary to enable
a computer modsl to be set up, but In using such & method it is possible to design
very economical mixes. The CSIR method proposed above™® is an example of the
partial replacement method.

A great deal has been written on the partial replacement method, particularly on the
issua of cement efficiency factors. Hobbs™ noted that the value of k decrezses as the
fly ash content or the folal crmentitious content increases. He stated also that the
magnitude of k is dependent on the source of fly ash and ordinary portland cement
used. ke found for a 30 % fly ash mix thai the k value -aried between 0,18 {0 0,45
with an average of 0,35. Hearther noted that the k value ts dependent on the age at
which the comparison Is mc.Jds, Barlow and Jackson™ confirmed the tendenicy for the
k value o increase with decreasing fly ash content, as did the CSIR.1*

Barker™ also confirmed that the k value was sensitive to the source of fly ash and
cement used and that it changed as the age changed, Butler™ noted that k is not
constant and depends on many things including cement, replacement level, strangih
tevel and aggregate quality. He found that the 45 micromstre retention of a fly ash
sample was a poor predictor of the k velue. The k value did however corrslate well
with the water requirement of the mixes. Potter™ also found the k value 1o vary with
cement used and the test procedure applied. Dhir et al*? concurred but added that
the value of k becomes insensitive with rich mixes and this makes it difficult to find the
optimum fly ash content.

A Eouth African Bureau of Standards, The Structural Use of Concrete.
Part I Matetlals and Execution of Work, Pretoria; South African
Bureau of Standards (1980}(SABS 0100 Part I13).
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Cornelissen et ai*” found that k increased witi: age for fly ash cements containing up
io 15 % fly ash, but decreased with age in a PBFC/fly ash blend, Munday et al™
mentioned an gdditional factor that influences the value of k, ig the curing conditions
used. They suggested that the fly ash concrete should be proportioned without
referance to an ordinary portland cement toncrete, and proposed a simple design
procedure for this.

Warris™™ produced a formula for strength at a given age which included an efficiency
factor. While the formula is based on Europsan cements and probably works
adequately with these cements, it is possible, in view of some of tha remarks above,
that the formula will not be universally applicable. Gopalan and Haque™ found that
tha k value depended on the fly ash content of the mix.

There would therefore seem to be some difficulties in working with cementing efficiency
factors and there may be good reason to consider the fourth type of approach
suggested by Munn,* ie the independent method. While the data gathered on local
ashes may be insufficient to permit computer medslling, it has permitted an alternative
approach for locai materials.™® This methed does not consider efficiency factors;
curves have been developed for local cementfly ash combinations and allow selection
of suitable waler/cementitious ratips for the specified strength leve!l at & number of
different fiy ash levels, The only other modilation made to the conventional ordinary
portland cement mix design method is to mouily the stone content.

it is extremely important fo remember these diiferent methods of proportioning mixes,
as the method uged can have a considerable influence on the behaviour of the milx.
it is possible that some of the coniradictory findings in earlier paragraphs owe part of
their differences to the fact that the mixes have been proportioned differently; this will
have been done in good faith as the diffsrent methads are used for different purposes.
The diiferent purposes, previously detailed in the glossary to this chapter, are
summarized again below, for convenience.™

Replacement method. This is a direct mass 'replacement of fly agh for cement and
is used for mixes with an adequate level of sirength reserva. This method will
commonly result in a drop in strength at ages up to, and sometimes beyond 28 days.

Addition method. This method involves incorporation of an additional mass of fly ash
without reduction of the cement content. This method is used for lean mixes where the
addition of fly ash improves workability and reduces bleeding and permeability.

Partial repiacement method. This method is commonly used when comparable
performance io an ordinary porfland cement concrete is desired and the typical target
will be 28 day strength and equal slump.

independent proportioning method. Such methods start from the principle of
meeting specific concrete properties and ¢o not consider an ordinary portiand cement

3.21

- J— © L e o
g = - e s - o L g




L T
-

P Y 1T R

control. They would endeavour to provide the rmost economical mix propottions with
the available materials.

With these different philogophies in mind it is now possible to consider the issue of the
influence of fly ash on compressive strength.

3.5.2 infiuence on compressive and flexural strength -

Hobbs™ used the partial replacement methad with & common 28 day target strength
and common slump for the fly ash and opc control mixes. He found the 91 day fly ash
concrete strength 1o be 15-20 % higher than the conirol and at 1 year the difference
was 30-50 %. In another paper he used the repiacement method for some of the tests
and found compressive strength parity for 35 % fly ash only at about 91 days with a
ﬂy ash complying with the requirements of BS 3832: Part 1*. At 28 days the fly ash
mix fell about 20 % short of the strength of the conirol mix.

Tikaiski et al®™ stated that compressive strength parity can be achieved at either 7 or
28 days using appropriately proporiioned fly ash concrete, but noted that using the
repiacement method with class C fly ash they recorded slightly reduced sarly age
compressive and flexural strengths under moist curing conditions. Under both elevated
and low temperature curing conditions class F fly ash mixes were found to equal or
exceed the performance of the ordinary portland cement concrete.

The CSIR*® used the replacement method and found comptessive strength parity
between 28 and 91 days for interground or blended 20 % fly ash mixes. In 30 % fly
ash mixes the interground cement reached parity between 28 and 91 days whereas the
blended cement had not reached the conirol sirength even at 180 days.

Ravina and Mehta™ stated that the contribution of fly ash to strength development is
generally at a slower rate than the cement replaced, and that fly ash is regarded as
having a compressive sirength reducing effsct. Kruger st ai®™ using the partial
replacement method fourd lower early strengths and higher compressive strengths
after 28 days if the moist curing was confinued. In the case of dry curing the fly ash
mixes will not reach the same level of compressive sirength before 91 days.

Owens™" warned that the laboratory determination of compressive strennth is
dangerousiy misleading as the spacimen size is joo small to simulate the heat of
hydration effects that occur in site concrete; he found that while ordinary portland
cement concrete had its compressive sirength reriuced by exposure ta higher curing
temperatures the opposite was true for fly ash concrete. This is a point well worth
considering as the majorily of work reported hers is based on the testing of smaii
laboratory specimens.

* British Standards Institution, Specification for Pulverised-Fuel Ash for
Use as a Cementitious Component in Structural Concrete, London:
British Standards Institution, {1982)(BS 3882 Pari ). i
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Osborn and Nixon®™ found when using blended or interground fly ash cements in the
replacement method that the eavly strengths of both & % and 20 % fly ash cements
were lower than the ordinary portland cement control with the compressive strengths
up to 7 days being similar to that achieved by mixes containing the same percentages
of sand instead of fly ash.

Rasheeduzzaffar et al™" used the replacement method and found that compressive
strengths only reachied the levels of the conirol mixes at about 80 days; rrplacement
levels ran ir steps of 10 % from 0 io 40 %. Mehia™ notes that whichever method of
proporiioning is used, fly ash makes little conttibution to compressive strength in the
first 7 days, but contributes considerably after that.

Giergiczny and Werynska™ used the replacement method with 30 % fly ash cements
and found that even at 90 days most of the cements could not maich the contre!
performance. Only where the fly ash was ground beyond about 400 m*/kg did the
compressive strengths approach the control at 90 days. Ravindrarajah and Tam"™
used the replacement method at 20 and 40 % fly ash contenis and found compressive
strength parity at about 91 days for a nominal 25 MPa concrete but this occurred
earlier in a 35 MPa concrete. They commented that the fly ash cements in their hot
climate performed like an ordinary portland cement in a temperate climate. Thomas
et a*? used the partia replacement method and found comparable resuls at 28 days,
but at earlier ages the fly ash mixes gave lower resulis. They pointed out that beyond
28 days the fly ash mixes Jrveioped compressive sirength at a faster rate than the
control. Barrow et al'* found reruced strength at 28 days with between 20 and 35 %
replacement. '

Ryan™ reported that eatly practice In Australia was simple replacement but this was
found to depress 28 day sirengths, and parilcularly 3 and 7 day strengths. The ready
mixed concrete companies then switched 1o a partial replacement system which helped
to overcome some of the problems.

Devalsto" did experiments with the addition method and found that fly ash mixes with
up to 28 % ash reached strength parity before 60 days. The early age strengths were
reporied {0 be lower than the control. Tse et al™ found that class F and class C fly
ashes gave different early age behaviour with class C ash {about 26 % calcium oxide)
contributing significantly to early age strength development and giving in excess of the
control mix strength at 28 days with as much as 75 % fly ash preseni. In the case of
the Class F ash {about 14 % calcium oxide) only the 25 % fly ash mix approached the
same level of 28 day compressive strength, while at 75 % fly ash the strength level
was scarcely 15 % of the control,

Popovics™* showed that when plotted on a scale of log of compressive strength to the
water/cementitious ratio It is nossible fo draw straight lines through the plot of the
results for the fly ash mixes, thus confirming that the fly ash mixes follow Duff Abrams
law both gualitatively and quantitatively. His work was based on the replacement
method. His lines showed the fly ash mixes to have lower compiegsive strengths at
ages up to 90 days, although at low w/c+f ratios the differences were smaller than at
high w/c.+f ratics.

3.23



B e TE R

U .

S

Swamy and Mahmud™*® using what they ~zlled replacement of 50 % of the cement with
fly ash produced concrets with good early sirength characteristics, although there was
no contrel {0 compare against. The methad used was probably a pariial replacement
method as the water/cementitious ratios used were lower than normal for the grades
of concrete used. They found under wet curing that the compressive strength of the
fly ash mixes increased by between 50-100 % from 28 days to 1 year compared with
18-25 % for plain concrete. They further noted that under poor curing conditions the
high fly ash mixes periormad batter than the normal performance of ordinary portiand
cementi concretes. -

Dhir et al* used t:eir own design method and at about 4C % fly ash they foiind very
~imilar levels of strength developmernt fo the control at ages up to 28 days. The
i:crease from 28 days to 1 year of moist curing was about 85 % compared with about
45 % for the ordinary portland cement control mix. The flv ash mixes were found {o
be no more affected by poor curing than ' nirol mix.

Carette and Malhotra™" showed that 20 % replacement fly ash mixes did not reach the
level of compressive strength of the onfrol mix at 28 days and that the actual level
reached was dependent on the fquamiv of the ash used. Poor fly ash dicd not even
match the strength of the control & t year. Vom Berg™® worked with 2 20 %
replacement and found that the drop in sa angth at early ages was small relative to the
control when the results were expressed as a percentage of the compressive strength
achieved by each mix at 28 days. He sncwed a strength reduction for 25 % fly ash
mixes which was greater than that of the control under drying conditions although he
points out that the specimens had a very adverse surface area to volume ratio. The
CSIR™ found that when using a partial replacement method the 3 and 7 day
compressive strengths were about 15 % lower than the control when the same 28 days
values were obtained. When dry cured the fly ash mixes showed slightly poorer
performance than the control although at 1 year the difference was small. They
showed that under exposed curing conditions the fly ash mixes performed better than
the control.

Rodway and Fedirko™™ used their own design method and found that under laboraiory
conditions some of the high fly ash content mixes exceeded the contrel compressive
strength even at 28 days. The 3 and 7 day strengths were lower than the control.
Cores drilled from large {. cubic meter) blocks showed the ”* ' ash concrete did not
perform as weli as In the laboratory tests while the controi was ©.. -+ affected. Carse
and Dux™* used about 20 % replacement with 3 different fly ashes but augmented the
alkali content of tie mixes 10 a constant 10,4 kg/m®, Very little difference was found
between the fly ash and conirol mixes at ages of 3, 28 and 90 days.

Giaccio et al"” used a partial replacement method but also kept the w/c+f ratio
constant. They found that with one v ash the sirength parity level was only reached
some fime after 1 year while with anuther fly ash this occutred at between 90 and 180
days. The less reaciive of the ashes was very much coarser than would normally be
considered for use in Soub /frica. lonescu and Ispas™ used replacement of cement
by fiy ash at various replacement !avels. At age 28 days mixes with up 1o 30 % fly ash
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had reached the same sirength as the conirol while higher replacement levels had
lower 28 day strengths; all fly ash mixes had lower early sirengths.

Brooks and Farrugia™™ found for 30 and 70 % replacement thzat the compressive
strengths of the fly ash mixes were well below the control up fo 28 days, with the 70
% rrix s1owing greater reductions than the 30 % mix. Douglas et 2* used 3 levels
of replacement for two fly ashes and found compressive sfrength lower than the conirol
up to 26 days. The finer ash (Blaine of 326 against 289 m*/kg) proved mere reactive
in the short time scale provided in these tests eve:: though it had a much lower
calcium oxide content (1,3 against 12,5 %). Berry et ai"*" showed for a 58 % fly ash
replacement thai it fook a year for the fly ash mix to catch up to the confrol

compressive sirength level,

Nai% and Ramme"™® found that in using a partial replacement method with fly ash
levels up w 80 % and higher, the early sirengths of the fly ash mixes were lower than
the controfeven where the 28 day strengths exceeded that of the control. By 56 days
even the 60 % fly ash mixes .iad svertaien the control. Langley et al™ used a 55 %
replacement but modified the w/c+f ratio. They tound that the laboratory resulis of the
ily ash mix were lower than the control up to 7 days; the 28 days results were about
equal. The laboratory resulls were confirmed by core resulis taken from: the 3,05
metre cubes cast on site. Site rasulis from another experiment on a 1,5 metre cube
with 55 % replacement showed a continuous increass in compressive sirength up fo
3,9 years.

Thelssing™ found for 20 % replacement that ihe early strangth was lower but affer 3
months the sirengths normally exceed those of the confrol. He confirmed that the
same could be said for dry curing conditions. Var der Schaaf® noted that ¥ took
varying times ior a 20 % fly ash mix to reach strength equalily with the control; at
{emperatures in excess of 50 °C the strength of the fly ash mixes matched that of the
conirol even at very early ages.

Samarin et ai'™ reported on replact ment mixes where decteased strangths were found
for the first few months, with the mugnitude of decrease increasing with increase in fly
ash content. Costa and Massazza™ stated that at 30 % replacement the 1 day
strength was reduced by about 50 % wnich is similar {o the drop when ground
limeswone is used 1o replace cement. There is a marked difference betwesn fiy ash
and fimestone mixes however as early as 3 days. The fly ash mix will exceed control
strength levels between 28 and 90 days.

Yuan and Cook™ found no slow early strength gain for the class C fly ash (30,2 %
caicium oxide} used at up 10 30 % replacement, although at 50 % replacement sone
drop was evident before 28 days. {Note: this leve! of calclum oxide is similar to that
of South African siags.)

Dhir et al"™ reported finding the typical ratio of 1:10 for tensile (flexural® to compressive
strengtt jor the designed fly ash mix and stated that it can be assumed thet the fiy ash
makes no difference tu the flexural strength. Carette and Malhotra™" used partial
replacemant of 20 % fly ash and found that in e¢ Sordance with the compressive
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strength behaviou : the flexural strength was consistently lower than tﬁe control at ages
up to 28 days, and even at 91 days was lower by some 5-10 %. '

Samarin et all"™ stated that the performance of the flexural strength of fly ash mixes
was consistent and predictable from the compressiva sirength. Fly ash was showii to
have no influence on the relationship between flexural and compressive strength. As
in this work the replacemant method was used, the flexural strength of the fly ash
mixas was lowkr than that of the conirol at ages up to about 90 days. In conirast to
this Costa and Massazza™ found the flexural strength increases faster in fly ash mixes
{30 % replacement) than is the case with compressive strength and reaches parity with
the control at 90 days ic the ratio of flexural to compressive sirangth changes with age.

Only two references were found on the effect of fly ash on the fatigue strength of
concrete. Tse et al™" found littie significant difference between the fatigue sireng}h of
opc and fly ash concretes. A similar finding was reported by Tayior and Tait™ for
mixes having up to 25 % of fly ash replacemsnt, although they noted that the fatigue
sirength of the fly ash mixes was lower than the control at very early ages.

Caole™ noted that the tensile strain capacity of slag or ily ash concretes is lower than
a comparable ope concrete and this may lead 1o an increased risk of cracking. Site
experience of cracking of fly ash mixes in a concrete pavement in Australia was
however ascribed to the fact that the ﬂy ash mix was hand placed while the opc mix
was plared through a paving machine."™ Roper et al concluded after a survey that
there was no evidence that fly ash concrates cracked more than ordinary portland
cement concretes.'™

The 5iR reported that the bond strength of fly ash mixes is poorer than the control.™

lonescu and Ispas™ on the other hand reported that the use of ﬂy ash results in little
difference on the bond stiength between ope and ope/fly ash mixes with up to 50 %

- fly ash content,

In summary, the u.e of most fly ashes appears to have the effect of reducing the early
age strength relative to what an ordinary portland cement mix would have given,
irrespective of the method of use applied. At 28 days the mix design method doss
have an effect as with partizi replacement there should be comparable compressive
strengihs with the conirol. The strength huyond 28 days will ¢enerally ba higher than
the control under moist curing conditioris and this appears to hold for relatively large
pours of site concrete exposad to ambient conditions, Many researchers claim that
the effect of poor curing on fly ash mixes is no greater than is the case for ordinary
poruan?é;ement concrete. A more detailed Ioo:« at the curing issue is however
warran
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3.53 Eftect of curing conditions

Hobbs"™™ suggested that as the rate of hydration of fly ash vc werntes is slower the
quality of the critical concrets in the skin zone might beé mote Lua3itive 1o poor curing
thar: ordinary poriland cement concrete, Tikalski et ai™ show ed ~age ~ fly ash mixes
125 %, replacement method) to have higher strengths than the o hol a5.en exposed
te hot dry curing conditions while they seemed to be no mora su..osntible than the
ronirol mix to cold curing at both 7 and 28 days.

The CSIR™ stated that fly ash mixes have difficulty in achieving stre gth eguivalence
under poor ¢uring conditions and this could affect the economics of the use of fly ash.
They reaffirmed this findirg In a subsequent paper and state that the fly ash mixes are
more sensitive to poor curing than the plain cement mixes."® In a further paper™™
they state that the sensitivity of the ﬂﬂx ash mixes to pooi curing increases as the fly
ash content increases. Kruger et al*™ presumably using data from the same source
showed the permeability of fly agh mixes io be more .:ffected by poor curing than the
plain cement mixes.

Dewar'™! noted that aithough BS 8110 vas expected to advise that the durability of
concretes made using extenders could be regarded as being equal 1o ordinary portiand
cement concrete of the same grade, a requirement of more critical attention o curing
was 2lso expected. {The requirement in BS 8110 Is that concretes containing fly ash
ot slag should ba cured ionger than opc mixes)’. Hughes™ stated that blended
cement pastes areé more reliant on adequate curing than normal cements 1o achieve
their potential properties.

Gopalan and Haque™” showed that adequate cuting Is more important when using
pozzolans at 2, 35 and 50 % replacement as the effect of dry curing is greater than
on the plain cement mix. They do however qualify this effect as possibly not appiying
to massive structural pours bui wouid apply to thin exposed members with high surface
area to thickness ratios. Osborn had similar concern for the curing of slag mixes."™"

Killoh et al'®® showed that neither hydration nor pozzolanic reactions can ocour at a
relative humidity (RH) less than ™™ %, while the pozzolanic reaction is severely
restricted below an RH of 80 %. They suggested that the blended cement mix is more
sensitive io poor curing than OPC.

Thomas et al®® used a partial replacement method with equal 28 day strength with
varying percentages of fly ash. They ncted a greater sensitivity for the fly ash mixes
when exposed 1o poor curing with the sensitivity increasing with the fly ash content;
moist curing for 7 days improved the situation but did not eliminate the problem

altogether. Moisture ioss from the fly ash mixes was greatest but this, too, reduced .

with longer moist curing. The long term strength of &ll the mixes decreased

British Standards Institution, Structural Design of Concrete; Code of
Practice for Design and Construction, London: British Standards
Institution (1985)(BS 8110 Patt 1), p. 6/11, tabie 6.5.
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dramatically with poor curing when compared against the siandard curing; the
difierence between the fly ash and conirol mix compressive sirength valies was
greatest for the shortest periods of moist curing. They noted that the ordinary portland
cement mixes required two {o three days of moist curing to ensure that the S0 day cry
cured sirength exceeded the 28 day level under standard cuting, while the period was
3-8 days for the fly ash mixes.

Barrow et al"™ gave resulis for various periods of moist cuing for several finenesses
of fiy ash for mixes based on the replacement method. The results show the {ly ash
mixes to beé more affected by poor curing, with fine ash being less susceptible than the
coarser ashes. Swamy and Mahmud™ showed that the swelling strain for a high fly
ash mix amounted to betwsen 40-55 % of the shrinkags valus and this they believed
indicated the need for continued water curing for full realization of the pozzolanic
potential of the fly ash.

Ryan'*" pointed out that there was significant market resistance to blended cements
by the specifying authorities due to concern that contractors were not treafing concrete
with extenders in an appropriate manner. Subsequently the cement producers staried
manufacturing the blends to suit climatic conditions. Munn® noted, again for
Australian conditlons, that it might be necessary 1o increase the curing period for some
lower sirength grade fly ash concretes, Samarin®’ noted that it is generally accepted
that in concretes continually exposed 1o air the inclusion of fly ash would most probably
increase the rate of carbonation relative 1o ordinary portiand cement concrete, although
the difference in high strength well cured concrete is smali.

Gabler and Klieger™ showed ordinary portland cement concretes 1o be slightly less
sensitive to air curing than the fly ash mixes using 25 % replacement. Even when the
results are compared on a partial replacement basis the class F fly ash showed more
sensitivity. They further showed the fly ash mixes to benefit more from higher
temperatures during moist curing. Devalsto™® showed a reduction of pozzolanic
reaction for specimens cured ouidoors for a partial replacement method and stated
that the specimens need to be cured in waier or under nigh relative humidity to allow
pozzolanic activity.

Dhir et al'*” contradicted these findings by stating that the fly ash mixes are no more
affected by poor curing than the control and that the fly ash mixes benefit more from
extended mioist curing. The fly ash mixes were proportioned using thelr own design
method. Vom Berg™® concluded that the fine filler effect at early ages overcomes to
some extent the loss in strength due to dry cuting so the results of fly ash mortar
mixes are only slightly lower than those of the ordinary portiand cement control.

Kasai et al™ noted that for fly ash blended cements used on a replacement basis, the
depth of carbonation is greater than the control and the situation dsteriorates as the
fly ash content increases. The compressive and flaxural strength values given are
lower than the control values for more than 6 months, Gopalan and Haque™ noted
that it is essential to provide adequate curing when the fly ash to cement ratio is high
in orc"der to allow proper sirength development, irrespective of the method of mix design
used,
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Kruger et al®™ showed that fly ash mixes were rore aifected by high or low
tempegratures than the control mix was; the reduction was bigger in the case of cold
conditions while the benefit was greater with warm conditions. Marsh et al"™ agreed
with the effect of high temperatures, but pointed out that both ordinary portiand cement
and fly ash mixes wiil show drops in sirength after prolonged exposure 1o elevated
temperatures, Dhir et al™ noted that exceeding 70 °C with sieam curing of fly ash
mixes is not economically feasible, irrespective of fly ash content, as there is little
extra bensfit for the additional heating. The quality of the ash does have a sirong
influence on the reactivity under accelerated curing.

Fraay et ali™ noted that the rate of the pozzolanic reaction of the fly ash was strongly
temperature dependent as the solubility of the fly ash and the alkalinity of the pore
water are temperature dependent.

Gebler and Kiieger™ noted that 25 % fly ash mixes designed for equal 28 day strength
are more sensitive to low temperatures than the control. The CSIR™ also noted a
greater sensitivity of the fly ash mixes o low temperatures at early ages and point out
that stripping times need to be increased under these conditions. Junsen and Pratt™™
noted a similar increased - sitivity for the fly ash mixes but reported that this
enhances the paste quality « & Is thus beneficial in the long term.

Ehm and Diederichs™™® showed that curing a 22 % fly ash replacement mix at 95 °C
and 95-100 % relative humidity resuited in all the fly ash being reacted in 3 months,
and all the calciur hydroxide had also been consumed at that stage. The pH however
did not drop below. 9,5. lonescu and Ispas®™ showed that heat treatment allows higher
proportions of fly ash to be used and still achieve the same level of compressive
strength as the control. Vasquez et al™ found that the microstruciure of high
temperature cured fly ash mixes was different to that under normal curing.

Owens emphasised that because of the different way that fly ash mixes respond to
high heat of hydration the use of temperature matched curing of test specimens is
essential.™ Harrison™ stated that the selection of the point in the structure with
which the temperature was to be matched needs to be done with care and
understanding of the consequences. '

Cannon™ showed figures for the strength development of ordinary portland cement
and fly ash mixes which were designed to give very similar strengths under standard
ciring. He showed that the fly ash mix gave about 65 % greater strengths under
temperaturs matched curing conditions that matched the temperature at the centre of
a 4,5 metre deep pcur than the ordinary portland cement mix gave under its own
temperature rmatched curing conditions.

In summary, there are grounds for expecting some additional sensitivity of fly ash
mixes 1o poor curing due to tha slower rate of hydration of thess mixes. The fine filler
effect is belleved to overcome some of the losses incurred here and it seems that the
choice of a suitable mix design method can eliminate the problem altogether although
more work is needed on this aspect to confirm the findings. Temperature matched
curing is opening up a new fisld of study and seems 1o stiow considerable benefits of
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using cements with fly ash or slag in areas where the heat of hydration might become
high.

354 Fine filler effect

Ravina and Mehta™ referred to the action of the fly ash as & filler and how these fine
particles formed nuclei for the formation of hydration producis as t:uaing3 ong of the
factors which influence the compressive strength of fly ash mixes. Kelly™ roted that
fiy ash provided additional surfaces on which hydraticn products could grow, The
calcium hyaroxide was reportedly adsorbed onto the fly ash surfaces thus allow.> the
hydration of the cement to be acceleraied. The consumption of lime at 3 days is
insignificant, while at 28 days it has become substantiai as the pozzofanic reaction
gets under way. Beedle et al"™ however showed that the effect is not simply one of
providing nuclei for reaction producis as flilers sucn as graphite and alpha-alumina
have little effect on the Initial rate of reaction of Wricalcium silicate. The authors
believed that the acceleration of the hydration by some fine materials might be due to
the existence of two forms of C--S-H gel; a high calcium to silica ratio {C/8) form which
has low permeability, and a low ©/S form with high permeability. They postulated that
the fine materials that do cause acceleration of hydration might be loweiing the calcium
concentration of the pore fluid thus generating the more solubla form of C/S, and this
hastens the end of the induciion period.

Tenoutasse and Marion™" noted that the incorporation of ly ash speeds the formation
of calcium hydrcxdide by somehow improving the water to cement contact. They
believed that the fly ash had a physical action which promoted the dispersion of the
cement particles. Idorn and Thaulow™ stated that fly ash assists with cement
dispersicn and tharefore gives increased density in hardened pastes. This aliows
retention of warer in the smaller pores so that hydration can continue, uniika the
situation with ordinary cemenit pastes. Devalsio™* noted that the deflocculation of the
cement is affected by the introduction of any fine powder.

Popovics™® showed that fly ash and ground quartz powder gave similar strength
results up to 7 days after which the pozzulanic reaction of the fly ash allowed greater
compressive strength development. Vorn Berg™? also referred 1o the fine filling effect
which he said was also noted with fine inert materials.

Krali'™ stated that fiy ash only acts at an inert filler at ages up to 28 days, and after
this the pozzolanic reaction lets the fiy ash mixes show significant improvement over
the control mix. Gopalan and Haque™ reported that the replacement of cement by fly
ash on a volume basis minimizes the filler effect.

Detwiler and Mehta™ found carbon black to give very similar compressive strength
results to similar silica fume mixes; speciai technigues were used to disperse the
carbon black. These results tend to disprove the statements by Beedie et al cn the
fine filler effect; they may simply not have achieved effective dispersion of the fine
materials in thelr mixes. itis however possible that the phenomencn noted by Detwiler
and Mehta could be caused by some difference in particle shape of the carbon black
ralative to the generally sphetical silica fume particles."™
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Some physical effect of fly ash on the hydration rate of, particularly, tricalcium silicate
is generally agreed on. Some authors believe that the same effect could be achieved
in the short term by other equally fine but otherwise inert materials.

Another means of evaluating the sffect of fly ash incorporation in cementitious mixes
is to look at the hydration process. This is coverad in the following paragraphs.

35.) The hydration process

Marsh and Day™ pointed out that the calcium hydroxide content of a fiy ash mix is not
only dependent on the amount of reacted cement but also depends on the extent of the
pozzolanic reaction; the cement hydration produces calcium hydroxide while the fly ash
pozzolanic reaction constimes it. In another paper Marsh et al™ reported that in an
ordinary portland cement mix the caicium hydraxide content stabilizes at about 28 %.
in & fly ash mix this is reduced initially by dilution, and the pozzoianic reaction only
seems to oceur after 28 days. For a fly ash paste to exceed the strength of the control
cement pastes the fly ash must consume 30-50 % of the calcium hydroxide.

Fajun st al'* noted that the fly ash particles act as calcium sinks by dropping the
calcium ion conceniration during the first 2 hours, which in furn retards the formation
of a calcium iich surface on the clinker particles. Jun-yuan et al*™ pointed out that at
later ages the calcium hydroxide content of fly ash mixes is reduced as the calcium
hydroxide reacts with the alumira and silica of the fly ash to form additional C~-S-H
gel.

Saito and Kawamura®™ found that the adaition of fly ash decreases the degree of
orientation of the calcium hydroxide ¢rystals at the aggregate interface and suppresses
their precipitation there. Feldman®™ noted that the fly ash started reacting with the
calcium hydroxide between 3 and 7 days in mixes with about 50 % fly ash. He further
noted that there is still considerable calcium hydroxide and unreacted fly ash present
even after 90 days of curing.

The CSIR™ commented that it would require 99,9 % of the calcium hydroxide to react
with the fly ash to drop the pH to 10,0. They found that with 80 % fly ash content the
pH only dropped to between 12,5 and 13,0. Al-Amoudi et a™ confirmed this by
stating that the pH of fly ash mixes does not drop below the saturation pH of calcium
hydroxide.

Dhir et al*" noted that the following processes probably applied during the hydration
of fly ash mixes: there was an initial retardation of the C,A reaction thus allowing a
potential acceleration of the CS hydration; there was a physical effect on the
micrestructure {fine filler effect) leading to a reduction in bleeding. These first two
effects dominated the first 7 days. Then finally there was the pozzolanic reaction
which resulted in about 50 % being reacted in 6 months and 60~80 % after 2 years.

Fajun et ai™ noted that the hydration of both C,A and C,S is ratarded and that this is
not merely the effect of dilution. The CSIR™ stated that the rete of hydration of fly ash
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mixes is very much slower than ordinary porfland cament mixes. Tenoutasse and
Marion™ on the other hand, stated that use of 20 % fly ash has no great effect on the
hydration of cement. There would seem fo be some differences in the quality or
composition of the fly ashes used in these different reporis.

There seums to be some disagreement on the effect that ity ash has on the hydration
processes of ordinary porfland cemant. There is agreement that the pozzolanic
reaction consumes calcium hydroxide and the fact that this Is not likely to lead {0 a
severe drop in pH. There Is however considerable variation in thinking on the iime at
which the pozzolanic reaction stans. '

The pozzolanic reaction and the reactivity of fly ash have also received a lot of

atiention as will become evident in the following paragraphs.
3.5.6 Reactivity of fly ash

The fineness of fiy ash, as measurad by ihe refention on the 45 micrometre sieve, is
reported to correlate well with the reactivity of the ash,******* and the use of fine ash
can be expected o overcorie some of the influences that fly ashes normaily have on
sarly degree of reactivity.**™

Mehta®™ stated that the reactivity of fly ash depends on the rate of dissolution of the
glass and this is strongly dependent on the curing temperature. Sybertz”* and Korac
and Ukraincik™ noted that the reactivity depends on the temperaiure of burning of the
coal it different types of furnace. Several authors pointed out the refationship betwesn
reactivity and fly ash fineness or particle size distribution.**"*" Fraay et a"* found
littie influence of fly ash composition cn its reactivity.

The CSIR showed that miliing of & fly ash improved its pozzolanicity,"? while it
decreased on exposure of the raw fly ash to moisture."™ The pozzolanicily does not
correjate well with the water reduction however,® but there is a general tendency for

pozzolanicily to increase with glass content of the fly ash.*!

There is disagreement as to exactly when the pozzolanic reaction actually steits. Dhir
et a*¥ listed a range of views from 3 days 1o between 70 and 100 days. The

consensus appears 1o lie around 7 to 14 days or more, with lhitle reaction before 7
days'[ams:,m.m.m}

A test for pozzolanicity has been included in several national specifications for fly ash.
The t”)e of test is reported as being strongly influenced by the cement used in the
test,"™ and the use of a standard cement has been suggested.™ Dhir et al expressed
some doubt as to what such pozzolanic activity tests measure,* Sybertz questioned
whether advantage should be {aken of the water reduction brought about by the fly ash
in these tests. ™!

The commonly acnepted quality measure of retention on the 45 micrometre sieve
seems 10 be the most convenient means of assessing the suitability of a particular fly
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ash for use in cementitious mixes. Once a fly ash source is rroved accepiable this
test can serve as the main quaiity control measure.

3.6 Dimensional and elastic properties

The influence that the incorporation of fly ash has on the dimsnsional stability of the
mix is covered in the paragraphs that follow. These properties are influenced {o a
largs extent by the quatlity of the microstructure of the paste and therefore by the effect
that the fly ash has on the qualily of the microstruciure,

3.6.1 ' Elastic modulus

Several researchers have reporied that incorporation of fiy ash has little or no influence
on the ratio beiween the modulus of glasficily and the compressive sirength; the ratio
is reported to be similar with or without the use of fly ash in the
mix feimeisensR This does imply that whers fly ash use reduces or increases
the compressive sirength at any given age, the elastic modulus will be affected
accordingly.

Brooks and Ferrugia™ showed a small drop in elastic modulus against compressive
strength as the fly ash content increased. As these mixes were based on replacement,
the compressive sirength also dropped.

Rodway and Feditko™® stated that the elastic madulus of the high fly as% content
mixes afl exceeded that of the control at 91 days. This is a little surprising as the
compressive strengths of the mixes provided showed the highest fly ash content mix
to have a muci, lower compressive strength than the control. Sivasundaram et al™
produced data showing that the ratio of elastic modulus to compressive strength of a
high volume fly ash mix exceaded the ACI 318° and AC] 363 values. They ascribed
the high modulus value fo increased densification of the concrete resulting from the
use of fly ash, and the possibility that unreacted fly ash pariicles were acting as
agpregates.

Swamy and Mahmud™? showed ihe loss in elastic modulus of about 20 % for 50 %
fiy ash concretes of sirength between 30 and 60 MPa when exposed to dry curing
coneiitions to be less than would norimally be expected (about 25 to 45 %) for ordinary
portland coment concrete under similar conditions.

American Concrete Institute, Committee 318, Building code requirements
for reinforced concrete, {(ACI 318--83, revised 1986) ACI Man. 3l of
Concrete Practice, Delroit: American Concrate Institute, (1989) Part 3,
p. 318-29, clause 8.5.

American Concrete Institute, Committee 363, State—of-the~art report on
high~strength concrete, (ACI 363R-84), ACl Manual of Concrete
Practice, Detroit: American Concrets institute, 1988, Part 1, p. 363R-21,
clause §.3.
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In summary therefore, the infiuence of fiv ash on the elastic modulus of cementitious
mixes seems to be consistent with the st it has on the compressive sirength.

3.62 Shrinkage

A net outflow of moisture from a cementilious mix to the atmosphere will rasult in a
deciease in its volume; this process is known as drying shrinkage. i the incorporation
of fly ash changes the potential amount of water that can be iost, or the rate at which
it can be lost this will probably reflect in a change In the magnitude and rate of the
drying shrinkage of that mix.

Severc! papers stated that the effect of fly ash on the shrinkage is
negligible,*4 St stis - Giher authors have reported that the effect of using fly
ash is to decrease the shrinkage, """ 8w Ees

However, in contrast, Ravindarajah and Tam"™ found increased shrinkage in mixes
with 20 or 40 % replacement of fly ash at age 90 days where the compressive
sirengths of the fly ash mixes were close to or exceeded those of the control mixes.
Extended curing tended to reduce the difference in these tests.

Ravina™ looked at the very early dimensional changes of moriars and found that the
use of fly ash at various raplacement values increased the initial expansion. His
results generally show a decrease in the shrinkage of the mortars after the end of
axpansion when the fly ash is used.

Dhir et a**™ noted that the use of fly ash could be expected to lower the thermal
cosfficient of expansion of concrete, although there was no obvious trend in their
resuits.

The general effect of fly ash Incorporation in cementifiois mixes seems to be either
negligible or a slight decrease in the magnitude of the shrinkage sirains measured. As
the generally agreed trend when fly ash is used is to find a reduction in the water
requirement of the mix, it is likely that the fly ash mixes have iess water to lose. The
reduction in shrinkage is therefora not surprising.

3.6.3 Creep

Creep is defined as the time-dependent increase in sirain of a solid kody under
constant or controlled stress."™ Various hypotheses have been propcred for the
mechanisms involved; a commen factor is that mobile water needs 1o be present at
different bonding leveis within the structure of the cement gel. Creep movements are
belisved {0 be associated with a change in the state of this water leading to a change
in the gel structure.

If the use of fly ash brings about any change to the charactetistics of the hardened

cementitious paste or the ease with which the waier can change state it is likely that
this will be reflected by a change in the creep behaviour of the mix.
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A large proportion of the published information on the effect of {ly ash on the cresp

behaviour of cementitious mixes is that the magnitude of the cresp sirain measured
is reduced.m-“.ﬁm,‘lm,ﬂ!,118,259.15?.155,187,‘.88,1911

Two papers showed an increase in creep strain when fly ash was used. Nasser and
Al-Manaseer™"™ found that the creep of fiy ash + admixiures concrete was some 72
% higher than the control. The fly ash mix had a higher slump than the control mix but
it contained 3 chemical admixtures in addition fo the fly ash as cpposed to the single
air entraining admixture of the control mix. it is therefore diflicult to blame the fly ash
for the increase in ¢reep strain as either the admixtures or the higher stump could also
have playsd a role.

Brooks and Farrugia™ found the early age specific creep of fly ash mixes ic be
greater than the coniral; the difference was relatively small at 30 % fly ash but at 70
% fly ash the difference was large. As these mixes were proportioned on a
replacement basis the compressive strengths achieved by the fly ash mixes were well
below those of the control mix. The degree of hydration of the fly ash mixes was
presumably far lower than that of the control, particularly in the case of 70 % fly ash
and it is possible that the rate of moisture movement in these mixes was greater, It
should be noted that no adjustment was made in the water content of the fly ash mixes
and therefore the workabllity was far greater than that of the control mix.

Carette and Malhotra™" postulated that, as with shrinkage, at early ages in the fly ash
a large proportion of the fly ash particles remain unreacied and coniribute increased
restraint as fine aggregate particies instead. Dhir et a"* noted that fly ash inciusion
must reduce the creap by altering the nature of the gel in which the creep takes p'ace.

Nasser and Al-Manaseer™ noted that the fly 8-!: mix had creep that was about 15
% below that of the control even when the heat of hydration raises the temperature
slightly. The CSIR showed that at low temperatures the creep of fly ash mixes is stilf
lower than the opc conirol, but that it was increased relative to the figure for the fly ash
mix at normal teniperatures.

The effect that the inclusion of fly ash has on the hardened cementitious paste
therefore appears to reduce the creep of the mix. Where increases have been shown
in the creep with the use of fiy ash the evidence against the fly ash is not absolutely
clear,

The dimensional stability of cementitious mixes seems to be little affected by the
incorporation of fly ash.

3.7 Durability

One of the major concerns for owners and designers of concrete struciures is that the
structure should provide as long as possible a life without the need for major
maintenance or reconstruction. It is also frue today, with the level of industrial activity
as it is, that the environmental conditions that concrete s to face are bacoming more
and more aggressive as time goes by. Concrete is expected to be durable, but stories
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such as those on concrete "cancer” and the major maintenance bills for the repair of
concrete now facing the developed world indicate that there is & gap between
expectation and performancs.™ .

Part of the problem is due o changss in the quality of the ordinary portland cements
available today that are different from those made in the past. In soms couniries
modern cements are muie reactive than they were about 35 years ago.™ This has
fed the Concrete Society of the UK to identify a need for cements to be less, rathe”
then more, reactive.

The properties of concrete that determine how resistant it is likely to bs against the
attack of aggressive elements are as follows; impermeability and low porosity, abrasion
resistance, resistance against attack by soft water, cu..bon dioxide and sulphates,
resistance against the diffusion of chloride ions, and iow sensitivity to alkali silica
reactivity.

The infiuence that fly ash has on the ability of a cementitious mix to resist thesu forms
of aggresslon are covered in the following paragraphs.

3.7.1 impermeability and low porosity

Permeability is defined as the property that characterizes the ease with which a fiuid
flows within a material due to a pressure differential™* and is measured by the volume
of liquid or gas transmiited per unit area per unit time per unit of pressure. itis
commonly expressed in uniis of metre (or millimeire} per second.

In concrete the aggregate fraction can be regarded as effectively impermeable.
Coricrete owes its permeability to the paste fraction. Fresh paste consists of solid
particles dispersed in water. The volume of the space between the particles depends
originally on the ratio of cement to water. As the cement hydrates, so this space
becomes occupied by gel ~ the unfilled space represents capillaries, and it is these
capillaries jhat allow the transport of fluids through the concrete. A survey of the
iterature on the subject of tha effect of the use of fly ash on permeability follows.

Many papers have reported on the reduction in permeability when fly ash is
used PSRRI Craay et al™ reporied that the decrease in permeability in fly
ash mixes Is due {o the fact that the hydration products are deposited relatively far
from the fly ash particles compared with deposition close to the cement pariicles in an
ordinary portiand cement mix.

Kasai et al"™ showed the permeability of fly ash mixes, with the same w/c ratio as the
control, 1o be greater than the control under each of three different curing regimes. it
is notable that the fly ash mixes had compressive strengths well below the cornitrol at
all ages of test and also that the use of the fly ash made no improvement to the water
requirement of the mixes; there is a possibility that this was a poor quality ash.

Marsh et a"™ showed how the fly ash pozzolanic reaction brought about & dramatic
reduction in permeability. The permeability of the 30 % replacement fly ash mixes (no
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reduction in water content) was initially higher than the control but after slightly more
than 28 days curing at 20 °C the pozzolanic reaction commences and the permeabillity
reduces sharply {o be lower than the ordinary portiand cemant mix at about 100 days.

Rasheeduzzafar et ai™*" and V-Amoudi et al"™ reported that while the permes* ity -
of fly ash mixes exceeded thar of the plain cement mixes at 28 days, at 90 days the
fly ash mixes had lower permeability than the contro! mixes. This is not entirely
surprising as the fly ash mixes were designed on a réplacement basis and the fevel
of compressive strength of the fly ash mixes only overiakes the conirol naar 28 days.

The CSIR réported that the water permeability of fly ash mixes was similar to that of
opc mixes when cured at low temperatures. They found however that these values are
increased relative to those found under standard curing conditions.™”

Cabrera and Wooley™ and Baweja and Roper™® reported that the proportion of pores
larger than 0,5 micrometres is higher in an ordinary portland cement mix than in a fly
ash mix, Marsh et ai™* noted that the permeability of a material is proportional o the
proportion of farge voids. Li and Roy™ noted thal a finer pore structure results from
using a fly ash blended cement in a paste. They further showed that increasing the
fiy ash content or decreasing the water {0 cementitious ratio dramatically reduces the
permeabilityl;of the paste 1o water or chiorides, even though the porosity increases.
Kumar et al**" showed that the porosity of both opc and fly ash mixes increases as the
curing temperatura increases, aithough the pores in the fly ash mix are smallet.

Lin and Hwang""? noted that the cumulative pore volume of fiy ash pastes decreases
with fime and that fly ach pastes have finer porosity at later ages. Feldman™ reported
that the low permeabilily of blended cement mixes resuits from a discontinuous pore
structure.

The porosity of concrete mixes when measured hy mercury porosimetry is reporied to
increase above the levels recorded in control mixes when fly ash is used.™*“"* Thig
is possibly due to the callapse of some hollow fly ash particles under the extremely
high pressures to which ths mercury porosimetry exposes the concrete.

A number of authors"*"**) have warned that the high pressures exerted in some of
the permeability teste may cause some braakdown of the pore walis and give
misieading results particularly for the fly ash mixes.

Dhir et al™ reported on a variely of apparatus designed to evaluate the permeabllity
of the outer skin of concrete structures and made recommendaiions on which
apparatus to use. The quality of the skin concrete is fundametal o the durability of
reinforced concrete as it is this zone that has to provide the protective layer for the
steel. Such apparatus will be useful to determining the sensitivity of fly ash concretes
to poor curing.

Gebler and Klieger™ reported that the water absorption of fly ash concrete it lower
than the plain cement control. The CSIR came to a similar conclusion™” although in
another paper they noted that while age appeared to have little effect on the absorption
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of ope or fly ash mixes exposure t¢ carbon dioxide reduced the absorption of the fly
ash mix.® Aimin™ noted an increase in the moisture loss from fly ash mixes at high
relative humidity values and suggested that an excess of fly ash coarsens the pore
structure. Hobbs"™ found the moisture loss from fly ash mixes ‘o be controlled by the
water/cement ratio ignoring the fly ash.

Killoh et al"* noted that the gel porosity of opc/ily ash pastes is about 50 % higher
than for opc pastes indicating a lower bulk densily of the pasie. They suggested a
nead for curing at high relative humidity to ensure that the proportion of large diameter
pores is small thus ensuring low permeability.

Fiy ash does seem fo coniribute to reducing the permeabitity of mixes although the
porosity might increase as the fly ash content increases. As there is some eifect of
exposure to low temperatures attention to the skinr conerete is warranted where this is
exposed to poor curing conditions.

3.7.2 Abraslorn: resistance

Concrete and mortars are exposed o #brasive forces in rqvemenis and some
struciural environments where wind, water or gravily borne solids impact on the
exposed surfacss. The aggregates play an exiremely important role in abrasion
resistance, but in the following paragrashs this factor is ignored in the study of
published work on the etfect of the incorporation of fly ash in mizes on the abrasion
resistance.

All the papers consulted on this fopic inwwated that when a fly ash mix has the same
level of compressive sirength as the control mix the degree of abrasion resistance
offered is similzr in both mixas,P®"*" %23 Barrow et aff™ stated that the abrasion
resistance is proportional to the compressive strength at the time of iest, and is
independant of the fly ash conient. They added that as fly ash mixes are more
sensitive to poor curing, site-exposed fly ash mixes might abrade faster.

Samarin et al™™ noted that while laboratory tests showed the levels of abrasion of fly
ash and confrol mixes to be similar, in a field irial a fly ash concrete showed greater
wear liais the Zonirol. When effective curing was cerried out the deyree of wear was
similar,

Butler and Ashby®™ found that under wet curing conditions thers was little difference
in abrasion resistance between confral and blended cement mixes. Alr curing gave
reduced resistance for all mixes, while a good curing membrane was found fo improve
the resistance of all mixes but not {o the same level as when wet cursd. The curing
compuund seemad less effective with the fly ash mixes.

Abrasion resistance seems e related to compressive strength and Is not affected
by the use of fiy ash in well cured specimens. As abrasion usually occurs on the
surfaces exposed to the worst of site curing the abrasion resisiance can be expacied
1o be one of the most sensitive properties of concrete to any factor that increases the
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susceptibility of the concrete to poor curing; a site trial has indicated a negative effect
of fly ash on this property.

373 Soft water attack

Soft water is water with the concentration of dissolved calcium salis close to zero. The
conceniration gradient between conarete wiih its high concenitration of calcium
compounds, aind a soft water to which it is exposed is very steep, and the dissolution
rate of calcium from the concrete Is likely to be high. >

There appears to be confusion about the effect that fly ash has on the resistance of
cementitiolus mixes when exposed 1o soft water. The resistance seems fo have
nenerally been determined on exposure to carbon dioxide dissolved in water. The
CSIR has shown an improvement in resistance," although in another paper they are
unsure akout the long term effect.™ In a further paper they have shown the resistance
1o be poorer.®™

Ballim*" indicated betier resistance from fly ash mixes than an opc control but poorer
than a mix contalning siag.

It is clear that mora work is required on this subject, and pussibtly the first step should
he to define proper test conditions.

3.7.4 Carbon dioxide and carbonation

Carbonation is the process of convarsion of the caleium hydroxide in the cementitious

paste to calcium carbonate by combination with carbon dioxide from the atmosphere.

This procass causes shrinkags of the reacted mater' | and may result in crazing of the

surface,”™ It is accompanied by a drop in the pi. of the pore solution from about

12,5+ to about 8,0."" Tha extent of carbonation depends on the permeability of the

hmix, the concentration of carbon dioxide in the alr, and the ambient temperature and
umidity. :

Carbonation is niot particularly deleterious to concrete; the drop in the pH does
howsver reduce the protective environment around any reinforcing steel in conctete
and corrosion may result. - Owens™" noted that corrosion of embedded stesl is
inevitable and can not be aveided without special reaiment unless the concrete has
cement content of at least 380 kg/m®. There has been fierce debate recently"™ in
Australia on the impact that fly ash and siag have had on the durability of concrete.

The effect of the use of {ly ash on permeability has already been studisd, and some
mention has been made of the effect that fly ash has on the calcium hydroxide content
of cementitious mixes. The effect that the use of fly ash has on carbonation will be
covered now.,

The most commonly used test for varbonation is the use of the indicator
phenoiphthaiein which :s colourless at a pH of 8,0, but has an intenise pink at a pH of
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g,8. Although Rahman and Glasser™ pointed out that this test does not detect the
intermediate zone of carbonation it is a quick and simple test.

Kruger et al*® showad the wkie range of published opinion on this effect, but reported
little difference between the rates of carbonation between the fly ash and controf mixes
in their research work. Subsgquent work by the CSIR showed that at low temperatures
the depth of carbenation for fly ash mixes was found to exceed the cortrol and was
also greater than at standard temperatures.”™

The use of fly ash has widely been reported as increasing the
carbonation s saauzszea Ma: v others have shown little impagf™ st
or have found little differeiwe at later ages after an initial faster rate,['™ 2820220
Some authors have expressed the view that the rate of carbonation is proportional to
the w/c ratio ignoring the fly ash content,™"! but others"™ ' have shown that the fly
ash does have the impact of being about half as effective as its weight in cement in
controlling the carbonation. The use of curing compounds is reported 1o slightly
improve the resistance to carbonation of fly ash mixes,”™

There has even heen some evidence of very low rates of carbonation for fly ash
congrete when exposad to site conditions."*

The data presented seem io indicate that before any appreciable pozzolanic reaction
has occurred there is less resistance to carbonation of fly ash mixes, but once the
pozzolanic reaction has played its role the rate of carbonation of the fly ash mixes
decreases. Consideration should again be given to the impact that the heat of
hydration has on the quality of the microstructure™" as this too could play a part in
determiri~y ne resistance of fly ash mixes to carbonation. There seem to be two
factors that have an effect here, ie the fact that the fly ash will tend to redu.a the
calcium hydroxide content of the mix and thereby reduce the resistance to carbonation,
but on the other hand through pore refinement the permeability will tend to be reduced
slowing the rate of gas penetration.

3.75 Suiphate aftack

Cementitious mixes are susceptible to deterioration by attack by sulphates in the
following ways;

. conversion of calcium hydroxide to calcium suiphate with subsequent
crystallization, expansion and disrupticn,

. conversion of hydrated calcium aluminates and ferrites to hydrated calcium
suipho-afuminates and sulpho-ferrites again followed by expansion and
disruption,

. decomposition of hydraied celcium silicates,

Good quality dense concrete witli a lew permeability will be more resistant to attack
by sulphates than mor2 permeable concretes. If the use of fly ash can contribute fo
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the impermeabilily of & mix then it should reduce the susceptibility to sulphate attack.
The use of fly ash will also contribute by reducing the calcium hydroxide content by
pozzolanic reaction, and so the first of the abuve mechanisms can be reduced in
severity. The following paragraphs detail some published reports on the effect of fiy
ash on sulphaie resisiance.

Most of the reports show significant improvemems in the resistance fo
sulphateg/¥ a1 2224252027 whan fly ash is incorporated in the mixes. Hughes™
reported that the sulphaie resistance of a mix is proportional o the eniry pore diameter
and as the fly ash mix hac smaller pores it was less affected.

Marsh and Joshi®® stated that the sulphate resistance of fly ash mixes is depsndent
on the degree of pozzolianic reaction of the fly ash. Joshi™ found improved sulphate
resistance for fly ash irclusion but noted that fly ash with high calcium oxide cuntents
reduce the resistance. Yuan et al®® confirmed that class F fly ash is more efective
than class C fly ash in reducing sulphate attack. '

Soma of the authors noted that the chemical composition of the cement used in the
tests remains an important factor in the results. ™ Hughes™ noted that a well cured
70/30 fly ash cement riix did not provide the same degree of resistance to sulphate
attack as a sulphate resisting cement even though the fly ash mix was well cured; he
hesitated to exirapolzie these findings to recommendations for site practice.

The general impression is thut fly ash improves the reslstance of cementitious mixes
to sulphate attack. The mechanism Is possibly through dilution or consumption of
susceptible compounds in the mix as well as by improvement of the pore siructure anc
reduction of the permaability of the mix. Fron one result it would seem that more than
30 % fly ash is needed 10 provide equivaent swuiphate resistance to sulphate resisting
cement.

3.7.6 Chloride diffusion and currosion of steel

Basson™ rotes that the chioride ion can readily penetrate even slightly porou:
concrete 1o reach the reinforcement, and onge there forms ferrous chloride which
oxidizas to ferric chlori-le and under the alkaline conditions present in the concrete is
then precipitated as ferric hyd-oxide thus freeing the chlorides for further attack. He
points out that the ¢orrosion products occupy meore than twice the volume of the
original metal and the process will thus lead to expansion and disruption of the cover
concrets,

The majority of published irformation on the rate of chloride diffusion through
cementitious mixes has reporied that the use of fly ash brings about a reduction in the
rate of ditfusion P 20anaun e

Plante and Bllodeau™ noted that a 25 % replacement fly ash mix *ith lower 28 dag
strangth than the control had & lower chioride diffusion rate. Tuutti and Fagsriund®
reported that the chloride diffusion rate reduced by a factor of 50 when a 40 % fly ash
replacement mix is used,
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Piante and Bilodeau™® noted that the rate of chloride ion diffusion decreased in afl
mixes as the period of moist curing increased. Kumar et al™" found that an increase
in curing temperature makes a significant improvement in the chiotide diffusion rate of
fly ash mixes while this improvement is not evident in ordinary portiand cement mixes.
Gebler and Klieger™™ found that when cured in air fy ash concretes are as resistant
as ordinary perfland cement concretes to chioride penetration.

it seems evident that the rate with which the chioride ions can penetrate a fly ash mix
is in no way inferior to plain cement mixes. The following paragraphs give the findings
of researchers Into the aspect of resistance offered by fly ash mixes to the corrosion
of the embedded reinicrcing stesl.

As noted before the stesl will rust under alkaline conditions if chlorine and oxygen are
present”™ Kokubu and Nagatek® noted in 20-year old concrete that in some places
corrosirn had occurred before the carbonation front had reached the steel.

Some authors have indicated that fly ash mixes offer no poorer protection against sicel
corrosion than is the case for plain concretes.™****** Other researchers have reported
that the protection improves with fly ash use."™** Hangen et al** reported that fly
ash seems to be more effective in controlling the ingress of chlorides than in
co.iributing to compressive strength.

The CSIR noted that although the use of fly ash helped control chloride ingress in high
strength mixes, in some lowser grade mixeas the use of fly ash resuited in a severer form
of enriosion than was the case for the control.®¥

The use of fly ash seems to assist in reducing the rate of chloride ingress and with
dense concrete the proiection offered by fly ash concretes is, in most cases, at least
the equal of the ordinary poriland cement concretes.

3.7.7 Alkaii-aggregate reactivity

The phenomenon of tre expansive reaction of some susceptible aggregate types in
concrete was first Identified in the USA in 1938, but has, in recent years, been
recognized in most countries in the world, In South Africa the first reports were of the
deterioration of Steenbras dam, followed by reporis of other structures in the Western
Cape showing similar sighs of deterioration. In 1974 the problem in thg Cape was
identified by the NBRI of the CSIR as alkali-aggregate reaction with the Malmesbury
hornfels coarse aggregate in the siructures.

The factors influencing the resction are the total available alkalt content of the
concrete, the degree of compaction and density of the concrete, the preserice of a
reactive aggregate and the necessary environmental conditions. The total available
alkali content will typically be made up from contributions from the cement, the cement
extender (if present), admixtures, the aggregates and the mixing water. The main
source will generally be the cement.
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A great deal of pioneering research was done by the NBR! and they have published
widely on the canirol measures 1o be taken where deemed necessary.™ Included
amongst these recommendations is one of incorporating at least 20 % fly ash in tha
mix where problems are anticipated. Other published Information is summarized in the
following paragraphs.

Many authors have reported on the reductions that occur in the destructive expansion
from alkali silica reaction with the inclusion of fly agh s surZesz=z820241" Others
have noted that some alkalis are contributed by the fly ash, the proportior: of available
alkalis being estimated as about 17-35 % of the iolal alkalis, but generally this does
not rule out the high alkali fly ashss for use.?s ™%

Al-Asali®™ reported on tests whera the fly ash contributed to higher expansions at later
ages aven though the initial expansion of the fly ash mix was less. The alkaii content
of the fly ash was not unusually high at 2,1 % scdlum equivalent, and fused silica was
used as the aggregate. Ravina and Mehta™ noted that when fly ash is used
expansior s occur at lower alkali contents (ignoring contributions from the fly ash) than
would be the ¢. @ with plain cement, Carrasquilio and Snow™? also found that a high
alkali content in the fly ash reduced iis affectiveness in reducing the expansion, and
found some increase in expansion with a 15 % fly ash mix.

Some authors noted that the problem can Lo exacerbated by alkalls pepetrating from
ouiside the concrete froin sources such as sea water or de-icing salis.*****" Roper
warned against the use of reactive aggregates in prestressed concrets as the control
of expansion usirﬁgozzolans has not been proved over a period of longer than 10
years.” Farbiarz®” reported that ths process of intergrinding the fly ash with the
cemsnt improved its performance in controding the expansion relative to blended
cements using the same materials, although this did not wors for all the fly ashes used.

The role that fly ash can play in reducing the deleterioiis expansions caused by alkali
silica reaction is well documented although it would seem appropriate to carry out tests
if the fly ash fo be useri has a high fotal alkali content. The aLpropriate minimum level
of fly ash to be used 10 bring ubout a suitable reduction in expansion seems to be
20~25 %.

3.7.8 Acid attack

Ordinary portiand cement concrete Is inherently susceptivle to attack by practicaliy all
rmineral actds and some organic acius too. The rate of attack is determined by the
cement content of the concrete, the amount and solubliity of the aggregate and the
permeability of the concrete and the amount and concentration of the acid,”™

Maish and Joshi™® reported that the weight loss from pastes Immersed in sulphuric
acid increased with a 30 °% partial replacement of fly ash., Backes™ fcund that it was
only possible to use 20 % fly ash in mixes exposed to carbonic acid before the
improvement that the fly ash brought about was negated. Fidjestol™" noted that fly
ash and fly ash+silica fume mixes are less susceptibls to attack by organic acids, with
rich mixes showing more resistance than lean mixes.
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This is an aspect which has had relatively little atiention, with presumably the
philosophy being not to expose concrete of any composition fo acids if this is
avoidable.

3.7.9 General durability aspects

The following paragraphs contain reported effects of fiy ash on some other aspects of
durability not previously covered.

Some papers have reported on general durability improvements due to pore refinement
(ie a discontinuoug structure), a lower permeability and a reduction in the calcium
hydroxide content™**'*% Rgports have been published of satisfactory durability in
exposed fly ash concretes,"™#

There are several reports stating that the use of fly ash has little impact on the
freezesthaw resistance of concrete rovided that the air content and compressive
strength are equal to the control P%*#*#&%2 although Yuan and Cook!™ feit that there
might be an upper limit to the fly ash content as they noted higher scaling damage in
a high fly ash content mix. Other authors have reported a detetioration in the
resistance tofree  .aw attack with the use of fly ash,"**"™#°#4 it ig not clear from the
literature whether tiie differences of opinion are due fo the fly ash used or differences
in the methods of proportioning, curing or testing."

Baweja anc Ropet™® reported that fly ash concretes have a high degree of salt
exudation; this is likely to be of cosmetic importance only.

It is likely that a fiy ash congrete can be proportioned io provide adequate durability
under most circumstances, even if this means that the cementitious content of the mix
is higher than without the fly ash.

3.8 Miscellaneous

Some other aspects of the effect that the use of fiy ash has on concrete remain to be
considered.

3.8.1 Ternary klends

With the relatively free availability of supplementary cemsniitious materials some users
have used combinations of ordinary portland cement and two of the range of other
materials. Some information has been published on the combination of fiy ash and
slag or silica fume and this is covered in the following paragraphs.

Potter™ noted that 3 component blends have been used since slag became
commercially available in Ausiralia in 1966 but litlle infarmation on this has been
published, Munn™ reported that ternary blends had been used with great success and
that there is & unique interaction between the siag and fly ash that leads o superior
concrete properties.
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Austin et al®™ reported tnat a combination of 25,5 % coarse fiy ash with 4,5 % silica
tume performed similarly to a 30 % fiy ash {fing) mix and proved more cost effective.
Mantegazza e! al®™ noted that the satting ime decreased as the ratic of siiica fume
to fly ash is increased. The compressive sirength of the ternary blend is reported to
be supsrior to the op¢ fly ash mix, and carbonation is reporied to be decreased with
the use of fly ash or silica fume. ' )

Little published information could be located on this topic. While there appears to'a
& potential for such mixes, it would seem that more research is needed to providé a
better understanding of the interaction between all the cementitious components of the
mix, :

3.8.2 Use of admixiures

Use of chemical admixtures has become commonplace in most countries, although
they have not yet made a very big impact in South Africa. The following paragraphs
cover the reporied eifects that the use of fly ash has on the effectiveness of such
admixtures. :

Dahi and Melang™ reported that the eifect that fly ash has on the performance of a
chemical admixture depends 01 the rate of adsorption of the admixture onto the fiy ash
particies. Several authorg™ 408282 have reported that the dosage rate of air
entraining admixiures naeds o be increased in fily ash mixes, particularly class F fly
ashes. This has been ascribed to tha carbon content of the fly ash as it apparently
absorbs air*® This phenomenon hag also been reported to pccur with water reducing
admixiures™ as well as with superplasticisers.”™ Superplasticisers have besn used -
to make it possible to get a sufficiently low water to cement ratio with high~volume fly
ash mixes io provide tha compressive sirength performance desired."™*

Alasali® reported that some high range water reducing admixtures have been found
to aggravate alkali aggregate reactions in concrete.

Althougkh it is possible “hat some adjustment nﬁay be necessary to the dosags rate of
cherrical admixtures in order to achieve the desired effect there are ne reporis of any
incompatibiiities with fly ash.

39 Summary

After consideration of alf the published data on the effects of the use of fly ash in
cementitious mixes the foliowing factors appear:

i) Thera Is much conflicting in‘ormation on the efiect of the use of fly ash.

ii) Some ¢of the differencss can be ascribed to the wide differences in the quality
and chemicaf composition of the varipus fly ashes used in the tests reported on.
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fif)  Another, possib.y more significant, factor is the different ways with which the
mixes have been proportioned to prepare the test specimens, ie replacement,
addition, partial replacement sic.

v) A ihird factor is that there are differences that occur when different test methods
are used to preduce similar resuiis.

Fortunately in South Africa the user is not faced with a wide range of different sources
for fly ash and is only likely to be able to get fly ash from either the Matia or Lethabo
sources supplied by Ash Rescurces for the foreseeable future. The literature survey
however serves to sat the scene for the experimental work covered in subseque
chapters. : '
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CHAPTER 4
4. RESEARCH METHODOLOGY
4.1 Problem definition

The users, specifiers and owners of products or structures containing portiand cement
in South Africa are accustomed to a level of performance defined by their experience
with the behaviour of ordinary portland cement under site conditions in the various
parts of South Africa. The fact that the performance of ordinary portiand cements tends
to vary with ime and source of supply is laken into account to some extent by these
experienced usetrs or specifiers. Any cement producing company that wishes to
introduce a new product inlo this market needs io be aware of the impact such an
introduction could have on the user body if the performance of the new product is
different from that of the ordinary portland cement used in the past. This is especially
so if the difference in performance is substantial and greater than the normai variability
of ordinary portland cement.

The objective of this siudy is to evaluate the order of magnitude of difference, if any,
beiween the performance of:

i) the early-age characteristics of ordinary poriland cement againsi the
performance of the new product containing fly ash; these differences are of
prime ¢concern fo the contractor involved with the everyday use of materials on
the constiruction site,

i) the medium- and long-term characteristics of ordinary portland cement
concrete against the new product containing fly ash; these diiferences are of
prime concern to the specifier and owner with their desire for long ferm
durability of the structurse,

In both cases coghizance must be taken of the inherent variability of ordinary portland
cament. The above difierences in performance must be considered in the light of the
ability the experienced user generally deveiops 1o accommodate the variability of
ordinary portland cement performance.

Once thesse factors have been considered, guidelines can be proposed for the practical
use of the new poriland cement on sites and in yards in South Africa.

4.2 Research methodology

In most cases use has been made of common lakoratory techniques covered by South
African Bureau of Standards {SABS), British Standards (BS), American Concrele

Institute (ACI) or American Society for Testing and Materials (ASTM) test methods to °

determine iaboratory values for commonly measured characteristics in concrete or
mortar. Due consideration has however been given to site conditions and their possible
impact on these characteristics. In each case full method descriptions have been given
where deviations have buwen made from standard test methods or where a new lest
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where deviations have bezn made from standard test methods or where a new test
method has been developed.

The characteristics which have been evaluated are as foliows:
4.2.1 Characteristics of fresh mixes

Laboratory measuremenis have been made of the changes that the incorporation of
fly ash brings about in a fresh mix of concrete or mortar to the following parameters:

. rh;éology and workability

. setting time

. bleeding

. heat of hydration

4.2.2 Characteristics of hardened mixes

Measurements have been made under laboratory and simulated site conditions of the
influence that the incorporation of fly ash has on the properties of hardened mixes. The

following parameters have been studied:

. compressive strength

glastic modulus

. shrinkage
. creep
. durability

4.2.2 Ciher studies

Some work has been dons 10 evaluate the influence that the use of fly ash has on the
effect of chemical admixtures in fresh and hatdened mixes. A study has aiso been
made info some aspects of ternary biends i.e. blends of ordinary portland cement, fly
ash and another pozzolanic or iatent hydraulic material such as silica fume or ggbs,
in an aitempt to develop an understanding of performance in anticipation of what might
become consfruction practice in the future,

43 Selection of materials to be used

4.3.1 Cementitious materials

In the introductory chapter details were given of the declared intentions of the three
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South Atrica Cement Producers as regards fly ash cements. These companies were
asked to submit suitable samples of the cemenis that would be used for blending
purposes.

D & H Ash Resources were asked to supply PC! with sufficient fly ash from the Matia
power station, at that time the only source of commercially available fly ash. Some of
this ash was subsequently supplied to PPC to manufacture the in srground products
for this test programme. PPC was asked to submit interground fly ash cements at

5 %, 15 % and 30 % fly ash content in addition to the cement to be used for blending
purposes.

At the time that the test programme was initiated the fiy ash from Matia power station
was being taken from the material retained in fields 2 and 3 of the electrostatic
precipitator. Subsequently, due to a change In the operating procedure by Escom, it
became necessary to install air classification equipment at Matla. Initiaily little of the
classified material was used in testing. However it was subsequently found that there
were diffsrences in the behaviour of fly ash collected by selection or classification and
further tests were done using the classified ash too.

The construction of the Lethabo power station commenced during the test programme
and samples of fly ash became available. The classifier for selecting fly ash for
cementitious use was only commissioned in mid 1880 and iest samples were made
available for some indicator tests shortly after that. However, the majority of the testing
has been done on the Matla ash.

The physical characteristics of the cements and fly ash samples supplied are given
in table 4.1 while their chemical characteristics are given in table 4.2, All these data
were obitained from analyses carried out by the Technical Services Depariment of the
Preloria Portland Cement Company. It should be noted that the data presented in table
4.2 are for analyses on the fly ash sampies used in this investigation; in contrast to
this, the data in table 2.2 are for total ash produced at the two power stations in a raw
unciassified or unselected form.

For the investigation into the effect of the use of Lethabo there were slighily differert
objectives. In this case the fly ash was obtained from Lethabg, and the cement came
from three cources close o the PWV.

The cements used in this work are identified by ¢ode as the information is derived from
a confidential testing programme that was incomplete at time of writing. The client
preferred the information on the sources to remain confidential. The physical and
chemical properties of these cements and fly ach samples are shown in table 4.3.

The da’a in {ables 4.1, 4.2 and 4.3 show that both the Matla and Lethabo l;fﬂy ash
sampl:g comply with the chemical requirements of SABS 1481: Part 11-1989"*, and
also r.est the fineness requirement of the same specification. Other requirements not
evaluatad for thelr compliance with SABS 1491 are the degree of water reduction, the
reactivity and the soundness. Nona of these requirements existed when the original
esting of the cementitious materiais was done. Both ashes alsc cornply with the

43



R (e

o }

s

equivalent requirements in ASTM C 618-89%" for both classes F and C fiy ash, and
those of £3 3892 ; Part 1 : 19827

All the cements comply with the relevant reguirements of SABS 471.7
4.3.2 Aggregates

A wide selection of aggregates is available in the PWV area. in choosing the coarse
aggregate the following aspects were considered:

. Reef quartzite was rejected on the basis of possible alkali-silica reactivity.

» Granite was rejected on the basis of the effect lenses of relatively soft
weathered material might have on the elastic properties of mixes.

. Dolomite and andesite were rejected as they both appear, to a greater or lesser
extent, fo enhance the compressive strength of mixes by mechanisms which are
net fully understood. In the case of dolomite this effect is confined to the sand
fraction,

. Dolerite aggregate was eventually sslected as there were no known potential
"side effects” associatea with its use. A 13,2 mm road sfone material was
selected as it would permit the manufacture of smali specimens where
necessary. The road stone material was used because of its superior particle
shape. The physical characterisfics of this material are given in table 4.4.

In considering the selection of the fine aggregate the above list of materials was
rejected on the same grounds as for the sione. In the case of the dolerite the particle
shape of the sand proved to be too poor to permit reasonable plastic characteristics
to be achieved in fresh mixes. The commonly used decomposed granite (river} sands
weie considered too ftiable for use where prolonged mixing cycles might be necessary.
The sand eventually selected for use was a precessed weatherad Ecca grit from the
Kendal-Baimoral area of the eastern Transvaal. This sand produces “friendly” mixes
over a wide range of strengths and has a sound history of use as a standard sand by
PCI.

The sand was identified by Professor Mclver of the Depariment of Geology at the
University of the Witwaterstand as a medium grained sand strongly dominated by
anguilar to subangular quartz grains accompanied by minor feldspar and characterised
by reddish iron oxide staining.

The physical characteristics of this sand are given in {able 4.4. The gradings of both
aggregates are porirayed in figure 4.1.

Although the sand has a dust content exceeding the upper limit set by SABS 1083:
1976™ several years of experience of using this sand in laboratory tests has shown
this factor not to be deleierious, and in fact the sand allows the production of concretes
with very good plastic characteristics.

4.4
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The gra’dinqx oi the dolerite sione sample complies with the requirements of SABRS
1083: 1976.”* This stone was identified by Professor Mciver as an unweathered fine
vrained dolerite dominaied mineralogically by & crystalline assembla, @ of calcic
plagioclase and augitic pyroxane. The grading of this sample is also shown In tabie 4.3
and in the graph in figure 4.1.

Figure 4.1
Farticle size analysis for aggregates
In mixes with Matla {ly ash
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When it came o the selection of the materiais for the investigation Into the influence
that Lethabo fly ash has on the properties of conerste, different objectives were set for
the investigation. In this case the aggregates selection was based on the most
commonly used combination of aggregates in the Pretoria/Witwatersrand/Vereeniging
{(PWV) areza.

The sand selectea for this investigation was a "river" sand frorn the Jukskel guarry of
Messrs. Hippo Quarries. The physical characteristics of this sample are given in table
4.5 and shown graphically in figurs 4.2. The grading of the sand, apart from a slightly
high dust content, complies with the requirements of SABS 1083: 1976 for concrate
sand. Professor Mclver ideriified this sample as a decomposed granite sand
composed of grains of quartz and granular aggregates of quartz and feldspar showing
various degrees of alteration to sericite and kaolin. Biolite is present as a minor phase.
Fines include the foregoing together with sericite and kaolin.

The stone used in this case was a sample of 19-mm reef quartzite stone derived from
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Caooke Shaft crushers of Blue Circle Materials. The Prading of the sample complies
with the grading requirements of SABS 1083; 1976 jor 19-mm stone. The physical
properiies are detajled in table 4.5 and shown graphically in figure 4.2. Professor
Meiver identified this sample as a medium grained orthoquartzite dominated by
recrystallised detrital quartz grains accompanied by variable lesser quantities of white
mica, chiorite, chloritoid and pyrite.

Figure 4.2
Particle size analysis for aggregates
in mixes with Lethabo fly ash
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4.4 Principies of mix proporiioning

‘t he mix proportions used differed depending on the purpose of each test. All mixes
used for sample preparation have been summarised at the end of this chapter. For
convenienco In most cases the detalls of the actual mixes used have been placed in
each chapter where the *suninical aspects are discussed.

The need, when mixes are proportioned with fly arh as a cement extender, for some
modification to be made to the conventional proce.dres is discussed i section 4.4.1.

The particle size distribution of Matia fly ash is shown in table 4.6 against the same
analysis for an ordinary portland cement from PPC Jupiter.” it can be seen that the

mean particle size for this sample of Matla fly ash is less than half of that of the
sample of Jupiter ordinary portiand cement.
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Figure 4.3 shows the particle size distributions for the two samples graphically.

The particle shape of tha two ; \aterials is evident in the photomicrographs given in
figures 4.4 and 4.8. Figurss 4.5, 4.6, 4.7, 49, 4.10, 411 and 4.12 give similar
photomicrographs of other ¢ementitious materials used in this work.

Figure 4.3
Particle size distribution of PPC Jup.
OPC, and Matla and Lethabo fly ashes
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Figure 4.4 shows particles of Ma''a fly ash while figure 4.5 gives an idea of the shape
of fly ash from Duvha power station for comparison. Figures 4.8 {0 4.8 respectively
show views for the samples of Roodepoott, Lichtenberg and Jupiter ordinary portland
cements used In this project. Figure 4.9 shows particles of ggbs from VanderBijlpark
and figure 4.10 particles of silica fume from Silicon Smelters in Pletersburg. Figures
4.11 and 4.12 give views of the 15 % interblend and interground cements respectiveiy.
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Figure 4.4
Photomicrograph of Matla fly ash

Figure 4.5
Photomicrograph of Duvha fly ash
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Figure 4.6

Photomicrograph of A-A GPC

Figure 4.7
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Figure 4.8
Photcmicrograph of PPC OPC
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Figure 4,9
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Figure 4.10
Photomicrograph of silica fume

Figure 4.11
Photomicrograph of PPC 15 % blend
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Figure 4.12
Photomicrograph of PPC 15 % grind
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These photomicrographs were produced on the Scanning Electron Microscope
equipment at the University of the Witwatersrand.

it is obvious that most of the fly ash particles are spherical while those of the ordinary
portland cement and slag are much more angular. There is also a fairly obvious
difference in the degree of sphericiiy of the fly ash particles from the two sources Matla
and Duvha — the fly ash from Duvha shows far more non-spherical debris (possibly
muliite) particles than is the case for the fly ash from Matla.

The differences are referred to again when the rheclogy of fly ash mixes is discussed
in chapter 5.

44.1 Stone content determination when fly ash is used

One of the propertits 1:3ed in South Africa for the first estimate of the stone content
of a concrete mix is the fineness modulus of the fine aggregate. The fineness modulus
of the sand is determined as the sum of the cumulative percentages passing sieves
from 150 micrometers up to 4,75 mm. (Sieves above this size are also included where
relevant but only those in a series of doubling the aperiure above 4,75 mm are taken
into account In the calculation of the fineness modulus.)

Experiericed concrete technologists will however be aware that while the conventional
theory Is generally applicable It is also true that as the cement content of the mix
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increases it becomes possible o increase the stone content without prejudicing the
placeability and compactibility of the mix. Much of this exira mix plasticity tan probably
be ascribed to the increase in total mortar fineness as & result of the fine material
introduced by the cement; i.e. the theory used to determine the sione content for trial
mix purposes is probably a litile simplistic aithough the errors are small enough not to
require ravision of current practice.

Because the fly ash is finer than the cement that is being replaced by i, the overall
grading of the paste and morfar becomss finer. This can be regarded as bsing
eqguivalent to an increase in the cementitious ¢ontent of the mix, irrespective of whether
the cementitious/water ratio is increased or not; i.e. the mortar fineness increases and
therefore it becomes possible to increase stone conten as described above.

D & H Ash Resources have published a bulletin giving defails of a proposed mix
design method.”! The proposals made in that paper regarding the modifications that
can be made in the stone content of the mix have been shown in this study to be
appropriate for the combinations of materials used in the expstimental work.

it shouid be noted that a moderate increase in the stone content of a mix will result in
a reduction in the water demand of the mix, This fact has not gone unnoticed by some
less scrupuious technologists who have "saved” their clients money by increasing the
stone content and therefore reducing the water, and proportionately the cement content
of the mix. While this practice may be justified in some cases it ¢can result in a mix
being under-sanded and difficult {o place and compact,

The increases in slone content of a concrate mix that have been found possible with
the introduction of fly ash have been shown generally to be justifted. No proof of this
statement can be provided as the assessment of the quality of a fresh concrete mix
is rather subjective. 1t is so subjective in fact that on one occasion when each of the
technical staff of PCl and some construction industry concrete teghnologists were
asked 1o design a concrete mix using the same materials and same mix design
procedure a range of stone contents was obtained that exceeded 10 % of the mean.”

As the proposed magnitude of the increase in stone content of a mix is equal to 3 %
for every 16 % of fly ash added it can be seen that the lack of sensitivily of the mix
designh procedure could mask the apparent validity of the change.

Several very experienced concrete technologists at PCI have however agreed that the
principle of modification of the stone content of the mix when tly ash is incorporated is
acceptable and justified.

This modification has been applied in some of the work in this study.

4.4.2 Other changes 1o standard procedure

Aspecits of adjustmeit of cement/water rafio to ensure eguivalent 28 day comprassive
sirength that may pe necessitated by the introduction of the fly ash will be discussed

4,13

e el o s .



¥

in more detail in the chapter on compressive strength.

The use of fly ash also has an impact on the rheology of the mix; this allows other
changes to the normal proportioning practices, This is covered in chapter 5.

4.5 Detalls of mix proportions used from which test specimens have bean
produced in these investigations

A large number of test specimens was produced during the process of these
investigations. The following paragraphs give some detalls of the mix proportions used
for manufaciuring the various test specimens used.

45.1 Mixes for workability assessment

Chapter 5 deals with the properties of fresh conersie. In the measurement of the effect
of fly ash on the workabiiity of concrete (as measured by the slump test} many mixes
were made. Table 4.7 gives the details of the mixes made with the materials for the
Matla fly ash investigation. Table 4.8 gives information for the Matia fly ash mixes
determined for a commercial cllent of PCl. Table 4.9 gives the mixes used for the
Lethabo investigation.

4.5.2 Mixes for measurement of rheology

Chapter 5 also contains a section covering the measurament of the rheology of pastes
made with ordinary portland cement and with ope/fly ash blends, The proportions used
in these mixes are given in table 4.10.

453 Mixes for setling time determinations

A number of mortar mixes were made using Maila fly ash and Kendal sand to provide
the test specimens for setting time determination covered in chapter 5. Initial work was
done to evaluate the influence of making the specimens from a screened concrete
specimen or making a mortar with the same mix proportions excluding ihe stone. Tabie
4.11 gives the mix proportions used in the OPC and 30 % fly ash mixes. Once the
principle of using mortar mixes instead of screened concrete specimens had been
established & full serles of setting time determinations was carried out using PPC
Jupiter opc and selected Matla fly ash. These mixes are detailed in tabie 4.12,
Additional information on the eifect of Matia fly ash on setiing fime was generated from
the mixes in table 4.8. Another set of information was available from an investigation
done in the PCl laboratories for another clisnt. These mixes, again using Matla fly ash,
are detailad in table 4.13.

The mixes made to evaluate the effect of the addition of various anions and cations
viere made using the mortar proportions given in table 4.11.

Setung time determinations were done at different temperatures with mixes from tables
4.12 and 4.13 and the results are discussed in chapter 5.

4,14
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Setiing time determinations with Lethabo fly ash were done using mixes in table 4.14;
these tests were done over a similar rangs of temperatures. :

4.5.4 Tests for bieeding

Mortar mixes were made with Matla {ly ash, PPC Jupiter OPC and Kendal sand for
bleed determination. The mix detalls are those given in table 4.12. Addifional tests were
done on concrets. The mix proportions for these mixes are given in table 4.13.

455 . . Mixes for heat of hydration measurement

Chapter 6 covers the work done to time of doci:ment preparation on the measurement
of the adiabatic heat of hydration in a calorimeter built at the University of the
Witwatersrand to an initial concept obtained from Biue Circle in the UK.

The mixes used in two sets of lests are delailed in tables 4.15 and 4.16

4.5.6 Mixes for compressive and fiexural strength determination
Substantial numbers of spacimens were made for the determinution of compressive
sirength at ages up 1o 120 days and flexural sirengths at age 28 days. The mixes used
for the Matla fly ash are detailed in table 4.7 and those for the Lethabo fly ash in {able
4.9,

Large blocks were cast o allow an evaluation of the impact "site” cuting has on
extended mixes. The proporiions used for these mixes are given in table 4.17.

The comprassive strength under temperature maiched curing was determinad using
specimens made with the proportions in {atls 4.16.

4.5.7 Determination of elastic modulus

Concrete prisms were made for the determination of the elastic modulus using mix
proportions given in table 4.18. These tesis were only done with Matla fly ash.

458 Shrinkage testing
Mortar mixes were made using Malla fly ash to the proportions given in table 4.12 for
the preparation of shrinkage specimens. No tests were done on the Lethabo fly ash.

459 Creep testing

Two series of tests were done at the University of the Witwatersrand 1o evaluate the
effect of fly ash on creep in both axposed and sealed spacimens. Both series were
made using proportions detailed in table 4.19.

4.15
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4.5.10 Assessment of permeability

Permeability and the effect that the use of fly ash has on this property was assessed
using the mixes detailed in fable 4.20 for Matla fly ash. Additional tests were done on
cores extracted from the larya blocks made with the Matla fly ash mix propartions in
table 4.17. The mixes from which water penetration specimens were made for Lethabo
fly ash evaiuation are detailed in table 4.9.

4511 Abrasion resistance tfesiing

Testing for this property was done using a test method developed by the PCL The
large "site” cured blocks with Matla fly ash were the specimens tested, although cubes
made from the same mixes were also cured after standard laboratory curing. The mix
proportionis used are those in table 4.17. in the case of the Lethabo fly ash mixes
these were proportioned to the dstails in table 4.9

4512 Carbonation testing

The depth of carbonation was assessed on the large blocks made to the proportions
given in table 4.17. Additional tests were done on specimens made with Lethabo fly
ash to the mix proportions given in table 4.21.

4.5.13 Alkali reactivity testing

The effect that the use of Matla fly ash has on the expansion of mortar prisms due to
alkali reactivity was assessed using a rhyolite crusher sand in the standard mix
proportions for the test used.

4.5.14 Ternary blends

Mixes with three cementitious materials or ternary blends were assessed in mixes
made with Matle fly ash and slag from VanderBiji Park. The mix proportions used are
those given in fable 4.22, o
4.5.15 Effect on admixtures

A single series of mixes was made to evaluaie the effect of both Matila and Lethabo
fly ash on the efficiency of an admixiure. The mix proportions used &re given in table
4.23.

4.6 Summary
Details of all the mixes used in the tests described In {ater chapters of this work have
been set out at the end of this chapier. For convenience, soms of these tables have

been repeated in the relevant chapter. For proportions which are not provided in the
different chapters refarence should be made to chapier 4.

4.18
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Table 4.t

Fhysicel propetiies of comentilious, maleride tsed i labotitory iveetigalions.

Froevis of slancar SAHS bests. P
ey ey g
Exmpla OPC OPC am Bon Cicle | OPC s PPC POSEA®PPC | FOISFAMPPG | POSFAox PR POISEA a MATLAFy msh | LETHARD 73
source Aemglo-Nphw . (e {texnd) {groud) . ah
Parameler :
Spaibic 2800 a0 2010 b 3100 2051 2060
Suclaos
1 g}
Standerd. o025 2625 2550 aé ™ 476 2400 23705
Corwistancy
m M
inital 1w - 210 250 258 200 z0 508
Gat {rmin}
Firsl 216 250 %5 08 a0 P 205
Sat (min)
Rasidue %) on .
A5 rmikcron 4 B
50 Fioron 12 18 20 26 24 15 10 15 os |
210 micron ' 00 00 62 ot 92 o 00 o
Le Chaioher o 1 1 z 2 i 1
o ()
VMG pubesiiPs)
t dey 138 142 12,8 12 108 "4 108
9oy 288 3 g 205 A 209 28,1
7 day arg 43,3 379 68 348 0,1 _ 98,1
28 duy 528 %3 - 419 453 a4p ans 448

Ackrowledgiments 1o TS of PPC Sor all fhix infonmaion
Scknowedgamant G Biue Cinols Linied for thie iokanmuation on Lethabo wesk 1391 samyle rapreswnling typical Lathalis veluse
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Table 4.2

Chemical charsitsristies of comentifious malerals used in this investigation

Sampie saurce OPCex | OPCexBive | OPCoxPPC | BCEFAeX PCISEA ax PC5FA ex PC5FA 8x MATLAFly | LETHABO
B Anglo-Alpha Circle PPC (mixed) | PPCmixed) | PPC iground) | PPC {ground) ash Fly ash
Parametor (%)
si0, 22,50 22,50 21.40 20,46 2490 22,50 25,10 98,20 332
N0, 4,18 3,54 2,90 4,98 7,08 4,81 6,60 28,30 92,4
i Fe0, 3,00 340 333 339 8,52 3.7 3,81 5,24 36
Mn.O, 0,14 022 093 0,90 089 0,91 0,62 0,08 -
Ti0, 024 0,45 043 047 0,60 046 0.59 1,70 1,05
a0 64,30 83,65 62,50 50,40 55,80 80,50 55,60 14,40 4,98
Mg0 1,60 2,10 4,4 411 4,10 4,00 3,86 5,95 1,20
L PO - - - 0,08 0,22 0,08 0.20 1,70 0.60
50, 181 1,75 1,80 1,76 1,72 1,79 1,72 1,50 0,17
K0 0,47 0,18 0,85 064 0,58 0,68 0,70 0,78 0,55
Na,0 0,06 0,07 0,08 0,08 0,08 0,10 0,13 0,50 0,30
Eq, Na,0 0,37 0,18 0,49 0,50 048 0,55 0,50 1,01 0,66
LOI 1,9¢ 1,90 0,74 0,77 0,89 0,82 0,92 280 0,23
G, (%) * 53,7 55,2 55,6 318 32,5
C,S (%) * 24,1 22,9 19,5 405 40,1
i CAlm" 80 38 4.7 7.5 6,5
|| CAF {%) * 8.1 10,3 10,1 103 11,3
B * VALUES FROM BOGIE FORMULAER!
L — .




Table 4.3

Physical and chemical properties of cements used in the
investigation into the influence of Lethabo fly ash

Cement source

]

Property orcA| opcB |opcc| Lethabo E
' fiy ash
Chemical (%) | |
Si0, 216 | 222 | 221 | 528 |
AL, 41 | 416 | 39 31,3
Fe.0, 20 | 281 | 28 3,22
Ca0 643 | 642 | 648 | 441
MgO a3 | 241 1,8 12
KO 067 | 016 | 03 0,45
N&,0 0,12 - 0,1 0,30
S0, 21 | 174 | 13 | o18
Mn,0, 11 | oz - -
LOI - 144 | 12 0,39
~ Free Ca0 1.8 0,4 0,6 -
Bogue™” values (%)
C,S 61,1 | 658 | 619 -
cs 158 | 216 | 168 -
CA 7.5 6.3 56 -
CAF 6.1 85 | 65 - !
Physical
Surface area Blaine (mkg) | 301 329 298 -
VMC strength (MPa) £
1d 14,7 - 11,0 -
3d 252 | 287 | 265 -
7d 385 | 402 | 420 -
28d 519 | 503 - -
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Table 4.4

Physical characteristics of aggregates used in the

f

Matla fly ash mixes

Sample 13,2 mm Kendal
description dolerite sand

Relative Density 3,00 2,65

| 'Loose Bulk Dernsity (kg/m°) 1650 1510
Compacted Bulk Density (kg/m”°) 1760 1715 §
Sieve slize {mm) Cumulative % passing E
| 19,000 | ﬁ
13,200 140 !
5,500 52| 100 §

6,700 5 )
4,750 1 68 II

360 L 86
1,160 i &5

0,600 1 &1
0,300 1 29
0,150 1 74 |

0,075 0,5 7.9

Fineness Modulus . 6,44 254

4.20
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Table 4.5

~ Physical characteristics of aggregates used in the
evaluation of the effect of Lethabo fly ash

4.21

Sample "River" sand 19-mm i
description quartzite
Relative Density 2,60 2,69
" Loose Bulk Density (kg/m") 1390 1480 |
Compacted Bulk Density (kg/m’) 1570 - 1570
Sieve size (mm) fumulative % passing
26,500 100
13,000 of
13,200 | 36
8,500 8
6,700 3
4,750 100 2
2,360 87 1
b 1,180 61
0,600 35
0,300 20
0,150 11
| 0,075 65 07
L. Fineness Modulus - N 2,86 e
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R _ Table .6
Particie size distributions of Matla fly ash and Jupiter OPC

-
Sample description Matla fly ash Lethabo fly ash” Jupiter ope
Particle size (micron) _ Cumulative % passing ”

300,00 89,52
212,00 99,45

150,00 99,05
90,00 | i 91,51

63,00 | 83,06

45,00 98,10 85 68,57
22| . 87.60 82,19
29,85 79,98 73 53,61

21,10 }. 67,10 43,47

1492 5852 | 50 54,35

10,55 46,08 | - 24,94

7,46 84,34 | 30 19,40
i 527 25,40 | 17 13,81
3,73  7arh 9,14
2,63 11,93 3 6,16

1,89 8,85 3,30 4

1,01 4,99 | 2,18
0,66 2,37 1,24
0,43 1,84 0,50
0,34 1,14 0,19
0,24 0,61 0,08

0,17 0,35 | -

Median size (microns) 125 13,5 27,4
Mean si;ze {microng} 16,5 23,7 38,30

Note:

The tests on the ope and the Matia fly ash were conducted on a Leeds and Northrop Smali
Particle Analyser by tin Tachnical Services Division of PPC, The tests on the Lethabo tiy ash
vsere performed on a Galal Laser Partlcle Size Analyser also by the Technical Services
Division of PPC

* Indicates an interpolated value as the method of reporting differed for the two diffarent
apparatus,
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Table 4.7

Mix proportions of concrete mixes (kg/m") using Matia fly ash

“Note: c/w
materia! to water ratio.

4.23

% cw ciw o/w cw
Fi Materials 1,0 15 2,0 25
ash
Water 209 206 | 203 207
0 | Cement 209 308 406 518
Fly ash : - - - -
Stone 1065 1080 1110 | 1129
Sand 978 | &84 789 675
Water 206 201 198 203
& | Cement 186 286 378 482
Fiy ash 10 5 20 25
Stone 1070 1095 1115 1125
Sand 982 802 797 684
: Water 203 198 196 199
10 ; Cement 183 267 353 448
| Fiy ash 20 30 39 50
Sione 1075 1160 1120 1130
Sand 986 895 800 691
Water 200 194 193 194
15 | Cement 170 247 328 412
Fly ash 30 44 58 73
Stone 1085 1110 1130 1140
Sand 985 898 800 701
Water 193 188 185 163
30 | Cenant 135 197 259 329
Fly ash 58 85 111 141
Stone 1110 1130 1150 1160
Sand 980 894 | 803 694
Water 186 179 176 179
50 | Cement 93 134 176 | 224
Fiy ash 93 134 176 224
Stone 1135 1160 1180 1190
Sand 873 880 798 688
Note; Fly ash ex Matla; Sand, grit ex Kandal;
Stonie, dolerite ax Rooikraal

ab ars 10 total cementitiods




Mix proportions used in mortar mixas (kg/m®) using Matla fly ash
Additional data from: commercial work at PCI

Table 4.8

% fly | Cement | ocw water | cement | fly | Kendal
ash | source ratio ash sand
PPC 1,90 290 551 - 1416
Slurry
o BC 1,82 290 528 - 1436
Licht
A-A 1,82 205 537 . 1415
Uico .
PPC | 200 | 2795 | 475 84 | 1414
Slurry
15 ‘BC 1,80 278 425 75 1470
Licht
A~A 1,80 284 435 77 1444
Ulco
PPC | 213 | 2685 | 397 | 170 | 1418
S!u_rry
30 BC 1,93 267 361 155 1464
Licht
A-A 1,93 280 378 162 14086
Ulco
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Table 4.9

Mix proportions {kg/m"} used in the assessment of workability with Lethabo fly ash
using 19-mm quarizite stone and "river" sand with 3 different OPCs.

[ Mate OPC A OPC B OPC C
rial '
o% |cw | ow|ow]low|ow]ow|owl|ow|omw
a | 17 | 19 2117 )19 21|17 ] 19 | 21
water | 205 | 204 | 205 | 204 | 203 | 204 | 200 | 200 | 212
foPC | 340 | 388 | 431 | 347 | 386 | 428 | 355 | 397 | 445
fa - - - - - - - - -
stone | 1121 | 1121 | 1121 | 1121 | 1921 | 1121 | 1921 | 1121 | 1121
| sand | 695 | 665 | 627 | 699 | 660 | 631 | 679 | 644 | 597
15%| cwiow|owlow|ow|ow ! cw | cw|ow
ta | 18| 20| 22 | 18| 20| 22| 18 | 20 | 22
water | 200 | 200 | 200 | 196 | 193 | 185 | 205 | 200 | 202
OPC | 306 | 340 | 374 | 300 | 328 | 365 | 314 | 340 | a7
fa | 54 { 60 | 66 | 53 | 58 | 64 | 55 | 60 | 67
stone | 1121 | 1121 | 1121 | 1121 | 1121 | 1121 | 1121 | 1121 | 1121
sand | 697 | 661 | 626 | 714 | 692 | 649 | 675 | 661 | 616
225 | cw]owlowijcw|ow ]| ow]ow]|cocw|ow
%fa | 19 ] 21 | 23 | 19 | 21 | 23 | 19 | 21 | 23
water | 197 | 197 | 200 | 192 | 195 | 192 | 197 | 197 | 197
orc | 200 | 321 | as6 | 283 | 317 | 342 | 200 | s21 | 351
fa | 84 | 93 | 104 | 82 | 92 | 99 | 84 | @3 | 102
stone | 1121 | 1121 | 1121 | 1921 | 1121 | 1121 | 1121 | 1121 | 1129
sand | 684 | 648 | 598 | 706 | 657 | 636 | 684 | 648 | 612
s0%|cwiocw|lowlow|ow|ow]ew|ow|ow
ta | 20 | 22 | 24 | 20 | 22 | 24 | 20 | 22 | 24
water | 195 | 105 | 195 | 194 | 190 | 187 | 190 { 188 | 188
lopc | 273 | 300 | 328 | 272 | 203 | 314 | 266 | 200 | 316
{ 2 [ 117 [ 129 [ 140 | 116 | 125 | 135 | 114 | 124 | 135
stone | 1121 | 1121 | 1121 | 1121 | 1121 | 1121 | 1121 | 1121 | 1121
sand | 667 | 630 | 594 | 671 | 654 | 633 | 680 | 863 | 608 |
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Table 4.10

" “Quantities of materials used for paste rhixes (gram)

e

for viscomeler tests.

Material

- Pure cement

1,30 505,6 -

{

167 | 59061 - - - 359,0

PC 5 FA 130 | 4778 | 251 - - 386,9

167 | 5660 | 208] - - 356.8

PCI5FA | 130 | 42301 74861 - - 382,8

i 167 | 5001 83,3 - - 352,3

PCSOFA | 130 | 2400 | 2400 | - - 3692

| 167 | 28191 2819 | - - 347.6
PC50SL | 1.0 | 2509 ) - 2500 | - 385,9 !

167 | 2070 | - 2970 | - 3557

PC5CSF | 130 | 4774 | - - 251 | 3865

167 | 5654 | - - 208 | 356.4

Fiy ash 1,30 456.8 - - 351.4

1,67 5322 - - 318.6

Slag 1,30 _ a978 | - 3829

1,67 - 5886 | - 352.5

Nota: Fly ash used in these mixes was selected fly ash ex Matla

. Various ordinary

portland cemen’s were used; details of the sources of all materials used are given in
iable 5,3a, Mixes ware identical for all ordinary portland cements used,

Table 4.11

Mix proportions (kg/m’) used to evaluate the differenue between setting times of
mortar sampies screened from concrete or mortar mixes. (Matla classified fly ash
and PPC Jupiter opc)

Material OPC concrete | OPC mortar PC 30 FA PC 30 FA
concrete mortar

waler 205 205 189 188

QPC 390 . 390 251 251

fly ash —- - 108 108
19-mm 1100 - 1145 -
quartzite |

| Kondalsand | 604 | 694 638 68 J
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Moriar mix proportions for preparation of specimens for setting

Table 4.12

time determinations (PPC Jupiter opc, Matla selecied fly ash)(kg/m®)

% fly Materisls cfw ciw ofw clw i
ash 10 15 2,0 25
Water 310 305 308 320 §
ope 310 458 616 800
0 fly ash 0 0 0 0
{ sama| 1567] 1ass] 134} 127
U owaee] 305 302 303 314
opc| 290 430 576 746
5 fly ash 15 23 30 39 1
sand 1581 1462 1328 | 1148
Water 301 298 299 308 §
ope 2 402 538 93
10 fly ash 30 45 60 77
sand 1501 1472 1338 | 1164 !
Water 296 293 294 302
ope 252 374 500 642
15 fly ash 44 66 a8 1i3
sand 1604 1485 1352|1183
Water 291 286 285 296
ope a4 300 399 518
30 fly ash 87 129 171 222
sand 1611 1497 1369 | 1184 §
. Water 254 276 275 286
i .o 142 207 275 | - 358
50 +  fiyash 142 207 2750 358
smd| 162 1515 1386 | 1196 |

e
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abla 4.14

Mortar mix propartions (ky/m’) for setting time determinations using

Lethabo Yy ash
- apiuey g
MIX A B c p g E G o
CEMENT A A A A A A A A
TYPE OPC | PCISFA | PC225FA ) PC30FA | PCISFA | PC225FA | PC3OFA | OPC
DESIKGN EQ 28 EQ 28 EQ 28 DR DR DR
C:W RATIO 175 1,67 1,08 23 1,78 1,75 1,75 5.8
WATER 280 J84 278 269 286 245 269 282
CONTENT
CEMENT 505 532 554 565 500 429 47 538
CONTENT
SAND 1432 1399 1383 <385 1423 1578 1470 | 1419
CONTENT
SLUMP (mm) 70 80 80 80 70 70 85 70
MIX H 1 J K L M N P
GEMENT B B B 8 B B B B
TYPE opc | Pe1seA | PCz2SFA | PC3OFA | PCISFA | PC22sFA | PcsoFa | opo
DESIGN _EQ8 EQ 28 GG 28 oR LR bR
C'W HATIO 167 | - i 1,03 2,06 1,87 1,67 1,87 18
WATER 287 275 274 280 277 276 272 267
CONTENT _
CEMENT 479 501 529 578 462 461 455 508
CONTENT
SAND 1457 143 1416 1347 1478 1472 1477 | 1488
CONTENT
SLUMP {mm) 80 55 55 65 80 70 &5 70
MIX R s T . v w X Q
CEMENT c ¢ ¢ ¢ ¢ ¢ c ¢
TYPE orc | PCisFA | Pc2zsFa b PeaoFA | PC15FA | PozasEA | Pcaora | opPc
DESIGN EQ 28 EQ 28 EQ 28 DR PR OR
C:W RATIO 17 1,68 2,04 221 17 17 17 19
WATER 285 | 2; 265 274 280 285 281 297
CONTENT
CEMENT 485 520 541 606 493 484 43 865
§  CONTENT
SAND 1457 1409 1420 | 1334 1417 1428 1434 | 1380
COUNTENT
SLUMP ' | 40 70 50 70 80 75 75 50
TR
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Table 4.15

G et T A T wam e .

Mix proportions for OPC and PC0FA mixes per m? of concrete
nsed in 1est method trisls for adizbatic calorimeter (Matia fiy ash)

Material Mix No. | Mix No.

g Fly ash k) - &
Sand {kg) 884 804
Stoue (kg) 1090 1130
Water (I 205 188
ofw ratio _ 1,5 1.5
e+ (%) G0 30,1
Stenting
fempesature °C) 235 240

Tuble 4,16

Mix proportions for OPC and PC30FA mixes per m® of concrete
used for measurement of adisbatic heat of hydration (Maila fly 25h)

Material ] Miz No. Mn; No.

OPC {kg) 308 220 226
Fly ash (ke) - 94 97
Sand Gg) 885 865 963
Stone (kg) 1090 1136 1000
Water d) 205 185 160
cfw ratio 15 17 17
fic+) (%) 00 29.9 30,0
Starting

ETpane N IR S L |

Note: Materials used in the manufacture of these concretes are as follows:

OPC ex PPIC Jupiter,
fly ash ex Matla,
Hendal sand,

13,2 mm dolerit: stone.
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., Mix proportions for concrete used in large blocks for evaiuation of curing effects

with exienders (quantities in kg/m®)

OPC | PC15FA | PC30FA { PC50SL
Matsrial | mix mix mix nox
Cement | 350 | ~ 206 | 250 175 |
Fly "aé‘hqr = 54 411 -
Sleg T - ~l - 175
Granite | 422 422 413 419

, Crusher .
sand
Kendai | 422 | 429 413 419 §
sand _ '
19mm [1050| 1063 1072 1050
Granite
Stone
Water | 210 201 194 208
cw 1,67 1,77 1,88 1,77 |
ratio _ |
Slump | 150 160 | 140 150
{mm) :
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Mix proportions of concrete mixes {kg/m°)

Table 4.18

et
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. m;or elastic moduius tests (Matla {ly ash)

E Mﬁterials % | cw ciw cw | cw § % cw | ow | cw | cw
Fyl 10 | 15 | 20 {25 [ Ay | 10 | 15 | 20 | 25
ash ! ash

Water 209| 205| 208] 207 200| 194| 193] 104

Cement o00| 308| 408] 518 70| 247| 328! 412

lPyasn | o1 -f | -~ -F .| 30 4| 58] 73

t stone 1065 | 1000 | 1110} 112 1085 | 1410 | 1130 | 1140

Sand 979 | asa| 789| 675 oa5| sgs| soo| 701
Water 206| 201| 199 208 193] 188| 185 188
Cement 196 | 286| a7s| g2 135| 197 259| 329
Fiyash | | 10f 15| 20| 25§ | s8f 85| 111] 14
Stone 1070} 1095} 11161 |12 1110 [ 1130{ 1150 | 1160
: _ v~ - 5
Sand o82 | so2| vo7| e84 980| 894! 803| 604
Water 203| 198! 196 ﬂ_ 186| 179] 76| 179
Cement 183 | 267 | 353].448§ 931 134| 176] 224
Fiyash | .o| 20| 30| 39]|' 0] | 93| 134| 176| o04
Stone 1075 | 1100 1120 \13 1135 | 1160 | 1180 1190
Sand 086 | 695| 800| 6oV o73| 8s0| 798| 688
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Table 4.19

Concrete mix proportions used in creep specimens (kg/m®) (Matla fly ash)

Mix | Cement | Stone | Fiy | ow | Water | OPC | Fiy | 13 mm | 19 mm | Sand
No. | source | size | ash | ratio (i {kg) | ash | stone | stone | (kg)
: {mm) | (%) {kg) ; (kg} (kg)
1] PPC | 132 | o0 15§ 205 | 308 ) 0| 1080 0| 884
Jup ]
2 | PPC 19 0| 15| 195 {204 © 236 044 | 843
Jup, —
3 [* BC 1321 o 1,3} 207|289 | o} 1080} o] em
Licht . o : )
al prc | 1321 15 18| 197 { 268 ] 47 | 1100 o| 878
Jup g i :
5] BY {132] 5| 14| 198 | 286 | 42 [ 1000 o | s68
Lichy _
M
6 PPC, | 182 | 30 [ 1,7{ 189 [ 225 | 96 | 1115 o { 917
i .- o
|
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Table 4.20

Mix proportions for concrete mixes used for DIN water
penetration tests. PPC Jupiter OPC and Malla fly ash used,

Quantities given in kg/m®.

OPC mixes

cament/water ratio

Materials
1,40 1,60 1,80 2,00
. walter 212 210 208 210
OrC 287 336 3_75 420
fiy ash - - - -
13,2-mm stone’ 70 980 890 1000
granie sand o982 945 508 £56
PC 15 FA mixes
Materials cemantiwater ratio
1,49 1,70 1,80 21
waler 204 204 199 200
OPC 258 290 321 359
ly ash 46 51 57 | 63
13,2~mm siena 081 993 | 1005 1017
grantte saﬁd 973 938 QHD 848
PC 30 FA mixes
Mafefials cement/water ratio l _
1,58 1,81 2,04 _ 2,26
water 197 194 192 | 198
OPC 218 248 274 305
fiy ash 53 105 118 131
i 18,2-mm slone 993 1007 1020 1035
H granite sand 962 - 920 876 819
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Table 4.21

Mix propordions (kg/m® for mixes for
carbonation investigation _
e
Mix details OPC Mi¥t | FCBOFA Mix2
thg/m®) (kg/m®)
G/W ratio . i 1,7 185
OFG {PPC Jup} 840 250
FA ((sthato} - 1
19 mm granite 574 _ 971 H
Crusher sand a74 843
180
110

Table 4.22

Mix propurtions (in kg/m’) used to evaluate the effect of using a
ternary blend of OPC, slag and fly ash on compressive strength
development of concrets.

Material Linits | Mix no, Mix no. Mix no. Mix no. Mix nﬁ
| 1 2 3 4 5
clw ratio 1,71 1,8 1,8 1,9 1,9
Cement - | (ko) 266 184 161 - 136 273
Slag (kg} - _ 794 161 136 -
Fly ash (kg) - - 57 117 117
| Sand (kg) 765 733 740 729 739 ﬂ
I Stone (kg) 1007 1007 1007 1007 1007 )
| water 0 215 215 210 205 205
H 1005s/c+5+f | (%) o 50 43 35 0
H 100xtic4s+ | (%) 0 o 15 o 30
[ stump (mm) I 60 60| 65 70 E

MNote: Matla fly ash and slag ex Slagment VanderBijl Park were used together with PPC
Jupiter ope. . g
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of twan zourcas of fiy ash on the effsctiveness of an
admixture regarding the compressive sirength development of concrete

Tabia 4.23
Mix proportions fin kg/m®) used to avaluate the influence

H Material Mix Mix Mix Mix Mix Mix
No.1 No.2 No.3 Nod o5 No6

s 1700 170} 15| 1wl 1 1,85
Coment s740 | seop | oss0 | smus; o ose0 | 2ms
Fly ash M - - 10| 1om2 - -
Fiy ash's, - - - -| 1110 sz
Sand 7449 | m080 | w07 | 7e25; 7407 | 7825
Siona 10074 | 10074 | 10368 | 10386 | 10388 | 1036e
Water 200 2050 a000| 1es0l 2000 | 1es0

L A o ~| 10470 -] ‘om2s - § 10821
100, 0,0 0,0 500 30,0 360 [ 90,0
Shump (mm) 86 65 60 | 65 80 70

Note:  Fiy ash M sourced from Matia; L. waz sourced from Lethabo,
MCC Multiflow 808N admixiure. dosed at 300 me'100 ky cementitious materlal content of mix,
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CHAPTER 5
5, PLASTIC PROPERTIES: RHEOLOGY, SETTING TiME, BLEEDING

5.1 Introduction

The characteristics of concrete ur mortar in the plastic or mouldable state are very
important for.the piacing and compaction of the material on site. This is one of the
places where the element of experience is relied on in producing the final product and
changes in the behaviour of the material may result in the need for some modificatior
of work practices. Frequently, as a result of the relatively poor training ihat many
workers receive and the fact that the problems are probably initially ascribed to worker
errors, these modifications may only be made after the occutrence of one or more
“failures” of the material. There is a perceived need for a better understanding of these
plastic properties and tie influence that ity ash might have.

The {following paragraphs should help to throw some light on the effects that South
Atrican fly ash has on the plastic properties of concrete or mortar.

5.2 Rheology

As stated before in chapter 3 rheology is the science of the ‘ow of materiais.”™

In this study work has been done on two methods of assessing this characteristic,
namely ths measurement of workability using the rather crude but widsly used siump
test, and the measure of fluid viscosity by means of a coaxial cylinders viscometer.

5.2.1 Workabilli, assessment by slump test

The improvement of the level of workability in a goncrete mix, as shown by the change
in the values recorded by the slump test, is noted {see paragraph 3.3.1) as bseing one
of the major indicators ot fly ash quality and suitability for use in concrete. As
mentioned before the siump test is a rather crude and insensitive test. When fly ash
is used in a mix the slump value is often found fo have increased relative to the slump
of the mix without the ash. However there are other, more subtle, changes in the
degree of compactibility and placeability of a mix that the slump test does not reveal;
these changes can be observed, whan a fly ash mix Is placed and compacied, in the
ease of compaction, but they are not easy to measure. These other changes do
contribute to the quality of the finish but again the changes tend to be subjective due
to a lack of suitable methods of measurement.

52.1.1 Metia fly ash; effect on workabiiity

Table 5.1a gives the concrete mix proportions r.3ed in this test programme. The mixes
given in this table are all intended to give the same slump of 75 mm. [n th? mixes
made in the laboratory however the actual siump recor:led was not abways as
intended. Table 5.1b gives the slump recorded in the laboratory work. Note that, in

e R Wy AT N ) R e

o agr g rep s A




s e

accordance with normal PCl pract ce using skilied personnsl under supervision, only
one slump measurement was made per test.

The water reduction has begen determined as the change in the amount of water
required for a similar slump from the fly ash mixes when compared against the water
content of the conirol ordinary portland cement mix. The siump values of table 5.1b
therefore needed to be "corrected” to the same level, this level was selecied as 75mm
slump. This was done by taking slump values between 60 mm and 90 mm as bemg
75 mm slump. Slumps from 45 mm to 60 mm were adjusted up by 5 litres/m* and
between 30 mm and 45 mm by 10 litres/m’.

This adjustment is based on the rule of thumb found by experience at PCI that an
increase of 10 fitres/m® will generally double the slump of concrete.

The differences between the water contents of the conirol mixes and the varivus fly
ash mixes are given in {able 5.1¢ in litres per cubic meter of concrete. Much of the
published information on the extent of the watsr reduction achieved on using fly ash
expresses the water reduction in percentags; as the materials used in this study
represent only a small proportion of the full spectrum availabie it is felt that it would be
inappropriate to use percentages as the results obtained cannot be claimed to cover
ihe full range of water demands. Nevertheless some indication will be given of the

order of magnitude of the percentage water reduction in later paragraphs. '

Data obiained from commercial studies done in the laboratories of the Portland
Cement Institute have been included to give a wider scope of materials. These
additional data are given in tabie 5.1d.

The data from tabie 5.1¢ is presented graphically in figures 5.1a to 5.1¢ for the cement
from Blue Circle Limited, Anglo-Alpha Limited and PPC Limited respectively. The
curves shown on these graphs are best fit straight lines. Figure 5.1d gives curves
taking all the data from both tables 5.1¢c and 5.1d into account and provides a best fit
line for all combinations.

There are differances between the best fit siraight lines for the different cement/water
ratios of the mixes tested and the different cements used in this work as can be seen
in figures 5.1a, 5.1b and 5.1¢c. However thera does not seem to be a definite frend of
water reduction against a change in cement water ratio, as the position and slope of
the different cement/water ratio lines is different for the cements irom different sources.
It is possible that the relatively poor accuracy of the slump test is partially responsibie
for the tack of a definite trend here.

From a linear regression caiculation for a on all the data given in {ables 5.1¢ and 5.1d
it would appear that the water reduction that can be expected will be of the order of:

Water reduction (/m’) == 0,55 . ily ash content{%)

Bearing in mind the previously expressed reservation about psrcentage reduction in
water this equation could also be expressed as:

5.2
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Water reduction {%) = 0,27 x fly ash content (%)
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Figure 5.1a
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For this particular set of combinations of materiais and conditions the correlation
coefficient for the linear regression for the water reduction against fly ash content is
0.89. Other correlations {power, logarithmic and exaonential) were evaluated but the
iinear regressiun proved to give the best fit. This siraight line is shown as the best fit
line on figure 5.1d. L

This will however only serve as a first approximation as it can be seen from figurs
5.1d that there are differencss in the water reductions that cccur on using Matla ﬂy
ash with the cements from dlfferent sources.

In these _results it can be seen that the best reductions are offered by the interground -
or blended cements produced by PPC for this test programme. Both of thess cements -

gave tha same values for water reduction in each case and the lines are therefore
identical. Next best is the cement from PPC with those from Anglo-Aipha and Blue
Circle giving rather fower but similar water reductions.

There is no cbvious link betwsen the original "water demand” of the cement used and

the magnitude of the water reduction as can be seen from the slump values in tabls
5.1b, where it is eviden that the PPC ¢ement gengrally has a higher "water demand™
than the Blue Circle cement, but lower than the Anglo-Alpha cement.

This s likely fo mean that uniess the technologist who is designing the fiy ash mix
Knows what parlicular combination of cement and fly ash is 1o be used he will be
reguired to do a friv' mix {0 evaluate the actual water reduction that ocours.

Figure 3.4c
Water Reduttion vs FA content
Preloria Portland Cement cement
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Figure 5.14
Effect of fiy ash on waler contenl
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5212 Lethabo fly ash; effect on workability

Similar studies were subsequently done when Lethabo classified ash became avaiiable
for testing purposes. Tables 5.1e and 5.1f give the results of water content tests done
with samples of ordinary portland cement from 3 sources identified as A, B and C as
the client for whom the commercial work was done preferred the information regarding
the sources 1o remain confidential. A linear regression analysis done with the data
from table 5.17 gives a slightly different coefficient for the slope of the water reduction
line. In this case the water reduction can be expressed as follows:

Water reduction (/m*) = 0,59 x fly ash content(%)

This indicates that the Lethabo fly ash has marginally superior water reducl: 3
properties to those of the Matla fly ash. However, far tewer data are avaiiable for this
regression calculation than was the case with Matia fly ash; ior this reason no graphs
have been drawn for these data. The reliability of this constant is therefore ot as good
as that for the Matla fly ash evet1 thoughi the correlation coefficient is betler at 0,85, It
is therefore safer fv assui::e the same value of 0.55 until further data confirms that the
Lethabo fly ash is in fact a more effective water reducing material than is the cass with
Matia fly ash.




These data also indicate some differences between the magnitude .of tl-j watdr
reduction that occurs with diiferent cements. In this case the biggest reduciion was
found with the ordinary porfiand cement C which also had the highest water

requirement cn its own. Cement B was the cement with the next most significgirt effect

and cemeant A was the cement least affacied. This is in confrast 1o the sifeifis rioted
with the Matla fly ash where the cement similar to cement A was that mostigffected.

It would therefore seem that a jot more datg will be required fo pm\qda a better
undersianding of the water reduciion interagtion batween ordmary poriiand ce( entand

fly ash.

5.2.1.3 Effect of grading | | ]r{/«

Theissing™ argued that the effect that the fly ash addition has on the shi?)pe of the
overall grading c» ye of the.concrete influences the magnitude of the watetjreduction
- that occurs. This factor has been faken into consideration with the fact {aat all the
materials used in the tests which provided the additional data in table 5.1 were yery
different to thnse in the initial investigation. The use of these different matdrials does
not appear to have made a significant difierence 1o the water reductions qbserved in
this case. '

The effect that the introductios. vf fly ash had on the overall grading of the d:oncr'e_ie is
shown i fiyure 5,19, This graph stiows the effect of Lising 30 % fly ash in aimix having
a cementitious/water i&rio of 2,0 when compared against an crdinary porﬂqE

m 'of the same cement/water ratio. It can be seen that there appears K be iitile
difference in the shape of the curves even when plotted, as this graph is, oivalog-log
scale to emphasise differences, It is difficult io reconcile the 18 litres

reduction achieved with the introduction of the fly ash with the insignificar? chafiges in
. the shape of the overall grading curve. While this graph probably does tjot entirely
disprove Theissings contention, that the water reduction is influencild by the

improvement in the overall grading it is fikely that other factors play a (perhaps more

significant} role too. 1

|
|
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Figure 5.1e
Grading cutves of opc and pridia mixes
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The obviously better particle shape of the fly ash (see figures 4.4 to 4.8) must
contribute considerably to improved mobility, while the dispersive effect referred to by
Dhir et al*", Helmuth™ and Roy™ would tend to free water which would utherwise be
caught up in the flocs of cement, thereby adding to the fluidity of the mix. Swamy™ on
the other hand discounted the physical effects of the fly ash and stated that the water
reduction resulting from the use of fly ash came about purely as result of the
dispersive sffect. The view that the dispersive effect is significant is supported by
evidencs provided in later paragraphs of this thesis.

5.2.1.4 Summary
In conclusion the folltyving statements can be made:

’ The inclusion of Matia or Lethabo fly ash in a cementitious mix improves the

flow characteristics ot the mix when compared with a similar mix without the fly
ash.

. This effact can be expressed as the volume of water that can be removed from
the mix while stili giving the same slump, i.e. the water reduction.

. The magnitude of the watar reduction depends on the source of the ordinary
portland cement used, some sources allowing more improvement than others.

More data is required for a better understanding of the interaction between
cement and fly ash.
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. There is no apparent link between the "water demand" of the cement and the
magnitude of the water reduction that ocours with the use of fly ash.

. introduction of fly ash makes only an irsignifive. il srence to the overall
concrete grading, and the fly ash particle gha: @ & 1 it o'spersive effect are
probably more significant mechanisms in the warar ;arlur  5n process.

. A first approximation for the magnitude of the wate+ ratuction which will occur
on using Matla fly ash is:

Water reduction {/m®) = 0,55 x fly ash content (%)

In the case of Lethabo fly ash the available dzta suggests that this fly ash is &
stightly more effective water reducer giving a constant in the above formula of
0,59.

5.2.1.5 Comparison of these findings with other work

The magnitude of the change in water demand of concrete mixes measured in this
work is greater than that reported by Ravina and Mehta™ who found only 15 to 20
iitres/m® water reduction for a 75 % fly ash content by mass. liis also graaier than that
noted by ENCI"™ with a maximum of 11 lifres/m® in the case of their 25 % fly ash
blend cement,

This would probably lead to the conclusion that the water reducing ability of Matla fly
ash is better than those tested in the two references above; as these fiy ashes have
not been iested under identical corditions this statement could be challenged. Suffice
it to say that it appears that the water reducing ability of Matla or Lethabo fly ash is
at least as good as other ashes tested elsewhere.

Butler™ stated that most fly as es will reduce the water demand of cuncrete but that
the cement used plays a significant role. The findings of this study agree with this
statement. There is however ..o support in these findings for his contention that the
greatest water reductions occur in the case of the cements with the highest water
demand. It would therefore appear that there is a greater number of factors that play
a role in the mechanism of water reduction than Butier realized.

5.2.2 Viscosity measurement

Early South African work on the use of ggbs by Fulton™® used viscosity tests on
pastes of ordinary portland cement with and without mgbs (convention now dictates
that the product is called ggbs) to try o explain the effect of the extender on the
workability of concrete made using ggbs. Similar work was done in this study fo
evaluate the effect of fly ash on the viscosity of cementitious pastes to see if the
additional information would help o explain the effect that the fly ash has on the
workability and placeability of concrete. The informafion gathered in this study was
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presented in a paper to an international conference on fly ash in 1887, but is given
in more detail in paragraphs below.

As mentioned in 3.3.1.2 Atzeni et al*™ reported on the imporiance of the experimental
conditions when carrying out viscosity testing with coaxial eylinders viscometers and
noted that variations in conditions had sometimes iead to discrepancies in the resulis
obtained. This factor was considered when assembling the apparatus for viscosity
testing of the materials used in this study.

Odler et al'"™ gave the shape of four basic types of fiow curves as shown below. The
shape of the curves obtained in this sfudy indicate that the bshaviour is sither
pseudopiastic, to judge from the upward shape of the curve, or Binghamian, as the
curve, if it were projected back to the horizontal axis, might not go through the origin.
Figura 5.2a below shows the different types of flow (from Odler™).

Figure 5.2q
BASIC TYPLS OF FLOW CURVES
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Many authorg®™ ™™ R4 have reported that cement pastes exhibit the Bingham
type of flow pattern; this is probably true for this study too.

Figure 5.2b, also derived from Odler,"™ shows the two basic modes of reversibility of
the flow curves, namely thixotropic and antithixotropic.
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Figure 3.2b
Reversibility ef flow curves
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5.2.2.1 Apparatus used in this work

The apparatus used in this work was that available from the Civil
Engineering Department at the University of the Witwatersrand. The apparatus used
was as follows:

. A Klaxon mixer with a mixing speed of 6000-9000 rgm.

. A Feranti VL poriable coaxial cylinders viscomster using cylinders with
diameters of 47,6 mm (outer) and 42,9 mm (inner). This viscometer has a range
of rotational speeds of 109,7 to 327,7 (87).

5222 Method of test

Initial tests were done (2 evaluate the difference beitween hand mixing with a spatuia,
and machine mixing using the above equipment. The hand mixing cycle was 30
seconds of mixing, 2 30 second period of rest followed by a further 270 seconds of
mixing. This mixing cycle produced thixolropic behaviour (typicai hand mixed paste
viscosity curve shown in figure 5.2¢) with highly variable resulis.

The machine mixing cycle described in the following paragraphs gave shear stress
values of about 50 % of those produced from the hand mixing cycle on the up curve
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and anti-thixofropic behaviour i.e. the down curve was 10 the right of the up curve as
shown in figure 5.2d which shows a typical curve for a machine mixed paste.

Figure 5.2¢
Viscosity curve for hand mixing |
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Figure 5.2d shows & typical curve for a machine mixed paste. The readings obtained
from the machine mixed pastes ghowed far better repeatability than the hand mixed
pastes. . _

The machine mixing cycle was subsequently chosen on the basiy of the bsiter
repeatability of this method. A further reason for selecting macnine mixing in
prefference to hand mixing was that it was believed that the amount of shear imparted
to the paste with machine mixing approached that to which the paste in a concrete mix
would be exposed in a concrete mixer more closely than did hand mixing.

it was believed that the machine mixing cycle was therefore m~-g likely to prodijoe the
sort of behaviour that the paste in a concrate mix might exhibit.

The method used for the tests described in subsequent paragraphs was largely
develuped on the equipment available in the PCl laboratories.

All materials were inftially conditioned to a temperature of 22 to 25 degrees Celsius
and quantities were welghed out on a Sartorius balance to the nearest 0,1 gram.
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The quartity of paste produced in each case was 550 mi as this ensured that the
cylinders of the viscometer ware always immersed to the same depth. First the desired
quantity of water was measured into the bowl of the high speed mixer.

Figure 5.2d
Viscosity curve for machine mixing
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The desired gquantity of cementiticus materials was added and mixed by hand for 15
¢ Jconds using & spatula. The bowl was then attached to the mixer and the paste was
mixed in the Klaxon mixer for 3 minutes. A temperature reading was taken just before
the end of the mixing cycie.

The bowl was then immediataly placed under the viscometer, immersing the cylinders
to the set depth, and the test was started. The viscometer was started at its lowest
speed and a viscosity reading was taken as soon as it stabilized. The speed was then
increased to the next step and the process repeated until the maximum speed wes
reached. The viscometer was left running at the maximum speed for 3 minutes and
then a second reading was taken. The speed was then reduced in steps, reversing the
eatlier process.

Each mix was repeated in its entirety at least once to confirm the results obtained.
The mix proportions used were at fixed cement/water ratios irrespective of whether fly

ash or other extenders were used or not. The original intention was fo use c/w ratios
of 1,3, 1,67, and 2,0. This range was found to be too wide for the apparatus used as
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the viscosity of the high c/w ratio was tee high to be measured, and the c/w ratio had
o be limited io values of 1,3 and 1,67.

Tests were also done with cement/water ratio 1,67 1o assess the change in viscosity
wit' time for different binder combinations.

5223 Tests done and matetials used

When testing with fly ash, proportions of 15 and 50 % were used. Fly ash was uscd
from two different sources for this testing as it was believed that this would. provide
additional information to look &t the difference between a "good” and a "poor” ash, The
Matla fly ash previously detailed in tables 4.1 and 4.2 was used in comparative tests
against a sample of fly ash obtained from the Duvha power station.

Tests were done with each of the ordinaiy portiand cements or the blended or
Interground cements detailed in tables 4.1 and 4.2. To provida further perspective
similar tests were done using a sample of milled granulated biastfurnace slag from the
Pretoria works of Slagment Ply. Lid. and a sample of condensed silica fume from
Messre. Silicon Smelters in Pietersburg. No viscosity testing was done with the
Lethabo fly ash.

Table 5.2 gives the details of the quantities of matetial used 1o produce the paste
mixes tested in the viscometer. The source of the materials and the miix coding is given
i table §.3.

5224 Discussion of test resulis
Tables 5.4a to 5.4e give the resuits of ¥ : viscosity tests done on mixes no 1 to 21,

The results of the viscosity tests on the three samples of ordinary poriland cement are
shown in figures 5.3a and 5.3b.

The following can be seen from these figures:

. The apparatus used was no; capahle of operating at urbital speeds of less than
109,7(1/s). It is therefora not possible io determine the shape of the viscosity
curve below this speed.

» The type of behaviour exhibited by all the cements is antithixotropic at a
cement/water ratio of 1,67. The irend is not so evident at the cementiwvater ratio
of 1,3 although the Blue Circle cement still shows this tendency. In both cases
the Blue Circle cement is more viscous than the other two cements, and it is
these cements that display a rather poorly defined behaviour at cement/water
ratio of 1,3.
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Figure 5.3s
Viscous behaviour of OPC's.
Cement/water ratio = 1.3
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Figure 5.3b
Viscous kehaviour of OPC's
Cementiwater ratio = 1.67
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it is evident that the visco - of all the cements increases with increased
- cement/water ralio, ané  lendency 1 antithixotropic behaviour is
accentuated with the increase in cementAvater ratio.

There is no apparent link beiween the "water demand” of the cement shown in
table 5.1b and the viscous behaviour of the different cements shown in figures
5.3a and 5.3b. In the casa of the waier demand of the concrete mixes the
ranking was Anglio--Alpha, PPC and Blue Girde in order of decreasing water
demand. In the viscosity iests the order of the resulits at both cementiwater
ratios appears io be decreasing from Blue Circle to Anglo-Alpha 1o PPC.

The order of magnitude of difference in shear stress values shown bstween the
cements from different sources must be remembered when considering the
impact that fly ash has on the viscous behaviour of blended pastes.

The order of magnitude of the shear stress values found in these tests is
roughly double the magnitude reported in similar tests by Odiier et al,"™ while
being lower by about half of the values reported by Rudzinski™ As both
authors used similar methods of mechanical mixing for their pastes it is difficult
to explain the differencas other than by the fact that the resulis of several of
Qdler's initial runs during his testing were discarded as being too erratic. It
therefore appears that his paste was allowed io undergo some relaxation before
the iest was carried out.

Figure 5.4a
Viscous behaviour of Blue Circle OPC
Cement/water ratio = 1.3
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Figures 5.4a and 5.4b show how the incorporation of Matla fly ash influences the
viscous behaviour of the Blue Circle cement pasies, it is clear that at both
cementiwater ratios the use of fly ash tends to reduca the shear siress values at any
shear speed, with the shear stress decreasing further as the fly ash content increases.
At cement water/ratic 1,3 there is a reduction in the shear stress values relative to the
ordinary portland cement curve; ai cement/water ratio 1,67 the peak values decrease
although the "up” lines of &l the curves coincide. The magnitude of the changs in
viscosity caused by the incorporation of the fly ash in the paste mix is smaller than the
differences beiween the curves of Blue Circle cament and the other two cement
sources. ‘

Figure 5.4b
Viscous behaviour of Biue Circle OPC
Cement/watler ratio = 1.67 -
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Figures 5.58 and 5.5b show how the incorporation of Matla fly ash influences the
viscous behaviour of the Anglo—-Alpha ¢ement pasies. A similar trend can be seen in
this case fo that which occurred with the Blue Circle cement although the changes are
less well defined, particuiarly at cement/water ratio 1,3. In this case, the antithixotropic
behaviour of the pure cement was less obvious. Again reductions in shear siress are
apparent, with the size of the change again smailer than the difference in results for
the ditferent cements.
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Figure 3.5a
Viscous behaviour of Anglo-Alpha OPC
Cement/water ratio = 1.3
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Figure 5.9b
Viscous behaviour of Anglo-Alpha OPC
Cement/water ratio = 1.67

Shear speed [175)

330
)]
Z30
241 Ceoment tetiits
- OPG
150 s FIGASFA
-#i PCSCFA
140 '
4 3 5 7 L L]

ohear stress {Pa)
With and without fly ash

517




Figure 3.6a
Viscous behaviocur of PPC OPC
Cement/water ratio = 1.3
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Figures 5.6a and 5.6b show how the incorporation of Matla fly ash influences the
viscous behaviour of the PPC cement pastes. The effect that the fly ash has is again
similar to the previous two cemcnts except that the cement/water ratic 1,67 the effect
is less marked. -

Figures 5.7a and 5.7b show what happens with factory blending or intergrinding of
PG 15 FA cements. in this case the fly ash seems 1o have the effect of siightly
increasing the shear stress of the pastes with this frend being more evident in the case
of the interground preduct. In each case the effect that the fly ash has is smailer than
the differences between cements. In concrete there was little noticeable difference in
the level of werkability of mixes made with these cements as measured with the slump
test.

Figures 5.8a and 5.8b show the impact of using Duvha fly ash compared with the fly
ash from Matla. The Duvha fly ash seems to have a far greater influence on the
viscosity of the paste than the Maila ash. In this case the effect of the Duvha ash is
to greatly increase the shear stress at any shear speed. The increase at cement/water
ratio 1,67 was so dramatic that the viscosity of the 50 % Duvha mix exceeded the
maximum range of the viscomaier used. When thic ash is used in concrete it results
in & much smaller decrease in the water demand of the concrate relative 19 the control
ordinary portland cement conctete than that produced by the Matla ash. The order of
water demand decrease measured using the same materials as for ali the other work
in this study was 4 litres/m’ compared with the 10 litres/m® for the Matla ash when
used at the level of 15 % replacement.
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Looking at the photomicrographs of Duvha fly ash in figure 4.5 it is cbvious that the
Duvha ash contains far more non-spherical debris particies which must detract from
the overall sphenclty of this ash. The pooiar shape of this ash is a possible cause of
the fact that it is not as efiective a water reducar as the Matla fly ash in either the
concrete slump tests or the paste viscosity tests.

Rudzineki™ showed that the viscosity of a cement paste increased as the fly ash
content was increased. It is possible that the quality of the fly ash used in his study
wes similar in ferms of the degree of sphericity to that of the Duvha ash. A further
possible contributory cause of the increase in viscosity on adding the fly ash is the fact
that the Varna fly ash he used had a high loss an igrition. Rudzinski's curves only
show aﬂtithlxotropic behaviour at a fly ash contert of greater than 40 % while this type
of behaviour is evident without fly ash in the tests of this study.

Figure 5.7b
Viscous behaviour of PRC Blends
Cernentifwaler ratio = 1.67

Shear speed (1is)

550
G A o
360 /»‘Z/‘ e
y ',ﬁ;ﬁ}'gk
2 - -

250 /¢ y o

] E "*’, ,*’ .

2eo’ /j AL Camest-drixis
d T

2o Itm Bl

150 fon 2 PICHSRA-bL
’:-,"/’ %= FCISFA gt
4

199
3 4 3 ] 1 8
Shear siress {Fa)

With and without fly ash

5.20



Figure 5.8a
Viscous behaviour of Duvha blends
Cement/water ratio = 1.3
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5.2.2.5 Viscosity tests with other cementitious materials

Figures 5.9a and 5.9b show the viscosity curves for other cementitious materials, The
mix made with pure slag differs only slightly from tha curve for the ordinary portland
cement, whila whan the same slag is mixed 50/50 with the ordinary portiand cement
the mix becomes more viscous. Matla ash, as shown in figures 5.6a and 5.6b, gives
only a slightly more viscous mix than the ordinary portiand cement.

In contrast to this the use of only 5 % silica fume gives a dramatic increase in
viscosity. The effect of the silica fums is so marked that a mix with 15 % silica fume
became oo viscous to be measured in this apparatus.

in the mixes with cement/water of 1,67 it can be seen that the antithixofropic stiffening
of the mixss with extander is generally of smaller magnitude than is the case when the
ordinary portland cement is tested on its own. Again the mix with 5 % silica fume is
much more viscous than the other mixes, This sample of silica fume had the effsct of
increasing the waier demand of concrete by about 5 litres per cubic metre at the level
of 5 % replacement. It is evident therefore that ths effect of this axtender on the water
cemand of a concrete mix is matched by an increase in the viscosity of the paste,
although the relative increase in the paste viscosity is more marked than the change
in water demand. '

No viscosity testing of the Lethabo fly ash was done.

Figure 5.9a
Viscous behaviour of other
cernentitious maierials {c:w=1.3)
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- Figure 5.8b -
Viscous behaviour of other
cementitious materials {¢c/w=1.67)
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5.2.2.6 Effect of time on viscous behaviour

Figures 5.10a, b and ¢ show tha sffect of the use of Matla fly <.ah on the change in
paste viscosity wiih time. Whan ordinary portland cement ages it shows a strong
tendency to become more viscous with time, particularly as the mix approaches its
initial setting time.

When 15 % Matla fly ash was used the stiffening that occurred with the onsat of
setting was less marked and this phenomenon was almost injally absent in the 50 %
fly ash mix. This gives an indication that the fly ash was haviig soma effect on the
seftting behaviour of the pastes.

Setting time effects will be discussed more fully in later paragraphs.
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Figure 5.10a
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Figure 5.10¢
Change of viscosity with time .
for PPC OPC + 50% Matla at ¢/w = 1.67
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5.2.2.7 Significance of viscosity test resuits

As Wolter'™ has shown there is much information of use to the producer of Ready
Mixed Concrets in such curves. The curves show what stiffening is likely to occur when
such a cement or cement blsnd Is used in a mix that is to be hauled over a medium
to long distance. It makes it possible for such a ready mixed concrete producer {o
select the ype of cement or cement blend most suited to his particular operation. in
this case the protiucer would be well advised to use the blend of cement and fly ash
for long haul operations.

The information obtained from the viscosity tests is of some use fo the users of
cement. However it is difficult to interpret what the implications of & moderate increase
in viscosity is to the user, as it is not clear whether this means a reduction in the water
requirement of the concrete mix or not. As this test requires relatively sophisticated
equipment and careful execution it cannot be regarded as a serious substitute for the
site slump test on concrete. Moreover the slump test gives direct information about the
degree of workability afforded by the concrete mix at any particular water content.
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5228 Rerommendation for further werk

fi is believed that until more is understood about the interpretation of the resulis of
such viscosity tests, this type of test is not jikely fo be widely used.

A better uncierstanding about the relationship between paste viscosity and concrete
slump might follow with experimental work on the viscosity of concrete. Equipment
capable of measuring the viscosity of concrete has been made available to the Eastern
Cape regional office of the PCI. This is a line of investigation that might be pursued
profitably once the equipment is operating. It is probably desirable {0 include Lethabo
fly ash mixes in the scope of the additional testing, although there is likely to be less
difference beiwseen the effect of Lethabo and Matla fly ashes than wes the case
recorded between Matia and Duvha fly ashes as both Lethabo and Matla are high
class fly ashes with beneficial water reducing effects. The same was not true for
Duvha fly ash.

53 Setting time

The initial and final setfing times of a concrete or moriar have been arbitrarily defined
as a particular level of resistance o penetration of the plastic material by a needle or
proba of a specific size.

The setting time of a cement is determined as part of the standard set of tests for
coment using the Vicat test. The results are often reported as part ¢f the
characterisation of a cement consignment delivered to a site. This value is irrelevant
to the end user of cement however as the fest is done on a rather rich pure cement
paste.

Other tests have been developed for use on concrete or moriar and the method used
here is described in the following paragraphs.

5.3.1 Test method used

In this investigation the setting fime of cpncrete or mortar has been measured using
ASTM method C403-88%"". This methoc deduces the setting time as being the time
taken for the mix fo reach a particular resiitance to penetration of a probe of a spacific
giza. In the case of concrete the mix has first fo be prepared by the removal of ali
pariicles larger than 4,756 mm so that there are no big particles to offer unusual
resistance to the penetration of the probe.”"
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Figure 5.11
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In this work it was found that it took rather a long fime to screen sufficlent of the minus
4,75 mm sample from concrete, and there was concern that the mix could be
undergoing some form of setting which was disturbed or delayed during the screening
process. As the test would be easier to perform on a mortar using the same sand as
for the concrete mix, but screened prior to mixing o remove all +4,75 mm particles
some frials were done to evaluate the difference between the setting times recorded
using the screened concrete or a mortar.

The results of these trials are shown in tables 5.5a and 5.5b and figure 5.11. The
resuits for the concrete tesis refer to the penetration resistance/iime relationship
cbtained for a mortar screened from a concrete mix. The values for mortar 1 refer to
a mortar made usir j the concrete mix proportions, but leaving out the stone; the slump
of this mix is greater than that for the mortar screened from the concrete. Mortar 2 is
made in a similar way, but the sand to cement ratio is changed so that the slump is
the sams as for the mortar obtained from the concrete mix.

It can be seen that the mortar mixes, if mads to the same mix proportions as the
concrete but without the stone, show an increase in the setting time relative to the
goncrete although the magnituds of the increase is similar for both OPC and PC 30 FA
mixes. These mixes are denoted as mortar 1. The difference between the setling times
of the OPC and PC 30 FA mixes is therefore not changed by adopting this procedure.
Thers is a great advantage in doing so as the screening operation for obtaining the
mortar from the concrete is extremely time consuming.
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If the sand/cement rat:o of the mortar is adjusted fc give a similar level of slump of the
mortar to that dtspiayed by the mortar screened from the concrete, then the absolute
level of setfing time is very similar to that of the scresned mortar for both OPC and PC
30 FA mixes. These mixes are designated mortar 2. However as this is changing other
characteristics of the mix it was thought that the simiple mortar mix without the
adjustment to the sand/cement ratio was the better method of the two o follow. In view
of the tirne savings offered by using a moriar mix this modification was chosen for the
rest of this part of the experimental program. :

Thie order of magnitude of the retardation resulting from the introduction of 30 % of
classified Matla fly ash is about 2,5 hours in the case of the residis in figure 5.11.

5.3.2 Discussion of test results on Matla fly ash

In the first series of tests only one cement was used for satling time determinaiions
and only the initial setting time was determined. The tes:s were done for mixas with
ordinary portiand cement and also various combinations of cement and fly ash. Tabie
5.6 gives the values for the initial setting times determined using the ordinary porfiand
cement from PPC Jupiter with and without selected Matla fly ash. These data are for
work done at a conirolled temperature of 22 io 25 °C. .

This information is depicted graphically in figure 5.12. It should be noted that these
values ars for mixes made to constant cemeni/water ratios and no adjustment has
been made fo ensure equivalent strength at any particular age.

- Figure 5.12
Selting time of mortars
with and without fly ash
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Figure 5.12 shows that the cement/water ratio of the mix has an important effect on the
initial setting time of the mortar mixes where there is little or no fly ash present. For an
ardinary portland cement mix the initial setting time of a low strength mix (o/w = 1,0}
is 8,4 hours but this reduses to 4,2 hours for & high strength mix (ofw = 2,5).
Consideration must be given to the faci that the absolute value of setting time with the
mortar method is higher than would be ihe case if a screened concrete sample was
tested.

The effect of an increase of, say, 10 % in the fly ash content on the salting fime
appears to be more significant than a change of 10 % in the cement/water ratio. This
contradicts the findings of Samarin et al'®; r-odification of the cementwater ratio of
the fly ash mixes to give sirength equivalence at 28 days is uniikely to affect the
validity of this statement.

As the fly ash content increases however the significance of the cement/water rafio
becomes smaller and beyond 30 % fly ash there is litile difference between the initial
setting times of the different cement/water ratic mixes.

The introduction of the fly ash has the other obvious result that the initial setting times
of ail the mortar mixes increase significantly. The initial setting time of the mortar with
30 % fly ash is roughly double that of the ordinary portland cement mortar.

It appears that the setting time of a 30 % selected fly ash mix can be expected to be
about 5 hours longer than the equivalent ordinary portland cement mix at standard
temperature. Similarly the increase in initial setting time can be expscted to be about
2 hours for 15 % selected fly ash and about 8 hours for 50 % selected fly ash,

However these results need to be put into perspeactive. Setting time tests were done
with some other cement samples and using a different sand in the mortar mixes. Thess
results are given in table 5.7a and ithe setting times of the mortars made from the 3
ordinary portland cement samples used are shown in figure 5.13a. it is evident thet the
setting timas of the three cements differ quite considerably from one anocther, The order
of magnitude of the difference belween twe of these cements is as much as the
increase resulting from the introduction of 15 % fly ash as shown in figure- 5.12.

Therefore, although there is little doult that the use of fly ash does increase the setiry
time of a mix, at the 15 % fly ash level, the increase may be no greater than might bs -
experienced by a contractor who switches sources of cement during ﬂ"w gourseofa
construction job. . -
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Figure 3.13a
initial and final setting times of
mortars with opc from 3 sources
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5.3.3 Comparison with other reports

vt

Dodson™ reported that by plotting the setting fime against an index he called 4 ¥
Omega Index Factor (OIF) the cause of retardation resulting from the addition of th.
fly ash could be determined. The OIF is determined by taking the ordinary poriland
cement content of the mix (kg!m) and multiplying it by the cement/water ratio. The
index was calculated for the data in table 5.6 and a graph of setiing time against OIF
was plotted as shown in figure 5.13b.

All the fiy ash mix values plot above the straight line for the ordinary portland cement
mix. This, according to Dodson"*indicates that & chemical reaction is taking place that
further aggravates the set retardation resuiting from the lower cement content and
decreased cenient/water ratio.

it should however be noted that this anelysis has been done for mixes designed on the
basis of similar cement/water ratios; adjustments to the cement/water ratio 10 ensure
equivalent sirength at 28 days would probably reduce the difference beiwean the
reference line and the fly ash mix valuss.
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Figure 5.130
oetting time versus OF
15 SETTING TIME {h}
14kt & L
12 o
10 - %
2
i)
] 300 1000 1500 2000

OMEGA INGEX FACTOR

CEMENT BLEND
— DPC + PCSFA ®  PCIGRA
o PCIFA *  PCIDEA ®  PCSEEA

Selecled !y ash

The magnitude of the retardation in initial seting time was strongly disputed by D &
H Ash Resources and a joint testing programme was undertaken to re—evaiuate this
paramster. Although these 1ests indicated some differences in the actual method
followed by the two laboratories it appeared that the order of magnitude of ithe resuils
given in table 5.6 was correct to the satisfaciion of the PCl technologisis involved.

What was aiso apparent was that the sample of fly ash used 1o give the resuiis in table
5.6 was one which was supplied prior fo the Matla classifier being installed; some
changes in fly ash quality and perfarmance were thus possible. There was support for
this hypothasis in the resulis shown in fable 5.7a derived from tests done on Matia fly
ash supplied after the classifier was installed.

Figure 5.13c shows the effect that this sample of classified fly ash had on the setling
time relative 1o the original sample. The first three sets of bars are for tests done with
classified ash, while the tests with the PPC Jupiter cement are those shown in table
5.6 for selected Matia fly ash. Ignoring for the time being the fact that for all cewnenis
except the PPC Jupiter cement the fly ash mixes were macde at higher cement/water
ratios, it seems that the original fly ash sample represented particularly by the bars for
the PPC Jupiter PC 30 FA on figure 5.13¢ had a greater impact on the setting time
relative to the opc than did the classlified sample illustrated by the other three sets of
PC 30 FA bars.
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v gure 5.13c also shows that the change in setting time on the incorporation of fly ash

depends on the ordinary portland cement used in the mix. In this graph the cements
from Anglo-Alpha and Blue Circle show similar degrees of chanCe in seiting time with
15 % fly ash but differ at the 30 % fly ash level. The two PPC suurces also show
dif—ference;i] at both fly ash contents. This confirms the observation of Giaccio and
Maihotra," '

The finenesses {Blaine) of the cerants used for the results in table 5.7a are,
Anglo-Alpha 358 mi/kg, Blus Circle 324 m/kg and PPC 337 m/kg. The resuits in table
5.7a do not appear o support the relationship between cement fineness and the
retarding effect suggested by Costa and Massazza™ very stusgly although the
tendency! for finer cem~pits o retard less is gvident. However it 's pussible that if any
ons of thege cemen. ..&s greund finer this might tend to reduce the impact of the fiy
ash on ibe setling time as ‘he ordinary portland cemen{'would then probably set
sooner. . '

To return to the point of the cament/water ratios used, it is evident from figure 5.12 that
an increase in the cement/waler ratio will, for low fly ash conients, have the effect of
decreasing the magnitude of the retarcation. The mixes in table 5.7a had revised
cement/waler ratios in order to provide a compressive strength level in the {ly ash rix
which would match that of the ordinary portland cement mix at 28 days. This
modification and its impact on sefting time, will be discussed in more detail in the
chapter on comprassive strength.

- Figure 3.13¢
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Table §.7b gives further resuits on setting times of mortars for an ordinary paorifand
cement, a 50/50 blend of that ope and ggbs, a Blue Circle Indusiria factory produced
18 % fly ash blend cement and a laboratory 3C % blend of Blue Circle ope and Matla
fiy ash. it can be seen that the retardation of the initial set of the 15 % fly ash mix is
less than that resulting from the slag mix or the 30 % fly ash mix. In the case of the
final sei the 15 % fly ash mix appears to be accelerated relative to the other ope, and
is much less affected than the slag or 30 % fiy ash mixes.

5.34 Investigation Into cause of fly ash retardation effect

While PCi had repotts of unusual delays in setting times for some fly ash mixes on
site™* D & H Ash Resources mainiained that generally there was no probiem with
setting ime on sites. Some further work was therefore needed to investigate what
changes might have cccurred and how these changes might influence the setting time
results. Detailed analyses were obtained for the Matla fly ash sampies before and after
instaliation of the classifier™ and these data are given in table 5.8. The ash extracted
hefore the installation of the classifier is called selected © - ash and the other classified
fly ash.

it can be seen from table 5.8 that there are some faitly major changes in both tha
oxide and the trace element analysis values between the two samples. It would be
impractical to atternpt to isolate all the variabies that changed significanily in the
analygses and therefore an attempt was made 1o evaiuate the effect of introduction of
some additional frace elements to the fiy ash mixes.

Kasayi et al''"” indicated that boron in the fly ash sesemed to be responsible for severe
retarciation of setting. Some experimental work was done in the laboratory to evaluate
the efluut of some cations on the setting time. The cations chosen for these lests were
buront {in the form of H,BO,), strontium (in the form of Sr(NO,),) and iead (in the form
of PbNO,). In each case 1000 parts por million of cation was added 1o the mortar
mixes and the seiting time was compsied against that of a similar fly ash mortar
without the addition of the cation.

Tabie 5.9 gives the resulis of these tests and these dala are shown graphically in
figure 5.14. in this case both the opc and fly ash mixes were designed to give equal
compressive strength at 28 days using the mix proportions in table 4.11; the cations
were added to the fly ash mix without further modification.

The increase in initial setting time over that of the ordinary portland cement with the
use of fly ash is about 1 hour in this case. The Omega Indax Factor of the fly ash mix
in this case plots above that of the ordinary portland cemsnt mix confirming that,
according 1o Dodson,"™ the fly ash retardation is probably due to chemical effects. The
addition of strontium or lead seems {0 increase the setting time of the fly ash mix only
slightly, The boron, on the other hand seems to have a dramatic effect on the setting
time of the fly ash mix, adding about 2,5 hours more to the initial and final setting imes
of the fly ash mix. This would therefore seem to confirm the conclusion of Kasayi et
al™ about the severe impact that beron has on the settin= time of fly ash mixes. This
does not definitely implicate boron in this particular case as the order of magnitude of
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boron addition in these experiments is well in excess of the fluctuation that occurred
in the iy ash tested.

Figure 5.4
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Boron is an extremely difficult element to test for as it is present and available from
most glasses - extractions can therefore not be done using glass equipment. This
makes testing for this element rather expensive and this lire of thought has thersfore
not been pursued. it is also unlikely that it would be feasible to reduce the boron
content of the raw fly ash, It is therefore perhaps sufficient to indicate that boron is a
possible cause of some of the retardation that results from the use of fly ash,

A summary of a series of analyses of the chemical constituents of Matia fly ash Is
given in table 5.10a together with the calculated means, standard deviations and
coefficients of variaion, It is evident that the quality of the fly ash Is fairly uniform,
particularly with regard to the silica, alumina and calcium contents, although there is
some variability in the values for the alkall contents and the sulphur trioxide levels. The
phosphate leve!l is shown here not to be a component that varies significantly.

Table 5.10b gives a similar set of resulis for Lethabo fly ash fer comparison purposss
~ these data are not again referred to.

Further tests were done to determine the effect of an increase in anions such as
sulphates and phosphates, and fly ash fineness on the setting time. The resulis of
these tests are given in table 5,11 and depicted graphically in figure 5.15, The anions
added wers sulphate in the form of sodium sulphate, and phosphate in the form of
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sodium hexametaphosphate. The proportions of the anions were increased over the
average level by 3 and 6 standard deviations each {identified in figure 5.15 as S§1 and
32 for sulphates, and P1 and P2 for the phosphates) based on the mean and standard
deviation figures calculates from a series of analysss made available by Messrs. Ash
Resources. These data are shown in table 5.10a for the Matla ﬂy ash used in these
fests.

A sample of fly ash was also screened on a 45 micrometre sieve. The performance
of the screened sample {identified in figure 5. 15 as PC30FA()) was compared agalnst
that of a normal unscresned sample,

These data were presented in & paper by Grieve and Kruger™ to the First National
Symposium of the South Alfrican Coal Ash Association in 1980, In this paper it was
reported thet the sulphate had an accelerating effect on the seiting time, the phosphate
retarded the setting time to a similar or greater extent as e boron, and the sieved fine
fiy ash had a very similar sffact on the setting time {o the unscreened coarse fly ash.
The conclusion in this paper was that boron and phosphates are the most significant
retarders of the materlals tesied,

In terms of the liketthood of either of these two ions being responsible for changes in
the setting time of fly ash mixes, the phosphate is the more apparent culprit, The
pliosphates, at 6 standard deviations of added phosphate, resulted in approximately
24 hours retardation of final set. Further tests at 0,5 and 1,0 standard deviations of
additional phosphate gave more severe retardation than was the case for boron.

Figure 5.15
Seiting time of OPC and FA mixes
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Subsequent tests, reported in the paper by Grieve and Kruger,”" showed that the
actual level of phosphate available from the Matla fly ash which could have taken part
in influencing the setting times was negligible. The levels of addition mad2 in thess
tests were thus somewhat higher than expected when the figures in table 5.10 are
considarad. The conclusion reached from the limited evidenca reported in the paper
by Grieve and Kruger'™" was that boron was more likely to be a factor in variations of
setiing time of mixes containing fiy ash.

it should be noted thai the alkali content of fly 2shes has been reported to influence
the setting time, with, in theory, a high alkali content leading to shorter setting time™.
The order of magnitude of the variation in alkali contents of the Matla fly ash is simiiar
to that reported by Ravina and Mehta™ but they found that the change in setting time
did not correlate well with the change in total equivalent alkali content of the fly ash:
they postulated that this might be due to the fact that the setting time would correlats
better with the water solubie alkali confent. The variation in the icial equivalent alkaii
conients of the two ash samples for which setting time comparisons are available, i.e.
those given in table 5.8, is small and therefore, barring the possibility of the water
soluble alkali contents being very different to each other, the alkali content is probably
not responsible for the change in setiing time. A further noint to consider here is that,
as in the case of the phogphates, the level of equivaiant alkali which is available during
the period ieading up i setting of the mix is probably much lower than the figures
given in table 5.8.

However both Ravina and Mehta™ and Hague et al®" believe that the sulphate curitent
has an influence on the setling time. In this case there is a significant difference
between the values reported for the two ashes in table 5.8. The indication from the
resulis given in table 5,11 confirms that an increase in the level of sulphates in a fly
ash wili fend to result in a greater delay to setting time.

5.3.5 Temperature effects

Table 5.12a gives the resulis of tests done 1o establish the inltial settiny time of
mortars at different temperaiures. This information is depicted graphically i figure
5.16a. 1t is evident from figure %.16a that the use of fly ash makes the mortar more
sensitive to the curing temperature. This finding is in agreement with those of Rivera®*
ang Collepardi™™ The effect of low temperatures is to aggravate the retardation
caused by the fly ash. On the other hand the ily ash mortars respond better o high
temperaiuras, and the degree of retardation is reduced.

A similar conciusion can be reached after studying the resuits given in table 5.12b and
figure 5.16b in which the setting times of some blends are compared sgainst cne
another, The mix proportions of these concretes are given in table 5.12¢. The general
impression is that at the level of 15 % fly ash the impact is relatively smail. For 30 %
fiy ash content the retardation effect is severe: more savere than is the case for the
mix containing 50 % slag. Again it should be noted that the mixes with extenders have
not been designed for equivalent strength at 28 days and such an adjustment can be
expected to decrease the reiarding sffect.
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53.6 Results with Lethabo fly ash

Setting time tests were done on a series of combinations of Lethabo fly ash with 3
different samples of ordinary portland cement from the Pretoria-Witwatersrand—
Vereeniging marketing area (PWV) under various curing conditions. For comparative
purposes table 10.5b gives data on a spectrum of chomical analyses on Lethabo fly
ash in g similar way 1o the information provided for Matla fiy ash in table 10.5a. Unlike
the case tor Matla however, no further use was made of this information.

The mix proportions used are given in table 5,13a. The sand used in these mixes was

‘a decomposed granite sand from the PWV area.

The resuilts of these tests are given in table 5.13b and are shown graphically in figures
5.17a to 5.17f. The nomenclature used in the table and figures is as follows:

. EQ28 = equivalent 28 day compressive strength design

. DR = direct replacement of fly ash blend for opc cement
. HOT = curing condition = 30 °C

» STD = curing congdition = 23 °C

. COLD = curing cendition = 7 °C

The cements were derived from three sources and have been identified as A, B and
C. The ily ash source was Lethabo. Mixes with the ordinary portland cements were
made to give 30 MPa as well as a mix with a fixed cement/water ratio of 1,9,

For EQ28 mixes the concrete was intended to give similar workability-in the fresh
concrete and similar 28 day compressive strength. The cementiwater ratio is not
necessarily the same as for tha opc mixes, The direct replacement mixes are those
where tha blend completely replaces the opc mass for mass. but advantage is taken
of the water reduction permitted by the fly ash to give the same slump as for the op¢
mix. Note that in this case the term "diract replacement” signifies the situation on site
where the biended cement would be substituted for opc in a site mix with no other
adjustment than to ensure that the slump remains constant at the level used for the
opc mix. Here the direct replacement is with a blended cement and not with fly ash as

- referred 1o in chapter 3.

Again the cement/iwater ratio is not necessarily the same as for the opc mixes.
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Figure 5.47¢
Initial and final selting times for
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Figure 5.t7e
initial and final setting times for
equivaleni 28 day mixes {cold curing]
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The results indicate the foilowing:

. The trend is for the initial and final setting fimes to show a small increase as the
fly ash content increases under hot conditions.

. The trend under standard curing conditions is for the initial and final setiing
times to increase by more than 10 % in the case of the cement A blends in
designed mixas. The other two cementis showed little or ne increase in setting
time. Under direct replacement conditions this trend is evident for all three
cements. ' '

. A similar trend is evident for the coid curing conditions.

. The setting times of the blends generally fall within the ranges of the setting
times of the three ordinary porttand cements.

There seems therefore o be little impact on the sefting times of mortars from the
incorperation of Lethabo fly ash in mixes made using the three cements tesled in this
exercise. This may not however be true for cements from all sources.

5.3.7 Summary of the effect on setting time

In summary therefore it seems that the introduction of Matia fly ash into a mix is likely
to increase the setting times with the degree of retardation being proportional o the fly
ash content of the mix. Low iy ash contents below 15 % fly ash are unlikely to result
in a significantly more retarded mix than might be the case were cements from different
sources used. Matla fly ash has the effect of maring the mix more sensitive to different
curing temperatures.

In the case of the Lethabo fly ash there seems io be a less significant effect on the
seiting times, although some cements, notably Cement A, do show a similar retardation
to that caused by the use of Matla fly ash.

54 Bleeding

Bleeding is the phenomenon of the dense componenis of a concrete or mortar mix
settling through the water with the result that water appears on the surface of the
compacted mix. if the evaporation rate from this surface is slower than the rate at
which the water accumulates at the surface then the bleeding will be visible — when the
evaporation rate is faster than the bieed rate then there will be no visible water at the
surface and the concrete will be prone to plastic snrinkage cracking.

Ail cementitious mixes bleed, but the rate, the iotal volume and the ambient conditions
to which the mix is exposed are all factors that determine how much bleed water will
accumulate on the surface of the concrete. The problems that can result from heavy
blegeding include poor finishes on horizontal or shuttered surfaces, settlement cracking,
high permeability ang low compressive and flexural strengths.
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The bleed rate is depsndent on the specific surface of the solid materials in the mix.
if there is a lack of fines in the mix the specific surface of the sclid components wilt be
fow and the bleed rate will be high. The incorporation of fly ash will, because it
contributes more volume than the cement being replaced, tend to increase the surface
area of the solid components and could therefore be expected to reduce the bleed rate.

On the other hand, because of the retarding efiect of the ily ash on the initial setting
time of the mix, there is more time in which bleeding can take place and therefore the
total bleed volume may be expecied fo rise.

5.4.1 Test methods used and resuits obiained

In the initial experimental work done for this project use was ma’'e of the Rilem
Recommendation MR-6, "Tendency of Water to Separate from Mortars™™, In this test
similar but separate mortar specimens are prepared for readings at elapsed fimes of
15 minutes, 30 minutes, 1, 2 and 4 hours, After a readiig is iaken the specimen is
discarded. It can be seen that using such a method it is possible, if the specimens ate
not identical, to get an apparent decrease in total bleed volume with time.

Tests were done using PPC Jupiter opc and selected Matlla fly ash with the mix
propottions given in table 5.14a. The resulis of these tests are given in fable 5.14b.
These data are depicted graphically in figures 5.18a 1o 5.18e. The summary of the total
bleed volume against fly ash content is given in figure 5.18f.

Suhsequent tests for bieeding were done using ASTM method C-232" as it was felt
that the Rilem test was not giving all the required information.

5.4.2 Discussion of findings

In figure 5.18f it seems, if the apparent anomaly at 1C % fly ash is ignored, that there
is no definite trend in the bleed volume with the addition of fiy ash. However it shouid
be borne in mind that the fly ash tends to retard the seiting of the mortar; & mix with
a high fly ash conient is therefore likely to continue fo bleed for a longer period. It is
possibie that the mixes with the high fly ash contents were still blesding at the end of
the test, but as the Rilem test siops at 4 hours th¢ additional bleeding that might have
occurred beyond 4 hours was not recorded.

This is confirmed by looking at figure 5.19 which shows the time at which bleeding
ceased for flve different mixes. These iesis wers done using the ASTM method for
bleed determination.”™ The fiy ash used was from Matla. There is a definite trend for
this time to increase as the fly ash content of the mortar mix increases. It is aiso
notable that the fime needed to reach the end of the blseding process is in excess of
4 hours in the cases of both the fly ash mixes.
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Figure 5.18a
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Figure 5.48¢
Bleed volume at ciw = 2.0
For varying fly ash contents
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| Figute 5.18¢
Bleed voiume at FA = 0 and 15%
For varying ¢/w ratios
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It is clear therefore that the arbitrary selection of the period of 4 hours used for the
Rilem test method, while convenient, is inappropriate for the proper assessment of the
full bleeding potential of fly ash mixes, particuiarly when the fly ash content is relatively
high and when this results in an increase in the sefting time of the mix.

Results of these other ASTM fests on mortars with a combination of different
cementifious materials shown in figure 5.19 are given in table 5.15. The proportions
used for the concrete mixes from which the mortars were extracted by screening are
shown in table 5.12¢. In this case classified Maiia fly ash was used. Although the
cement used in the OPC and PC508L. tests was not from the same source that was
used for the PC 15 FA and PC 30 FA cements it appears that the fly ash mixss have
higher tofal bleed volumes than the other mixes tested in this work. The bleed volume
as a percentage of total mix water of these mixes is also indicated in table 5.15 based
on a test sample size of 13,4 litres. These data indicate that fly ash does indeed
increase the bleeding of concrete.

Table 5.16 gives the data for the progression of bieeding with tie for these mixes.
Figure 5.20 shows the information graphically. lt seems that there is litile mgmficant
change in the bleed rate with the use of fly ash.

No work was done on the effect on the bleeding of mixes resulting from the
incorporation of Lethabo fly ash.

Figure 5.19
Bleeding performance of mortars
with and without fly ash (CIW = 1,67)
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Figure 5.20
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8543 Summary on property of bleeding

The use of Matla fly ash seems to result in some increase in the bleed volume relative
to the equivalent ordinary portland cement mix as shown in figure 5.1€. Table 5.15
gives an indication that a greater proportion of the bleed capacity of a concrets can be
realised with fly ash mixes even though the water content of the mix is reduced. The
rate of bleeding shown in figure 5.18e on the other hand seams to be lower for the iy
ash mixes. This is coniradicted by the information on figure 5.20. However as the
mixes detailed in table 5.15 all have the same cementiwater ratio they will not reach
compressive strength parity at 28 days; adjustments to the mix proportions to snsure
28 day compressive strength parity will tend o reduce the differences shown in this
table and in figure 5.20.

As Lethabo fly ash seems io gonerally have a smaller impact on the setting times it is
possibie that with the bleed rate bf;ing simifar to that fro opg, the overall bleed volume
will probably also reduge.

It is believed that a wider spéctrum of agaregates needs 16 be tested in this way to

improva the level of understanding of the |mpact that fly ash has on blgeding of mortars
and concretes.
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55 Summary of fresh concrete properties

The effect that Maila (and in some cases Lethabo) fly ash has on the fresh properties
of concrete and mortar are summarised in the peragraphs below.

5.5.1 Workability

The inciusion of Matia or Lethabo fly ash in & cemantitious mix improves the
flow characteristics of the mfx when cornpared with a similar mix without the fly
ash. -

This effect can be expressed gs the volume of waier that can be removed from

the mix while still giving the seme slump, i.e. the water reduction.

The magnitude of the water reduction depends on the source of the ordinary
portland cement used, some sources allowing more improvement than others.
More data is required for a beﬁe-r understanding of the interaction between
cement and fly ash.

There is no apparent link between the "water demand® of the cement and the
magnitude of the water reduction that occurs with the use of fly ash.

Introduction of fly ash makes only an insignificant difierence to the overall
concrete grading, and the fly ash particle shape and its dispersive effect are
probably more significant mechanisms in the water reduction process.

A first approximation for the magnitude of the water reduction which will accur
on using Matla fly ash is:

Water reduction {/m® = 0,55 x fly ash content (%)
In the case of Lethabo fly ash the available data sugpests that this fly ashis a

slightly more effective water reducer giving a constant in the above formula of
0,59,

5.5.2 Viscosity

The information obtained from the viscosity tests is of scme use to the users of
cement. However it is difficult fo interpret what the implications of a moderate increase
in viscosily is to the user, as it is not clear whaether this means a reduction in the water
requirement of the concrete riix or not. As this test requires relatwely sophisticated
squipment and careful execuiion it cannot be regarded as a serious substitute for the
slte slump test on concrete. Moreovit the slump test gives diract information about the
degree of workability afforded by tp concrete mix at any particular waier content.

55.3 Setting times
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The infroduction of Matla fly ash into a mix is likely to increase the setting times with
the degree of refardation being proportional fo the fly ash content of the mix. Low fly
ash contents beiow 15 % fly ash are uniikely to result in a significantly more retarded
mix than might be the case were cements from different sburces used. Matla fiy ash
has the effect of making the mix more sensitive to different curing temperaiures.

In the case of the Lethabo fly ash there seems io be a less significant effact on the
setting times, although some cements, notably Cement A, do show a similar retardation
to that caused by the use of Matia {ly ash.

554 Bloeding

The use of Matla fly ash seems to inctease the bleed volume slightly relative to the
equivalent ordinary portiand cement mix as shown in figure 5.19. The use of fly ash
seems fo permit a concrete to blead a greater proportion of the fotal mix water than for
an OPC mix. The rate of bieeding on the other hand seems only marginally higher; for
equivalent 28 day compressive strength mixes the rates would probably be similar o
the opce bleed rate. .

As Lethabo fiy ash seems to generally have a smaller impact on the setting times it is
possible that with the bieed rate being srmﬂar to ope, the overall bleed volume will
probabiy also reduce.

It is believed that a wider spectrum of aggriagates needs to be tested in this way to

improve the level of understanding of the smpawt that fly ash has on bleeding of moriars
and concretes.
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Mix propottions of concrete mixes (kg/m°)

Table 5.1a

ciw

% chw ciw chw
Fly Materials | 1,0 15 20 25
ash
Water 209 205 203 207
0 | Cement 208 §. 308 406 518
Fly ash - - - -
Stons 1065 § 1090 1110 | 1128
Sand 979 884 789 875
Water 206 201 189 203
5 | Cement 196 283 378 482
Fly ash 10 | 15 20 25
Stone 1070 1095 1115 1125
Sand 982 892 797 684
Water 203 ig8 196 199
10 | Cement 183 267 353 448
Fly ash 20 30 39 | . 50
Stone 1075 1100 1120 41330
Sand 986 895 800 691
Water 200 194 193 194
15 | Cement 170 247 328 412
Fly ash 30 44 58 73
Stone 1085 1110 1130 1140
Sand 885 898 800 701
Water 183 188 185 188 |
30 | Cement 135 197 259 329
Fly ash b8 85 111 141
Stone 1110 1130 1150 1160
Sand 980 894 8n3 694
Water 186 179 176 179
50 1 Cement 93 134 176 224
Fly ash 83 134 178 224
Stone 1136 1160 1180 1190
Sand 973 890 798 688

Note: Fly ash ex Matla; Sand, grit ex Kendal;
Stone, dolerite ex Rooikraal

T————

Nete: ciw above refers o total cementitious

material 1o water ratio,
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Table 5.1b
Siumps recorded from standard mixes {mm})

Cemant

—

LEGEND:

5.52

% Mix using
:siyh source W owl owl ow
1,0 1.5 2,0 2,56
PPC Jup 85 70 65 60
0 | BC Licht 80 80 85 45
: A-A Bood 65 60 60 60
PPC Jup 70 85 65 80
5 | BC Licht 60 70 680 | - 45
A-A Rood 55 60 55 60
PPC 70 70 80 80
~ Blend 80 €0 80 70
" PPC
- Grind
PPC Jup 50 70 70 65
10 | BC Licht 60 65 50 59
A-A Rood 60 75 60 50
. PPC Jup 70 60 65 65
14 | BC Licht 75 50 | 50 50
A-A Rood 70 65 | - 65 50
PPC 65 75| 65 65
Blend 80 65 65 65
PPC
Grind
PPC Jup 75 70 65 65
30 | BC Licht 60 55 65 50
A-A Rood 60 70 85 40
FPC Jup 70 65 70| 75
50 | BC Licht 50 60 50 55
A-A Rood 60 65 55 40
PPCJup = PPC Jupiter
BC Licht = Blue Circle Lichienburg
A-A Rood = Anglo Alpha Roodepoort
"PCBlend = Blended PPC cement
PPC Grind = interground PPC cement




Waler raductions given by fly ash mixes relative
1o ope control mixes (iires per m°); Matla fiy ash

Table 5.1¢

Fly Cament chw ol ciw oW |
ash sQures 1.0 15. 20 25
PPG Jup 0 o 0 0
BC Licht 0 0 o o
0 A-A Reod 0 0 0 0
PPC Blend - ~ ~ -
PPC Grind - - - -
PEC Jup 3 4 4
BC Licht <] 4 4 4
5 A-A Rood -2 4 ~1 4
PPC Blend 3 4 4 4
PPC Grinﬂ 3 4 4 4
PPC Jup 1 7 7 ]
BC Licht B 7 2 8
10 A~A Rood & 7 7 3
PPG Blend - - - -
BRC Grind - - - -
PPG Jup 8 1 10 13
BC Licht g 8 & 18
is A~A Bood g 14 | 10 8
PPC Blend ] 11 10 13
PPC Grind 8 11 10 13
FPGC Jup 16 17 18 1%
B Licht 16 17 13 - 18
30 A~A Rood 16 17 18 g
PPC Bland - - - -
PPC Grind - - - -
PPC Jup 23 28 27 28
BC Licht i8 26 22 28
50 A-~A Rood 23 26 22 18
PPG Blend - - - -
L PPC Grind - - - -
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Table 5.1d
Additicnal data on water reductions using Matla
fly ash (in litre per m®); Mixes as per table 4.8

%% Cement ] ow Water
Fly source ratio | reduction
ash (litre/m?)
PPC Slurry 2,00 10,5
15 | BC Lichtenburg 1,80 12,0
A--A Ulco 1,80 11,0
PPC Siurry 2,13 23,5
30 | BC Lichtenburg 1,23 23,0
1 A-A Ulco 1,93 150
These dala obtained from commercial work at PCI. H
Table 6.1e

Water contents {¥m®) of OPC/ly ash mixes at 75 mm
slurmp using Lethabo fly ash; mixes as per table 4.9

B

19 0 204 203 208 |
2.1 0 205 204 212 |
18 15 200 196 205
2,0 15 200 193 200
22 15 200 195 | 202
1,9 22,5 197 192 197
2.1 22,5 187 195 197
23 22,5 200 192 | 197
2,0 .30 195 | 194 190 |
22 30 185 190 188
24| 30| 19 187 188




Table 5.1f

Water reduction in litres/m’ relative to the
OPRC mix using Lethabo fly ash

chw fa Cement source I
ratio content
e A B
21 1 o 0,0 0,0 0,0
18 15 4,7 7,7 50 }
2,0 15 4,7 10,7 10,0 [
2,2 15 4,7 8,7 8,0
1,9 22,5 7,7 11,7 13,0
2,1 225 7.7 8,7 13,0
2,3 22,5 4,7 11,7 13,0
2,0 30 87 9,7 - 20,0
22 30 97 13,7 22,0
2, 30 9,7 16,7 220
Table 5.2

Quantities of malerials used for paste mixes '(gram); Matla fly ash

Material ‘ ciw OPRGC Fly ash Slag CSF
Pure cement 1.30 505.6 - - -
1.67 559.6 - - -
PGEFA 1.30 477.8 25.1 - - 386.9
1.67 566.0 29.8 - - 356.8
PC15FA. 1.30 423.0 74.8 - - 3828
1.67 | 5001 88.3 - - 352.3
PCSOFA 1.30 240.0 240.0 - - 368.2
_ 1.67 281.9 2819 - - 337.6
PC50SL 1.30 250.9 - 250.9 - 385.9
1.67 287.0 - 2970 - 385.7
PCBCSF 1.30 4774 ~ - 25.1 386.5
I 167 | 5864 | - - 208 | 3564
Fly ash 1.30 - 458.8 - - 351.4
1.67 - 532.2 - - 318.6 !
Slag 1.30 - - 497 8 - 3829
. 1.67 - - 588.6 - - 3525
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Table 53
Detalls of sources of materials for paste mixes
used for the viscosity testing .
Mx | Cement | Flyash GGBS CSF %
No. SOUrce SOUTCe source source axtender
1 | BC Licht - - - 0
2 | BC Licht Matla R 15
3_ BC Licht Matla - I - 50
4I1 A-A Rood - - - 0
.5 | A~A Rood Matla - - 15
& | A-A Rood Matla ~ ~ 50
74 PPCJup 1 - - - 0
8 { PPCJup1 Maila - - 15
9 | PPCUup 1 Matla - - 50
10 | PPC Jup 2 - - - .0
11 | PPCyup2 Matla - - 15 bien
12 | PPCJp2 Matla - - 15 grind
13 | PPCJup 1 Duvha - - ' 15
14 | PPCJupt Duvha - - 50
15 | PPC Jupt ~ Preforia - 50
16 - - Pretoria | - 1.00
17 | 'PPC Jup 1 - - I Fletersburg 5
18 - Matia - - 400
19 | PPCJup1 - - - 0
20 } PPCJup1 Matla - - 15
21 PPC Jup 1 Matla - - &0
: e
LEGEND: BC Licht = Blue Circle Lichienburg
A-A Rood e Anglo Alpha Roodepoort
PFCJup1 = PPG Jupiter (siio)
PPC Jup 2 - PPC Jupiter {additional sample)
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Table 5.4a _
Shear stress values (Pa) for paste mixes at various shear rates
) o c/w ratio = 1,30 |

Shoar I mix | wix | Mix | Mix | Mix | Mx | Mx | Mix | Mix | Mix | Mx | Mx
1/s No. | No. | No. | No. | No. | No. | "p. | No. { No. | No. | No. | No.
1 2 3 4 5 6 7 8 9 | 10 1 | 12
1007 | 22! 241 23| 20| 20{ 21 20! 19 19 18] 18] 18
1639 | 26| 25§ 27| 25| 24| 25 24{ 23| 24 21| 22| 22
2166 | 80| 291 31| 27| 27| 28| 27| 27| 27| 24| 25| 25
! 2736 | 34| 33| 34| 31| 30 31| 30| 80| 31| 27| 27| 28
{ azz7| 38| 36| 36| 34! 33| 24l 32| 33| 34| 201 30! 31
3277 | 42| 39| 38| 35| 34| 841 33! 33| 33| 80| 31! 32
2736 | 37| 35| 34| 31| 30! a1 | 30 30| 30| 27| 23 29
k2166, 33| 31) 30 27| 26| 27| 261 26| 26| 24| 24 25
! 1630 28| 27 ) 26| 25] 23] 23| 24| 23] 22| 21| 21| 22
1097 | 24| 22| 21| 21| 18| 20| 20 19} 18] 18} 18| 18
ngup 206 | 209 | 207 | 237 | 287 | 233 | 235 | 233 | 233 | 238 | 232 | 238
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Table 5.4a

Shear stress values {Pa) for paste mixes at various shear rates

N—— —
- o/w ratio = 1,30 '
Srr;?:" Mix | Mix | Mix | Mix | Mix | wix | Mix | Mix | mix | omix | Mix | mix
1/s No. No. No. No. No. No. No. No. No. | No. No. No.
i 2 | 3 4 s | & | 7 1 8 |9 | 10 | 11 | 12
we7 | 227 21| 23| 26| 20| 21| 20] 19| 197 181 18! 19
1639 | 26| 25| 27| 25| 24| 251 24} 23| 24| 21| 22| 22
2166 | 30| 201 31| 27| 27| 28| 27| 271 27| 24 28 25
2736 | 34| 33| 34| 314 ) 30) 31| 50 30| 31| 27| 27| 28
3277 | 38| 86| 36| 34) 33] 34| 32| 33| 84| 29 301 31
3277 | 42| 32| 88| 35| 34| 34| 33| 33| 33| 30| a1 82
2736 | 37| 35| 34| 31} 30] 51| 30| 30} 30| 27| 28] 29
2166 | 331 31 30| 27| 26| 27| 26| 26( 26 24| 24| 25
1639 | 28! 27 26| 251 2 | 23| 24 23| 22| 21 21! 22
1007 | 24| 2241 21( 21 181 201 20¢( 18| 18} 181 181 19
Temp | 206 | 209 | 207 { 287 | 237 | 233 | 235 | 233 | 233" | 236 | 23,2 | 23,8
m:gmmmmmm ; . —




: Table 5.4b __
Shear stress values (Pa) for pasie mixes at various shear rates

o e - L

- ciw ratio = 1,67 ,

Shear . .

rate | Mix | Mix | Mix | Mix | Mix | Mix | Mix | Mx | Mx | Mix | Mix | Mix
(148} | No. | No. | No. | No. | No. | No. | No. | Ne. | No. | No. | No. | Na.

i "2 | 3 ] 4 | 5 | 8 7 8 9 | 10 | 1 |12

1097 | 46| 47| 47| 44| 42.| 431 411 0| 40| 37| 37| 39]
639 | 55| 56| 56| 52 50| 51| 49 48| 48| 44| 44 ] 46

2166 | 63| 64| 64| 58| 57| 58| 55| 54 ] 55| 50| 50| 52

2736 | 71 71| 70| 64| 61| 64 61| 60| 61| 55| 55| 58

3277 | 774 76| 77| 63| 65| 71| 68| 67| 66| 59| 60| 63

3277 | 100 | 92| 82| BO| 76| 73| 76| 71| 68| 67 | 66 | 7.1

2736 | 92 | 85| 76| 70| 68| 67| 68 65| 62| 61| 59| 63

2166 | 83 | 75| 67| 62| 60 ] 59| 60| 58| 65| 54| 52| 56

1639 | 74| 66| 59| 54| 52| 52| 53| 51| 48] 47 46| 48

1007 | 621 57| 60| 46| 44| 43! 45| 44| 4040 | 39| 41

Temp | 21,0 | 211 | 210 | 243 | 240 | 237 | 239 | 238 | 233 | 238 | 235 | 240

ML D 0 K . -m
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Table 5.4¢ .
Shear stress values (Pa) for paste mixes at various shear rates -
IF R
c/w ratio = 1,30
Shear - - - -
rate | Mix| Mix | Mix | Mix Mix Mix
No. | No. No. No. No. No.
/s | 13 14 | 15 16 17 18 .
1007 | 23] 42| 211 18| 49 25
163,9 2,8 53 2,6 2,3 54 | 29
216,6 3,2 6,3 29 2,7 59 | 33
2736 3,5 721 33 3,1 65 | 37
3277 39} 79 3,86 34| 71 42 §
3277 3,7 77| 87| 34 65 | 42
2736 | 34| 68 ] 33} 31 81 | 387
2166 | 30| 58| 28| 26| 55| 33
163,9 2,6 489 7 25 2,1 50 | 29 |
1007 | 22| 39] 21| 7] 45| 24
Temp | 242 | 286 | 235 | 232 | 240 | 23,0
C S e
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Table 5.4d _.
Shear stress values (Paj) for paste mixes at'various shear rates

c/w ratio = 1,67

Shear
rate Mix | Mix | Mix § Mix | Mix | Mix
(178) 1 No. | No. | No. | No. | No. | Ne.

13 14 | 15-1 16 | 17 | 18
109,7 | 5.2 49 | 49| 108 | 48
1839 | 63 50 | 60} 118 57
2166 | 72| _ 67| 69| 1301 65
27361 80 o | 74| 781 40| 7.2
32771 86, ° | 8o | 87| w40l 77
3277 | 85| 92| 961 155 | 7.5
2736 | 88 | i 84| 85| 150 | 69
2168 | 76| o | w4 | 73] 141} 62
1639 | 6,6 3 64 | 62| 131 | 54
1097 | 56 | s 54 1 49| 11,81 45
Temp | 249 | 240 | 243 | 237 | 251 | 220
°C i . .
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Table 5.4e
Shear stress values (Pa) for paste mixes at various shear rates

and the change with time (f) in hours

e

N chw ratio = 1,67
Shear _ NixNo.19 __ MixNo.20 Mix No. 21
{113 t=0h | t=1,5 | t=3h | i=Bh | t=0h | =1,5 | t=3h | t=5h | t=Ch | t=1,56 | t=3h | {=5h
n h h h
w37 | 38| 48] 59| 116 | 38 50| 521 80| 44| 56| 59| 59
.'l 1639 | 47| 57| 68| 128 | 46 59| 61| 91| 52| 68| 67| &8
| 2166 | 55| 63 76 141 53| 66 68 100! 60| 74| 75| 77
2736 | 63| 71| 83} 152 59| 72! 75| 108 68 81| 82| 84"
3277 | 721 78} 92| 61| 65) 79] 81} 118} 73| 87| 88| 92
3277 | 771 85| 104 | 161} 72| #2| 90| 124| 75| 89| 89| 93
2736 | 67| 761 95 151 | 64| 77| 83| 115 e8| 81| 81| 86
2166 | 58| 66| 83| 38| 56| 67| 74 104] 61| 73] 74| 78
1639 | 50 57| 72| 125| 49 58| 5| 93| 53| 66| 65| 69
1007 | 41| 47| 61| 10] 41| 49| 55| 81 a4 54| 55| s9
ng:p | 240 | 250 | 248 | 250 1 2381 262 | 243 | 245 | 24,1 | 243 | 239 | 238
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: Tabie 5.5a
Evaluaiion of difference between concraie and
~ mortar seiting times using ASTM C403-88 for OPGC (penetration
' rasistance in psi at various times); to mixes in table 4.11

Concrete Mortar 1 Mortar 2 i
Time Resist. Time Hesist. Time Reéist. _
4,28 210 ad0 | 111 3,78 133
4,83 353 4,81 173 418 | 213 |
5,33 657 5,40 400 472 ao0 |
5,42 800 5,67 513 4,97 463
5,83 1083 5,78 573 5,08 533
6,58 1978 5,91 767 5,10 627
7,08 3520 644 | 1168 5,75 1027
7.45 4025 6,74 1363 | 612 | ' 1547
7,64 4640 7.23 2001 6,65 2107
8,33 6000 7.71 3387 7,08 3347
b 8,09 4027 7,45 4027
| 7,70 4373 |
NOTE: Mix using PPC Jupiter OPC at ciw = 1,9

5.62



resistance in psi at various fimes); {o mixes in table 4.11

Table 5.5b
Evaluation of difference between concrete and mortar
setting times using ASTM C403-88 for FC30FA (panetration

-

- Concrele Mortar 1 Mortar 2
Time Resist. Time Resist. . Time Resist.
5.43 50 6.10 55 | sp2 50
6,42 200 6,47 140 5,70 133
7,08 393 7,08 160 6,08 200
7,45 520 7.70 347 §,57 320
7,52 533 8,00 497 7,30 583 |
8,00 840 8,03 693 7,3% 600
8,73 1453 8,67 1027 7,65 827
9,05 1873 0,48 1720 8,23 1107
9,68 3160 9,93 | 2200 9,02 2000
10,47 4500 10,38 3493 9,55 3200
10,92 5480 10,75 4053 9,95 3787
10,35 4560

NOTE: Mix using PPC Jupiter OPC and ciassified Maila

fly ash at o = 1,9
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Tabie 5.6

Initial setting time in hours {(at 22 to 25 °C)
{0 mixes in table 4.12

%

Cement source PPC Jupiter

. 1,0 1,5 2,0 2.5
0 6,40 5,50 4,95 4,25
7,35 6,50 5,90 5,45
10 7,75 7,50 7,15 6,25
15 8,55 8,25 7,50 7,10
30 { 1100 1080} 10,50 | 1025
50 1 1430 | 14,50 1450 | 14,50

NOTE: Mix using PPC Jupiter OPC and
selected Matla fly ash.

Table 5.7a
Setting times of other cements with arvl without Matla fly ash; to mixes in table 4.8
Cement Cement Percent Initial Final
source walsr fly setting sefting
ratio ash time time
(h) {h}
1,82 0 4,75 6,75
1,70 5,17 7.08 §
Anglo-Alpha
1,80 15 6,25 8,75
1,93 30 7,25 9,83
1,82 0 7,50 10,08
1,70 7.687 10,17
Blue Circle
Lichtenburg 1,80 15 9,00 11,58
1,83 a0 10,83 14,00
1,80 ] 5,75 8,33
PPC Slurry 2,00 15 6,58 9,850
2,13 30 9,58 12,50 ﬂ

NOTE* Classifled Matia fly ash used
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Table 5.76

F S T AL T e AR R N S SRR ST AR PRI e TR g

Sefting times of other cements with 'agrj:_without Matla fly ash
Cement | % flyashislag | - initial Final
Cement waler 4 - content ’ setting setling
source ratiy [y fima fime
PPC Jup 1,67 0 5,67 9,17
PPC Jup 1,67 - 50 6,33 11,33
BC PC15FA 1.67 15 - 6.08 8,75
BC Licht 1,67 30 - 833 ] 12,83
LEGEND PPGJup =  PPC Jupiter
BC PC15FA = Bive Circle 15 % fly ash cement
BC Licht = Blue € cle Lichtenburg

R T LR e T T



2

Table 5.8

QOxide and trace slement analysis of two ashes

Fﬁﬂ. I —_ ”g
o chted s
T, 1%) 1,85 181
| ALO, (%) 90,50 a5 |
P00 00) 349 52
[ Mn0 (v 0% o6 |
| MoG (%) 218 287 |
Loty {%} k! 14 54
| Neo ow) 032 g7,
[ K0 1% 088 o |
[ NigD og () 102 110 |
po 12t 189 |
H.0 (%) opz 0,19 E
Lol e 112 292 )
303 ) 1.24 221
[_Bx_feom) 3958 ¢ 23|
| & topm) X E
| 20 (pom) 38, 7
| S pom 5 85 |
i (o) 55 78
Co_topm) 18 1 Fon)
| Mn_ipper) 28 514
|_cr gopet 195 18 4
v — 123 181
| Ex porn) 8, $15_
|_Nd (ppm) 105 105
| Mo o} k! 24
|t o) 2 a3
_2e pom) ant 443 |
LY _pp) &2 20 |
_Sr (opre) Ze28, Q_B
tl_(poet 7.5 50
By (ppm) 8 45_ﬂ
Th_{ppm} 47 ad
| 5 pom) s ﬁ.ﬂ
Br_{ppire} <15 a7
Sa (o) S.4 23 |
B lppm) 43 X
_da ppm) 18
.S Jopim) 59
W ippen; 1
X 5

J33)
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Table 89

Evislaation of affect of dilferent oxtions on motar celting Simes {n bourst uelag ASTM G403
[pnelrmbion mesistanns in DM #t various Hmae); K mices in dable 4,11

.
i

) - _
oPC PC30FA PC3OFAB PC30FA4S. PC30FA+Pb
TIME | RESIST. | TIME | RESIST. | TIME | RESIST. | TIME | RESIST. | TIME | RESIST.
4,27 120 5,08 120 | 687 60 5.40 170 5,77 9
4,83 367 560 | 207 | 7,23 10 | 580 280 6.41 |
5,17 497 5,78 313 7,70 200 6,43 500 ° | 6,77 933
548 800 5,08 470 8,25 417 6,45 533 7,21 1406
5,63 790 6,31 540 875 | 508 6,90 637 7,63 1707
5,80 1093 6,55 680 9,25 1060 | 732 1240 go2 | =233
6,10 1455 698 | 1047 | 975 1453 | 770 | 1547 | se7 4346
336 | 1807 775 | 1973 | 1125 | 4ss0 | 83b | 2187
6,60 2325 8,47 | 8320 | 8,68 3280
6,85 2793 875 | 4800 918 | 4800 .
7,11 3070
7,58 5626
NOTE: Classified Matia fly ash Lsed. . . . ) i




‘Telde B.10a
Varikiors with Snp in chemical properies (%) of betle %y ash

. Dele 2 22 ] oM 2 14 o4 19 1 12 _ .
SAMPLE - ; e :
TWTE Horth 05 oz 10 ] o4 04 [ ] 1 [2.:) e MEAN ) %)
Your ~ % " % =" " " ” W Yo 1
s . LT R K T W T
B 1,43 1,31 . 1R 1,59 0.5 1m o.M 104 0,55 072 | 107 '] 932 20
: 4
80, 470 4120 a5 4750 a1m 4780 48,00 46,00 w10 sim | 0 4rse 150 .
LN 30,70 2800 ot 90 288 2070 201 2050 050 20,50 2949 5,04
Fs.0, 519 398 414 400 3.9 313 398 4Am . A0 £ 498 0.0 ruﬂ
' . ’ "\
X, 181 1,58 1.60 180 148 1.9 192 ™ 14€ 158 REE 0,45 9
.0 +5¢ 1.3 1,27 112 1,14 1,4 121 1,44 132 1,18 R A [
- =
Gad 9,1 19 8,00 478 B0 (Ai) 8,55 990 932 751 ass | 08 10
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Table 5.11
- Setting time of mortars with fly ash and added anions
to mixes in iable 4.11

| setting time (% of F
Mix type opc)
o Initial Final E
e e
OoPC - 100° 100
PC30FA 141 138
PC30FA+S1 141 130
PC30FA+S2 127 121
PC30FA+P2 | ' 2 169
PC30FA+P4 269 230
PC30FA(f) 149 136
) y |
LEGEND: PC30FA = Portiand cement with 30 % fly ash
v B9 . = Addition of 3xsd Sulphate ion
82 “ = Addition of 6xsd $ulphaie ion
P1 = Addition ot 3xsd Phosphate ion
P2 = Addition of 6xsd Phosphate ion
] - Screenad fine fly ash
C
~
G
\
M
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Tabla 5.12a -
Setting time at different temperat.res {initial setting time)
with Matla fly ash; mixes detailed in table 4. 12

¥
i

Yo Setting time (h)
Fy | o¥ -
ash | M@0 [ T=35° |T=28°C| T=16°C
1,0 425 6,40 9,25
1,5 4,00 5,50 8,30
0 2,0 3,50 4,95 7,25
2,5 3,35 4,25 6,85 !
1,0 7,60 11,00 15,35
1,56 ¢ 6,65 - 10,80 14,35
30 2,0 6,60 10,50 14,35
2.5 5,60 10,25 12,65
NOTE: Mix using PPC Jupiter OPC and
selecled Matla fly ash.
Table 5.12b
Setting time at different iemparatures {Initial and fina! selting time); Matla fly ash
Mixes as detailed in table 4.13
b oo |
Initial set (h) Final set (h)
Cement % .
cource | extender | VMO | 130 | 123 | 7700 | T30 | Te23 | Tw7
°C °C °C °C °C
PPC K. 167 | 450 ] 567 ) 1331 | 667 9.17 | 16,67
i prC 50stag | 167 | 450 § 633 { 1500 | 7.00 | 1133 | 2383
| BlacCicle | 158yash| 167 | 483 | 608 | 1200 | 667 | 8 s | 1788 |}
ﬂ Blue Circie | 30 flv ash 167 ] 700 | 833 ] 2050 | 917 | 1283 | 2533 l
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Mix proportions for ritlxe~ o study eflect of non-standard curing temperatures

Tabde 5.12¢

on setting times wroportions given in kp/m®); Matla fly ash
' 0
Malerial MixNo. . : Mix No. Mix No. Mix No. Mix No,
9 10 1 13 14

opc* 342 ' 171 - - 216

RHPC - - 342 - -

PC15FA - - - 334 -

Stag - v - - -
' Fly ash - - - - 03

Stone ! 1000 1000 1000 1000 1000

Sand 818 805 818 826 873

Water 205 205 205 200 165

ciw 1,67 _ 167 1,67 1,67

* The OPGC used was from 2 sources; for mixes 8 and 10 ex PPG Jupiter

For mixes 13 and 14 the OPC came from Blue Circle Lichienburg
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Table 5138 _
Mortar mix proportions (kg/m”) for setting time detesminatiung; Leshabo fly ash

"
MIX A B | o 3 E F G o |
CEMENT A A A A A A A A
TYPE oP | pci5 | Poazs | Poso | Pois | Pozes | Pose | orc
C | FA FA FA FA FA FA
DESIGN gc2e | EQ2s | EQ2s | DR DR DR
CW RATIO 175 | 187 199§ .21 | 175 176 { 1,75 19
WATER CONTENT | 289 | 284 278 | 260 | 208 245 | 269 | 23
CEMENT CONTENT | 505 | 532 554 | 565 | 500 420 | 4n | s38
SAND CONTENT 1423 1889 | 1383 | 1ge5 | 1428 | 1570 | 1av0 | 14ie
SLUMP 70 80 20 80 70 70 65 70
MIX CH | J K L M N
CEMENT B 3 B B B B B
TYPE op | FGi5 | Pco2s | Peso | Pe1s | mozes | peso | ofc
c FA FA FA FA FA FA
DESIGN EQ2s ! EQ28 | Q28| DR DR DR
G:W RATIO 167 | 182 198 | 208 | 187 167 { 167} 19
WATER CONTENT | 287 | 275 274 | 280 | a7 276 | 272 § 267
CEMENT CONTENT | 479 | sm s | s | 462 461 | 485 | 508
SAND CONTENT 14;5 1448 | 1416 | 1247 | 1470 | 1472 | 1477 | t488
SLUHP 60 55 55 85 60 70 65. 70
MIX S T U vy W X Q
CEMENY ¢ ¢ c c ¢ c ¢ i
TYPE OP | PCi15 | Po2zs | Pgao | PCIS | PCzes | PC30 | OPG
I FP. FA FA FA FA FA
DESIGN EQ28 | EQ28 | EQ2s | DR DR DR
C:W RATIO 1,7 | 188 204 | 22 1,7 1, 1.7 { 18
WATER CONTENT | 285 | 281 225 | 274 | 200 285 | 281 | 207
CEMENT CONTENT | 485 | &0 541 | 06 | 4us 484 | 478 | 65
SAND CONTENT 1475 1400 | 1429 | 1324 | 1417 | 1428 | 1434 | 1360
SLUMP 40 70 50 70 80 75 75 50
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Table 5.13
Toiind and firnd satiing limes of martars made uping
propoctions in Vabls 5.73a; Latfeto ly ash
— TR
E CEMINT REGME NITIAL FRNAL CEMENT HEGIME INITIAL FINAL CEMENT ASGME PHTIAL ENAL
BLEND SET £5T BLEND SET SET BLEND SET 8ET
fmine) _ {rnins} {mins} {maitns) (i) roirn)
Cho A HOT 200 280 OPCE HGT 200 ‘450 oFGC HOT 230 340
(EQ 20} {EQ 285 (EQ 29)
ST 200 450 S0 400 s S 260 430
coLD €20 53 [yeli] 800 1310 COLG 55O 1000
FCISA HOT 0 390 2113} HOT -1 70 PCIEC HOT 230 370
{EC 20y (EQ 20} (EQ 28} i
siD 340 480 5TG 3 580 )] 280 440
coLD 800 1000 coLp B0 3300 coLD 500 1080
ﬂ PCZR5 L HOT 80 Ao PC225 B Hat 319 460 Po2zEC HOT M0 550
{EQ 28} (EQ 26) {EG 25) -
STD 350 550 8T 490 560 ST 00 480
CcOoLD 700 1040 coLD a0 1270 coLh 800 1080
PCI0A HOT T #1p Pz B HotY 340 500 LG HOE 280 ]
(o \EG 24 {EQ 2 - -
430 570 s 400 550 STD 290 50
740 1190 coLD B0 1264 GOLD 580 1090
PCIS A& MOT 200 400 PCIS G HOT 320 ALY PCIS G HOT 27 60
Ry DRy £R)
ETD a0 485 8T 280 550 ST0 500 A0
coLD 700 1240 coLD 200 140G coLb 560
PC2Z5 A HoT 300 410 POMSE HOT 20 A30 PC2R25C HOT 200 410
o} £F) oR)
S1D 340 510 81D A0 820 81D 20 510
 COLD 480 1230 coLn 50 1200 coLn #50 1310
FCIOA HOT - 40 PCOB HOY 410 440 Tpewe HoT 200 45
0R) @R -
81n a0 540 s1D 410 800 ST 350 B0
! coLD 1300 colLD 850 1400 coLp b 1230
- TR e
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Table 5.14a
Mortar mix proportions {kg/m®) for preparation of specimens

for Rilem Bleed test {PPC JupHer opc, Matla fiy ash)
i

iy | Materials | ow cw | dw | ow l
ash | ° 1,0 1,5 286 | 25
Water | 310 | 308 320
opc| a0l 48| s8]  e00
0 " fly ash 6y 0 0 o
' sand [ 1567 1485| 1314 1127
Water 305 .8p2f . 303 314 |
 ope 290 430 576 748 |
5 fly ash 15 23 30 39
cand } 1581 1462 1328 | 1146
Water 301 298 299 308
opc 27 402 538 693
10 fly ash 30 45 60 77 §
sand 1591 1472 1338 1164
Water 296 293 204 302
ene 252 a74| 500 842
15 fly-ash 44 66 B8 113
gand 160+ | 1485 1352 | 1183
Wat 291 286 285 296
opc 204 300 399 518
a3 ly ash 87 129 171 222
| sand | 61| 1407 1360|1184
284 278 275 286
142 207 275 358
142 207 275 358
1621 1515 1386 | 1198
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Table 5.14b

Volume of bleed water in miliflies in mixes with

Matia hy ash [Riem recommendation MR-E}

| %flvash | Timaty | cwis | cowis | ow2o | owzs
0,25 1.8 03 63 | o4
0,50 3,1 18 10 07
0 1,00 5,1 2§ 25 21
400 68 | . 48 4,1 -
4,00 68 48 42 32 j
0,25 05 | o8 | 03 03 .
0,50 1,7 2ol 171 13
5 1,00 41 34 33 30
230 59 65 | 49 62
400 68 7.0 48 52 1§
0.23 13 05 08 02 }
0.50 22 15§t a2 B
10 1,00 - 53 38 34 25
2,00 8.8 62 58 42
4,00 85 &5 6.7 45
0.25 0.8 08 o4 | 03
O 2.3 17 11 | 12
15 1,00 a2 85 27 24
2,00 87 82 48 42
400 68 53 50 45
! 0.25 0.6 03 0.5 03
0,50 14 15 12 0.0
a0 1,00 38 3. 28 2,3
2,00 53 8.4 50 as 1
4,00 85 85
0,25 06 05
0,50 0,8 17
50 1,00 39 27
2,00 58 47
4,00 8.0 55
et e
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Table 5.

15

Mottar bleeding test resuls using ASTM

riathod C-232 on mixes deiailed in table 4,13 and 5.12¢.

Time to Total % of
Cement end of bleed possible
Type i blesding | volums bleed
{mins) - {me) water
OPC 184 275 10,0
PC50SL 281 335 122 |
RHC 179 €9 25
PCICFA 359 397 14,8
PC30FA 454 - 410 16,6

Note: The proportion of the total mix water is calculated using the mix propertions in
tabl: 8.12¢, a sample size ¢1 13,4 litres and the bleed volume in column 3 of this
' - table.

5.77



Table 5.16

Progression of bleedi:ig with time for
moriars made with ciiterent cements

PC30FA

- .9\

OPC PC50SL RHC PC15FA
Time | Bleed | Time | Bleed | Time | Bleed | Time | Bleed [ Time | Bleed
{min) | vol. | (min) | wvol. { (min} | wvol. | (min) ; wvol. | {min) { vol.
. (mi) {mb | - {ml} : {mf) fml) -
o | o o| o { o] o o o] ol o
34 | 36 | a7 | g0 | a6l 5 | 32 | 47 | 31 | &4
69 | 173 | 72°71 211 | 75 |, 25 | &1 | 243 | &4 | 205
03 | 227 | 402 | 267 | 90 | 35 | 93 | 274 | 91 | 245
110 | 256 | 128 | 204 | 141 | s8 | 118 | 203 | 117 | 289
149 | 270 |"162 | 317 | 179 | 6o | 149 | 815 | 163 | @17
184 | 275 | 188 | 323 178 | 347 | 184 | 336
"211 | 330 212 | 361 | 218 | 356
249 | 334 238 | 375 | 241 | 372
281 | 335 270 | 383 | 269 | 383
208 | a0 | 213 | 301
328 | 304 | 338 | 309
359 | s97 | ses | 404
391 | 406
427 | 408
. 454 | 410
1 484 | 412
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CHAPTER b
6. HEAT OF HYDRATION
6.1 Introduction

The chemical reaction that occurs when cement is mixed with water is exothermic i.e.
heat is generated during the reaction. The heat generated Is known as the heat of
hydration. The heat of hydration of a cement in a concrete is generated within the
mass of the concrete; a temperature gradient usually exists belween the warm core
of concrete and the cooler surface. This phenomenon can cause problems in mass
concrete pours due to the expansion which cccurs while the concr e is still relatively
plastic, followed some time later by the development of thermal contraction stresses
as the concrete cools. The cooling occurs after the concrete has had a chance to
develop a substantial proportion of its potential compressive and tensile strength and
is therefora stiff relative to the stiffiness that pertained when the expansion occurred.
If the stresses resulting from the cooling exceed the tensile strength of the concrete,
or if the strain capacity of the concrete Is exceeded, then cracking is likely to occur.

The heat of hydration is alse of concern in less massive concrete sections when
exposure fo extreme temperatures is likely to occur at the time of casting. A concreta
that develops a reasonabie degree of heat during the first few hours will be befier abie
io withstand low temperatures. The same concrete will, if exposed to high ambient
temperatures, develop high early sirength but the long term strength is, according to
Qwens,"™" fikely o be depressed.

Conversely, il a concrete mix devalop: 1 lower than normal level of heat of  ydration
it is likely to be more susceptible to damage due to exposure to freezing ctnditions
than a mix which develops higher heat of hydration. The low heat of hydration ¢oncrete
s however less likely to suffer damaging sffects of exposure to high temperature
gonditions.

Climatic conditions in South Africa are generally such that exposure to high
temperaturss is more iikely to occur than cold conditions, although consideration must
be given to protection of thin sections in the winter conditions on the highveld. The
South African engineer's interest in the heat of hydration is thereiore most commonly
in the effect it has of raising the temperature of concrete during hydration. The
temperature rise of a site concrete at any given time can be expected to be equal fo:

(heat of hydration of cement — neat jost)

heat capacity of the concrete materiais used

it is generally 1aken that the heat of hydration of a cement at any fime is a specific
quantity ie that this is a time : .pendent characteristic of the cerent, Crawford™”
regards this as a gross simplification nf a rather complex issue.

Crawford™™ points out that there are different ways of jooking at the heat of hydration,
ie isothermal, intermediate and adiabatic. These are depictad in the sketch wiven i

6.1



figure 6.1. Under isothermal congditions all the heat of hydration generated by the mix
is lost to the surroundings and the temperature stays constant. Adiabatic conditicns
are those under which no heat is lost and are taken to represent the conditions at the
centre of a large (bigger than say a 3 mx 3 m x 3 m cube) pour of concrete; this is a
condition which lends itself ic an accurate measurement of the temperature rise. The
intermediate condition is where soms, but not all, of the heat of hydration is lost to the
surroundings; this is the condition to which most site concrete is exposed.

Figure b.1
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As the adiabatic condition simulates the worst condition in the centre of a large pour
it is the most commonly used mathad for laboratory work. However the resuits of such
testing are subject to the proviso that the temperature of the concrete at the start of
the test should always be the samse, as the rate at which any cement or cementitious
blend hydrates is dependant on the temperature at which the reagtion takes place, and
this temperature is essentially independent of the characteristics of the cemant usad.

It is desirable therefore 1o control the starting temperature of the mix durine 2 iest for
adiabatic heat rise. The mix proportions need to be standardised o ensury equivalent
workability and 28 day compressive strength. By using the same aggregates the heat
capacity of the mix will be standardised as far as is practical. Thers ic also a need o
understand the hieat sensitivity of the mix, ie the degras o which the rate of hydration
of the cementitious material is accelerated by the increase in temperature due to the
development of its own heat of hydration.
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Crawford™” indicated that the effective heat of hydration H of a particular sample of
cementitious material can be expressed as follows:

H = Measured temp. rise x Sum of heat capacities{sampie+containsr)

Mass of cement in sample
The units of the heat of hydration are kiloinule per kilogram (kJ/kg).

Therefore, for accurate assessment of the true heat of hydraticn of any cement using
adiabatic equipment itis necessary to fully evaluate the heat capacity of the equipment
used as well as the concrete materials used in any mix. As this werk forms only part
of a larger investigation the evaluation of the heat capacities of the cell and the
materials used will only be done at a later stage. For the purposes of this work these
parameters will be assumed constant (as the cell and the material quantities will
remain almost constant) and the relative differences between the heats of hydration of
ordinary portiand cement and fly ash mixes will illustraie the effect that the fly ash has
on the heat generated in the mix.

6.2 Adiahatic calorimeter

An adiabatic calormeter is an item that is not fresly available in South Africa. It was
therefore necessary fo bulld suitabls apparatus locally.

During a technical vislt to Europe in 1986 an adiabatic calorimeter was seen at the
Greenhithe laboratories of Blue Circle PLC in the UK. Blue Circle Ltd in Souih Africa
was approached for access to this technology and the necessary details were very
kindly made available.”™

The Foundation for Research Development was approached for funding io make it
possible to assembls the equipment necessary to make an adiabatic calorimeter. The
application was approved and a start was made with finai costing of the required
components.

Unfortunately by the time that quotes were obtained for the various electronic
components needed to assembie the apparatus, it was found that the models of the
equipment used in the Blue Circle PLC apparatus had all been superseded by more
sophisticated models at a much higher price. At Prof M Alexander's suggestion Mr G
Gibbon of the Dept. of Elsctrical Engineering at the University of the Witwatersrand
was approached for advice on how best to make an adiabatic calorimeter with
reasonably priced components available in South Africa.

Mr Gibbon studied the centrol layout of the equipment used by the Greenhithe
laboratory and suggested that 2 more flexible heat control device could be made by
suitable modification to a standard IBM cornpatible XT computer with 640 kB RAM and
two 360 kB disk diives. As the price of this equipment proved fo fali within the budget
available the suggestion was followed. Mr Gibbon further nrovided invaluable
assistance, not only with the assembling of the equipment, but also with the
programming of the computer to perform the desired function. A listing of the control
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programme is given in appendix A.

The basic layout of the calorimeter is shown below in figure 6.2

Figure 6.2: Schematic layout of adiabatic calorimeter
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The detriled list of equipment used is as follows:

Uninterruptable power suppiy rated at 200 W for 15 minutes.
PC XT Computer with 640kB RAM and 2 x 360kB disk drives
9 pin Dot matrix graphics printer

PC 26 Analog to Digital card

PC 36 Interface card

Platinum resistance thermometers (PRT) + Transmitters
Onpto 22 P240 D2 relay

Opto 22 240 D25 relay

200 W heater element

2000 W heater element

Labstir clip on paddle unit
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Solarpump 3 spead continuous rating water pump
Suitable tanks and specimen containers

6.3 Development of the calorimeter equipment

The personal computer {PC) was fitted with the analogue to digital card PC-26 which
enabled the system to read and act on the analogue signals generated by the platinum
resistance thermo-probes. The parallel interface card PC-36 was added 1o aliow the
computer to control the swiiching on and cff of heaters H1 and H2 in the two fanks,
effectad via the two relays.

The sizes of the two heaters H1 and H2 were selec.ed after consideration of the
operaling capacities of the tanks they would be required to heat, and making an
assumption about the rates at which these volumes of water would have to be heatad.
Advice on this subject was obtained from the suppliers Messrs. heating Element
Engineering (Pty) Lid.

Tank A was obtalned as a standard asphalt laboratory curing tank complete with
Labstir stirrer, although the siandard heater was not used. The walls of this iank were
insulated and the top was coverad with a 25 mm thick layer of polystyrene during a
test. A deflector plate was added below the stirrer paddie (which agitated the water
vertically) to circulate the water horizontally. Tank capacity under operating conditions
was about &0 litres.

The size of Tank B was ¢chosen to be able to accommodate the maximum numbar of
test specimens thought likely for this test programme. No insulation was provided for
this tank other than a 25 mm thick sheet of polystyrene resting on the top surface of
the watar. Tank B was fitted with the Solarpump and diffuser to ensure adequate
circufation of the water to keep the temperature of the water as uniform as possible.
The capacity of tank B under operating conditions was about 500 litres.

Platinum resistance thermo-probes were chosen in preference to the thermocouple
used by Blue Circle in the UK®™ on the advice of Mr. Gibbon who indicated that a
more accurate resolution could be obtained using such probes.

The computer was provided with a low capacity uninterruptable power supply (UPS)
to allow proper shutdown of the system should a power fallure occur, The sysiem was
fitted with a power sensor which was independent of the UPS and using this the full
duration of any power interruption could be recorded. The capacity of the UPS proved
to be inadequate, even though only the PC itself was run off this supply as during the
initial phase of testing with this equipment, frequent power failures occurred, and most
of these wera longer in duration than the capacity of the UPS allowed. The control
programme of the PC was siructured to allow automatic restart once the power supply
was reconnected. Nevertheless it was found that with long interruptions to the power
supply the tank temperatures dropped {o the extent that the conditions could no longer
be regarded as adiabatic and the results had to be discarded.
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The principle of the operation of the calorimeter is as follows:—

The computer compares the iemperature of the concrete sample measured by
thermo—probe T1 against the temperature of the water in tanks A and B using
thermo-probes T2 and T3. If the temperature of either of the tanks is found to
be lower than the sample temperature by more than a preset amount (typically
—0,1 °C) then the apptoptiate heater is turned on by the computer. This heater
remains on until the preset amount (again typically 0,1 °C) above the sample
temperaturs is met. in this way the water temperaturs in each tank is controlled
to close io the concrete temperature, and, as it is likely that there is only a small
time lag between the concrete and water temperatures the concrete would be
exposed to adiabatic conditions.

The reason for having two tanks was that tank B allowed sufent room for the other
test specimens such as cubes and prisms to be cured undes conditions matched to
those experienced by the test sampie. Tank A was intended for the sample only.

Several trials were done with this apparatus. The initial tests revealed that the heating
capacity of the element in the small fank was inadequate. It was found that the heating
could not keep up with the specimen when the hydration rate was high. Furthermore,
losses through the probe resulied in a drop in the specimen temperature; a probe with
a smaller exposed surface was substituted and this reduced the heat loss from the
specimen. Some of the earlier work also revealed the need to provide some insulation
between the specimen and the surrounding water as the rasponse was found to be oo
dramatic otherwise.

The losses in temperature are ilfusirated by the curve for mix A in figure 6.3a which
clearly shows the drop in temperature after the peak was reached at about 4 days.
The mix proportions used here are given in table 6.2g.

The specimen contziner was eventually sealed into an insulating container and placed
in the large tank for the duration of the test. These modifications to the original test
procedure proved adequate to ensure an acceptable degree of repeatability in thase
tests.

-

On other occasions the temperature staried rising again afier having appeared fo
stavilise. This kind of anomaly is illustrated by mix B in figure 6.3a (from data in table
6.2a) with an apparent peak at about 5,5 days after which a further rise seemed to
occur. This kind of behaviour was thought 10 be associated either with drift in the
calibrations of the thermo-probes, or with settings for the tolerance for switching the
heaters on and off being inappropriate for the equipment being used. Figure 6.3a gives
only two of several problem sets of data which ware produced during the learning
process with this equipment.
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Figure 6.3a
Heat of hydratlon: OPC and PC30FA mixes
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The rest of this chapter describes the tests done to evaluate the gifect of fly ash on
the development of heat of hydration of portiand cement concrele mixas io provide a
better undersianding of the changes that might occur {o site concrete.

It shouid be noted that it ook some time to identify the test conditions that would allow
repeaiable results to be obtained. This has resulted in fewer data being avai.ole for
reporting and discussion in this work than was originally hoped. It should be noted that
this trend of poor repeatability has not been experienced with tests done on a
calorimeter built using the same principles and installed at the Department of Water
Affairs laboratories in Pretoria West™. It is possible that discussion with the
techniclans involved could help identify the problem areas with the PC! apparatus,
although it is believed that with the test procedure established after the initial series of
tests, the repeatability should be acceptable.

The {ollowing paragraphs give the details of the final test procedure adopted. This was
the test procedurs from whic:. the reported data wers derived.

6.4 The detailed test procedure

Prior to mixing all materials were conditioned to the temperature to which the mixing
room was controlled, ie 23,5 £ 1,5 °C. The concretie was mixed at this temperature and
the temperature and other characieristics of the plastic mix were recorded.
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The fresh concrete was compacted into the calorimeter cell and all other test
specimens such &s cubes or cylinders were made 1ip after this was completed. While
the calorimeter was being readied for introduction to the curing tank the other
spec;mens were first covered and sealed wnth greased steel plates and then placed
in the large curing tank.

The control platinum resistance thermometer was inserted into the cenire of the
concrete in the calorimeter ceil. The programme was then initiated and all the relevant
information was typed in. The information required is shown on the blank table shown
in table 6.1. Control parameters governing the temperature differentials required for the
test also had to be fed in. As noted before the differential was typically set at +0,1 °C
and ~0,1 °C.,

{Once the input data had been fed in the corniiu system could take over and read and
compare temperatures. If the temperature of the curing tank was lower than the
concrete in the cell then the computer would turn on the heater in the curing tank. The
heater wouid remain on until the temperature of the water in the tank was the specitied
difference above or below the cell temperature.

If the temperature of the curing tank was above that of the concrete in the cell then no
action would be taken until the cell temperature caught up fo and exceeded the curing
tank water temperature.

The computer recorded the time at which the csll temperature crossed sach whole
degree Celsius and at every one hour interval. This information was also displayed on
the monitor screen,

At appropriate chosen ages (typically 1, 3 and 7 days) some or all of the test
specimens in the curing tank were removed and allowed to cool out of the water, but
still sealed, for 2 hours before being tested. For the tesis described in this work the
testing was limited 1o compressive strength determination. The results of these tests
will be discussed in more detail in the following chapter on comprassive strength.

The effect that the adiabatic heat of hydration has on other properties of hardened
concrete will be the subject of extended investigations using this apparaius. These
data were not available for inclusion in this work.

6.5 ~ Test resulis

tnitially the test procedure was run a number of fimes to evaluate the degree of
reproducibility with the equipment and method used. Once this was believed o be
acceptable the basic series of tesis was started.

Table 6.2b gives the mix proportions of the mixes used for mixes 1, 2 and 3. Mix 1 was
an OPC mix with cement/water ratio of 1,5. The OPC came from the PCI silo is ex
PPC Jupiter. Kendal sand and 13,2 mm dolerite aggregates were used. Mixes 2 and
3 contained 30 % Matla fly ash in addition to the other ingredients and were made
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using a cement/water ratio of 1,2 so as to give a similar level of compressive strength
at 28 days under standard curing 1o that of mix 1. All mixes were mads 1o the sama
target slump of 75 mm. The temperaiure of the concrets at time of starting the
calorirpeier apparalus is also given In fable 6.2b. As the materials were first
acclimatised fo laboratory conditions {22 to 25 °C) the initial temperature was
commonly of a similar order.

it shouid be noted that while the abova adjusiment to th'a’ cement/water ratio would
normally be expected 1o give a very similar level of compressive strength at 28 days
for the OPC and PC 30 FA mixes, in this pariticular case with the combination of CPC
and ily ash used this did not occur for the siandard curing conditions. This will be
discussed in more detail iin chapter 7.

The size of the database derived from each test is fairly substantial and oo bulky to
present in this work. To simplify the presentation of the heat of hydration curves for
these tests extracts have been taken from the database for each test at preset time
intervais. The data has also been modified fo a common starting temperature for
plotting purposes although this did not actually oceur in the tests. The modification was
done by the arithmetic addition or subtraction of the difference between the aciual
stariing temperature and 25 °C o ali the other values. This approach is not strictly
valid but has been done simply to illustrate the difference betwesen the heat developed
in the OPC and PC 30 FA mixes. This information is presented in {able 6.3b for the 3
mixes from table 6.2b.

Figure 6.3b B
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Thesa data are shown graphically in figure 6.3b. The agreement betweer: the two PC
3t FA results is fairly good and they lie consistently below the curve for OPC as would
be expected for a material that increases setling time and reduces eatly strength.

Figure 5.4

_ Relative maturity of PC30FA mixes
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The adiabatic heat of hydration of the OPC mix resuited in a temperature rise of 44,5
*C while the average temperature rise for the PC 30 FA mixes was 39,8 °C. Table 6.4
gives the maturity of the OPC and first PC 30 FA mix calculaied using -10 °C as the
base temperature. The maturity calculations i)ave been based on the actual data
generated during the test without any modification.

Figure 6.4 shows the relative maturity of the two PC 30 FA mixes expressed as a
percentage of the maturity of the OPC mix. Again the two mixes gave fairly similar
resulis 10 each other even though the starting temperature of the two mixes was rather
different. A notable feature of the maturity of the fly ash mixes is that at an a¢s of
about 6 hours the refardation and slow initial rate of reaction of the fiy ash mixes
results in a drop in their relative maturity.

Compressive strength results were recorded for the OPC mix and for the first PC 30
FA mix in both standard curing conditions (ie SABS Method 863) and under
Temperature Maiched Curing (TMC) conditions matched to the adjabatic heat
developmert for the particuiar mix. These data are given in table 6.5. Figure 6.5 shows
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*1a development of compressive sirength under ihe two curing regimes. Note that tite
curing regime for adiabatic conditions is not the same for the ordinary porilaind cement
and iy ash mixes but foliows the temperatures shown in figure 8.3b. No compressive
strength results are available for the second fly ash mix.

Figure 6.5
_ Performance or OFC and PC3CFA mixes
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It is notatle that the cor:prassive sir-~gth of the fly ash mix, whiie intended to provide
ecual 28 day compressive strength . he ordinary portland cement mix, failed in fact
to reach this by quite a long margin under standard curing conditions. In spite of this,
and the fact that for this mix the maturity was always below that of the OPC mix, under
TMGC conditions the fly ash mix performed considerably bsatter than was the rase for
the ordinary portland cament mix under adiabatic conditions. This is a clear indication
that the fly ash is more sensitive, ard responds betier 1o the increased temperature
deveioped during the TMC curing. The OPC mix in fact shows a reduction in
compressive sirength under TFAC conditions when compared against the results under
standard curing whick sur—orts the view expressed by Owens™ that the high
temperatures are not beneficial to OPC rixes.

Neither mix ghows much increass in compressive strength between 7 and 28 days
under TMC conditions although this is not unexpected. A rapid compressive strength
development at early ages caused by a higher than normal curing iemperature
generally resulls in a ilatter, slower increasa beyond 7 days than is the case where the
initial strength development is slower under standard or cold curing conditions.™"

6.11



An attempt was made to find a modification of the maturity calculation used fjor
determining the values plotted in figure 6.4 so that the compressive strength iosults
niven in table 6.5 could be explained in maturity terms. It was soon evident that such
a modification cannot be made by simply changing the starting temperature from the -
10 °C used sor figure 6.4 as the rates of compressive strength gain of the ordinary
portland cement and fly ash mixes ditfer at different ages. As there is little data
available this calculation was not pursued further. It is believed that this wouid make
an interesting field for further study.

6.6 Discussion

Bothu and Amtsbuchler®™ indicated that the heat generated in site mass concrete with
40 %% fly ash in a mix with a cementitious/water ratio of 1,82 results in a temperature
rise of about 11 to 15 °C above the starting concrete temperature. This was recorded
for semi-adiabatic conditions {previously referred to by Crawford®™ as intermediate
conditions ~ see paragraph 6.1 and figure 6.1) on site, whereas under adiabatic
laboratory conditions for the same concrete mix the temperatre rise was found to be
about 43 °C, (Figurs 6.3b shows a temperature rise of aboui 0 °C for & 30 % fly ash
mix with a cementwater ratio of 1,7 for the PCI calorimeter}. In the case of structural
grade concrete with cemeant/water ratio 2,11 the temperature rise was found to be
about 35 °C under site semi~adiabatic conditions; in this case no adiabatic data wera
supplied.

Data were also given™ of the effect of the heat of hydration on the strength
development of fly ash concrete mixes as compared agalnst the values obtained under
standard curing conditions. This information will be discussed in more depth in chaptsr
7.

Marii et al® showed the pattern of heat de,olopment to be a factor of the total
ceme.ititious material content of the concrete. Whi'le at jow total cementitious material
content {370 kg/m® the o«iinary portland cement concrete had higher initial heat
development, this was not the case with a high total cementitious material content (570
ka/m®) as the early temperature rise for 5 % and 30 % fly ash content mixes exceeded
that for the ordinary portland cement mix. Interestingly, they also showed that the time
to reach peak temperature increased as the cement content increased. They indicated
that the peak temperaiure dropped Ly some 9-10 °C at a fly ash content of 30 % and
was eqguated to about 1 °C per 100 kg of cementitious content for each 15 % of fly ash
replacement. The peak also occurred later with the 30 % fly ash content mixes than
was the case with the ordinary porttand ¢ement mixes.

in the PCI study (shown in figure 6.3b) the peak does sesm to be delayed by some
days with a drop in peak temperature of aboiut 5 °C at a 30 % fly ash content. The
temperature rise apparently brought about by the OPC used (table 6.2b) sesms to be
about 14,5 °C per 100 kg of cement. If this is true (and iittle data is available from this
work to substantiate this) then the fly ash used in tabla 6.2b would seem to produce
about 8 °C per 100 kg of fly ash used,

The work done by Mani et al™ was dune under semi-adiabatic conditions. They also
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showed the effact of the higher temperature on the compressive strength development
of the v-rious rixes, This information is eovared in Chapter 7.

6.7 Recommendation

The discussion above covers sparse local experience. The South African Depariment
of Water Afiairs has similar apparatus fo that used in this  vestigation and it is
belie. 2d advisable that some pooiing of ideas arid experience should occur. A broader -
spectrum of South African materials and mixes needs to be iested for a better
understanding of the performance of all types of concrete under adiabatic conditions.
More work is required to evaluate the malurity concept for fly ash mixes using South
African materials. .
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Table 6.1

Typical pro forma for information required at
programms initiation stage

CEMENT TYPE
EXTENDER TYPE I
SAND TYPE 1
SAND TYPE 2
STONE TYPE 1
STONE TYPE 2
ADMIXTURE TYPE
I CEMENT CONTENT (kg/m’
EXTENDER CONTENT (kg/fr?’)
SAND 1 CONTENT (kg/r)
SAND 2 CONTENT (kg/m’)
STONE 1 CONTENT (kg/mr?)
| STONE 2 CONTENT (kg/m’)
WATER CONTENT (m’
ADMIXTURE CONTENT ey
INITIAL SAMPLE " e
TEMPERATURE
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Table 6.2a

Mix proportions for OPC and PC30FA mixes per m® of concrate
used in test method trials for adiabatic calorimeter

Fly ash (ko) - 85
sand  (kg) B84 84 |-,
Stone (ko) 1080 | 1430 ||
Water Lo 205 188
c/w ratio 1,5 | 1,5
H#(c+) (%) 00! 304
Staring .+ - :

temperature’ (°C) 23,5 24,0

Note: Materials used in the manufacture of these concretes are as follows:

OPC ax PPC Jupiter,
Fly ash ex Matia,
Kendal sand,

13,2-mm doletite stone,

&
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Table 6.2

Mix proportions for OPC and PC30FA mixes per m’ of concrete
used for measurement of adiabatic heat of hydration

Fly ash (kg) - | o4 | 97

Sand {kg) 885 865 963

Stone kg) 1080 1136 1000
Water ) 205 185 190

| c/iw ratio 1,5 1,7 1,7

tf{c+) (%) 0,0 29,9 80,0 §
Startihg T

temperaiure {°C) 25,9 ] 23,0 27,1

Note: Materials usad in the manufaciure of these concretes are as follows:

OPC ex PPC Jupiter,
Fly ash ex Matla,
Kendal sand,

13,2 mm dolerite sions.
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Table 6.3

Measurement of the temperatura dus to the adiabatic
heat of hydration of 30 MPa OPC and PC30FA concretes

°\

proportionad as in tabla 6.2b
© Time after Heat development of concrete mixes H
mixing . .
(days)

0,00 25,0 25,0 25,0

0,25 a5%5 285 | | 295

0,50 489 378 39,3

75 5.4 422 433

1,00 54,5 448 45,9

1,50 58,7 485 49,2

2.00 §1.3 518 | 5198

2,50 £2,9 53.2 53,8

3,00 | 64,1 54,8 556

3,50 64.8 56,4 571

4,00 65,7 879 564

4,50 66,3 | 59,4 ' 593

5,00 &6.0 €0,6 80,1

5,60 674 &6 60,7

6,00 g7.8 £2.8 61,1

6.55 . 83,0 63,3 - 61,2

7.00 68,1 64,1 61,5

7.50 B7.5 645 81,7

8,00 68,3 65,1 ) 61,9

8,50 68,6 85,2 &1

9,00 _ 68,8 65,5 62.4

5,50 89,0 85,5 82,7

10,00 83,1 85,7 _ 83,1

10,50 69,3 659 83,5

11,00 89,4 66,0 63,8

11,50 69,5 (2% 83,7

_ 12,00 69,8 258 | 63.7
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Tabla 8.4

Maturity of concrele tured under temperature maiched
curing cycle detailed in tgl;:le 6.3

Time.aﬂer Maturity of concrete mixes I
?;':;,’;? Mix No. " Mix No. '
Maiutlty {°C hrs) :
0,00 0.0 0,0 |

0,25 246,6 219,0
0,50 594,0 549,6 i

0,75 52,2 a03,6

1,00 1324,0 1267,2

15 | 2102,4 2034,0

2.0 2928.0 28464

25 3768.0 3672,0

3,0 4644.0 4521,6

3.5 5535,6 5408,6

4,0 | 6480,0 6326,4

4,5 74304 72792

50 84120 82320

55 93984 91872

6,0 10386.,8 101664

6,5 11418,2 111228

7,0 124824 121128

7.5 13638,0 13050,0

8,0 14611,2 14035,2

85 15667,2 14932,8

9,0 16718,4 15876,0

9,5 17784,0 16758,0

- 10,0 18888,0 17688,0
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Table 6.5

Compressive sirength (MPa} of mixes from table 6.2b under
standard curing and temperature matched curing conditions

Age Mix Number 1 Mix Number 2 ﬂ
! Geysh | _standard | T™MC | Stanard | TMC |
H 95 | 15,0 52 7.4
ﬂ 3 17.0 25,0 11,0 18,0
¢ 245 31,5 16,5 37,5
| 28 34,0 330 | 255 38,0

i ——

L£]
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CHAPTER 7

7. COMPRESSIVE AND FLEXURAL STRENGTH
7.1  Comnressive strength

7.1.1 Introduction

The compressive strength of concrete is that property of concrele which most
structural designers are familiar with and feel that they understand. This is probably
the reason that the compressive strength of concrete receives such attention while
aspects such as watertightness or durability are, 0 some extent, neglected. The fact
that the compressive strength can apparently be measured accurately using simple
site techniques is probably also responsible for some of the blind faith put on this

property.

There is little appreciation for the fact that the cube, or whatever other site test is done
to assess the compressive strength of the concrete, is simply a means to provide
information on the poiential of the site concrete to meet the service requirements that
it will face during its expected service life, ie it provides information about the degree
and effectiveness of the quality control of the manufacture of the site concrete.

It is a fact that there are many intrinsic and extrinsic factors which can influenice the
compressive strength of the concrete.™ Moreover, under typical site conditions many
of these factors are present and will probably not be effectively controlled to any
extent, even for the test specimens themselves, let alone for the site concrete.

In chapter 3 some attention was given {o the different methods used in proportioning
concrete mixes when using fly ash as part of the cementitious material. The aspect of
adjusting the coarse aggregate content of the fly ash mix upward relative 1o an ordinary
portland cement concrete mix was accepted, as mentioned in chapter 4, and this
adjustment was applied when calculating some of the mix proportions for the mixes
donse in this work. However, no other changes were made to the method of
proportioning normally used by PCL* The reason for not making such changes was
that it was considered beiter 1o evaluate the results of the tesis done in the normat way
and then determine which adjustments could or should be made {0 meet the
requirements of simplicity and reliability in a method of mix proportioning.

7.1.2 Laboratory fests on cube specimens with Matla ash

Table 5.1a gives the mix propotiions of the mixes made in this work 1o siudy both
compressive and flexural strength. It can be seen that the adjustment in the stone
content of the fly ash mixes amounts to about 1 kg more stone per 1 % of fly ash used.
Naturally the relative density of the fly ash is taken into consideration in the
recalculation of the mix so that the yield of the mix is correct. As noted in chapter 5 the
workability of the mix. as assessed by the slump test, was not always as desired. This
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CHAPTER 7

7. TOMPRESSIVE AND FLEXURAL STRENGTH
7.1 Compressive strength

7.1.1 Introduction

The compressive strength of concrete is that property of concrete which most
structural designers are familiar with and feel that they understand. This is probably
the reason that the compressive strength of concrete receives such attention while
aspects such as watertightness or durability are, to some extent, neglacted. The fact
that the compressive strength can apparently be measured accurately using simple
site techniques is probably also responsible for some of the blind faith put on this
property.

There is litile appreciation for the fact that the cube, or whatever other site test is done
to assess the compressive strength of the concrete, is simply a means to provide
information on the polential of the site concrete 1o meet the service requirements that
it will face during its expected service life, ie it provides information about the degree
and effectiveness of the quality control of the manufacture of the site concrete.

It is a fact that there are many intrinsic and exirinsic factors which can influence the
compressive strength of the concrete.”™ Moreover, under typical site conditions many
of these factors are present and will probably not be effectively controlled 1o any
extent, even for the test specimens ihemsalves, let alone for the site concrete.

In chapter 3 some attention was given to the different snethods used in proportioning
concrete mixes when using fly ash as part of the cementitious material. The aspect of
adjusting the coarse aggregate conient of the fly ash mix upward relative o &n ordinary
portland cement concrete mix was accepied, as mentioned in chapter 4, and this
adjustment was applied when calculating some of the mix proportions for the mixes
done in this work. However, no other changes were made to the method of
proportioning normally used by PCL®* The reason for not making such changes was
that it was considered betier 10 evaluate ths resulis of the tests done in the normal way
and then determine which adjusiments could or should be made to meet the
requirements of simplicity and reliability in a method of mix proportioning.

7.1.2 Laboratory tests on cube specimens with Matla ash

Table 5.1a gives the mix proportions of the mixes made in this work to study boih
compressive and flexural strength. It can be seen that the adjustment in the stone
cortent of the fly ash mixes amounts to about 1 kg more stone per 1 % of fiy ash used.
Naturally the relative density of the fly ash is taken into consideration in the
recalzuiation of the mix so that the yleld of the mix is correct. As noted in chapter 5 the
workability of the mix, as assessed by the slump test, was not always as desired. This
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factor is ignored for the time being in discussing the compressive strength results
obtained.

The tests done io determine the compressive sirength were done on 100-mm cube
specimens which were made and cuted in accordance with SABS Mathod 863,29
Tables 7.1a 1o 7.1f give the information en the cube compressive strengths oblained
for the mixes made using the various sourses of ordinary portland cement alone or in
combination with Matla fiy ash at four different cement/water ratios at ages up 1o 120
days. Note that in some cases the 120 day tests were omitied.

These data have been zombined to give the average for the 4 different cement
samples used in these tests in order to give an average impression of the development
of the compressive strength of concrete, without the individual differences that occur
with cements from different sources playing too big a role. These average comprassive
streng*h development values are presented graphically in figures 7.1a t¢ 7.1d tor the
range of fiy ash contenis tested to make comparisons more simple. Fig.res 7.1a to
7.1d represent the curves for a direct replacement type of mix proportioning. To give
some idea of the spread of the resulis, the range from lowest 1o highest at 28 days
was about 20 % of the mean values shown in the figures across the range of fly ash
contenis used.

Figure 7.1a
Compressive strength vs fly ash content
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The mixes have been made to fixed ciw ratios; in this case the cement is taken to
include the {ly ash.

It should be noted that the results for the "factory blended or interground” cements
from Jupiter have not been included in the averages as it was thought that this would
bias the results o more closely represent what happens with PRC cements than a true
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average Ut was thought that the fact that 2 of the cements included in the averages

A

wera ob'zined from Jupiter was not unreasonable as the two samples were taken some

time apart.
-
L !
Figure 7.1b
Compressive strenglh vs fly ash conlent
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Figurg 7.1d
Compressive strengin vs fly ash confent
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Figures 7.1a to 7.1d show the following:

As the fly ash content is increased the compressive sirength at any of the ages
for which results are available is reduced when compared against the control
ordinary portland cement mix, ie that shown as 0 % fly asn. This confirms the
statement made by Ravina and Mehia™ regarding the sicwer shength
development of fly ash mixes and the fact that fly ash tends to reduce the
compressive sirength. Chapter 3 gives many other references to similar findings
by other authors.

The difference between the compressive strength of the ordinary porfiand
cement mix at any age and the corresponding value for the fly ash raixes is
almost negligibie for fly ash contents below 10 % and is smail for fly ash
contents up to 15 %.

The difference between the compressive strength of the ordinarv portiand
cement mix and that of the mixes tontaining 30 and 50 % fly ash decreases as
the cement/water rafio increases. The raiio of the compressive strength of the
50 % fly ash mix to that of the 4alnary portland cement mix at 120 days s
about 55 % at cement/water ratio of 1.0 while at cement/water ratio 2.5 the ratio
is about B0 %. This confirms the findings noted before in chapter 3 by Hobbs™,
Butler®™ and Dhir et al! amongst others that the valus of the cementing
efficiency k used in the partial replacement method ot mix proportioning is not
constant.

For lavels of fly ash content above 15 % the compfessive sirength may only
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reach parity with the ordinary portiand cernent mix at ages greater than 120
days, if ever. The likelihood of reaching parity increases with an Increase in the
cement/water ratio of the mixes. '

. The apparent anomaly for the 8 % fly ash content mixes at ages of 90 and 120
days is due the fact that only a two resulis were available at these points;
acccrdingly the results are not as broad an average as otherwise shown in this
figure.

Figuras 7.1e and 7.11 show strength development curves for the PP factory blended
and interground cements. It can be seen that there is little significant difference
between the periorrance of the blerded or interground cements at the level of 5 % fly
¢ sh although the blended product showed a marginally better performance. At 15 %
fiy ash content however it does seem that the interground product performs
consistently better thas the blended cement. The difference is generally small and
appears {0 reduce at ages greater than 80 days.

Figure 7.1¢e
Comparison of performance of 5%
blended and interground cements
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The average compressive strength at 28 days has been calculated for the various
cement/water ratios and different fly ash contents and these results have been plotted
in figure 7.1g against the cement/water ratio. These curves have been compared with
the similar curves given in figure 11.4 in Fulton.® It is noted that the curves for
ordinary portland cemeant and the lower fly ash content mixes are higher than is the
case for the curves in Fulton, This means that for a given level of comprassiva strength
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the data from these tests indicate that a lower level of cementitious contant would be
necessary than would be the case if the Fulton curves were used. :

Figure 7.1f
Carparison of perforrmance of 15%
blended and interground cerents
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It should be noted that in the preparation of the information in Fulion the data given in
tables 7.1a to 7.1f were taken into consideration. This indicates that the specirum of
ordinary porfland cement sirengths in the whols of South Africa is wider than indicated
in these rather limited results, and that some of the coinpressive strengths are fower
than indicated in the results presented in this work.

The line for the 50 % fly ash mix corresponds fairly closely to the 50 % line in the
Fuiton chart. This makes sense as there is only one source of fly ash used in both this
study and the wider scope of results covered in the Fulton graph; the dilution effect of
the single fly ash would tend to reduce the impact of the variability of the ordinary
portland cement compressive strengths.

From the curves in figure 7.1g it can be seen that the fly ash does have a considerable
impact on the 28 day compressive sirength. The magnitude of the reduction in the 28
day compressive strength increases with an increase in the fly ash content. This is in
agreement with most of the findings reported under 3.5.2 in chapter 3.

Figure 7.1g also provides the information nesded to propotrtion fly ash concrete mixes
o give similar levels of compressive strength at 28 days. The target compressive
strength desired for a particular mix is used as the starting point on the y-axis; this is
extended across o the curve for the chosen leve! of fly ash content and this indicates
the appropriate level of cementitious/water ratio to be used. it must be noted however
that these curves are averages and can thus provide only a starting point for a
laboratory or site trial mix using the actual ordinary poriland cement and fly ash for that
site. The Fulton™ curves are more likely to give a betlter generalised picture for the
full spectrum of South African cemenis.

it would appear that fly ash mixes will usually have a higher cementitious content than
their ordinary portland cement equivalent where the sirength is intended to be equal
to that of the opc mix at 28 days; the conclusion to section 5.2.1 In chapter & showing
a water reduction of 0.55 x fly ash content (/m®) must however be taken into
consideration as well. To illusirate this point a practical example is provided below.

A iarget compressive strength of 38 MPa is required; for an ordinary portland cement
mix a cement/water ratio of 1.7 is required while in the case of a 10 % fly ash mix the
cement/water ratio should be 1.85. If the water content of the opc mix is, say, 200 liires
per cublc metre then the ordinary poriland cement content will be 340 kg/m*. The
corresponding water content of the fly ash mix will probably be about 194 lifres per
cubic metre with the cementitious content of 343 kg/m® which is only slightly higher
than the opc mix cementitious content. It is therefore not inconceivable that for a
particular combination of ordinary portland cement and fly ash the total cementitious
content could be lower than for the equivalent opc mix. This is only likely to bs the
case for low levels of fly ash content, as repeating the example for higher fly ash
contants using figure 7.1g will demonstrate.

This has been done and summarised in table 7.1g for a 28 day target compressive
strength of 38 MPa. In the data shown in table 7.1g the cementitious content of the fly
ash mixes is always higher than that of the equivalent CPC mix. Other combinations
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of materials may permit greater water savings and lead to fly ash mixes having lower
fotai cernentitious contents than the control.

Figure 7.1h is a similar graph but this time plotted for the 80 day compressive
strengths at different cement/water ratios. In this graph it is noted that the curvas for
the fly ash contents of 5 %, 10 % and 15 % virtually coincide with that for the ordinary
portiand cement, exoept for an anomalous result at the cement/water ratio of 2.5. This
result is low because in this case only two results were available and they were from
cements that performed more poorly than the two for which no 80 day results were
avaiiable.
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in figure 7.1h the curves for the 30 % and 50 % fly ash content mixes are also closer
to the ordinary portiand cement curve. This indicates that for ages beyond 28 days the
rate of compressive strengih gain of the fly ash mixes is greater than for the ordinary
portland cement mixes. This finding is also in agreement with many of the reporis
referred 1o in chapter 3 {section 3.5.2.). This characteristic of fly ash mixes could be
franslated into savings in cementitious content in cases where the concrete is only
likely to carry its design load at ages much greater than 28 days, and where the
compresswe sirength gain of the fly ash mix bayond 28 days has not been taken into
account in the structural design procedure.

If, using figure 7.1h, a similar calculation to that done for figure 7.1g is carried out, it
can be seen that, when the water reduction is taken into account, the total cementitious
content of even a 30% fly ash mix will be lower than for the equivalent opc mix, This
is shown in table 7.1h.

The adoption of 90 day compressive strength specifications it not common; to date the
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writer believas that this kind of specification has only been considered appropriate in
structures such as mass concrete and rollerete dams. Hansen®™ has indicaled that
the compressive sirength of concrete containing fly ash, when cured under water at
20 °C, continues 1o increase up until an age of 3,5 years after which little gain is
apparent,

Figure 7.2a to 7.2d shows the range of compressive girength resulis for each
combination of cement and fly ash tested at the various cement/water ratios. The trend
for thers {0 be litile significant difference betwsen the ordinary portland cement mix and
those with fly ash contents up to about 15 % noted in figures 7.1a to 7.1d is supported
by these graphs. This is particularly evident for the mixes with 5 and 10 % fly ash and
also becomes mora evident with increasing cement/water ratio of the mixes. It is
possible that wiven the reduction in water content is faken into account, cements with
5 %, 10 % and perhaps even 15 % fiy ash could be regarded as being suitable for
direct replacement of ordinary portland cement in non—critical applications.

Figure 7.2a
28 day compressive sfrength range
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Other resuits of tests done using some other cements and Matla fly ash show that the
results for the ordinary portland cement compressive strengths fall either above or
beluw the curves given in figure 7.1g for 0 % fly ash. For 15 % and 30 % fly ash the
values recorded in these other tests fail sither above ~r on the relevant curves in figure
7.1g. This Is further suppori 1or i@ contention that this set of curves can only be used
as a first approximation during a mig proportioning calculation; inevitably, even for an
average for all ordinary portiand cements in the country, there will be cases that do not
fit the average and will therefore leac! to strangths either higher or lower than predicted
from the curves in figure 7.1q.
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Figure 7.2b
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Figure 7.2d
28 day compressive sfrength range
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7.1.3  Laboratory tests on cube specimens with Lethabo ash

Similar tests were carried out on a series of different ordinary portiand cements with
and without the use of classified Lethabo fly ash. These results ware obtained as part
of a large investigation done on behalf of the Cement Industry; only results that apply
to standard curing te:nperatures are referred to in this part of the discussion.

The mixes used were concretes cured under the same conditions as indicated in
paragraph 5.3.6 and using the same cementitious materials. In this case concrete
mixes were made using 19 mm reef quarizite stone with the other matetials. The mix
proportions used are given in table 7.2a and the compressive strengih resulis are given
in tables 7.2b to 7.2f. Figures 7.3a to 7.3d show the relevant values for standard cured
mixes designed for equivalent 28 day compressive strength and direct replacemant
conditiong in beth cured (ie protected by wrapping in a plastic bag) or uncured states
(no protection againet desiccation in an environment of ¢. 50 % relative humidity) at
ages of 24 hours and 7, 28 and 56 days.

If the resulis for standard cured 28 day compressive strength given in table 7.26 are
plotted on the graph given in Fulton®™ figure 11.4, then for the cements A and B the
values plot on or close fo the curves in Fulton. The cement C did net perform as welt
and these resulis plot well below the Fulion curves, Cement U genarally performed
below the levels shown by the other two cements.
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Figure 7.3
Compressive strength
Standard cured equivalent 28 day mixes
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Figure 7.3b
Compressive stiength
Standard cured direct replacement mixes
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it can be seen from figures 7.3a and 7.3¢ that generally the compressive strength of
the fly ash mixes under equivalent 28 day proportioning either falls within the range of
compressive sirength results achieved by the ordinary portland cement mixes, or
exceeds this range at the ages of 24 hrurs and 7, 28 and 56 days as shown,

Figure 7.3c
Compressive stieaglh
Standard cured equivalent 28 day mixes
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Figures 7.3h and 7.3d show that under conditions of direct replacement the
compressive strength of the fly ash mixes falis within or below the range of
compressive strengths of the ordinary portland cement mixes. A contractor using the
direct replacement technique with a Lethabo fly ash mix can therefore expect to stand
a greater risk of non-compliance with his compressive strength requirements than
would be the case on using an ordinary portland tement mix. This risk increases as
the fly ash content increases.

Direct repiacement in this case represents the practice of substitution of a bag of the
fly ash blend for 2 bag of ordinary portland cemsnt, but taking advantage of the
reduction in water demand that the fly ash blend allows as would probably be the
practice on site. The mixes given in table 7.2a o not show this practice, as in the mix
proportions the cementitious/water ratic was kept constant. The results shown in the
graphs of figures 7.3a to 7.3d have been adjusted to allow for the probable site
practice by linear interpolation between the results obtained for the equivalent 28 day
mixes, and those for the so called direct replacement mixes.
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Figure 7.3d
Compressive strenglh
Standard cured direct replacemenl mixes
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7.1.4 Simulated site curing - Matla fly ash

The kind of test resulis discussed in the preceding paragraphs are typical for
laboratory studies, and have been carried out under the required laboratory curing
regime of 28 days submerged in water at a temperature of 22 to 25 °C. Site concrete
is seldom exposed o this kind of curing; an attempt was therefore made to evaluate
the effects of "typical” site curing by casting relatively large blocks of concrete and
exposing them to simulated site curing on an exposed site outside the PCI laboratory
situated in Midrand, Transvaal.

The simulation of site conditions was achieved by casting relatively large blocks of
concrete outside and exposing these to the sort of conditions that might occur on a
poorly controlled construction site. These curing conditions consisted of leaving the
shutter of the blocks in place for about 48 hours after which the forms were siruck and
the concrete left exposed to the weather without any further attempt to provide curing
or protection.

A record was kept of the amblent temperature and humidity ranges during the period
of curing up to the time for taking the test samples from the blocks. Obviously the
temperature and humidity pattern ruring this petiod couid have influenced the results
obtained; it was therefore decided that in order to get a more realistic picture this
testing should be dong with both winter and summer exposures. A repeat of one of
these tests was also planned to give s7.me idea of the repeatability of the results under
these uncontrolled conditions.
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The blocks cast in winler were cast cutside in the open; no rainfall was recorded
during this period. The blocks cast in summer were sfored out of doors but sheltered
from the rain. In the test results reference is made 1o inner and outer or north and
south cores. The inner core sections were cut from the part of the core near the centra
of the block, while the outer section was cut so that the outermost face was about 50
mm below the surface. All cores were drilled horizontally. The north and south
orientation gives & rough idea of the exposure; the approximately notth facing side was
exposed to more sunlight, while the south face had more shade.

The blocks had the following dimensions;

Widih 620 mm
Length | 710 mm
Height 600 mm

The blocks having these dimensions were cast in winter 1887, summer 1987/1988 and
finally winter 1988. After the first series uf tests a second size of specimen was added
to the test programme, namely a beam section measuring 280 mm wide by 710 mm
long by 230 mm high. The addition of this size of specimen was intended to allow the
evaluation of the influence of the heat of hydration which was more likely to be
significant on the large blocks. It was aiso thought that the greater surface area to
volume ratic of the smalier specimens might make them more sensitive 1o the poor
curing conditions.

The mixes that were used to evaluate the influence of cement extenders on the actual
strength in the blocks (for blocks also read "siructure™) were as follows;

Mix No. | Cementitious blend
1 OPC
2 PC 15 FA
3 PC 30 FA
4 PC 50 SL

The last mix was included to provide information on the relative effects of ggbs (slag)
and fly ash on the sensitivity of the compressive strength of the mixes to poor curing.
Dstails of the mix proportions used ars given in table 7.3a. Note that the source of fly
ash in the case of the mixes for these large blocks was Matla.
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The compressive sirength testing of the large biocks was carried out by drilling
100 mm cores out of two opposite horizontal exposed faces of the blocks. The cores
were drilled fo a length of about 250 mm so that the sompressive strength could be
determined both near the ouiside of the block, where curing effects would be most
pronounced, and near the centre of the block where the heat of hydration effects wouid
be most pronounced.

In the case of the smaller beam specimens a similar approach was used except that
the cores were drilled horizontally right through tha beam. Two test specimens could
be obtained from such & core, but in this case the . - nire of the concrete woild nnt be
represented.

Other cores were drilled from the blocks to provide specimens for water absorption
testing fo DIN 1048 Part [, "Test Methods for Concrete, Section 4.7, Impermeability to
Water"®™ The core diameter was 150 mm in this case. Abrasion testing was also
done on these blocks; the blocks done during the winter of 1987 had the top surface
tested, while the summer and second winter test were tested on the shuttered
surfaces. The results of both the DIN water absorbtion and the abrasion resistance
tests will be described in later chapters.

During the casting of the blocks note was made of the approximate duration of
bleeding, and the 1ime aftor placing at which it was possible to do the final trowelling
of the exposed top surface of the specimen. '

The cores for compressive strength testing were drilled to allow sufficient time for
cutting, capping and soaking to be done in accordance with SABS Method 865 so
that the 28 day values could be obtained. For sach exposure face and depth from the
exposed face 3 cores were taken and the results averaged. Cubes were also taken for
each mix and these test specimens were exposed 1o standard SABS Method 863
curing™ for testing at 7 and 28 days. The results of these tests are given in ables
7.3b and 7.3¢ for the tests in winter 1967, tables 7 4, 7.3e and 7.3f for the fests in
summer of 1387/88 and fables 7.3¢, 7.3h and 7.3i fur the fests in winter 1988. Some
of this information is presented yraphically in figures 7.4a o 7.4c.

The detalls of the temperature and humidity ranges for the summer 1987-88 and
winter 1988 tests are given in table 7.4.

Studying figure 7.4a it can be seen that the cores all have lower strengths than
reflected by the cubes made from the same mix but cured under standard conditions.
The cube strength in MPa is shown by the bar on the left of each sei; the other two
bars show the core strength relative to that of the cubes for that mix. Interestingly, the
relative strength for the cores taken from the outer zone of the biock is higher than that
for the cores taken from near the centre of the block where the heat of hydration could
be expected {o play a mors significant rote. The mix with 50 % slag seems to show the
greatest degree of effect due o the poor curing when compared {o the result of the
cube test. On the other hand, none of the mixes exhibited a drop in comprassive
strength of the cores in excass of about 5 % of the equivalent opc results.
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Figure 7.4b gives similar information for the summer cast. In this case some of the
core compressive strengths exceed the cube strengti:s: in all ¢ases the core strength
is higher than would! be expected had the curing conditions been similar. In this case
the mix containing 30 % fly ash seems fo show the greatest benefit from this kind of
exposure. Again it is seen that the compressive strength of the outer cores is higher
than that of the inner sores. Both the opc and 30 % fly ash mixes seem to show less
effect of poor curing in the smaller beam sections while the 16 % fly ash and 50 %
slag mixes seem o show a greater effect.

Figure 7.4¢
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This last observation is supported in the case of the opc mix in figure 7.4¢ for the
winter exposure of 1988. None of the other *nixes show any great impact of the cold
weather on the beam sections.

The compressive strenath “eflected by a core from a concrete is generally believed to
be ubout 80 % of the compressive sirength of tha same concrete in a laboratory cure.
and tested cube, provided that both specimens have a similar curing history.® In the
case of the winter cured cencrate blocks the resulis of the cores are fairly close 16 this
vatue. The resulls of the tests in summer indicate that the strength development of ali
the mixes is greater in the relatively large specimer.s in these warm conditions.

it seems that the influence of poor curing ~n the comaressive strength of these large
blocks is rather insignificant, and further that the jompressive strengths of the
concretes made with extenders ars ne. . significantly nmore sensitive to poor curing than
the ordinary portland cement concrete, This is most prcbably due to the fact that the
outer 50 mm of concrate is trimmed off during the com pressive sirength test. thus
removing the zone most eficctad by poor curing, and by the fact that the hoat of
hydration i1side the blocks could have accelerated the hydration process.
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7.1.5 Laboratory studies of temperature efiects

More work was done under controlled conditions in the; laboratory to study the rate of
compressive strength gain when the curing temperature was either higher ¢r lower than
the standard temperature rangs of 22 to 25 °C specified by SABS Method 863.

7.1.5.1 Matia fly ash

For some of these tests the mixes used were those shown in iable 5.12¢. it should be
noted that the same cementitious/water ratio was used In these mixes and thergfore
the compressive strength at 28 days was not always the same as for the opc mix. The
concretes were exposed to three different temperature regimes namely, a cold
temperature of about 7 °C, the standard temperature as indicated above, and a warm

~ condition: with a temperature of about 30 degrees. In each case the specimens ware

sealed in plastic bags to restrict the moisture ioss, the moisture conditions were
therefore close to saturated.

The results of the compressive strength tests on the specimens exposed to these
conditions are given in tables 7.5a, 7.5b and 7.5¢, and these data are plotted in figures
7.5a to 7.5¢ showing the strength development of the various mixes. A further set of
graphs Figures 7.5d 1o 7.5f show these data plotted relative to the opc strengths at
each uge ‘o give an impression of the relative effect of the temperature,

Figure 7.5a
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Under standard conditions (figure 7.5e) with the mixes all made at the same
cement/water ratio, it is clear that the level of compressive strength at ages up to 3
days for all the blends lags behind the compressive s@ength developed by the OPC
mix. At 7 days the PC 15 FA mix reached sirength parity although the compressive
strength at 28 days was higher than the OPC mix. In the case of the PC 30 FA mix the
28 day compressive strength was still below that of the OPC mix.

It is interesting to note that the very early strength of the fly ash mixes is lower than the
slag mix, afthough they caich up rather quickly, overtaking the compressive strengih
of the slag mix before 12 hours. This indicaies that fly ash has a greater impact on the -
setting time of concrete and confirms the finding on setting time described in chapter
5.

Figure 7.5b
Effect of curing terperature on corp.
strength of OPC and fly ash concretes
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In the warmer environment a similar irend is evident as can be seen in Figure 7.5d.

Under the cold conditions the mixes containing the blends gain sirength much more
slowly than the ordinary porfland cement mix, although after 3 days the PC 15 FA mix
gives values which are not a great deal lower than those of the OPC. li is significant
that while under hot or standard conditions the comprassive strength of the PC 15 FA
mix exceeds that of the OPC mix at 28 daye. this is only just the case under coid
conditions; this seems to indicate a greater sensitivity to low temperatures in the flv
ash mix, under these conditions, ie on small laboratory specimens.
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In Figure 7.5 fhe slag mix éppears 1o suffer a greater drop in compressive strength
relatlve to the OPC mix under the cold conditions than is the case for either the PC 15
FA or PC 30 FA mixes.

The OPC mix shows a small drop in the 28 day compressive strength when exposed
to the cold curing when compared with the standard (ie & drop of about 3 %). The PC
15 FA mix has a more severe drop in 28 day comprassive strength (about 13 %)
relative to the standard conditions and this trend is aven more marked in the case of
the PC 30 FA mix (abnut 23 %).

The only cement to shaw any significant gain in 28 day compressive strength under
warm conditions (when compared against the standard conditions) is the OPC;
howsever the temperature in these warm conditions is stilf below that which would be
expected under adiabatic conditions in a similar mix.

Figure 7.5¢
Effect of curing tevperature on comp.
strength of OPC and slag concretes
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Figure 7.51 e
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7.1.5.2 Lethabo fly ash

Some of the concrete specimens made from the mix proportions given in table 7.2a
were also exposed 1o curing conditions In bven, standard or cold curing conditions, The
28 day compressive strength resuits for oven, standard and cold cured concretes for
the equivalent 28 day and direct repiacement mixes are shown in figures 7.5g to 7.5j.
All specimens were sealed in plastic bags during such exposure to keep the concrete
saturated. In some cases the bags may have become perforated during handling in
which case thers would have been partial exposure to the moisture conditions in these
areas, These were as follows:

Location Temperature °C Humidity (% RH)
Average | Standard | Average | Standard
geviation deviation
Qven | 29 3,2 38 15,1
Standard 22 1.3 48 10,3
Cold 6 3,1 97 | 63

For each cement shown in figure 7.5g the oven, standard and ¢old cured ily ash
specimens made {0 equivalent 28 day compressive sirength show little effect of the
different curing temperature regimes when compared against the ordinary portland
cement contral parformarce. Inhe oven cured case the fly ash mixes show a greater
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irnprovement with the added heat than Is the case with the ordinary portland cement
mixes.

Under the direct replacement proportioning method shown in figure 7.5h this is not as
evident. In this case the frend is a slight decrease in compressiva strength as the fly
ash conten} increases in the oven and standard curing wrﬂmons In the c¢old
conditicnis this trend is particularly marksd. :

Figures 7.5i and 7.5 show the results for 7 day compressive strengths for the same
mixes. Again the equivalent 28 day mixes -ippear o perform simifarly o the ordinary
portiand cement mix although cement C blends do show a sligt decline in strength
relative to the ope. in the direct replacement mixes the impact of the fly ash is even
more marked than in the cpse at 28 days

These graphs mdncate that the Lethabo v ash mixes, &3 is {he case noted with the
Matia fly ash mixas, {-.' >~ reater sensi Mty to curing temperature than do ordinary
portiand cement mixe&. i _

{.\

e .

Figuie 7.5¢
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Fijure 1.5
1 Day Compressive strength
DR cured at different temperatures
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7.1.6 Temperature matched curing (TMC)

In the laboratory studies done to examine the effects of fly ash on the heat of hydration
of concretes which have been described in chapter 6, cubs specimens for compressive
strength were exposed 10 the temperatures developed under adiabatic curing
conditions. A comparison of the increase in compressive strength of an ordinary
portland cement mix and a 30 % fly ash mix with the same 28 day compressive
strength target under standard conditions is given in table 7.6, It can be s&en that the
fly ash mix shows greater gains in compressive strength at 3, 7 and 28 days under the
temperature matched conditions than is the case with the ope.

This is not necessarily a contradiction of the high temperature {30 °C) resuiis above
as the temperatures involved with thess TMC tests (cured in a range of 60 to 70 °C)
are higher than in the results for the oven cured specimens shown in figures 7.5a to
7.5d and 7.5¢g to 7.5j.

The relative compressive strength of the fly ash mix against the ordinary portland
cement mix is also shown on figure 7.6 for both standard and TMC conditions. it is
evident from these curves that the fly ash shows a dramatic improvement in
compressive strength development when exposed to these temperatures, particularly
at the early ages. At 7 days the PC 30 FA mix achieved more than 2,1 x the
compressive strength developed under standard conditions, while the OPC mix showed
an increase of only 30 % relative to its standard cured specimens.
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Figure 7.8
Age sirength relafionship for TMC

40 120 e
i B e
~35 110 OPC standard
<3p *  |PC3DFA standaord
|~ A P
§zs Sl o0 2 OPC TMC
. 251 -
w /4‘/’/ a0 E -
£20 o o |rezora ™ve
;] B[
'%15' ] L s0 L Std rafle
: n
& 104 p |
50 :.E THC ratic
5 [ 0 =

0 5 10 15 20 25 ab
Age (days)

Botha and Amisbuchler®™” gave results of the difierence between the compressive
strength results of two fly ash concrete mixes cured using standard conditions or
temperature matched conditions. The beneficial influence of the additional heat on
these fly ash mixes was evident on particularly the early compressive strength of the
concrete. The effect was more marked with structural concrete, with a temperature rise
of 35 °C over the standard conditions; the effect at this very elevated temperature is
dramatic at the early ages but stabilises after about 7 days with little apparent increase
after this age.

in the case of mass concreie™" the temperature rise was more moderate at about 12
>C above the starfing temperature. In this case the benefit seems o continue over a
much longer period, but is nct so marked ax ihe early ages. This is a phenomenon that
is also evident in concretes made with rapid hardening cement when compared against
a similar ordinary portland cement concrete; a fast reaction results in & high early
strength, but the benefit is diminished at later ages.

Mani et a™ showed a slight drop in compressive strength of ordinary porfland cement
mixes at late ages If cured at high temperatures when compared against standare
curing conditions. In the case of a 30 % fly ash mix there was little difference in the
level of compressive strength under the two curing regimes after about 56 days. The
early strength under the high temperature cured fly ash mix was much higher than
under standard conditions, and the fly ash mix showed a much greater improvement
than did the ordinary portland cement mix. it was noteworthy that under standard
conditions the 30 % fly ash mix did not show a great improvement in long term
compressive strength development relative to the ordinary portland cement mix
although admittedly this work was done on a direct replacement basis. The chemical
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analysis of the fly ash used in this work was rather similar to that of Lethabo Hly ash.

The indication given by Cannon®™" is that the DOPC mixes suffer compressive strength
drops under high femperature conditions while the jly ash mixes show some benefii.
The order of magnitude of the drtggﬂin compressive strength for OPC appears to be
greater than shown by Mani et al.

It is apparent that more work is required to provide more detail of this effect including
data on the effect at ages greater than 28 days.

7.2 Summary of findings on compressive strength

The incorporation of fly ash as part of the cementitious material of a concreie mix
using the partial replacement method of mix proportioning is likely 1o result in a
reduction of the early compressive strength of the concrete when compared against an
OPG control mix performance even though the 28 day compressive strengths are
similar.

This effect will be more marked as the fly ash content of the mix increases.

The cement/water ratio of fly ash mixes should be higher than that of a similar OPC
mix for equivalent 28 day compressive strength. The difference between the fly ash mix
cement/water ratio and that of an OPC mix will increase as the fly ash content
increases.

The use of fly ash will, as noted in the summary to chapter 5, allow a reduction in the
water content required to give the same slump as the control OPC mix, with the water
reduction increasing with increase in fly ash content. The fact that the cement/water
ratio has to be increased does therafore not necessarily result in a substantial increase
in the cementitious content of the mix if advantage is taken of the water reduction, it
is possible that a fly ash mix with the same cementitious content as the control OPC
mix could give a similar level of 28 day compressive sirength if the waler reduction
permitted by the use of the fly ash counteracts the required increase in cemeni/water
ratio. .

The compressive strength of fly ash mixes will continue to increase at a rate greater
than a similar OPC mix at ages beyond 28 days when exposed to good curing, This
is evident from figure 7.1h where it can be seen the compressive strength of fly ash
mixes with up to 30 % fly ash content will perform similarly to an OPC mix with the
same cement/water ratio. This properly can be used to further reduce the concrete
cost if 28 day compressive strength is not important aithough particular attention to
curing would be necessary if the fly ash concrete is to meet the expected level of
compressive strengt!:

If concretes are proportioned by simply replacing the OPC with a fly ash blended
cement then the effect of lower early compressive strength is litely to bs more marked.
Fly ash mixes proportioned this way are also less likely to reach 28 day compressive
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strength parity with a control OPC mix.

Concretes containing slag or }, -ash extenders can ba expected to show a greater
degree ot slowing of the rate oi gain in compressive strength when exposed in thin
sections 1o cold ambient conditions than will be the case with an OPC concrete. This
tendency is more evident with Matla fly ash mixes than is the case for Lethabo fly ash
mixes. :

Appropriate mix ﬁroporﬁoning will tend to compensate for the slowing in the rate of
compressive strength development of fly ash mixes, while direct replacement wili iend
to accentuate this sffect.

Litile improvement in the rate of compressive strength gain can be expecled with™

blended cement concretes when exposad to high ambient temperatures unless the =

concrets lemperaiure exceeds 30 °C.

PN
Fly ash concretes do not appd ) show a more severe compressive strength
degrndatron (as determined by core strength determination) when exposed to poor
"site” curing conditions than is exhibited by similar OPC concretes. Thismay beas a
result of the fact that in prer-ring a core specimen in accordance with SABS Method
883 it is necessary to.Vim of T Gior exposed concrete skin, tnus sliminating the
zone most likely to be affact. ¥ iy the poor curing.

The implications that the above changes, brought about by' the use of fly ash in the
concrete mixes, have to the practical use of fly ash mixes on construciion sites in
South Africa are as follows:

. Sophisticated users that modify the mix proportions of the fly ash mixes
appropriately will achieve the desired target 28 day compreassive sirengths with.

mixes that have a similar amount of cementitious material to that of an OPC mix

with the same target compressive strength.

. The eatly compressive sirength of such mixes will be depressed relative to what
would have been achieved with a similar OPC miix.

. These mixes will show a tendency to be more sersitive {0 ambient temperatures
with cold curing conditions resuit'ng in a greater reduction, and hot curing in a
greater improvement in compressiva sirength ii. e syid be shown by a similar
OPC mix, .

. The effect of poor curing, as measured in cores cut from fly ash concrefe mixas,
wili not show any negative impact on compressive strength.
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. Unsophisticated users who use recipe mix proportioning will rot get the fuli
benefit of the ise of fly ash by direct replacemant of the OPC content, and wiil
probably notice a reduction in 28 day compressive strength and reduced ability
{o handle concrete products at early ages. These effects will bs emphasised
when tne fly ash conient is above about 15 %, and will be more noticeable with
iMatla than Lethabo fly ash.

- .
RS

7.3  Flexural or tensile strength

The mix proportions used in making the beam specimens for testing in bending fo
provide the flexural sirength values are those given in ifable 5.1a, Standard

100x100x500 mm beam specimens were made o testing at 23 days in accordance
with SABS Method 864, "Flexural Strength of Concrete (including making and curing

of specimens)™™, ;

The results of the tests on these beams are given in table 7.7a.

These data have been compared against the compressive strength values for the -

same mixes and the ratio of flexural strength to compressive strength in % is given in

{able 7.7b. The avarage ratio for all the laboratory biends, ie not the 2 "factory”

products, are shown in table 7.7¢c. These latlter values are shown in figure 7.7a. The
lines shown in figure 7.7a are E -t it lines 1o the available data.

Figure 7.7a
Ratio of flexurall compressive sirength
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v woking at figure 7.7a it seems that there is a general trend for the ratio of flexural o
comprassive strength to increase with increasing fly ash content although this is not
particularly noticeable for fly ash contents up to about 15 %. There is also a strong
trend for the ratio to decrease as the cementiwater ratio increases, aithough this effect
hecomes less marked once the cement/water ratio exceeds 2,0. The differences in the
ratios for the different cement/water ratios increase as the fly ash content increases.
It is worth noting that pariicularly high flexural io compressive strength ratios are
obtained for low cement/water ratios at high fly ash contents.

Figure 7.7b
FLEXURAL vs COMPRESSIVE STRENGTH
OF CPC AND 50% FA MIXES

FLEXMJRAL STRENGTH VPa)
i /(/
. 4

4 + . __},)*)

+
+ -]:/
2 fre ‘ - + OC
ks +  PCSOFA
—#%— Fulton[269]
D

a 0 20 3 4 S0 69 00
OOVPRESSIVE STRENGTH (WRa)

The range of cement/water ratios that is commonly specified for pavement grade
concrete in South Africa is from 1,8 to 2,1 with 4 minimum cemaont content of about 320
kg/m’, Figure 7.7a shows little sensilivity of the ratio of flexural to compressive strength
to fly ash content of the mix in this range, ie the ratio for a fiy ash mix Is similar to that
for an otdirary portland cement mix, and the above finding is of litile significance for
paving quality concrete. Pavement quality concrets is that concrete in which the
flexural strength is the most important property.

It should be noted that the sets of specimens for compressive strength and flexural
strength weve both made from the same mix. Therefore although the mixes containing
fly ash do not necessarily reach compressive strenutn parity with the ordinary portiand
cemant mix of the same cement/water ratio the influence of changing the cement/water
ratio of the fly ash mixes will tend to increase both flexurai and compressive strength
and the ratio between them is not evuected to change markedly. The trend of
increasing ratio of flexural to compressive strength with an increase in fly ash content
should therefore nr* be affected appreciably.
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These findings seem o contradict the findings of most other authors who have reported
on the topie. ™" Much of this work was done however over a range of strengths
commonly used for structural concrete and was thus in the relatively insensitive area
of the graph shown in figure 7.7a, ie cement wter ratios of 2,0 and above.

Fulion®, in his study of the effect of sz ¢.1the Inaurui strength of concretes, found
that the flexural strength of the 50/50 slag mi.w s shc «.wd markedly higher values for
the blended cement when compared against ¢v. ey portland cement mixes at high
compressive strengths. In this study there are issufficient data to be able to plot a
similar graph to Fulton's figure 31 with confidence. Nevertheless such a plot is given
in figure 7.7b showing only the opc and PC 5C FFA dz.la points irom this study, together
with the curve shown In figure 31 of Fuiton®™. These two sets of data have been
selected 10 avoid confusing the picture with {00 many unrelated points.

Looking at figurs 7.7b it seems possible that the fly ash mix curve could lie & little
lower than the opc curve in the area of low compressive strength, but, as stated
before, this cannot be sald with grea. confidence.

In = study done using a selected fraction (field 2) of Lethabo fly ash Gordon™ showed
ihat the long term flexurai strength gain between 28 and 90 days for fly ash mixes was
greater than for ordinary portland cement mixes. His tests were done on specimens
exposed to standard curing. The results in these tests showed that the incorporation
of fly ash reduces tha 28 day flexural strength of the fly ash mixes with the reduction
baing roughly proportional to the fly ash content; by 80 days the flexurat sirength of the
fly ash mixes had caught up to that of the ordinary poriland cement mixes. These
resulis were similar o the effect noted in the compressive sirength at 28 days.

As only 28 day flexural strengths were determined in this study, it is not possibie to
confirm this finding. The patiern of 28 day strengths shown by Gordon is sufficiently
similar to the results given here for the Matla ash {table 7.7) to indicate that Lethabo
ash has a similar eftect on the flexural strengtn.

Gordon agues that 1 -4 large increase in flexural strength of the fly ash mixes beyond
28 days would make it possible for reductions in the cementifous content of such
mixes if it is assui: . i that the level of flexural strength reached by ordinary portland
cement concrete at these later ages is all that is required, This argument unfortunately
ignores the fact that an appropriate level cf eatly (circa 24 hours) tensile strength of
pavement concrete is essenilal to allow for the joints to be sawn before the cracking
caused by drying shrinkage has an opportunity to occur. Based on PCI experience with
problems with joint sawing in concretes made with sfag extender, it is beiieved that a
reduction in cementitious content would make the concrete more sensitive t%o such
cracking — it could even occur before it was possible to saw without an unacceptabie
degree of spalling at the edges of the sawcut. Gordon also assumes that with the
curing provided on site compressive and flexural strength gain of the fly ash concrete
wiil be similar to that shown in the iaboratory; this is probably a rather optimistic
assumption.

It is believed therefore that more work is required to evaluata this property under site
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conditions to determine whether a reduction in cementitious content 1o allow for the
added long ferm development in flexural strength of fly ash concretes is warranied.

7.4 Summary of findings on flexural strength,

The effect of fly ash seems o be that it increases ihe flexural strength of concrete
relative to the compressive strength o a greater degree than is the case for ordirary
portland cement concretes. In the range where pavement quality concrete is normally
spacified this difference is insignificant for & fairly wide range of fly ash contents.

A warning is sounded against the simplistic argumenit that as the flexural strength of
fly ash concrete at agas beyond 28 days is so much higher than an equivalent ordinary
porfland cement concrete, the cementitious content of stich concrate could be reduced,
This argument is based on the pramise that the performance recorded in laboratory
specimens will be matched by the performance of the pavermnent structure expesed fo -
probably “imperfeci” curing methods and ambient environmental conditions; to the
writers knowledge this has not yet been shown 1o be the case for any concrete — with
or without the use of extenders.
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Table 7.

Compressive strength resuits with PPC blended cements

1e:

% -Age at - Compressive strength (MPa) !
Flyash | testld) 1 r10 | ow-15 c/w=2,0 cW=25
—— - ——— 1 -
> 3 6,5 18,0 28,0 37,5
7 10,0 210 36,0 455
28 14,5 30,0 46,5 58,0
56 17,5 34,5 52,0 66,0 |
90 20,0 38,5 575 71,0 1
120 20,0 41,0 62,0 775
15 3 6,5 14,0 23,0 32,5
8,5 18,5 31,5 425
28 13,0 . 29,0 435 56,5 J
56 15,5 35,0 51,0 64,5
90 175 38,0 57,0 89,5
120 18,0 43,5 66,0 81,5
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Tabie 7.1
Comr~=giva strength with PPC interground cements

ik,

% Ag&'.(at Compressive strength (MPa)

Flyash | test(d) ew=10 | cw=15 | cw=20 | cw=25 |
S 3 8,0 17,5 25,5 39,0 |
7 10,0 225 33,0 460 |

28 145 31,5 45,5 585

56 17,0 36,0 50,0 63,0 |

' 90 185 39,5 54,0 69,0

120 20,5 425 60,0 77.5

1 - - . -

15 7,0 145 23,0 33,0

7 85 195 32,0 43,5
28 12, 29,0 44,0 575 |

56 16,0 37,0 53,5 67.0

g0 19,0 42,0 60,5 74,0

120 20,0 445 65,5 82,5
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Table 7.1

y

Cementitious material conients of mixes dasigned o a 28
day target strength of 38 MPa calculated using figure 7.1g

and a water reduction of 0,55 x fly ash centent.

Fiy ash Water OPC | Fiyash Total
content content “content. contant cament+
(%) (/m? (ka/m) (k) fly ash
_\ | - {kg/m®)

0 200,0 326,0 0,0 326,0

10 184,5 308,3 34,0 340,4

30 1835 258,9 110,1 3670
50 172,5 211,3 211,3 4226

Tabie 7.1h

Cementitious material contents of mixes designed to a 90
day target strength of 38 MPa calculated using figure 7.1g

and a water reduction of 0,55 x fly ash content.

Total

Fly ash Water oPC Fly ash
content content content content cement+
(%) (/m’) {kg/m’) {kg/m’) fly ash
{kg/m®)
0| 2000 280,0 0,0 280,0
10 /| 1945 2451 27,2 2723
30 183,5 193,3 82,9 2762 |}
50 172,5 159,6 158,86 319,1 E
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Tadle 120

2 hour comprameive strangth {MPa)
E CEMENT TYPE oW i CED LNCURED
RATIO : j
oven | staoand | coo | ovan | stanoaan | oow

e o e
opea b ) 178 ' sl Bl oa 81 25 a3
POISEA A 197 | som 41 18 04 4 12 23 ¥
PO22SFAN * 1 | wazs | G ose 15 o8 54 [ 149 os §
PO2ZSEAR 1® | enm 52 34 o4 54 29 | o3
PCFAA ) 21 | B2 43 181 o4 85 14 83
PCIREA & ) 125 1 oR 48 25 | a3 82 25 03
PU2ZZEFA A 115 DR 34 23 | o7 44 22 +5.]
PCI0FA A 178 oA 22 |7 15 o3 2.4 17 03

5

orCB 167 27 18 03 2 1% 03

E_ PCIRFAR .82 EQ28 28 21 53 &4 22 a3 .

i PC22EFA D 193§ Eom 28 17 03 23 18 0,3
PC23 SFA B 19 | am 52 241 02 3 15 02
PEIOFA B 208 EGZ8 27 18 o5 25 8§ o4
PCASFA S 187 oH 22 | 1 02 24 1 52
RO225FA B 167 | DA 28 15 03 36 5 | 02
PCAOFA B 157 DR 2 2 a3 2 13 o3
oPCC ", 1.7 39 . 2 07 as 1,8 04
BCISFAC | 186 EQZ8 29 28 .4 33 :'\m 03
PCEREEAC 20¢ | caz 34 22 o3 | s 23 03
PCAFAC = EQ 2 a1 1.7 [+ X ) 28 18 f+ X 3
POISEA G 16 | iR 22 12 s 2e 14 02

| PoRSFAC | om 22 19 54 27 13 03
o 7| o 19 18 | o3 2 a4 83
[
Notw;  Oven conditions were i 99°C aid 23 % AH

. Standard cohgiions waee ¢, 29 °C and 46 % AH
Cold condilions wers ¢, 7 °C and 95 % R
Al cuced spacimans ware 2saled i plaatic
AH uncyzed spaciowns wete ucsealed.
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Tabhe 7.2¢

24 hour comprealve shangh of Lethubo Hy ash mives (MPa)

CEMENT TYPE e CLRED UNCLFED
RATIO : !
ovis | savomo | coo | oven | sasoam fﬁ_cip
! - 75 135 81 17 " @il
PLASEA A 192 EC 20 133 7.7 117 12,8 [ ] 4
POZ2EFA A 1,9 Ea2e 15 12 22 | 13 - 85 17
PCZLSFA A L EQ 2% 100 54 17 08 63 1€
PCIOEA A 2 ) 108 00 18 | 1§ &3] 18
PLIEFAA 175 oA 109 w3 15 1 i 16
PC22SFA A 175 DA 7.5 g 16 88 59 12
ﬂ PO2OFA A 178 DR 63 52 13 %2 85 1
| orsp 8k 78 54 15 22 s 15 §
PCISFA S 1ie o 28 us s8] 1wl us 81 12
PC22SEAB gz £az 74 | 59 12 e 83 12
PCZ24FA B 18] te2m 75 .57 | 12 69 55 14
PC30FA B 2.8 Eam 73 55 58 73 83 12
POISFA wr i o 82 a3 1 83 52 o8
B eczsran 3 DR 55 44 1 B 5. 00
P22 5FAB 187 DR s 4.1 o9 57 & 13
PLAFA B 187 DR L as “2 13 5 22 1
¥ ooc c w 31 48 ar] sz w2
E PCISFAC 188 £ 20 a5 $ 18 84 53 3
g PLZREFAC 204 EC 28 [ 5 17 72 sa 12
PCHFAC 221 E0 28 6.1 i 15 55 5 12
H PCISFAC 17 bR 52 35 12 58 a8 11
PC2E5FAC 17 oR 52 4 14 53 as 1
PCICRA G 17 [ 43 13 12 a4 2 1
= e e
Hota: Ovan conditions waras ¢, 30 G and 38 % RH

Siandard canditions wert . 23 °C and 48 % RH
Cold conditions were . 7 "C and 85 % HH
ﬂmmwamhmm

b
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Tabie 7.
7 day comptessve slnngih of Lethabo fly ssh mixes (WFa)

CEMENT TYPE cw CURED UNCURED:
AT OVEN ETANDARL coLD OVEN STANDARE | o
DEC A _ 1,78 282 284 i3 EL] 27 172
PC1SFA A 167 EG 28 28,7 32 18,4 28 e | 18
[ PCRR5FA A 150 EOZ8 0 257 = 242 204 7
| PAZEFAA 198 EQ 28 20 252 17 28 L) 18,8
PCHOFAA . 21 Eazs 303 g2k 184 235 18,3 162
PGIGEA A 1,75 DR 25 . BT 156 | 2a 20y 15,1
PG22.55A A& 1,75 R 22 203 189 10,6 . 148
PCOFAA ‘ 1,7 ol 264 193 124 182 L] 124
oPG B 1,67 28 zs..a 154 18,4 1 2
PCISFAS 182 | Eazs w2 | 253 ) 204 2.3 172
PC22AFA B 143 kG2 . 24 LK) 18,8 WA it
PC2ZSFAR 193 Eoz %2 28 | 8 1w 20,5 8
PCIOFA R 2,08 Q28 Pt ) = 174 1858 0s | 17
PCISFAR - ...;'ﬁ_?. A &7 194 15,1 W2 178 14,1
PCRAEFAR _ 1,67 R 248 185 143 165 152 15,1
PCI2SFAR 167 DR 28 174 125 16,8 158 1%
PCIOFA B 167 DR 2.4 " 12.#5_ 125 14,1 12,1
‘
GPG G 17 sy | e 160 16,5 182 32
PCASFA G 1,48 EQ 20 258 207 1% 161 % 33
FCILFAC 1,08 Eo s . 25 21 13.4 17 1,7 153
PC22.5FA C : 204 g 278 .8 138 1.8 17 12,7
FCI0FA & 221 1 EQ2% 258 ny | 1ae 58 158 122
PCISFAG : 1,7 i) B 174 mt 14 14,1 "1
PCRRFAC 17 R 202 184 103 132 123 T
PLICFAT 17 - oA 174 138 i 10,8 1y 4
Mokt Ovws conditions waes c. 30 °C and % % AH
Standatd condions were ¢, 23 ¥ and 48 % AH
Colo continions wara c. 70 and 95 % Rr
Al gyrnd specimens wets yealed (i plastic: bages,
3 Al uncurad spacivet: vare ureseled,
e
»
J
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Tabie 7.2¢

20 day compimeaia sitengti: of Lathaho Hy ash wives (M)

CEMEAT TYPE cW CURED UNCURED

AATIO

OVEN | STAMDARD | ooxD | OVEN | BTANDARD | COLD i

OPG A 1,75 35 G wE 252 F- ) 22 n
PCASFAA 187 | eom 24 23§ we b 2y 207 %3
PO2REEA A 1% § Eaze 423 78 xh 28 248 2,5
PC2LEEA A 159 | E02 94 375 | 300 | zen 28 M5
PCIOFA A 21 i) 458 - A ] a1 4.5 255 2865
PGISFA A 175 oR 8 38 [ w1 | 218 240 26,1
PC22.5FA A 7 bR a8 wm i ouz | = %) 29
PERFAA 1,78 oR 24 %z | = 7a 198 w2
oPe 187 » sa | a0 183 214 =9
PCISFA B 1,82 EG 28 A5 %95 22,8 2,7 237 28
PR22AFA B 199 EQ 18 .“ 41,1 07 191 294 A
POZREFAE 193 EQ2m 450 387 b % 20 .2 2a,1
PCIOFA B 208 EQ28 45,8 32 b1 20 238 €7
POISFAR 187 DR ‘a3 322 4 158 22 9,7
PC22.5FA B 1.5‘7.- DA 2,2 0,1 23 169 W 229
PC225FA S 1,67 DH 4 202 ) wal .5 226
FPUXFA B 167 a3 ) o 2&\.!_ 218 113 18r 203
oG G 17 L 34,1 x5 A 178 258
PCISFAC 18 | EQRe a0 Mg | e 107 a7 24
PGISFAG 188 | Eoze 02 ms | s 107 27 2.3
PCIRSFAC 204 EQ28 aozx\ are 258 10,8 188 24
PCIOFA G 22t | o 22 | aa | ap | s 20,1 %3
PCISFA L 17 bR N 27 104 14,8 18,1 18,8
PCRLEEA G 17 tR 4 2o | 28 | we 157 0
PCIFAC 1.7 b 1 528 F e 1558 A 183 162

Oy candilions weta o, 30 °C and 38 % BH
Stundan: condrliona were ¢. 22 "2 ene 48 % H
Cold contiflars weem ¢, 7 °C and 95 % RH

& curad spwctimans vare sonled i plastic bugs,
Al uncured spacinvens weis unsealed,
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58 day pompaacsive sirengih ot Lethabo By ash mixet (MPa

Takie 7.2

custkp

GENENT TYPE CW UNCURED
RATIO .
OVEN | STAMDARD coLD OVEN STANGARD COLD
PG A 175 T 54 375 257 215 289
PCISEA A w | com 473 478 #B3 264 278 20
PCZLEFA A 008 | Eaze sy 45 75 272 Mz 21
BCIOFA A 21 | Eam 493 479 357 257 248 03
PC1SEA A 1,75 o 41 ap 2.8 259 2 275
PCZ2IFA A 175 [ 435 308 290 198 2 »53
PLIOFA A 178 bl 32,1 305 24,1 19 208 oy
OPCH 187 Ak a2 ) 1 212 2)
. poisFAR 12 | eom 47, 72 M8 237 24,9 05
PCE2.57A B 12 ] o a8 a2 54 31 24,1 25
SCH0FAD 205 | B8 401 475 218 214 28 09
PC1SFA B 187 oA 44 40 200 159 2 2.2
PC22.5FA B 1,67 oA 0,1 582 %4 187 87 2
PCIOFA B 167 ] 25 86,5 24 18 ey 22
PG e 17
PCISFAG 1 | oz 389 Azs a7 121 W M2
PU22.EFAC 24 | = & a8 e L) 7 199
PCIOFAC z21 | eqw &7 488 306 17,2 23 288
| poisFAn 17 oA 342 4 24,0 147 170 2.8
P22 5FA G 1.7 LR 252 ark 27 14,1 183 FrX|
PCIOFAC 17 BR 4 288 : 128 wd 154

Cven conditions wars ¢, 30 *C and 38 % RH
Stardard candiions wars ¢, 23 *C and 45 % RH

Cokl conditiors were ¢. 70 and 95 % AN

Al cured spacimens wirc sesied in plantic bags.

Al unoured spacimens wens nseaied,
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Table 7.3a:
My proportions for concrete used in large blocks for evaluation of curing eﬁects
‘with extenders (quaniities in kg/m®)

Compressive strengwn test resulis for cubes and cores from

large blocks in Winter 1987,

OPC | PC15FA | PC30FA | PC505L
Material mix “mix mix mix
Cement (PPC 350 296 250 175
Jup) '

Fly ash (Matla) - 54 114 -
Slag (VdBijl) - - - 175
Granite Crusher 422 422 413 419
sand .
Kendal sand 422 422 413 419
19 mm Granite 1650 1063 1072 1050
Stone |
Water 210 201 194 208
CAW reitio 1,67 1,77 1,88 1,77
Slump (mm) 160 - 160 140 1580~

Table 7.3b:

Cement | 7day | 28day | Quiside ; Outside Inside Inside
blend cube cube 28 day ratio to 28 day ratio to
used strength | sirength | core 28d cubs | core 28d cube

(MPa) (MPa) | strength | strength | strength | strenpth
(MPa) (%6} (MPa) (%)
OPC 220 29,0 22,4 77,2 21,4 73,8
PC15FA 20,5 32,0 285 89,1 250 78,1
PC30FA 18,0 30,5 250 82,0 22,2 73.1
PC50SL 18,0 34,5 271 78,6 235 68,1
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Table 7.3¢:
Characteristics of fresh concrete
(mixes for winter 1987)

Cement Apptox Approx Slump
hiand duration time to of
- used of final concrete
Bleeding finish (mm)
(h) (h)
OPC 3,75 5,75 150
PCISFA | 425 80O | 160 |
PC30FA 4,50 9,50 140 § -
PC508L 375 7,50 150 |
" Table 7.3d:
Compresswe strength test results for cubes and cores from !arge blocks cast in
Summer 1987/88 S
Cement | 28day | Outside | Outside | Inside | Inside
blend cube 28 day ratio to 28 day ratio fo
Jsed strength core 28d vube | . core 28d cube
(MPa) strength { sirength | sirength | strength
{MPa) (%) (MPa) (%)
OPC 31,0 31,2 101,0 28,3 91,3
PC15FA 31,5 32,0 101,6 31,2 89,0
PC30FA ! 255 30,0 113,2 26,8 101,1
PC50SL | 315 332 | 1054 31,8 101,0
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Table 7.3e: :
Compressive strength results for cubes and cares from smalt blocks cast in Summer 1887/88.

—

Cement

South ratio

28 day North 28 North ratio South 28
- blend used cube day core {o cube day core to cube
strength strength strength (%) | strength strength
{MPa) (MPa) (MPa) (%)
OPC 31.0 320 103.2 31.7 102.3 !
PC15FA 315 30.2 95.9 30.5 96.8 u
PC30FA 26,5 28.8 108.7 27.7 104.5 E
PC50SL 31.5 292 927 205 93.7 |
Table 7.3f;
Characteristics of fresh concrete
_ (Summer 1987/88)
Cement ApPprox Approx Slump B
blend duration fime to of
used of final concrete
Bleeding finish {mm)
{h) (h)
OPC 3,75 575 | 150
PC15FA 4,25 8,00 160
PC30FA 4,50 9,50 140
|_PC508L 3,75 7,50 150 |
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_ Table 7.3g:
Compressive strength test results for cubes and cores from large blocks cast in winter 1988.

Cemaent 28 day Quiside QOuiside Inside Inside
blend cube 28 day ratio io 28 day ratio to
used strength core 28d cube core 28d cube

{(MPa) strength sirength strength sirength
{MPFa) (%) (MPa) (MPa)
II OPC 35,86 27,7 78,0 27,8 784
| PC15FA 34,5 28,8 83,5 30,3 87.8
PC30rA 33,5 29,8 89,0 30,4 80,8
I PC50SL 34,3 268 | 78,1 26,5 77,1
Table 7.3h
Compressive strength results for cubes and cores from smali blocks cast in Winter 1988,
Cement 28 day North 28 North ratio South 28 | South ratio
blend used cube day core to cube day core to cube
strength strength | strength (%) { strength strength
(MPa) (MPa) (MPa) {%) _
QPC 355 33,3 93,8 34,7 97,7
PC15FA 34,5 29,8 86,4 29,8 86,4
PC30FA 33,5 26,7 79,7 28,7 85,7
PCS0SL 34,5 27,3 79,1 26,7 774
Table 7.3i
Characteristics of fresh concrete (Winter 1838)
Cement Approx Approx Siump
blend duration fime o of
used of fina concrete
Bleeding finish (mm)
(h) {h)
OPC 3,75 575 150
PC15FA 4,25 8,00 160
PC30FA 4,50 9,50 140
PCS08L 3,75 7,50 150 i
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. Table 7.4
Ambient temperature and humidily ranges for curing period of large and small blocks (Summer

1987-88, Winter 1088}

Season Minimum Maximum Minimum Maximum !
temperature temperature humidity humidity
(°C) {°C) (%) (%)
W_inter 3 a2 10 78
E Summer 12 33 20 80
Table 7.5a

Compressive sirength of OPC, RHC, Slag and fly ash mixes under hot conditions (c. 30 °C) of
mixes detailed in table 5.12¢.

Il Compressive strength (MPa) for
Age Mix No. Mix No. Mix No, Mix No. Mix No.
(days) 9 10 11 13 14
OPS PC50SL RHC PC15FA | PC30FA
| 0,33 25 0,9 3,8 0,6 0,4
0,5 4,6 2,0 89 34 1,7
1 109 52 15,7 10,1 6,6
|3 - 203 11,5 26,0 174 142  {
7 26,3 187 35,9 26,2 197 |
n 28 | 363 31,5 44,9 37,3 31 ,2m!
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Table 7.5b

rixes detailed in table 5.12¢.

Compressive strength of OPC, BHC, Slag and fly ash mixes under standard conditions (c. 23°C) Qf

Compressive strength (MPa) for

Age MixNo. | MixNo. | MixNo. | MxNo. | MixNo. |
(days) 9 10 14 13 14
OPC PC50SL RHC PC15FA | PC30FA
0,33 1,5 05 26 0.3 0.2
0,5 38 1,1 6.2 16 1,2
1 8,9 36 | 118 7.6 55
3 18,2 84 22,2 17,1 130 §
7 237 14,9 33,6 23,6 181 |
28 31,5 31,9 48,9 35,9 282 |
Table 7.5¢

mixes detailed in table 5.12¢

Compressive strength of OPC, RHC, Slag and fly ash mixes under cold conditions (c. 7 °C) for

Compressive sirength (MPa} for

Age Mix No. Mix No. Mix No. Mix No. Mix No.
{days) 9 10 10 13 . 14
OPC PC5H0SL RHC PC15FA PC:30FA
0,33 05 0,2 0,5 00 0.0
0,5 1,0 0,4 0,9 0,2 0,0 I
1 29 1,0 3,5 0.8 0.6 l
3 11,4 46 74 10,3 6,7
7 19,3 9.4 27,5 18,1 12,9
28 30,6 18,1 41,7 3‘&& 22,4
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Table 7.6

. mixes detailed in tabl¢ 6.2

Effect of temperature matched curing on compressive strength of OPC and OFCHiy ash blend

Age Standard curing Temperature maiched curing
(d@ys) | opc | PcaoFA | Rato | OPC | PC30FA | Ratio
Mixi | Mix2 2/1 Mix1 | Mix2 21
0,0 45 500 | 135 8.0 44,4
3 15,5 9,5 61,3 22,0 130 | 59,1
23,5 12,0 51 1 31,0 26,0 83,8
28 32,5 200 | 615

Note: The data for the PC30FA mixes were derived from 2 tests on mixes 2 and

3 in table 6.2
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Flexural strength at 28 days of concrate with and without fly ash

Table 7.7a

% Cement Cement/water ratio
fly ash souree cwio| owis| omwz0| cwas
PPC Jup 2,50 4,50 5,60 7,30
o |_BC Licht 2,80 5,20 5,60 7,35
A-A Rood 10 5,40 5,60 6,90
PPC Jup 465 3,65 4,85 6,65
BC Licht 3,50 4,90 6,10 705§
A-A Rood 3,10 4,80 5,65 676 } |
> | pPC Blend 2,80 4,75 5,85 600 |
PPC Grind 285 4,565 5,65 6,45
PPC Jup 2,85 4,55 5,80 6,15
4o L BC Licht 2,80 4,60 5,85 6,90
1 A-A Rood 3,10 4,80 5,85 5,90
PPC Jup 2,35 3,60 5,00 | 16,40
BC Licht 2,70 4,65 635| !/680
A-A Rood 2,45 4,20 5,35 -, 5,25
' 1" pPC Blend 2,65 4,40 5,15 5,65
PPC Grind 2,50 4,40 4,90 6,40
PPC Jup 2,10 3,70 4,50 5,60 !
g | BC Licht 2,50 4,20 5,40 6,40
A-A Rood 2,25 3,80 4,80 6,00
PPC Jup 1,50 2,95 3,55 4,35
sp |__BC Licht 1,65 3,40 4,50 525
A-A Rood 1,70 3,15 | 4,30 |

4,65J |
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Table 7.7b
Ratio (%) of 28 day flexural {o compressive strength

% Cement | Cement/water ratio
fly ash Souree C/W 1,0 CW 1,5 cwa2o| owzs
PPC Jup 18,2 15,0 12,7 13,2
o |_BC Licht 175 . 148 10,1 11,0

A-A Rood 20,0 15,4 10,3 10,5
PPC Jup 20,0 12,4 11,01 119

BC Licht 23,3 14,6 11,6 10,7 §

A-A Rood 21,4 14,1 10,9 10,7 i
® ["ppC Blend | 19,3 158 | 126 11,9
PPCGrind | 197 14,4 12,4 11,0
PPC Jup 219 16,3 1381 114
10 |_BCLic 187 | 139 - 115 105
A-ARood | 280 15,2 12,2 98

PPC Jup 204 14,0 12,5 120 |
BC Licht 19,3 14,3 134 10,7
A-A Rood 19,6 13,5 11,3 10,0
15 PPC Blend 204 | - 152 11,8 10,0
PPC Grind 20,0 15,2 11,1 10,1
PPCup | 227 16,8 124 11,7
30 |_BC Licht 23,8 16,5 12,4 11,1
A~A Rood 30,0 15,8 13,3 11,0
PPC Jup 23,1 23,1 | 13,7 116
5o |_BC Licht 220 1941 143 12,4
A-A Rood 378 | 242 176 | 124

B DR L
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CHAPTER 8
8. ELASTIC AND TiME DEPENDENT MOVEMENT PROPERTIES

In structural applications concrete i= required to have an accsptably prediciable degrese
of elastic behaviour and dimensional stability, acceptably close to the design
assumptions that have been made. This will ensure that the concrete siructure will
perform as expected by the designer and that it wili not show unacceptable levels of
deflegtion, crackina zreep or shrinkage.

The design assumptions are generaliy based on the observed behaviour or concrete,
most of which has been made using ordinarv poriland cement as the binder. If the use
of {ly ash is likely to influence the elastic or movement properties and dimensional
stability of the concreie then the effect of this shouid be understood, and taken inio
consideration by the designer.

The following paragraphs give a brief, essentially introductory indication of the influence
of fly ash on these properties. All the work covered in the following paragraphs refers
1o tests done on Matia fly ash only; no work has been done on the Lethabo fly ash.

8.1 Elastic modulus

An elastic material is one which will recover completely from a load-induced
deformation once the load is ren  ed. Concrete, however, is not an elastic material
as the recovery from the loag-induced deformation will gerierally not be complete. Nor
is the stress—strain relationship for concrete a linear relationship. As the relationshin
is not linear it is impossible to talk of & unique value for the elastic modulus {i.e. the
ratio of appiied compressive siress to longitudinal strain, otherwise knuwn as the
Young's modulus) without dafining the point on the curve at which it is measured.

Fulton®™ lists three forms of stalic elastic modulus, namsly the secant, the initial
tangent and the tangent moduli. The differant moduli are shown in figure 8.1, in the
research covared here the value provided is the secant modulus, although the indial
tangent medulus in this case has the same vaiue since over the range of stress fested
at age 28 days the tesls generally provided straight line relationships with the tangant
and secant moduli coinciding.

Table 8.1 gives the details of the mixes used in making the concrete specimons on

which the elastic modulus tests were done. PPC Jupiter OPC was used in ail these
mixes.
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Figure 8.1
Forms of elastic modulus

His |

bngen] mog

Siress
-

Sirain

The elastic modulus tests were done in accordance with PCI method 7.6' which is
based on the BS 1881 part 121* for the methnd, and on ASTM (469-872° for the
apparatus. ' '

Tables 8.2a 10 8.z i give the values measured at 28 days for the different cements
used in this investigation at the various levels of fly ash replacement adopied. it should
be noted that as for the compressive strength resulis the fly ash has been used as a
straight replacement and nc adjustment has been made for the difference in 28 day
compressive strength,

Figure 8.2a shows the comparative values of elastic modulus agsinst compressive
strength for the three cement sources tested. It should be noted that in the case of the
PPC Jupiter cement the compressive strength results are sn average of 2 seis of

Portland Cement Institute, Laboratory Manual, The static modulus of elas? ity
of concrete and mortar, Haliway House: PCI, 1986, Chapier 6, 5 pp.

? British Standards Institution, Method for Determination of Static Modulus of
Elasticity in Compression, London, BSI., (1983). (BS 1881 Part 121).

® American Society for Testing and Materials, Standard Test Method for Static
Modulus of Elasticity and Poisson's Ratio of Cu..crete in Compression,
Philadelphia: ASTM., (1987). (C469 -873).
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results from tables 7.1a and 7.1d. but there was only one equivalent set of elastic
modulus test results for the PPC Jupitsr control cement from the PCI silo. Also shown
on this graph is the curve for elastic ' sodulus against compressiva strength givern in
Figure 7.17 in Fulton®™,

Itis clear that all ihe resuits shown here lie above the Fulton curvs, i.e. ali the mixes
made have higher moduli at any chesen level of compressive strength than show on
the Fulion curve for other South African cements and are “herefore stiffer. , ~
The type of aggregate and the aggregate content of the mix ars significant factors that
influence the elastic modulus of the concrete. The doleriis coarse aggregate used in
the mixes tested in this work is one of the siiffer aggregate types availabie in South
Atrica, and according to Davis and Alexander™ its use results in concretes with higher
than averags elastic moduli. i is therefore not surprising that the overall imprassion for
the ordinary portland cement concretes made here is that they are stiffer than is the
case for many of the mixes tested and shown in the Fulton curve.

Although there ara not man’y data in Figure 8.2a from which an assessment can be
made it appears that there is not much difference between the elastic moduli for the
different sources of ordinary portland cement tested ir: this work.

Figure B.Z2a
Elasiic modulus vs compressive strength
for all opc’s tested

- Elastic modulus (GPa)
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Figure 8. ¢b
Elastic modulus vs compressive strength
for all cements and blends tested

Elastic modulus (GPa)
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Figure 8.2b shows all the data fot ordinary poriland cement and the full range of fly
ash blends tested. In this case it would seem that thera is littie ditference betwaen the
ratio of elastic modulus to compressive strength for an ordinary portiand cement mix
and that for a blended cement mix, even with fly ash contents up to 50%. These
findings therefore confirm the opinion of the majority of authors
consulteg I NaIMMIIRIRTE | o that the use of fly ash does not have a significant
impact on the elastic modufus of the concrste.

This trend is also confirmed by Mukhsibir™ for concretes made with ¢lassified
Lethabo fly ash. The work done by Mukheibir™ included both static and dynamic
methods of elastic modulus determination

Other elastic modulus data from creep tests (to be discussed in paragraph 8.2.% of this
chaptet) are given in table 8.2e. Thess values have been determined from short term
elastic deformations that occurred under initiai load for the creep tests in different
apparatus from that used for the above test results. If these data are plotited on figure
8.2b they fall within the scatter of the other points ploited on the graph, and therefore
can be taken as confirmation of the above findings.

It is also apparent from the data shown on figure B.2b that the magnitude of the
influence of fly ash on the elastic modulus of concrete is insignificant relative to the
effect of 2 change in aggregate type or concentration in the mix. This is shown by
picturing best fit lines through the varibus sets of poinis for the different fly ash
contents; there is little apparent difference in slopa of the different lines.

8.4
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No work has been done in this study to evaluate the effect of the use of fly ash on
Poisson's ratio. It is expected that the same trend will be found as for the elastic
modulus, i.e. the effect of the Hly ash will be negligible, especially in compaiison with
the effect the aggregate type and concentration can have.

8.1.1 Summary of findings on elastic modulus

The use of fly ash seems to have little significant impact on either the elastic modulus,
or the relationship between the elastic moduius and the compressive sirength of the
mix.

8.2 Movement properties

Shrinkage and creep are the movement characteristice of greatest interest and concern
to the designer of concrete structures. The influence of fly ash on these properties is
covered in the following paragraphs.

8.2.1 Shrinkage

Volumetric change of concrete or mortar will occur it the moeisture content changes,
with swelling occurring when the moisiure content increases (as for example on
submersion) and drying shrinkage occurring when the concrete or mortar i allowed to
lose moisture to the snvironment. Although this phenomenen is a volumetric one the
linear strain is probably of most concern. Shrinkage is a time-dependerid,
non-foad-induced strain.*"

Both concrete and mortar witl genetally contain more water in thelr plastic states than
can be chemically bound by the cement. After hardening there is therefore a tendency
for the concrete or mortar o lose water to the atmosphere resulting in drying shrinkage.
The magnitude of the shrinkage that occurs is proportional 1o the water content of the
mix. As the incorporation »f fly ash allows a reduction of the water content of *he mix
the expected effect of fiy ash on shrinkage would be to reduce the magnitude of
shrinkage.

The tests in this study to evaluate this effect were done using a modification of SABS
method 836™%, In this test, normally done to evaluate the shrinkage potential of an
aggregate specimen, mortar specirmens measuring 50x50x280 mm were made with a
single source of cement, i.e. PPC Jupiter, and the Ecca grit sand. The mix proportions
used are detailed in table 5."4a. No control specimens were made, nor was use made
of a contro! or standard sand. It contrast to the standard method, mixes were made
to the same range of cement/water ratios as for the compressive strength tests.
Another deviation from the standard method was that fly ash was used In the mixes.
The curing regime used was that required by SABS method, with 24 hdurs in the mouid
at 22 to 25 °C, 6 days in water at the same temperature, and then exposure in an oven
at 55 °C and 18 % FH for about 14 days.

The full range of fly ash conterits was used in making the specimens which were then
exposed to the normal curing and drying regime specified by SABS method 836. The
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results of these tests are shown in table 8.3 and depicted graphically in figure 8.3a.

Figure B.3a
Drying shrinkage of mortars with
different ily ash contenis
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Table 8.4 gives the squivalent information for the interground and interblended cements
from Jupiter. i

Although there is some scatter of resulis it is clear from figure 8.3a that the
incorporation of fly ach in a2 mortar has the effect of decreasing the magnitude of the
drying shrinkage that occurs under the standard conditions t¢ ‘which it IS exposed
during thefest. It is also evident that the drying shrinkage of these moriars incteases
as the cementitiousfwater ratio increases, although this is less marked for the high fly
ash mixes.

Table 8.3b gives the daia from table 8.3a as a proportion of the mixing water used.
These data are shown in figure 8.3b. From figure 8.3b it appears that the reduction in
the drying shrinkage that occurs when fly ash is incerporated in a mix is largely due
to the reduction in water content permittad by the fly ash as the drying shrinkage
results are more uniform than is the case in figure 8.3a. '

Wevertheless it does seern that as the fly ash content gets to about 30 % & more therg
is a further reduction in drying shrinkage which must be attributable to the physical
presence of the fly ash particles.
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Figure 8.3b
Proportion of drying shrinkage to wvater
content of mortars withiout fiy ash
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The fly ash mixes used in these {ests, having the same cementitious/water ratio, will
probably not give equivalent 28 day compressive strengths to the ordinary portiand
cement mix. The modification required by chapter 5 to give similar 22 day sirengths is
{0 increase tha cementitious/water ratio. - Joing this could result in the 1:egation of any
reduction in the magnitude of drying shrinkage that might occur, This calcuiation has
been done using figure 7.1g t¢ determine the required cementitious/water ratios for
equivalent strength. The revised diying shrinkage as proportions of the water contents
are shown in table 8.3c. This table indicates that while for lean mixes (¢/w of opc mix
= 1,0} there is a moderate increase in the proportion of shrinkage as the fly ash
content increases, this is.in contrast to the values for "structural” grades of concrete
(ie the other two columns shown). The magniludes of the shrinkages of ail the
comparable mortars are however very similar.

A further characteristic io be studied is the creep of concretes made with and without
fly ash. In order to properly assess the creep of concretes it is necessary to measure
the drying shrinkage that occurs simultanecusly with the creep under the same
conditions of exposure. The shrinkage results from creep studies done at the University
of the Witwatersrand laboraiories are given in {ables 8.5a and 5.5b. Table 8.5z gives
the drying shrinkage results for an initial set of {ests with exposed specimens, and
table 8.5b shows the results of the second set of tests with sealed specimens. The
reason for covering two series of tests was that it was felt that some understanding
was needed of the shrinkage potential of OPC and fly ash concretes in both thin
sections with a high degree of possible moisture movemant, and thick sections where
the degree of moisture movement was limited. it should be noted that the shrinkage
tests performed in the University facilily were long term tests on concrete specimens
\;I;lich werg exposed to a more realistic environment of 22 to 25 °C and about 50 %
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The results of the concrete shrinkage tests are depicted on figures 8.4a fo 8.4f, and
8.6a to 8.6d in the section on creep latsr in this chapter (shown as the difference
between the elastic+shrinkage and the elastic curves).

in Table 8.5a it can be seen that the fly ash seems to result in a small increase in the
magnitude of the drying shrinkage of these concretes; it should be noted that saven here
where suitable adjustments have been made the compressive strengths of the fly ash
mixes are not identical to those of the ope control. The fly ash mixes have slightly
higher compressive strengths. Should the mixes be adjusted o have equal sirength at
28 days then the drying shrinkage results could be expected 1o be even closer {o those
of the op¢ mixes.

A further point to note Is that there is a considerable difference between the drying
shrinkage results for the two opc mixes with the Blue Circle mix having about 15%
higher shrinkage than that for the PPC Jupiter cement. The difference between the two
opc's drying shrinkage far exceeds the effect that the fly ash has on the drying
shrinkage.

These tests were done on 150 mm diameter cylinder specimens. The surface area to
volume ratio of such a specimen (i.e. 33.33) is rather high and is roughly equivalent
in its degree of exposure to a slab of concrete only 70 mm thick. This degree of
exposure is unlikely to be reflecied in actual section thicknessss in site concrete.

Table 8.5b shows how sealing the specimens from the environment affecis the drying
shrinkage. Sealing the specimens is done in an attempt to simulate the shielding effect
of the outer layers of concrete on the moisture movement and drying shrinkage of the
concrete and thus overcome the specimen geometry problem mentioned in the
previous paragrapn.

The magnitude of the drying shrinkage is dramatically reduced for sealed specimens.
Obviously net all concrate on site can be regarded as sealed and it is likely that the
actual magnitude of drying shrinkage of site concrete made with these materials and
exposed to similar drying conditions would lie somewhere between the exposed and
sealed values given in table 8.5b.

in table 8.5b it can be seen that under both curing conditions the fly ash mixes have
slightly lower values for drying shrinkage than the opc mixes, but the compressive
strengths are also lower.

8.2.2 Summary of findings on drying shrinkage

The results discussed above therefors indicate that for similar degrees of exposure the
drying shrinkage of Maila {ly ash concretes will be very similar to that for mixes which
have similar compressive strength when made with ordinary portland cement. This
confirms the reported findings of most of the references consulted. 441 snissEN
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Mukheibir™ found that the incorporation of Lethabe fly ash in concrete mixes had litile
impact on the drying shrinkage of the concrete,

8.23 Creep

Fulton"™ defines creep as "the time-dependent increase in strain of a solid body under
a constant or controlled stress. Creep in concrete occurs at all stress levels and the
creep sirain can be several firnss larger than the initial strain on loading.” Creep can
be regarded as a desirable property as it lends a degree of ductility to what would
otherwise be a rather brittie material. There are however negative aspects to creep
including deflaction and buckling of elements and loss of prestress.

In this study work has buan done to evaluate the effect of fly ash on the magnitude of
the creep that ocours under a given siress/compressive strength ratio of the concrete.
This has been done in two ways as follows

. a drying cycle where the temperature is kept in the range 22 1o 25 °C and the
relative humidity in the range 50 to 70 %. In this case the specimens were
cured under water for the first 28 days.

. a dual exposure cycle with some of the specimens exposed to the above
environment, and others sealed so that no moisture loss could occur. In these
cases the "dry” specimens were cured In air in the laboratory at a relative
humidity of about 50% after curing under water for the first iwo days. The
sealed specimens were cured under water as for the first set.

The spacimens tested were, as mentioned in section 8.2.1, 150 mm diameter cylinders.
The age at loading was 28 days.

The creep Is measured by subjecting specimens 10 a fixed load and monitoring the
change In strain with time. Other strains that occur are the elastic and shrinkage
strains, and in order {0 isolate the creep sirains the other two strains should be
delermined separately. The elastic strain is that which occurs immediately the load is
imposed and which will be approximately recovered once the load is removed. The
shrinkage is determined from companion specimens that are unloaded but exposed to
the same anvironment.

The mixes used to niake the specimens used for the first series of creep tests are
given in table 8.6. The mixes used for the second series of tests in which pairs of
sealed and exposed specimens were loaded were those for mixes 1 and 6 from table
8.6.
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The compressive strength at 28 days for these mixes are as shown in table 8.2s. It
can be seen that while the mixes were designed for the same target strength of 30
MPa at 28 days, there was some small difference between the opc and fiy ash mix
cornpressive strengths. All the specimens were however loaded 1o the same level of
10,1 MPa +- 0,07 MPa. (Note that the variance of +— 0,07 MPa is the drift in load that
occurred during the duration of the test.} Readings wera taken at regular intervals
during the test period.

The results of Series 1 are given in tables 8.7a to 8.7f and illustrated graphically in
figures 8.4a to 8.4f. The specific creep valuss for all the tests on these sets of
specimens are givan in table 8.8 and shown graphically in figure 3.5, From figure 8.5
it can be seen that the two ope mixes using 13,2 mm stone {mixes 1 and 3) have quite
different specific creep valuas, with mix 3 having the higher vatues threughout. The ope
mix with 19,0 mm stone has, as would be expected with a lower paste content and
towar water content, a lower level of cregp than the same mix with 13,2 mm stone.

Figure 8.4a
Creep, shrinkage and elaztic deformation
of PRC Jupiter opc mix wiii 13 mm stone

Strain [microsiraing)

1600
i B DS S
18080 SO N T % Snt O
800 o
60D - 2 oo e e S T DU sl S =
400 5 gt
200
0! —
o 3 68 20 120 150 18D 210
Time (days)
Straih type

——Elastic - Sheinkagesslastic  ~%—Crespeshrink +efzatic

Mix 4 {(opc ex PPC Jupiter with 15% fly ash) has a very similar curve of specific cresp

8.10



1o that of the opc mix with the same aggregate after 80 days but the fly ash mix has
slightly higher creep up to 60 days. Mix 5 on the other hand (ope ex.2C ichtenbu |
- with 15% fiy ash) shows a decrease in specific creep relative 16 its opc mix. Mix 6 with”
PP Jupiter cemant and 30% fly ash has the lowest level of specific creep of the

mixes tested in this series,up to 200 days. However, the differences beiweon ihe
specific cresp levels of the opc and fly ash mixes is small at early ages and only stans

showing substantial differences beyond 28 days of exposure.

The craep curvas for the series 1| {ests are shown in figures 8.6a to 8.6d with the test
resulis given in tables 8.9a to 8.9d. The data for the specific creep of this series of
fests is given in table 8.10 with the corresponding curves shown in figure 8.7. In figure
8.7 it can be seen that, as would be expected where the degree of moistute movement
is limited, the specific creep of the sealed specimens is substantially lower than that
for the exposed specimens; in both cases the fly ash mixes have lower specific creep
than for the opc mixes.

Figure B.4b -
Creep, shrinkage and elastic deformation
of PPC.Jupiter opc mix with 19 mm stone
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Figure B.4¢
Creep, shrinkage and elastic deformatlon
of BC Licht. opc mix with 13 mm stone

Strain (microstrains
500 5train (mict }

1400 e Y
1200 o

100¢ ,a"-"’
‘goe ..

wo . . g
BOG Fomom. i A— : =

400 ﬁﬁ#w P
a0 _

I

J—_—

Y
Pt i

ib 50 - 90 121 150 - 180 ".}10
Time (days)

Strain 1ppe
—~—Elastic - Skripkage+elaslic  ~¥— Cresps+shrink +elsstic

4t

Figure B8.4d
Creep, shrinkage and elastic deformation
of PPC Jup opc 15% fa mix with 13 stone
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Figure B.4e

Creep, shrinkage and elastic deformation

of BC Licht opc 45% fa mix with 13 stone
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Figure B,4f
Creep, shrinkage and elastic deformation
of PPC Jup. opc 30% fa mix with 13 stone
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Figure 8.5
Specific creep : Series |
for opc and ily ash mixes
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Figure 8.6a
Creep, thrinkage and elastic deformation
of PPC dup opc mix (13 mm stone, téuled)

i i i
1800 Sirain {microstrains}

{600
1400
1200

808 ‘ -
608 g 3

400 kd."* - e T SR . (s
LTy cxcman —— - ; ;

l

]

B B0 1 420 150 180 240 240 220 300 330
Tirme (days)
sy
"Stemin fype
——Exatie - Shrinkage+elastic =~ Cresprahrink+alastie

8.14

e



Figure 8.6b

Creep, shrinzage and elastic deformation
-PPC Jup ¢pc {13 mm stone, unsealed)
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Figure 8.6¢
Creep, shrinkagse and elastic deforrmation
of PC3I0FA mix (13 i stone, sealed)
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o Figure 8.5d
Creep, shrinkage and elastic deformatio
of PC30FA mix {13 mrn stone, unsealed)
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Figure 8.7
Specific creep : Series 1
for opc, fa mixes {sealed and exposed!
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A further point to note is that the exposed specimens were exposed to "dry" ambient
conditions in the laboratory after only 2 days of curing under water, The “dry"
conditions o which the specimens wers exposed consisted of a controlled temperature
of 22 to 256 °C and an uncontrollied relative humidity of about 50 %. Comparing the
curve in figure 8.5 for mix 6 against the curva for mix 6 exposed it can be seen that the
exposed specimens exhibited a substantially higher degres of creep than those which
were wet cured for 28 days prior to being loaded. This change in creep is not evident
for the two opc mixes where the level of creep is rather similar for both methods of
curing.

Looking at the shrinkage deformations that occurred in series 1 (tables 8.7a and 8.71)
compared with the similar data from series li {tables 8.9b and 8.8d) it can be seen that
under the severe dry curing regime of series li the shrinkage of both ope and PC 30
FA mixes increases by a similar order of magnitude of 200 o 300 microstrains,
although the fly ash mix showed a slightly bigger increase than the opc mix.

It would therefore seem that the creep of the fly ash mix is more sensitive to poor
curing than is the case for the opc mix, withi 2 similar increase in sensitivity in the
drying shrinkage behaviour of the fly ash mix. As this conclusion is arrived at after only
studying the results of one set of mixes it is advisable that further tests should be done
to confirm this finding.

Note should also be iaken of the surface area to volume raiio of the cylinder
specimens used for these series of tests as discussed under section 8.2.1. It is
unlikely that this degree of poor curing would be matched in structural concrete
elements on a construction sile, although the skin concrete might have a similar degree
of exposure.

Under ideal curing conditions the fly agsh mix seems to beneiit more than the opc mix,
showing a far greater decrease in spacific creep under seaied conditions than is the
case for the opc mix. Thick structural elements weould tend to exhibit t 3 type of
performance.

Several authors have postulated thearies about the mechanism of creep.”™ Most of
these theories hold that moistura movement in the concrete plays an important role in
the phenomenon, With the reduced water content of fly ash mixes a reduction in the
magnitude of the actuai creep and the specific creep is to be expected. The magnitude
of the decrease is probably bigger than can be ascribed to the reduced water content
however; pore refinement resulting in decreased permeability with a consequent
reduction in the rate of moisiure movement may contribute to the low creep under
sealed conditions.

8.2.4 Summary of findings on creep
The trend is for Matia fly ash to reduce the specific creep of concretes with similar

levels of compressive strength at 28 days. This confirms the findings of a majority of
the researct: reporis congulted, 4Rt ne s 715 187.191)
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Mukheibir™ came to a similar conclusion from his research findings on concretes
mads using classified Lethabo fly ash.

There is an apparent trend for the Matla fly ash mixes to show a greater increase in
specific creep when poorly cured than is the case for opc mixes. Mukheiber™ nuted
similar degrees of sensitivily to poor curing for ordinary portiand cement and mixes
using classified L.ethabo fly ash. Confirmation of the finding for the Matla fiy ash would
therefore saem to be required.

Tadie 5.1a
Mix proportions of concrete mixes (kg/m?)

for alastic mnduwstm
Water 209 | 205 | 203 | 207, 200 | 194 | 193 | 104
Cemert 200 | sos | as | s | 170 | 247 | am | 412
Fiy ach ozl =] -] ol ] ow]| u] @] w
Stone 1065 | 1000 | 1110 | 1120 1085 { 1119 Fouso | e
Sand 970 | mea | 780 7 o oe5 § @ I w0 | 7o
Water 206 | 200 } 100 | w03 193 | 188 185 | 188
Cemant 196 | 288 | 378 | 4 195 107 | 2 | s i
Fly ash 5 10 15 ] 20 | 25 a0 58 ) 85 { 111 ] 141
Stone 1070 | 1088 | 1118 | 1128 o | tia0 [ 180 | 1180
Sand os2 | sa2 | 797 | end sso | o4 | aos | eos
Water 203 | 198 | 198 | 198 | 18] 1721 178 | 178
Cement 188 | 287 | 353 | 448 ga | 134 | 178 | 224
Fiyash t0 20 - 30| so] sof | 93| 1ma| 178 | 2
Stone 1076 | 1ioo | 1120 | 110 135 | 1160 | 180 | 1190
Sand os6 | =65 | 500 | ey o7a | so0 | 708 | e

= A S
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Table 8.2a

Elastic modulus using PPC Jupiter cement

E % 28 day elastic modulus ;
fly | (GPa) at cement/water ratio j

C/W
1,0

Table 8.2b

Elastic modulus using BC Lichtenburg cemert

% 28 gay elastic modulus
fy { (GPa) at cementwater ratio

ash I dw | cw [cw] cw
1,0 1,b 20 2,5

t] 245 | 33,5 [ 420 44,5

5 - 255 | 34,5 | 420 44,5

10 245 | 340 | 41,5 | 445

15 26,0 | 37,0 | 420 [ 43,5

3071 23,0 | 325 | 380 425
|

50 || 165 | 260 | 325 37,0

by
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Table 8.2¢

Elastic modulus using Anglo-Alpha Roodepoott cement

% 28 day elastic modulus

fly (GPa) at cement/water ratio

ash t ow10 | owlow] ow

- 15|20 25
25,0 350|400 | 425

5 - 3501 39,0

10 - 330{400]| -

15 - 3401370 - 1

30 - 31,5{360] -

50 175 | 2501330 -

Table 8.2d

Elastic modulus using PPC Factory blended or interground cements

8.20

% 28 day elastic modulus
Type | fly | (GPa) at cementAwater
ash ratio
cw | cw | cw | o
101 15 | 20 | 25
Blend | 5 | 260 | 28,0 | 425 | 455
Blend | 16 | 25,0 | 340 | 41,56 | 465
Grind 5 1265 | 37,5 | 425 | 45,0
CGrind | 156 | 26,5 | 35,5 | 40,0 | 47,5
R =S




Table 8.20

Elastic modulus of OPC and fly ash concretes
Additional data from creep tests

Cement | Fly ash | Stone | 28d comp. | Elastic g\’
source | content | size strength | moduius
(%) | (mm) | (MPa) (GPa)
PECJup | O 1321 285 3370
PPC Jup 0 - 19,0 29,0 3542
PPC Jup 0 13,2 30,0 33,7
BC Licht 15 | 132 31,0 35,12
PPCup | 15 | 132 | 310 | 3285
Boticnt | 30 | 132 320 | 3668
ch Jup 0 13,2 30,0 | 3521
PPC Jup 30 | 132 275 36,43 ¢
Table 8.3a

Drying shrinkage of PPC Jupiter mortar specimens with and without fly ash. Mix
. proportions detailed in table 5.14a

% Drying shrinkage (%) at
fly cement/waler ratio
ash

ciw ciw ciw cw
1,0 1,5 2,0 2,5

o | o060 | 0,083 | 0,089 | 0,103
0,058 | 0,081 | 0,088 | 0,004
10 | 0,057 | 0077 | 0,082 | 0,002
15 | 0,059 | 0,075 | 0,083 | 0,089
! 30 | 0056 | 0,085 | 0.071 | 0,085 |
50 | 0,058 | 0,085 | 0072 | 0,080

8.21




Table 8.3b

Drying shrinkage of mortars shown in table 8.3a as a proportion of the mixing water
figures shown in table 5.14a

- -

% Drying shrinkage as proportion
fly of mixing water (%/100l) at
ash| . cement/water ratio

1,0 1,5 2,0 25 ¥

o | 0,019 | 0,027 | 0,029 | 0,082
0,019 | 0,027 | 0028 | 0030 | .
10 | 0,019 | 0,026 | 0,027 | 0,030
15 | 0,020 | 0,026 | 0,028 | 0,029
30 | 0,019 | 0,023 | 0,025 | 0,629
50 | 0,020 | 0,024 | 0,026 »o,ozaﬁ

TR

Table 8.3¢

Calculated drying shrinkage values for equivalent
compressive sirength mortar mixes from table 8.3b

adjusted using figure 7.1g
% | Chrca10MPa | Circa20 MPa | Circa 30 Mpa
ﬂ -
asyh C/W | shrinkage | C/W | shrinkage | C/W | shrinkage
{%/1001) (%/1001} (%/100})

o | 1000 oote |150| 0027 |200] o020
15 1108 0021 [165] 0028 |220] o028
a0 | 1,20 0021 |185| 0024 {243| 0027
50 | 151 | 0,024 225 | 0027 | - -

—t
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Table 8.4

Drying shrinkage resulis (%) for PPC Jupiter factory
blended or interground cemenis

Blend type Drying shrinkage at
cement/water ratio
ow | ow | ow | cw
1,0 1,5 | 20 | 25
5% blend | 0,034 | 0,038 | 0,039 | 0,044
5%grind | 0,039 | 0,040 | 0,042 | 0,044
15% blend | 0,032 | 0,038 { 0,040 | 0,042
15% grind | 0,087 | 0,043 | 0,043 | 0,043
Table 8.5a

Drying shrinkage of OPC and fly ash concretes {Series 1)

Cement | Cement ; Stone 28d Drying Age
source Blend size | compressive | shrinkage | tested
{mm) strength (%) (days)
(MPa)
PPC Jup OPC 13,2 2851 00357 | 202
PPC Jup | PC15FA | 13,2 31,0 | 0,0365 | 202
PPC Jup { PC30FA ] 13,2 32,0 0,0368 201
PPC Jup OPC 18,0 29.0 0.0317 201
BC Licht OPC 13,2 30,0 0,0408 202
BC Licht | PC1BFA | 13,2 31,0 0,0427 201
Note: specimans expos;ed after 28 day submergsd curing H
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Table 8.4

Drying shrinkage results (%) for PPC Jupiter f:actory
blended or intgrground cements

Drying shrinkage at

Blend type |
cement/water ratio

o/w oiw ciw cw

1,0 1,5 2,0 25
5% blend 0,034 | 0,039 | 0,039 | 0,044
5% grind 0,039 | 0,040 | 0,042 | 0,044
15% blend | 0,032 | 0,038 | 0,040 | 0,042
16% grind | 0,037 | 0,043 | 0,043 | 0,043 ).

Tabie 8.8a

3

Dryiﬁ@}?éhﬁrikage of OPC and fly ash concretes (Series 1)

oo ]
Cement | Cement { Stone 28d Drying Age
source Blend size | compressive | shrinkage | tested
{rmm) strength (%) (days)
_ {MPa)
PPC Jup | OPC 13,2 28,5 0,0357 | 202
PPC Jup | PC15FA ] 13,2 31,0 0,0365 | 202
PPC Jup | PC30FA § 13,2 32,0 0,0368 201
PPCJup | OPC 19,0 29,0 0,0317 | 201
BC Licht OPC 13,2 30,0 0,0408 | 202
i BC Licht PG15FAH_ 13,2 31,0 0,0427 | 201
aﬁme: specimens exposed after 28 day submerged curing
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Note:

Table 8,5b

Drying shrinkage of GPC and fly ash concretes (Series li)

Cement | Cement | Stone | Curing 28d Drying Age
source blend size | cordition | compressive | shrinkage | lested
{mm) strength (%) {days)

{(MPa)

PPC Jup' | OPC 13,2 sealed 30,0 00078 | 322

PPCJup | OPC 18,2 | exposed 28,0 0,0470 | 322
PPC Jup { PC30FA | 13,2 | sealed 27,5 10,0070 | 322

PPC gup | PC30FA | 13,2 | exposed 25,0 0,0440 | 322

Sealed specimens were cured submerged in water, then after the specimens were preparad for
{esting they were coated to prevent moisture loss, The exposad specimens wera removed from
the water ot about 2 days and exposed 1o the laboratory environmernt. No coating was provided
to these snecimens. in the case of ine exposed specimens the shrinkage values shown are from
the time t::8y were axposed to the laboratory environmeyit. In tha case of the sealed specimens
the shrinkage values are from the time of loading of the specimens; as the specimens werg
submerged p='or to this little shrinkage was likely.

Table 8.§
Concrete mix praportions 1sed in cresp specimens (kg/m®) (Matia fly Ash)

e
Mix Cement Stone | Flyash ew | Water) | OPC | Fyash | 132mm @mm | Sand
No. source giza {2%) ratio () {hg} stona {kg) stona {kg) {kg)
(rom)

1 PPC Jup 18,2 0 15 205 308 0 1000 0 884

2 | PPoaup 19 0 15 195 204 ' 238 944 43

3 BC Licht 132 0 13 207 260 0 1080 0 921

4 PPC Jup 182 - 18 18 197 268 47 1100 0 &7a

5 BC Licht 13,2 15 14 198 228 29§ 1080 0 88

& PPC Jup 13,2 30 17 189 225 96 1115 0 817

o IR O i f—rr
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