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Preface

Concrete production processes, particularly the mixing stage and
the behaviour of ordinary or special mixes in their fresh state
are fundamental to the achievement of a cost-effective but
technically advanced concrete construction. To effect a genuine
technology transfer, the advances in quality of ordinary
concretes and properties of special concretes have to be matched
by appropriate developments in the construction process itself.

Last decade has seen a very large expansion in the range of
materials used in concrete construction, including many new high-
performance, special concretes and innovative concrete
construction methods. Practical trials showed that outstanding
properties which were observed in research laboratories were
obtainable in practice, however, the focus of the initial
research and technical development had been firmly on the
performance and properties of the final product, namely on the
strength, durability and other key characteristics of hardened
concrete.

The production process parameters and behaviour of the new high-
performance, special concretes when fresh often differ very
considerably from that of an ‘ordinary’ concrete. However, the
production methods used during the research stage were often
chosen arbitrarily and there was 1little practical guidance
available for those who attempted to use the new high-
performance, special <concretes in full-scale, commercial
projects. It soon began to be appreciated that the mixing
processes had to be adapted and correct properties of the
special concretes in their fresh state were the key quality
control indicators critical for a successful execution of the
construction process and a satisfactory performance of the
material in its hardened form. The shortage of an independent
guidance for design engineers, specifiers and contractors on a
selection of a technically appropriate mixing plant and on cost
effective construction based on the special, high performance
mixes began to be felt strongly by the industry. This led to an
establishment in 1992 of RILEM Committees TC 145-WSM on
Workability of Special Concrete Mixes and TC 150-ECM on
Efficiency of Concrete Mixes under chairmanships of Peter JM
Bartos and Harald Beitzel respectively. The Committee 145
concerned with workability aims to produce practical guidelines
for production of a range of special mixes while the Committee
150 will establish a comprehensive system for a rational
assessment of performance of concrete mixers.

This book contains papers selected for publication and
presentation at the International RILEM Conference on Production
Methods and Workability of Concrete held in Glasgow on 3-5th June
1996. The Conference represented the culmination of work of the
two RILEM Technical Committees and provided an international
forum for a discussion of the proposed guidance on production and



x Preface

properties of fresh concretes. It was strongly focused on
construction practice, offering a wealth of new information on
the latest innovations, from entirely new types of concrete
mixers, production and properties of many special concrete mixes
to new, practical tests for key properties of fresh concretes
such as those resistant to washout when placed underwater.

The organisation of this event relied heavily on a small group
of dedicated and hard working staff of the University of Paisley.
The administration was managed efficiently by Mrs Carol
MacDonald, assisted by members of the Advanced Concrete
Technology Group. Editing of this volume was a difficult task and
I wish to thank my co-editors, Mr David Marrs (ACTG, Univ. of
Paisley) and Dr David Cleland (Department of Civil Engineering,
The Queen’s University, Belfast) for their personal time and
great effort without which the completion of the editing would
not have been possible in the short time available. I also wish
to thank Mrs Margaret Nochar for her untiring assistance with
reprocessing of many of the texts and Mr S. Ainslie of the EDU
of the University of Paisley for design and production of
imaginative conference documentation. Editorial advice provided
by Mr J.N. Clarke was very helpful.

Members of the RILEM TC 145-WSM and 150-ECM were involved in the
selection and refereeing of the papers proposed and their
assistance 1is very appreciated. Chairmen of Working Groups,
namely Dr F. de Larrard (HSC), Prof C.D. Johnston (Fibre
Concrete), Dr D. Beaupré (Sprayed Concrete), Mr. K. Juvas (Dry
Mixes) and Mr O. Petersson (Flowing Concrete) made particularly
valuable contributions. Prof. Dr-Ing Harald Beitzel and Mr. Y.
Charonnat coordinated the contributions on concrete mixers and
their assessment on behalf of the TC 150-ECM.

The RILEM conference coincided with Concrete Scotland 1996, an
exhibition organised at the same venue by the Scottish Region of
the UK Concrete Society, represented by Mr Andrew Sutherland. The
technical co-sponsorship of the event by the UK Concrete Society
and The International American Concrete Institute in addition to
the RILEM itself was very valuable. Finally, it was the financial
backing of the conference by the University of Paisley which made
it possible to stage this event and which 1is gratefully
acknowledged.

Peter JM Bartos
Chairman of RILEM TC 145-WSM
Conference Director
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1 EFFICIENCY OF CONCRETE
MIXERS

Y. CHARONNAT

Laboratoire Central des Ponts et Chaussées, Nantes, France

Abstract

A RILEM technical commission has been working for a few years to define the effi-
ciency of concrete mixers. The commission is preparing a document which, it is ex-
pected, will become an international recommendation. This article describes the tech-
nical information that will constitute the recommendation.

The first part concerns definitions of the terms that characterise mixing: mode and
principle. It is completed by a description of the parts of the mixer: container, pad-
dles, discharge system, etc. This information should contribute to better understanding
between the various parties to both economic and technical exchanges.

The second part defines the mixing cycle. In particular, it is stated what should be
counted as mixing time. While highly conventional, this mixing time is of very great
technical importance for the throughput of concrete mixing plant.

The third part describes qualification procedures and, in particular, fixes the pa-
rameters used to characterise a mixer, the testing conditions, and the performance cri-
teria. Mixer efficiency is judged according to three performance levels: ordinary mix-
ers, performance mixers, and high performance mixers.

Keywords: Qualification, mixer, homogeneous, concrete, RILEM, efficiency, mixing
cycle.

Avertissement

Les informations 4 I’origine de cet article, proviennent des travaux de la commission
technique de la RILEM - TC 150 - Efficiency of concrete mixers. Ce comité est
présidé par le Professeur Dr Ing Beitzel de 'université de Trier (Allemagne). A ce
comité participent également MM le Professeur Bartos de 'université¢ de Paisley
(Grande Bretagne), le Professeur Legrand de l'université de Toulouse (France),
Nebuloni de Milan (Italie), Pertersson de Stockohlm (Suéde), Sikuler de Haifa

Production Methods and Workability of Concrete. Edited by P.J.M. Bartos, D L. Marrs and D.J. Cleland.
Published in 1996 by E & FN Spon, 2—6 Boundary Row, London SE1 8HN. ISBN 0 419 22070 4.
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(Isragél) Steiner de Widdegg (Suisse) et Charonnat de Nantes (France) qui en assure
le secrétariat technique.

1 Introduction

Le malaxeur est I’élément essentiel d’une centrale a béton. Malgré cela et bien que
beaucoup d’études aient été menées dans les différents pays et par les différents
constructeurs pour mieux connaitre ce matériel, aucune régle incontestée n’est publiée
sur leurs conditions d’emploi et sur les résultats qu’on peut en attendre. La RILEM,
en créant ce groupe, a voulu combler cette lacune. Le premier travail fut de
rassembler les travaux faits dans les différents pays afin d’établir un lexique des termes
utilisés pour décrire les malaxeurs. C’est I’objet de la premiére partie de cet article.
Nous avons ensuite défini ce qu’était le cycle de malaxage. Sous ce vocable anodin se
cache en fait un élément important qui régit trés souvent les relations contractuelles
entre I'acheteur et le vendeur du malaxeur ou entre le fabricant et Iutilisateur du
béton fabriqué. Ce sera la deuxiéme partie de cet article. Enfin il fallait définir
comment apprécier I'efficacité du malaxeur pour produire un béton de qualité. Le
comité a donc défini les paramétres caractérisant le malaxeur, choisi les essais les plus
discriminants pour faire la différence entre deux malaxeurs, déterminer les criteres
d’appréciation des malaxeurs et enfin préciser les conditions d’application. Ce sera
I’objet des trois parties qui suivent. A Iissue de ce travail, chaque centre d’essais
accrédité sera en mesure d’estimer les performances des malaxeurs et de les qualifier
dans la classe d’efficacité correspondante.

2 Terminologie

Avant de rentrer dans le détail des éléments de brassage, il était important de
distinguer les différentes familles de malaxeur. En premier lieu il a été analysé le mode
de fabrication du béton. Il existe deux modes de fabrication du béton : le mode
continu et le mode discontinu. Le premier est peu utilisé. En France par exemple ce
mode de fabrication continu est essentiellement utilisé pour la production du béton
des chaussées en béton de ciment. On congoit bien que ce mode de fabrication
convient principalement aux productions d’un béton de composition constante a fort
débit, pendant de longues périodes. C’est le cas de la route mais également des
barrages ou de grands ouvrages construit a partir d’un méme béton. C’est la
fabrication en discontinu, c’est a dire la fabrication par gachée, qui est la plus utilisée
dans tous les pays.

Un deuxiéme élément important, ¢’est le principe de fabrication. Longtemps en France
on a séparé¢ le malaxeurs de la bétonniere, ces derniéres ayant toujours été sous
considérées vis a vis de la qualité du béton. De nombreux essais réalisés ont montré
que bien utilisées, comme il en est de tout matériel, ces bétonniéres étaient capables
de produire des bétons satisfaisant aux besoins. Dans cet article nous ne ferons donc
pas de différence entre les termes bétonniére et malaxeur. Nous n’avons donc pas
retenu ces termes comme qualifiant une famille de malaxeur et nous nous sommes
orientés vers les principes de malaxage. Deux principes ont été retenus : les malaxeurs
qui travaillent a partir de mouvements relatifs, c’est le brassage forcé, et ceux qui
travaillent sans mouvement relatif, ce sont les premiéres bétonnicres dans lesquels le
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mélange se fait par relevage d’une partie du matériau suivi d’une chute dans la masse.
Le brassage forcé a d’abord été rencontré dans les malaxeurs puis progressivement
dans certaines bétonniéres.

Nous avons ensuite distingué la position de travail. Celle ci est définie par la position
de I’axe dans I’espace et nous avons retenu I’axe horizontal, ’axe vertical et 1’axe
incliné.

Enfin nous avons examiné la cuve du malaxeur, les outils de brassage et les dispositifs
de vidange. Le tableau 1 récapitule les termes utilisés pour ces différents éléments.

Tableau 1 ;: Terminologie des éléments de brassage et d’évacuation du béton. Dans un malaxeur
certains outils de brassage peuvent étre associés.

Eléments types existants caractéristiques
annulaire fixe
cylindrique fixe ou mobile
cuve auge uniquc ou double
tambour cylindrique, tronc conique ...
coquilles a ouvcrturc diamétrale
pales plcine, ajourée, peigne , & mouvement concentriquc ...
tourbillon grande vitcsse de rotation
outils planétaire mouvement ¢picycloidal
hélice continue ou discontinue
spirc périphérique ou intérieure
vibreur interne
trappe latérale, dec fond, basculante, coulissantc
basculement avec ou sans inversion du sens de rotation
vidange inversion du sens de rotation
goulottc basculantc
médiane malaxcur a coquilles

2 Le cycle de malaxage

Les études sur le malaxage montrent que le remplissage du malaxeur a un rdle trés
important dans 1’aptitude du malaxeur a produire un mélange homogéne. En
conséquence pour étudier Pefficacité d’un malaxeur il faut prendre en compte le
remplissage du malaxeur et le temps de malaxage. Bien que moins importante la
vidange du malaxeur peut étre a I’origine de dégradation de la qualité acquise dans la
cuve. Ces trois éléments forment le cycle de malaxage.

En général, c’est ce cycle qui détermine le debit de la centrale. Aussi cherche-t-on a le
rendre optimal pour améliorer les rendements de production.

2.1 Le remplissage de la cuve

Certaines regles de base sont bien connues pour se placer dans les meilleurs
conditions d’obtention d’un mélange homogene. Il y a les régles de conception et les
régles d’utilisation [1]. Pour la conception du malaxeur, il faut chercher 4 faire arriver
les matériaux solides dans la partie centrale de la cuve et éviter les angles dans
lesquels le matériau stagnera et ne sera pas repris par les outils de malaxage. Les
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produits liquides doivent par contre étre déversées en pluie sur toute la surface de la
cuve. Toutes les positions de travail (orientation de I’axe) ne sont pas concernées de
la méme maniére vis & vis du remplissage. Les constructeur le savent bien et
positionnent les goulottes d’entrée en conséquence. Les modifications de ces
dispositions, qui ne respecte pas les régles d’origine, entrainent souvent une perte
importante d’efficacité.

2.2 Le temps de malaxage

On distingue plusieurs moments pendant lequel se fait le mélange. La figure 2 décrit
un cycle théorique avec les différentes appellations. Le temps de malaxage est la durée
qui s’écoule entre la fin de Pintroduction du dernier constituant dans la cuve et le
début de vidange de cette cuve. Bien entendu dans la réalité les introductions des
solides et des liquides se superposent, ce qui peut changer le temps de prémalaxage.
Mais, méme dans ce cas, le temps de malaxage reste le méme.

2.3 La vidange

C’est par un excés d’énergie qu’on peut constater une perte d’homogénéité
(ségrégation). En conséquence on doit s’efforcer a maintenir un flot de matériau en
masse en ouvrant progressivement le dispositif de vidange.

ajouts { Y
constituants /— .
liquides vidange
l’ \
constituants ;
solides / temps de temps de )
{  prémalaxage malaxage
< La g’ >

Figure 2 Exemple d’un cycle de malaxage. En pratique les introductions des solides et des liquides
se chevauchent ce qui permet de réduire le temps de cycle et donc d’améliorer le rendement. Cela est
cependant souvent au détriment de I’efficacité du malaxeur.

3 Parametres et essais caracterisant I'efficacite d'un malaxeur

Un malaxeur est efficace s’il distribue tous les constituants de fagon homogeéne dans la
cuve sans favoriser I'un d’entre eux. Dans la qualification d’un malaxeur, il y a donc
lieu de caractériser les effets de cisaillement et de transport [2]et de vérifier qu’il ne
provoque pas de ségrégation du fait d’une énergie trop grande (tableau 2). Pour
effectuer ces mesures on réalise des prélévements de béton. Le volume de ces
prélévements a toujours été un sujet de discussions sans fins.

En effet le prélévement doit étre :

- suffisamment petit pour que les mesures soient discriminantes ;

- suffisamment grand pour que I’effet de découpe n’influence pas le résultat ;

- suffisamment grand pour que les volumes soumis aux mesures soit en rapport avec
la précision des essais.
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Quelques études [3], [4] ont été menées sur ce sujet mais elles n’ont pas abouti a fixer
des régles précises.

Les premiers paramétres retenus sont la teneur en eau et la teneur en éléments fins. Le
seuil des éléments fins a été pris égal & 0,25 mm. L’objectif est la détermination du
rapport E/C, rapport admis par tous les pays pour apprécier la durabilité d’un béton
courant. Le volume du prélévement dans lequel sont mesurés ces deux paramétres a
été fixé a 31 ce qui correspond approximativement 4 1,4 kg de apte. Vis a vis du
malaxage on mesure la capacité du malaxeur a défloculer les éléments fins. On teste
ainsi la fonction cisaillement du malaxeur. Le nombre de prélévement est fixé a 15
pour les malaxeurs dont le volume nominal est inférieur ou égal a 1,5 m®.

Les paramétres suivants concernent la distribution granulaire du béton. Trois
coupures sont retenues : 0,25 mm ; D/2 et D. Le volume des prélévements est de 6 ou
8 1 de béton. Vis a vis du malaxage on mesure la capacité du malaxeur & répartir
indifféremment les éléments fins et les plus gros. On teste ainsi la fonction distribution
du malaxeur.

Enfin le dernier paramétre concerne la teneur en air occlus (en absence de produit
entraineur d’air).Le volume du prélévement est de 6 ou 8 | de béton. Le nombre de
prélévement a été fixé 4 9. Par cet essai on apprécie également les facultés du
malaxeur & cisailler le matériau.

Tableau 2 Ensemble des paramétres et des essais destinés a caractériser les malaxeurs.

Paramétres essais prélévements
volume nombre
{cneur en cau séchage 31 jusqua 1,5 m*: 15
tencur cn éléments > 0,25 mm tamisage au dela 15 + 2(Cap - 1,5)
distribution granulaire tamisage 6as8l jusqu'a 1,5m’: 15
0,25 mm, D/2, D au dela 15 +2(Cap - 1,5)
teneur en air occlus essai normalis¢ 6as8l 9

4 Criteres de qualification des malaxeurs et niveaux de performance

Il a été retenu quatre critéres de qualification qui correspondent a des propriétés
particuliéres du béton, propriétés recherchées dans les ouvrages. Pour chaque critére
trois seuils ont été fixés (tableau 3). Ces seuils sont exprimés par référence au
coefficient de variation (rapport de I’écart type a la moyenne) et pour la teneur en air
la moyenne. Ces seuils (valeurs maximales a respecter) détermine trois niveaux de
performances pour les malaxeurs :

- malaxeur ordinaire (OM) ;
- malaxeur performants (PM) ;
- malaxeur trés performants (HPM).

Le premier critére est le rapport E/F qui caractérise la durabilit¢ du béton (F étant
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assimilée a la quantité de ciment). Les trois seuils retenus sont 6%, 5% et 3 %.

Le second critére est la quantité d’éléments fins (> 0,25 mm). Elle figure la
distribution du ciment dans la masse du béton. Les seuils retenus sont également 6%,
5% et 3 %.

Le troisiéme critére est la quantité du plus gros granulat (compris entre D/2 et D). Ce
critére indique s’il y a ou non ségrégation. Les seuils sont 20%, 15% et 10%.

Le quatriéme critére est la teneur en air occlus. Pour les OM il n’a pas été retenu de
seuil. Pour les PM et les HPM il a été retenu pour la moyenne respectivement 2% et
1% et pour I’écart type 1% et 0,5%.

Tableau 3 Niveaux de performance des malaxeurs ct seuils a respecter.

Critéres Niveaux de performances
oM PM HPM
E/F avec F < 0,25 mm s/m < 6% s/m < 5% s/m < 3%
teneuren F  avec F < 0,25 mm s/m < 6% s/m < 5% s/m < 3%
teneur en D/2 - D s/im<20% s/m<15% s/m<10%
- m<2% m<1%

teneur en air

- s<1% $<0,5%

§ Conditions d'application

Le comité technique a proposé différentes régles pour réaliser cette qualification des
malaxeurs

5.1 Volume de la gichée pris en compte

Compte tenu que c’est I'ensemble de la gichée qui plus tard ira dans ’ouvrage c’est
toute la gichée qui doit étre examinée. Cependant il a €té admis que les début et fin de
géichée devaient étre traités différemment.

La gichée est divisée en trois parties début (les cent premiers litres), milieu et fin (les
cent derniers litres). Sur le milieu on réalise les prélévements prévus dans le tableau 2.
Sur les parties début et fin on préléve trois échantillons sur lesquels on réalise tous les
essais prévus au tableau 2.

Une gichée sera réputée satisfaisante si :

- la population des résultats d’essais est gaussienne au seuil de confiance de 95%

- les moyennes des résultats d’essais effectués sur le début et sur la fin de la gichée
ne s’¢loigne pas de plus de écarts types de la valeur moyenne des résultats
d’essais effectués sur la partie centrale. " écart type pris en référence pour I’essai
concerné est celui calculé sur les résultats de la partie centrale.



Efficiency of concrete mixers 9

Si ces deux conditions sont respectées pour chacun des essais, alors on analysera les
résultats des essais effectués sur la partie centrale, conformément aux indications du
tableau 2.

5.2 Prise en compte du volume du malaxeur

Comme il est indiqué dans le tableau 2 une distinction est faite pour les malaxeurs de
plus de 1,5 m*. Le nombre de prélévement dans la partie centrale est supérieur en
fonction de la capacité du malaxeur. Ainsi pour un malaxeur de 3 m* le nombre
d’essais passe de 15 2 18.

1l a été également examiné le cas des petits malaxeurs qui sont le plus souvent utilisés
dans les laboratoires. La limite a été fixée 4 375 | de béton en place. Dans ce cas les
prélévements sont d’un volume inférieur respectivement 1 1 au lieu de 3 et 51 au lieu
de 8. Enfin les extrémités ne seront plus distinguées, les prélévements seront réalisés
aléatoirement sur toute la gichée.

5.3 Quels bétons tester ?

Comme les malaxeurs sont quelquefois étudiés pour des bétons particuliers, il était
nécessaire de choisir des bétons représentatifs des fabrications courantes. La
différenciation de ces bétons est faite par la dimension D des granulats et par la
consistance du béton.

11 a été retenu deux granulométries et quatre consistances.

A partir de ces possibilités on considére couvrir I’ensemble des fabrications de béton
existant sur le marché. Les bétons manufacturés sont représentés par le béton de
caractéristiques D compris entre 8 et 10 mm et avec un affaissement compris entre 0
et 3 cm. Les bétons de chaussées ou de barriéres de sécurité sont représentés par le
béton de granulométrie comprise entre 20 et 32 mm avec un affaissement de 3 a4 5 cm.
Les bétons courants de bitiment ou d’ouvrage d’art sont représentés par le béton de
granulométrie comprise entre 20 et 32 mm avec un affaissement de 10 a 12 cm. Enfin
les bétons fluidifiés sont représentés par le béton de granulométrie comprise entre 20
et 32 mm avec un affaissement supérieur a 18 cm.

Le tableau 4 récapitule les différentes possibilités. Bien entendu les combinaisons
autres peuvent étre également testées.

Tableau 4 Choix des bétons testés et exemples d’application.

Consistance Dimensions maximales des granulats
(affaisscment au cone) 8- 10 mm 20 - 30 mm
0-3cm bétons manufacturés pistes d’aéroport
3-5cm bétons de sable chaussées, barriéres
10-12cm bétons fins ouvrages courants

> 18 cm bétons fluidifiés
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6 Mise en place de la qualification

A partir de ce canevas les constructeurs de malaxeurs seront en mesure de faire
reconnaitre officiellement les performances des matériels qu’ils commercialisent. Bien
entendu ce sera a ces constructeurs qu’il reviendra de fixer les parametres suivants :

- Cycle de malaxage (ordre d’introduction des constituants et débit pour chacun
d’eux) ;

- temps de malaxage (compté comme indiqué au paragraphe 2.2) ;

- choix des bétons a tester.

7 Conclusion

La comnaissance des performances d’un béton commence par la connaissance des pro-
priétés, des constituants et par la connaissance des matériels utilisés pour le fabriquer.
Dans le domaine de la fabrication du béton deux postes sont importants: le dosage des
constituants et le malaxage du béton. Jusqu’a aujourd’hui il n’était pas possible de
donner les informations caractérisant la régularité de fabrication c’est a dire
I"homogénéité du mélange.

Avec la mise en place d’une qualification des malaxeurs le concepteur de I'ouvrage
pourra mieux prendre en compte les performances réelles du béton et concevoir les
ouvrages en conséquence. Cette qualification aidera également les constructeurs de
matériel en leur indiquant les points sur lesquels ils doivent progresser.

La qualité¢ d’un produit, ici le malaxeur, peut toujours étre améliorée quand on
connait ses caractéristiques réelles. Nous avons fait, avec la qualification des mal-
axeurs, un premier pas vers la qualité totale.
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2 DEVELOPMENT OF A NEW-TYPE
MIXER BASED ON A NEW MIXING
SYSTEM

K. MAEDA
Maeda Corporation, Tokyo, Japan

Abstract

This paper reports about the initial steps towards the design of a practical mixer based
on the new concept of kneading method. Not only the ordinary concrete, but materials
like core-blend and clay-blend which are not possible to mix by conventional methods,
can be mixed by the mixer developed from the new theory. The initial basic concept
proposed of forming the 2" layers has been advanced to form the 3%, 4" or even more,
where n is the numbers of kneading; which effectively reduces the time of mixing and
increases the uniformity of the mixed materials. It is also understood that other mate-
rials, e g. rocks abandoned at dam-sites, can also be used as aggregate in the concrete
with less possibilities of being broken up when mixing in the new-type mixer. This
study has suggested that the mixer is practicable for these materials with the enhance-
ment on its mechanical aspects.

Keywords: clay-blend, concrete, conventional mixer, core-blend, mixing, kneading,
new-type mixer, soft aggregates.

1 Introduction

In the previous paper [1], presented at the International RILEM Seminar, CBI Stock-
holm, May 8-9, 1995, the mixing process of the new-type mixer, including the results
obtained from the experiments using the prototype mixer and the bucket-roller

Production Methods and Workability of Concrete. Edited by P.J M. Bartos, D.L. Marrs and D.J. Cleland.
Published in 1996 by E & FN Spon, 2-6 Boundary Row, London SE1 8HN. ISBN 0 419 22070 4.
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type mixer, were reported. In this paper, different stages of the development of mixer
for practical use are reported.

With regard to the experimental results obtained from the new-type of mixing
method, the following points can be noted as characteristics of this new-type mixer:

1. For the ordinary concrete, the similar results can be obtained as those from a con-
ventional mixer, with kneading number of 10 [2].

Furthermore, the following materials which are not possible to be mixed in the
conventional mixer can be mixed properly in the new-type mixer [3]:

Combination of materials; with extremely different specific gravities.
Lean concrete; aggregates of which need to be finely coated.
Highly viscous materials.

B

It is already understood that the new-type mixer has a very good efficiency for
mixing the above-mentioned materials.

Since the application of this new mixing method is expected to be used in different
fields, this paper reports about the manufacture and the experimental results of the
mixer for mixing the core-blend of the rock-filled dam, the clay-blend and the concrete.

2 Reduction of the kneading numbers

Firstly, the basic concept of this mixer was based on the principle of the final mix con-
taining 2" layers of materials after lapping half of the materials to the other half and
kneading to its original thickness with the total kneading numbers of n. However, it
was desirable to reduce the total kneading numbers by forming the mixed materials in
3" 4" layers or even more. According to the results from the various types of tests
carried out, it was decided to roll the materials which consisted of two or more layers,
after each kneading.
In the experiment, the following two cases were investigated.

2.1 Different types of clay-like materials with high viscosity

It was found that due to their high cohesiveness, such materials were not splitting dur-
ing kneading and thus could be rolled into layers. However, rolling of the kneaded
materials was possible only with a combination of a belt conveyor and a fixed roller, as
shown in Fig. 1.

2.2 Soil-like materials of very low viscosity

In this case, rolled layer formation was not possible using the fixed roller, due to the
splitting of the materials. However, rolled layers were formed when placing the mate-
rials on a belt conveyor consisting of semi-circle, as shown in Fig. 2.
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Fig. 1 Belt conveyor and fixed roller
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Fig. 2 Belt conveyor forming semi-circle

2.3 Avoidance of loss of water for concrete-like materials

As in the two cases mentioned above, it was not necessary to consider the water loss
problem. However, sealing of the mixer was inevitably required to avoid the problem
of water loss in the case of kneading of concrete mixes. Thus, the circular type mixer,
as shown in Fig. 3, was designed and tested for kneading and lapping concrete materi-
als.

3 Characteristics of the mixers

3.1 Clay kneading mixer

In a pottery production factory, it is generally very important to mix the clays which
are taken from different sites with different colour and water content to produce the
suitable raw pottery material. In this case, the clay with a very high viscosity is needed
to avoid the problem of having different water content. For such clay, it is made pos-
sible to produce the roll with a correct combination of the roller’s diameter and its re-
volving speed. The trial machine, photo shown in Fig. 4, produced the rolled layer of
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Obstructive boar

Fig. 3 Roller-rotary (RR) mixer

Fig. 4 Photo of the trial mixer for kneading the clay

clay, photo shown in Fig. 5. It can be seen from Fig. 5 that the central part and the
external part of the layer are rolled in the form of 4" and 2" respectively. When this roll
is kneaded and rolled again, the central part and the external part are rolled in the form
of 2" and 4" respectively. Thus, by repeating this process the required number of times
uniformly mixed materials can be obtained.
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Fig. 5 Photo of the rolled clay

3.2 Mixer for core-blend materials

Since it was understood that the less viscous materials were impossible to be rolled by
the clay kneading mixer, it was decided to use the belt conveyor to overcome the
problem. However, it was very difficult to run the belt conveyor inside the mixer.
Thus, as shown in Fig. 6, by fixing its two sides and the exact central part, it was made
possible to run the belt forming a semi-circle shape. The shaft passing through the
central part should have the vital role to interrupt the materials and to form the rolls.
In reality, when carrying out this experiment in the machine, photo shown in Fig. 7, the
following phenomena were observed (note that the thickness of the kneaded materials
was kept equal to 50 cm in this case).

Firstly, the 50 cm-thick kneaded clay was mixed with sand and gravel. The mix
was then placed on the semi-circled belt conveyor and rolled, photo shown in Fig. 8. It
was found that the mix produced at least 3 layers or more, instead of only 2 layers with
an average diameter of 150 cm. It was considered initially that it could have been
kneaded with a thickness of about 50 cm, 100 cm being its original thickness. How-
ever in reality, when the belt’s movement was reversed, the rolled clay was just con-
gested with the belt at the lower part, due to the gravity effect, and thus as a result it

/

Belt supporter

SectionA-A

Fig. 6 Supporting method of the belt conveyor
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Fig. 8 Photo showing the kneading condition of core-blend in kneading mixer

was collapsed in the extent of 60 cm. In this case its thickness would have been only
30 ¢m after kneading. If the mix was kneaded with maintaining its thickness in the
scale of 30 cm each time, its efficiency would be decreased extremely and believed that
it was not suitable in practical use.

The next case was considered to ascertain the rolled mix to return to the same di-
ameter, i.e. 150 cm, even after reversing the operational direction. As shown in Fig. 9,
the gradient of the belt conveyor was adjusted to avoid the accumulation of the left
half portion of the rolled soil mix when reversing. It was judged that, due to the grav-
ity effect, the accumulation of the mix in the belt conveyor would be avoided with an
adjustment of gradient. However, the most suitable value of the gradient to be chosen
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Fig. 9 Gradient adjustment of the belt conveyor

is still under trial.

Now, the application of the principle was used to mix the core-materials, sampled
from the actual dam-site. In the actual site, three types of the core-materials, with the
proportion of 1:1:0.5, are mixed in the sequence of three different layers consecutively
until it reaches to the height of 10 m or so.

Then after about one year, these different layers are mixed together by cutting out
by a bulldozer and loading into a truck, which carries them to the actual dumping site
for placing. However, in this experiment, these three types of samples were originally
collected separately from the site, and placed in three sequence layers. The layer was
doubled and kneaded to its original thickness, i.e. in accordance to the principle of 2".

3.3 Test content
In order to determine the effect of the kneading numbers on the quality of core-
materials using the experimental mixer, the following experiment was carried out.

In order to make the blend of the core-materials, three types of materials, namely
BMD, BGD and BCL were taken from the Dam-site K. Materials were made in three
different layers, as shown in Fig. 10.

Samples were taken from the top, middle and bottom layers of the mix each after
kneading with the kneading numbers of 1, 3, 5 and 7. The grading test and water
content test of each sample were carried out to evaluate the effect of kneading num-
bers on the extent of the uniformity of materials.

B (o) layer ] top layer
middle layer — muddle layer
bottom layer L] bottom layer

( after kneading once) (after kneading twice)

Fig. 10 Kneading method of core-materials
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3.4 Test results and discussions

3.4.1 The variation on grading

The particle distribution of the materials, namely BMD, BGD and BCL, combined in
the proportion of 1:1:0.5, which was obtained from the calculations, is shown in Fig.
I'1. The change in the particle ranges with the kneading numbers is shown in Figs.
12(a)~(d). It can be seen from the figures that when increasing the numbers of knead-
ing from 1 to 3, 5 or more, the tendency for the uniformity on grading became more
visible.

The mix proportion of the materials taken from the top, middle and the bottom
layer, as calculated according to the theory, is shown in Fig. 13 and Table 1. When
increasing the kneading numbers, it can be understood that the mix proportion of each
layer goes on changing and finally the calculated mix proportion approaches a ratio to
BMD:BGD:BCL=1:1:0.5=0.4:0.4:0.2. As shown in Fig. 12, the experimental value
matches well with the theoretical value.

3.4.2 The change in grading index

The grading of the materials - represented by the indices as: (1) gravel content per-
centage; (2) sand content percentage; (3) the fine particle content percentage and (4)
the average particle diameter; and (5) water content ratio - were plotted separately
against the kneading numbers, as shown in Fig. 14, It can be observed that with in-
creasing the numbers of kneading, a fixed value can be obtained and this concludes the
uniformity of the materials with respect to any index.

100 | /I—I—I—I—I—W
9 [— ——BMD . ‘ N
80 — —=—BGD /74';5?' ‘ /l .
70 — —+—BCL //,' /

Z- 50 %

= 40 7‘

g 3 el ot

(ﬁ 50 / :
lg pE—
0.01 01 1 10 100

diameter(mm)

Fig. 11 Calculated particle distribution of three types of core-materials and their mix
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Table 1 Variation of the mix proportion of three types of materials
in three layers with kneading numbers

Layers Kneading BMD ratio BGD ratio BCL ratio
numbers

Top 1 0.100 0.600 0.300
3 0.325 0.450 0.225
5 0.381 0.413 0.206
7 0.400 0.400 0.200

Middle 1 0.500 0.200 0.300
3 0.425 0.350 0.225
5 0.406 0.388 0.206
7 0.400 0.400 0.200

Bottom 1 0.600 0.400 0.000
3 0.450 0.400 0.150
5 0413 0.400 0.188
7 0.400 0.400 0.200

4 RR-500 mixer
4.1 Development of the RR-mixer

4.1.1 Outline

With regard to the applicability of this new theory for concrete and other materials,
various experiments were carried out using a bucket-roller type experimental mixer
(BR-100). This experimental model mixer was manufactured to verify the applicability
of the proposed new mixing theory.
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4.1.2 Design and manufacture of the practical mixer

The development of such a mixer was carried out step by step by conducting different
experiments initially. In the designing process, various ideas were taken into consid-
eration. However, when it was very difficult to judge the performance of the main
parts from the drawings, models were manufactured and efficiency tests were carried
out. In the meantime, a small mixer was manufactured and its actual performance was
tested to verify the potential raised by this new theory.

The practical mixer has a typical circular shape. The internal parts of the mixer are
composed of a roller and a pair of drum sides which serve to knead and return the
materials respectively. The materials charged into the mixer are initially kneaded by
the roller and then by tilting the drum; the first half of the returned materials is lapped
into the other half. In order to confirm the process of kneading and lapping of the
materials, as mentioned, an experimental mixer of 100 litre capacity (RR-100) was
manufactured. The experimental mixing of concrete in this mixer raised some prob-
lems regarding the movement of the materials inside it.

These problems were considered to be due to the insufficient revolving speed of the
drum, and since it was mechanically unreasonable to increase its speed the improve-
ment work had to come from another standpoint.

The following points can be noted in the improved structure of the mixer, as shown
in Fig. 3.

1. To increase the tilting speed of the drum, its method of driving should be modified.

2. To prevent the materials from sliding due to the insufficient speed, a baffle board
should be fixed just near to the roller.

In order to ensure the lapping of the lifted material to the other half a movable
scraper should be installed.

(9%}

The improvements mentioned above solved the problems of the materi-
als’movement. The modified mixer has 8 jacks for the following purposes:

For tilting the drum 2 jacks
For running the arm 4 jacks
For running the scraper 2 jacks

Altogether 8 jacks were need to improve the operation of the mixer. With these
improvements, the results of experimental mixings were enhanced and finally the prac-
tical mixer of 0.5 m® was manufactured (Fig. 15). The photograph in Fig. 15 shows
the completed version of the practical mixer (RR-500). In this mixer the required
movement of materials was made possible with the adjustment of 3 jacks, two for the
scraper and one for the arm inside the mixer.

4.2 Experimental application of the practical mixer to concrete containing soft
rocks as aggregates

The quality of the aggregates on dam site in Japan is chosen according to standard.
The quality of the abandoned aggregates ranges from a top soil to just a little short of
the standard quality. From the viewpoint of dam’s rationalisation and of the environ-
mental safety an investigation on the use of these sub-standard aggregates for the dam
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Fig. 15 Photo of RR-500 mixer

concrete has been started. To this aim a series of tests is necessary to be carried out
before reaching the goal for the production of aggregates, supply system, testing and
mix design method for aggregates, mixing method, casting method as well as the de-
sign method of dam itself.

For the production of concrete, i.e. the concrete mixing technique, it is important
to establish such a mixing method, including mixer itself, in which the soft aggregates
when mixed in the concrete would not be damaged so that the quality of the resulting
concrete would not change greatly. Since the recently developed RR-500 mixer does
not contain any rotating shaft and blades, as in a conventional mixer, it is thought that
the probability of damage to the soft aggregates when mixing would be less than that
in the conventional one. As a result, a better quality concrete would be obtained.
With this consideration, a series of experiments using soft aggregates was planned to
be carried out for a comparison study between the types of mixers. This paper de-
scribes only the initial part of this project.

4.2.2 Concrete mix proportion and aggregates

For using the abandoned rocks as the aggregates, as mentioned above, a series of in-
vestigations is needed to be carried out, from a design method to the construction
method. Since the mix proportions of the concrete, designed according to the quality
of the aggregates used, might be altered in the actual site conditions, a standard mix
design could not be fixed. Therefore, two basic concrete mix proportions, with differ-
ent slump values, were selected for the tests. Table 2 gives the details of the two dif-
ferent concrete mixes.

Three types of aggregates with their grain size ranging from 5~13 mm, 13~20 mm
and 40~80 mm respectively were used for this experiment. The third type of aggre-
gates were soft rocks taken from the dam site. The other two were aggregates used
more for ordinary concrete. Furthermore, the purpose of making the grading gap, as
from 20 mm to 40 mm, was to evaluate effectively the damage to the soft aggregates.
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Table 2 Concrete mix proportion

Slump Air W/C S/a Unit Content (kg/m") Chemical
admixture

(em) (%) () (B W C S G G G (SP-8N)

12 45 43.0 462 162 377 819 300 404 269 3.02

4 4.5 43.0 455 151 351 829 298 429 286 2.81

Note: G;.(5~13 mm), Go: (13~20 mm), Gy: (40~80 mm)

The abandoned aggregates (weathered granodiorite) taken from the dam site K
were found to have small cracks inside them following a simple visual check.

4.2.3 Experimental method

The main purpose of this experiment was to compare the efficiency of the RR-500
mixer with a normal double-axis mixer for mixing the concrete containing soft aggre-
gates. By mixing the same amount of concrete mix in both mixers, the damage to the
soft aggregates was studied and the applicability of the new-type mixer for such a type
of concrete was investigated. The mixing methods used in both mixers, double-axis
and RR-500, are described below.

In the case of a double-axis mixer the concrete constituents, except soft aggregates,
were charged first and mixed. After confirming the workability of concrete by a visual
check weighed soft aggregates were then charged into the mixer and mixed again for
45 seconds. Then a decantation test for all the soft aggregates was carried out and the
weight of the soft aggregates (>40 mm) was measured.

In the case of the RR-500 mixer the concrete was mixed in the same manner in the
double-axis mixer. After a visual check the concrete was poured into the RR-500
mixer together with the soft aggregates. Then the mix was kneaded with a kneading
number of 9 and the weight of all the soft aggregates was determined by the decanta-
tion test.

Note that the volume of the mix was fixed as 0.5 m® for both cases.

4.3 Results of experiments
The damage to the soft aggregates mixed by the double-axis forced-action type mixer
and the RR-500 mixer are shown in Table 3.

Here, the loss amount of the soft aggregates can be defined as the amount of the
soft aggregates broken during the mixing.

For 12 em-slump concrete, the percentage loss of soft aggregates was 9.7% when
mixed in the double-axis mixer, whereas it was 6.5% in the case of the RR-500 mixer.
Similarly, with the mix of 4 cm slump, the values were found to be 7.1% and 5.6% in
the double-axis and RR-500 mixer, respectively.

4.4 Study of the result

The damage to the soft aggregates, in the case of the concrete with both wet and stiff
consistency was found less when mixing in the RR-500 mixer, which used the new
theory of mixing, than in the conventional mixer. However, since this result represents
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Table 3 Damage caused to soft aggregates

12 cm-slump concrete

Type of Weight of soft aggregates (kg) Loss in Loss in

mixer Before mixing  After mixing weight (kg) percentage (%)
Double-axis 150.0 1355 14.5 9.7

RR-500 150.0 140.2 9.8 6.5

4 cm-slump concrete

Type of Weight of soft aggregates (kg) Loss in Loss in

mixer Before mixing  After mixing weight (kg) percentage (%)
Double-axis 148.8 136.3 10.5 7.1

RR-500 148.5 140.2 83 56

only one particular case, other factors such as the range of the concrete mix and the
quality of the soft aggregates, etc. will have to be taken into consideration before
reaching a much more general conclusion about the applicability of this new mixing
system for such low-quality abandoned aggregates. Nevertheless, this recently carried
out experiment suggests a good potential for developing a practical new mixer using
the new theory which overcomes the problem of damaging the softer aggregates en-
countered in the conventional mixer.

5 Conclusion

From the various experiments carried out for the practicability of the new-type mixer,
the following points can be drawn:

1. The basic concept of forming the 2" layers can be advanced to 3", 4" or even more
layers, with n the kneading numbers in order to shorten the mixing time but still
producing a uniform mix.

2. The practicability of the new-type mixer has been verified for mixing the clay-blend
and core-blend materials.

3. Inthe case of using abandoned low quality soft rock for a dam-concrete, the appli-
cation of the new concept of mixing might lead to the development of an effective
practical mixer.

However, further modifications will have to be carried out to improve new mixers,
particularly concerning the enhancement of their mechanical aspects. It is expected
that this continuing study will widen the applicability of these new mixers to various
materials which are very difficult or not possible to be mixed efficiently by the conven-
tional methods.
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Abstract

Concrete can be regarded as a chain comprising three links: cement paste, aggregate,
and cement paste - aggregate interface. It has been found that microcracks occur at
the cement paste-aggregate interface before the concrete is subjected to loading. This
suggests that the bond is broken well below the ultimate load the concrete could
sustain. Thus in order to improve the strength of concrete, the deficiencies in the
cement paste-aggregate bond must be removed. Several methods were applied to
produce high strength and durable concrete that can withstand extreme conditions of
exposure while in service or during the period of construction. All these methods
included either some additives to the concrete or use of complicated techniques such
as vacuum processing, high-speed slurry mixing or revibrating. Despite the
advantages of these methods, they are not widely used as they involve at least one
additional step in the production of concrete, and hence increase the overall cost. The
present investigations confirm the advantages of applying the two-stage mixing
technique to improve the microsilica concrete with no extra cost. This was
demonstrated with the mixing time being reduced to two minutes. The results showed
improvement in the workability of the fresh concrete and overall improvement of the
compressive and indirect tensile strength at early and late age.

Keyword: Two-stage mixing technique, Microsilica concrete, Cement paste-
aggregate interface, Mixing, Workability, Compressive Strength, Indirect tensile
strength.
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1 Introduction

1.1 Cement paste - aggregate bond

The strength of the concrete depends on the strength of the paste, the strength of the
coarse aggregate, and the strength of the paste-aggregate interface which is the
weakest region of the concrete. The following phenomena that occur may explain this
weakness

A- Development of higher porosity than in the bulk matrix.

B- Formation of larger crystal particles of the hydration products.

C- Deposition of calcium hydroxide crystals with a preferential orientation on the
interface.

In general, bond failures occur before failure of either the paste or the
aggregate. Bond forces are partly due to Vander Waal's forces, however, the shape
and surface texture of the coarse aggregate are important, since there may be a
considerable amount of mechanical interlocking between the mortar and the coarse
aggregate. The bond region is weak because cracks invariably exist at the paste-
coarse aggregate interface, even for continuously mois-cured concrete and before the
application of any external load. These cracks are due to bleeding and segregation
and to volume changes of the cement paste during setting and hydration. When
ordinary curing takes place, which is accompanied by drying, the aggregate particles
tend to restrain shrinkage because of their higher elastic modulus. This induces shear
and tensile forces at the interface which increase with increasing particle size, and
which will cause additional cracking if they exceed the bond strength. Under load,
the difference in elastic moduli between the aggregate and the cement paste will lead
to still more cracking.

1.2  Factors affecting the cement paste-aggregate bond
Bond strength seems to depend on many of the same factors that control other types
of strength such as:

1.2.1 Water-cement ratio

The effect of the water-cement ratio on bond strength is similar to its effect on
compressive strength, l.e. decrease in water-cement ratio increases the paste
compressive strength as well as the strength of its bond to the aggregate. This effect
of the water-cement ratio can only be demonstrated on paste and rock specimens
because in concrete it affects both paste and bond strength. In any case, the fact that
the strength of ordinary concrete is determined mainly by the strength of the paste and
strength of its bond to the aggregate explains why the water-cement ratio is the most
important factor in determining concrete strength. Earlier investigations[1] showed
that for both mixing techniques (i.e. the two-stage mixing technique and the
conventional mixing technique), the minimum and maximum paste hardness decreases
with increasing water-cement ratio.

1.2.2 Segregation and bleeding

Segregation refers to a separation of the components of fresh concrete, resulting in a
non uniform mix. In general, this means some separation of the coarse aggregate
from the mortar. This separation can be of two type : either the settling of heavy
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particles to the bottom of the fresh concrete, or a separation of the coarse aggregate
from the body of the concrete. This is generally due to improper placing or vibration.

Although there are no quantitative tests for segregation, it can be seen quiet
clearly when it does occur. The factors that contribute to increased segregation have
been listed by Popovics[2]as follows :

1- Larger maximum particle size (over 25mm) and proportion of the large particles.
2- A high specific gravity of the coarse aggregate compared to that of the fine
aggregate.

3- A decreased amount of fines (sand or cement).

4- Changes in the particle shape away from smooth, well rounded particles to odd-
shaped, rough particles.

5- Mixes that are either too wet or too dry.

Bleeding may be defined as the appearance of water on the surface of concrete
after it has been consolidated but before it has set. Water, being the lightest
component, segregates from the rest of the mix, and thus bleeding is a special form
of segregation. This is the most common manifestation of bleeding, although the term
may also be used to described the draining of water out of the fresh mix.

1.2.3 Mixing techniques

The object of mixing is to coat the surface of all aggregate with cement paste, and to
blend all the ingredients of concrete into a uniform mass. There are many mixing
techniques already adopted to improve the strength and other affiliated properties of
concrete which can be summarised as follow :

A Revibration
On the basis of experimental results it appears that concrete can be successfully
revibrated up to about 4 hours from the time of mixing. Revibration at 1 to 2 hours
after placing was found to result in an increase in the 28-day compressive strength[3]
(An increase in strength of approximately 14% has been reported). In general, the
improvement in strength is more pronounced at earlier ages, and is greatest in
concrete liable to high bleeding since the trapped water 1s expelled on revibration.
It is also possible that some of the improvement in strength is due to a relief
of the plastic shrinkage stresses around aggregate particles.

B Vacuum processing

It is an extension of the water-cement ratio law, and is a mean of effecting
compaction and early hardening of freshly placed concrete by the utilization of
atmospheric pressure at 10 to 12 Ib/sq.in[4]. By using this method the 3-day strength
can be increased by 100% and the 5-day strength can be as high as the 28-days
strength of the same concrete not vacuum processed. The 28-days strength can be
increased by an average of 50% also the absorption of moisture can be reduced by up
to 30%, but the impermeability of the concrete may not be improved unless an air-
entraining agent is used and the process supplemented with vibration.

C High speed slurry mixing
The high speed slurry mixing process involves the advance preparation of a cement-
water mixture which is then blended with aggregate to produce concrete. Higher
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compressive strengths thus obtained are presumably attributed to more efficient
hydration of the cement resulting from the most intimate contact between cement
particles and water achieved in the vigorous blending of cement paste. Increases in
strength are reportedly[5] in the area of 10% from concrete mixtures with high water-
cement ratios. Maclnnis et al[6] found that this technique was not effective in
increasing the compressive strength at water-cement ratios in the range of 0.3 to 0.4,
and a combination of high speed slurry mixing plus revibration produced increases
which ranged from 3 to 9%.

D Vacuum mixing

Concrete mixed in a vacuum gives up most of the air contained in the mix, the
ingredients are mixed dry, water is added and the vacuum produced in a special
mixer. The mix is increased in unit weight by 6%[4], and the resulting concrete has
greater strength (10 to 15%), greater strength and impermeability than the ordinary
concrete.

E Two-stage mixing technique
Abram's water-cement ratio law has long dominated the strength of concrete.
However, using the two-stage mixing concrete which is also called "Sand
Enveloped with Cement" (SEC)[7], substantially higher strength concrete can be
obtained using the same water cement ratio and materials. Hayakawa and Itoh{8]
showed the premixing cement with sand and water of about 25% of the specified
weight of cement was effective in producing very low bleeding mortar. Concrete
produced by this method results in the aggregate surface being coated by the cement
paste of a lower water-cement ratio. They showed that mortar produced by this
mixing method has a 28-days compressive strength 5% higher than the ordinary
mortar. Since the strength of the cement paste-aggregate bond depends on the water-
cement ratio[9], such a technique would tend to increase the bond strength.
In the two-stage mixing technique, saturated surface dry sand is pre mixed
with water of only 0.25 of the weight of cement, in the first stage, for 30 seconds.
Cement and coarse aggregate are then added and mixed for 90 seconds. In the
second stage the remaining of the w/c ratio is added and mixed for further 60 seconds.
In the present study, the mixing technique procedures are kept as before but
the overall mixing time is reduced to only two minutes.

2 Mixing programme

Four types of mixes were examined. The first mix was the control mix which
consists of the normal concrete mix with 0.50 w/c ratio. Round natural limestone
aggregate with 20mm maximum size for the coarse aggregate and fine aggregate with
40% passing 600 sieve were used. The concrete ingredients were mixed by the
conventional method of mixing for two minutes. The second concrete was the two-stage
mixing concrete which consists of the same materials and proportion and mixed in two
stages. In the first stage the fine aggregate was mixed with portion of the mixing water
equal to 0.25 of the weight of the cement.Cement and coarse aggregate were then added and
mixed for 60 seconds. In the second stage the rest of the water was added and further mixed
for 30 seconds. The complete procedure would take the same mixing time as the control
concrete.
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The third mix was concrete with 10% of mucrosilica by the weight of cement, mixed
by the same procedures as the control mix. The fourth mix was the microsilica concrete
which was mixed according to the two-stage mixing technique. For each mix two slump tests
for workability were performed and the results were averaged. Six cubes and six cylinders
were cast for each mix and average compressive strength and indirect tensile strength of
three results were recorded at 3-days and 28-days.

3 Results and interpretations

Mix Ref. Slump Compressive Strength Indirect Tensile Strength
(mm) (N/mm?) (N/mm?)
3-days 28-days 3-days 28-days
& 200 385 260 375
Control ”;g o5 N o3es U240 N0 390 % Se(;
mix 70 18.5 40.0 250~ 380
SEC Mi 9 22,0 45.5 2.80 430
SE MIX 100 235 23 440 45 270 280 390 4.00
105 23.0 445 3.00 3.80
I"(I:’Z;"csr‘li“ 33 205 44.0 2.50 4.00
cte SO 220 21 425 43 270 260 420 4.00
s 215 42.0 2.60 3.90
SEC 50 " 475 2.80 470
Microsilica g5 255 25 PO 46 330 400 440 aso
concrete 45.5 2.90
%5 25.0 450

The results showed that the two-stage mixing procedures have resulted in a more
workable fresh concrete in terms of the slump test and an increase of early
compressive and indirect tensile strengths. There is an improvement of 21% at 3-days
and 15% at 28-days in the compressive strength. This is accompanied by 12%
increase at 3-days and 5% increase at 28-days in the indirect tensile strength. 10%
microsilica of the weight of cement was added to the rest of the ingredients for both
the conventional and the two-stage mixing concretes to study the effect of changing
the mixing technique on the microsilica concrete. The results showed continuous
improvement by applying the two-stage mixing technique. It indicated an increase of
19% of the compressive strength at early age and 7% increase at later age. There was
also an increase of 15% at early age and 12.5% at later age in the indirect tensile
strength. The workability of the fresh concrete was also improved.
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Bleeding is generally caused by the fact that as the aggregate particles settle within
the mass of fresh concrete, they are unable to hold all the mixing water. The upper
layer of the concrete may become rich in cement paste which has a water/cement ratio
that is too high. This leads to weakness, porosity and a lack of durability. Water
pockets may form under aggregate particles leaving weak zones in concrete and
reducing the bond. One reason of the improvement of the bond in the two-stage
mixing concrete can be attributed to the reduction of bleeding rate which was
demonstrated in the previous findings[1].

During the first stage of mixing, the aggregate is coated with a dense cement
paste which was confined with low water/cement ratio of 25% of the weight of the
cement. This dense shell cannot be easily washed away, even in the second stage of
mixing. This may be caused by the build up of some hydrostatic pressure in the paste
which enveloped the aggregate in this zone and reduce the bleeding. The result would
also enhance the hydration process and producing more gel/space ratio and reducing
the porosity in the bond. Evidence of more hydration products in the interfacial zone
of the two-stage mixing concrete in the form of silica gel , portlandite and ettringite
hydration was demonstrated by a previous research[10]. The coating of the aggregate
with low w/c ratio during the first stage would act as a ball bearing to the aggregate
in the mix and operate as a lubricant within the fresh concrete. This resulted in
improvement of the mobility 1.e. workability of the two-stage mixing concrete.

Tt can be also argued that the w/c ratio influences bond by affecting the amount
of void space at the interface, i.e. the lower the w/c ratio the smaller the amount of
void space presented in the interfacial film of the two-stage concrete specimen. The
large surface area in the fine voids of the two-stage mixing concrete would need a
greater quantity of energy to develop large well defined hexagonal portlandite crystals.

This is because at the first stage, the chemical hydration products around the
aggregate became saturated earlier than in the conventional concrete specimens due
to the precoating of the aggregate at this stage. It would lead to more filling of the
fine voids in the two-stage concrete specimen with more hydration products.
Although this will invite more investigations to study the porosity of the cement paste
aggregate interface for both mixing techniques.

4 Conclusions

1.In the present investigations the duration of the mix for both methods of mixing
technique was kept similar (i.e. two minutes). However, the two-stage mixing
technique showed improvement in workability, compressive and indirect tensile
strengths both at early and late age of hydration.

2.The same advantages of applying the two-stage mixing were shown when 10%
microsilica was added to the concrete.

3.The advantages of the two-stage mixing technique are related mainly to the
improvement of the cement paste-aggregate interface where more gel/space ratio was
produced in this zone and raised the overall strength of the resulting concrete.

4 The improvement of workability could be attributed to the effect of ball bearing
action of the paste between the aggregate particles which related to the build up of
some hydrostatic pressure in this zone during the first stage of mixing.
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Abstract

This paper introduces a new way of investigating the physico-chemical mechanisms
which can explain the increased compressive strength generated by the application of
a new mixing technique referred to as the "Sand Enveloped with Cement" (S.E.C.).
In particular, the paper demonstrates that the cause of strength increase is not due to a
mechanical effect of the densification of the paste-aggregate interface, but due to a
thermal activation of the cement hydration.

Keywords:  Mixing methods, S.E.C., experimental plans, cement paste aggregate
interface, short-term compressive strength.

1 Introduction

In 1980, HIGUCHI [1] described a new mixing method based on a double
introduction of mixing water (Fig. 1). Sand is first wetted with part of the mixing
water and is then mixed with cement and the rest of the mixing water. According to
HIGUCHI, the use of such mixing technique can result in increased short-term and
long-term compressive strength and a decrease in bleeding.

first introduction second introduction of water

f wat
N, @ @ S: Sand

$ 4 44 G e
®_ —V A b A A I Ad: Admixture
| | | M: Mixing

M, M,

Fig. 1. Description of the mixing technique called "Sand Enveloped with Cement", after
HIGUCHI [1]

TAMIMI {2] confirmed the effects of this mixing technique on compressive strength
and attempted to offer an explanation to the causes of such strength increase.

Production Methods and Workability of Concrete. Edited by P.J M. Bartos, D.L. Marrs and D.J. Cleland.
Published in 1996 by E & FN Spon, 2-6 Boundary Row, London SE1 8HN. ISBN 0 419 22070 4.
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TAMIMI [2] explained that by wetting sand surfaces, cement grains can "stick” to the
surface of the sand grains which generates a film having a relatively low water-
cement ratio around the sand particles. The formation of such shell induces an
increased compacity of cement particles around the sand grains. Thus, the interface
between cement paste and aggregate can be densified. According to FARRAN [3],
compressive strength is directly related to the density of such interface. The denser
the cement paste-aggregate interface is, the stronger the concrete is. POPE [4] adds
that the use of the S.E.C. mixing technique helps to avoid the formation of a thin film
of water around sand grains.

The above authors agree that the use of the S.E.C mixing method produces a
stronger concrete. They explain this phenomena with the modification of the spatial
distribution of cement grains around sand grains.

2 Objective

In order to study the cause of strength increase in S.E.C. mixing technique, an
experimental program was developped to first verify the effect of the technique on
compressive strength of mortars and concretes. The origin of the observed strength
increase was then investigated using the maturity concept in order to determine
whether the source of strength is mechanical or chemical in nature. The last part of
this study attempts to explain the mechanism of strength increase caused by the
S.E.C. mixing technique.

3 Experimental program

Materials

Aggregate are first dried in an oven at 100°C during 24 h. Afterwards, sand is mixed
with the amount of water needed to reach the desired level of humidity. The
humidity of coarse aggregate is maintained at 4% by mass. All aggregate are kept in
an air-s=aled bag till the time of use.

Mixing procedure

Aggregates are first mixed with cement during 30 sec. at low speed. Afterwards,
mixing water is added and mixed at low mixing speed during 30 sec. The mortar (or
concrete) is then mixed for 4 min. at high speed.

Curing conditions

Mortar is cast in 4 x 4 x 16 cm moulds and kept at 20°C at 95% relative humidity
until the time of testing.

Concrete is cast in 16 x 32 ¢cm cylinders. After 24 h of hydration, the samples are
removed from the moulds and kept in lime-saturated water at 20°C until the time of
testing. A total of 6 and 8 samples were used to determine the mean strengths for
mortar and concrete mixtures, respectively.

3.1 Confirmation of the effects of S.E.C. mixing technique on compressive
strength of mortar

The effect of sand humidity on 24-h and 28-d compressive strength of mortar was
investigated using a statistical experimental design approach (composite type). The
two considered variables were the humidity of sand (amount of water added to sand
in order to wet it) and the water-to-cement ratio. Table 1 summarises the
composition of the experimental plan and the obtained compressive strength of 12
tested mortars.
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Table I. Compositions of tested mortars

Batch Absolute Coded Absolute Coded fe24h f.28d
water-cement  water-cement sand sand (MPa) (MPa)
ratio ratio humidity humidity

1 0.45 -1 13.1 1 20.5 55.6
2 0.50 1 13.1 1 17.3 49.2
3 0.45 -1 39 -1 17.4 56.3
4 0.50 1 39 -1 12.1 50.1
5 0.475 0 8.5 0 19.2 55.1
6 0.475 0 8.5 0 18.7 54.4
7 0.44 -1.414 8.5 0 22.8 56.2
8 0.51 1414 8.5 0 16.8 542
9 0.475 0 15 1.414 15.5 55.1
10 0.475 0 2 -1.414 20.5 53.8
11 0.475 0 8.5 0 19.4 554
12 0.475 0 8,5 0 18.6 53.6

From the results of the experimental plan, mathematical models for compressive
strength at 24 h and 28 d were derived. These models are as follows:

y LW W (W)2+ (Wl)2 (W oW
g ay—Td ——Tdn |\ — a2V =5 | T a1 — "
coap A0 1 C C 11 C 2 C ( K cC C J

where :W = total amount of water in mortar,
C = total amount of cement in mortar,
W = amount of water added to the dried sand.

Results are presented as contour curves of measured strengths (Fig. 2).

By wetting the sand with some of the mixing water, the 24 h compressive strength
is shown to increase by approximately 40%. This optimum is reached when sand
humidity is approximately 12%. However, for 28 d compressive strength, the effect
of initial sand humidity on compressive strength is not significant.
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Fig. 2. Result for the models of 24-h and 28-d compressive strength

3.2 Confirmation of the effect of S.E.C. mixing technique on concrete properties
In the case of concrete, only the effect of sand humidity was investigated for concrete
with a constant water-cement ratio. The humidity levels of large aggregate was fixed
to 4%. The humidity levels of sand in reference concrete is fixed to 2%. Concrete

composition is presented in Table 2.

Table 2 Concrete composition

CPA Cement 400 kg/m?
Total Water 240 kg/m3
Dry Sand 600 kg/m?3
Dry Coarse Aggregate | 1050 kg/m3
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The external bleeding was measured using a concrete sample cast in a conical
mould with a central vertical tube. External bleed water at the surface is then
channelled through the tube down to a graduated cylinder to measure the cumulative
bleeding.

The evolution of bleeding as a function of sand humidity shows the effect of the
S.E.C. mixing technique: in wetting the sand, the kinetic of bleeding and total
amount of bleeding are modified (Fig. 3).
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Fig. 3. Evolution of bleeding of concrete as a function of time and sand humidity.

The evolution of compressive strength of concrete with 2 and 10% of sand
humidity was studied. At 24 h, 2 d, 7 d and 28 d of age, 8 samples were tested.
Results are summarised in Table 3.

Table 3. Result of compressive strength of concrete at 24 h, 2 d, 7d and 28 d

24 h 2d 7d 28d
Sand humidity (%) | 2 10 2 10 2 10 2 10
Mean strength 8.7 126 (165 (223 [40.1 [432 [553 |[56.1
(MPa)
Standard deviation | 0.42 (14)* 0.56 (14)* 0.49 (14)* 1.1 (14)*
Student test 4.7 5.2 4.2 0.64

(* degree of freedom)

The strength results indicate that the effect of sand humidity on compressive
strength is statistically significant until 7 days of hydration.

Based on these results and on mortar results, it appears that the effects of the
S.E.C. mixing technique are effective on short-term compressive strength only. This
observation confirms the results of TAMIMI [2]. Also, it seems that in the condition
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of this experiment there exists an optimum sand humidity. This value of the optimum
(10% of water per mass of sand) corresponding to the formation of a thin layer of
water around each sand grain. In fact, this film of water was shown by proton nuclear
magnetic resonance (N.M.R.) of water (Fig. 4). N.M.R. were carried out on wet sand
grains. These grains were wetted 24 h before analysis. Fig. 4 (calibration curve)
shows that the total exited water is approximately equal to the humidity value. This
means that the sand was well prepared for the study. This graph shows that up to 6%
humidity (% of water per mass of sand), the link between water and sand was due to
physical tensile forces, while beyond 6% humidity, the links were due to Van der
Walls forces, which are weaker than physical tensile ones so this is illustrated in Fig.
4 by the dramatic increase in the long time of relaxation.
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Fig. 4. Study of the link between water and sand as a function of sand humidity, using
proton N.M.R. of water

4 Evolution of compressive strength as a function of calorimetric heat
development

WIRQUIN (5] showed the advantages of studying the evolution of compressive
strength as a function of calorimetric heat development. The amount of generated
adiabatic heat is directly related to the degree of hydration of cement. So, the
representation '(Q) (with f'; refers to compressive strength and Q to adiabatic heat)
allows the comparison of compressive strength as a function of the amount of formed
hydrates.

This technique allows to distinguish the chemical effect of an activation of
hydration kinetic from the mechanical effect of the spatial arrangement of cement
grains.

4.1 Description of the method

- First, the evolution of temperature in two kinds of sample storage was recorded.
Samples were kept at 20°C, under the same condition as samples used to evaluate
compressive strength. The temperature evolution for a sample stored in a semi-
adiabatic content (Langavant bottle) was also recorded. Following some corrections,
it was possible to calculate the adiabatic heat evolution from the recorded
temperature.
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- Secondly, real time was transformed into equivalent time at 20°C for both
strength and heat evolution. This transformation was based on the maturity law
which allows to study the evolution of concrete characteristics taking into account the
thermal history [6, 7].

- Thirdly, from f'; (at equivalent time) and Q (at equivalent time), it was possible to
determine graphically the compressive strength as a function of the adiabatic heat.

4.2 Representation of f'(Q) in case of studied mortars and concrete

Fig. 5 shows the evolution of compressive strength as a function of calorimetric heat

development for concrete and mortar. In the Arrhénius function
f(@W)=Axe-(E/RxD()

mortar and concrete activation energies are expressed in terms of E/R or 5200 or

5000 J/Mol°C, respectively.

This figure shows that for concrete or mortar, the conclusion is the same. For a
given state of value of adiabatic heat, compressive strength is shown not to be
affected by mixing technique. This means that the mechanism increasing short-term
compressive strength is a chemical one and is related to the activation of the
hydration kinetic of cement.

Therefore, the effect explaining the variation of strength when using S.E.C.
mixing method, seems not to be a mechanical consequence of the spatial arrangement
of cement grains.
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Fig. 5. Representation f(Q) for mortar (E/R = 5200 J/Mol°C) and concrete (E/R = 5000
J/Mol°C) prepared by using S.E.C. mixing method and compared to reference prepared by
using a traditional mixing sequence
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If the hypothesis of the increase of the density of the cement-paste interface were
valid, an effect of mixing method on f(Q) representation should be observed. In fact,
for a given hydration state, if the interface is improved, the strength should increase.
Therefore, it is thought that the variations of short term strength is due to thermal
activation of the hydration kinetic of cement.

5 Attempted explanation of the mechanism of activation of hydration Kinetic in
concrete prepared using the S.E.C. mixing technique

Using scanning electromicroscope S.E.M. observations of polished fresh mortar
sample (Fig. 6), it was observed that S.E.C. mortar gets a special cement grain spatial
structure. The density of cement grains around sand grains is higher than in the case
of mortar prepared using a traditional mixing technique.
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Fig. 6. Back scattered S.E.M. views on fresh mortar. On top, traditional mortar, at bottom
mortar prepared using S.E.C. mixing method.

The use of the S.E.C. method seems to create a heterogeneous repartition of
cement grains and of water-cement ratio. One can suppose that the cement paste with
water-cement ratio (W/C) equal to 0.47, can be divided into two parts, one with
water-cement ratio (W2/Cs) equal to 0.35 (30% per volume of paste), and the other
with water-cement ratio (W1/Cy) equal to 0.53 (70% per volume of paste). Using this
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model, it was possible to study the evolution of temperature of different points of
each part by mixing to pastes with different water-to-cement ratio as described in
Fig. 7. This figure shows different points (T to Ts) where temperature evolution was
recorded. The ambient temperature (TEX) was maintained at 19°C.
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Fig. 7. Schematic representation of the model used to study temperature evolution of each
part.

The results of temperature evolution in Fig. 8§ show that the lower water-cement
ratio zone (equal to 0.35), can heat the higher water-cement ratio zone (equal to 0.53).
In effect, the temperature of the higher water-cement ratio zone was significantly
lower than the temperature of the lower water-cement ratio zone (up to 40% more).
This phenomenon can create a thermal activation of cement hydration and could
explain the increase of short-term compressive strength.
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Fig. 8. Evolution of temperature recorded at different points of the model shown on Fig. 7
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5 Conclusions

It appears that the S.E.C. method involves the formation of a shell of cement grains
around sand grains. The creation of this zone seems to generate a thermal activation
of hydration kinetic. This phenomenon could explain why the effect of the S.E.C.
method are not sensible for long-term compressive strength.
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S QUALITY CONTROL IN CONCRETE
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Abstract

Managing quality means doing everything known to be necessary to attain the intended
objective. In the mixing of concrete, the objective is to produce a homogeneous con-
crete and to guarantee this homogeneity each time a new batch of concrete is pro-
duced.

To attain this objective, it is first necessary to know the capabilities of the mixer.
For this purpose, the article proposes a qualification procedure with reference to the
recommendation of RILEM TC 150, “efficiency of concrete mixers”.

It is then necessary to determine the mixing cycle that yields the expected perform-
ance, with the aim of optimizing the mixing time and plant wear. This is the reason for
the initial test which is used to fix precise acceptable values for the various mixing pa-
rameters.

The evolution of homogenization in the course of the production cycle must then
be tracked:; this can be done by displaying the mixing energy.

The application of this concept, through the choice of a good mixer, a check of at-
tainment of the objective, and assurance of permanent monitoring of the mixing opera-
tion, serves to ensure the transparency of the mix production operations. It gives to
the customer the information he needs to accept his concrete with a minimum of risk.
This makes it possible to reduce the number of concrete inspection tests while still en-
suring that the concrete satisfies requirements reflecting the needs of the structure.
Keywords: Concrete, mixer, homogeneous, inspection, wattmeter, quality control,
mixing cycle, RILEM.
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1 Introduction

Maitriser la qualité, c'est prendre les mesures reconnues nécessaires pour atteindre
l'objectif visé¢. Dans le domaine du malaxage du béton, l'objectif est de fabriquer un
produit homogene et de garantir qu'on mettra tout en oeuvre pour atteindre en
permanence cette homogénéité. C’est en fait ’application de la norme EN ISO 9002
pour le malaxage du béton.

Cette définition implique que les mesures nécessaires pour atteindre I'homogénéité,
définies au démarrage des travaux, soient conservées tout au long de la fabrication.
Lorsqu'un fabricant de béton pratique la "maitrise de la qualité" et que, par des
informations non contestables, il prouve qu’il a mis tout en oeuvre pour atteindre son
objectif, alors il donne a son client l'assurance que le produit qui lui sera livré, répond
aux exigences. La garantie n'étant cependant pas absolue, le client doit pouvoir
effectuer des vérifications. Celles ci seront adaptées aux mesures prises par le fabricant,
modulées selon la quantité et la véracité des informations transmises.

La maitrise de la qualité sous-entend pour le fabricant de béton :

- I'utilisation de moyens performants |
- une rigueur tres stricte dans le traitement des anomalies ;
- I'information aussi compléte que possible du client.

Nous ne reviendrons pas dans cet article sur la définition de 'homogénéité du béton et
les régles de base a respecter pour sa mesure. IIs font I'objet d'autres articles [1] [2] et
de normes d'application [3]. Nous n'aborderons pas non plus les régles de lart
permettant de respecter les dosages et les tolérances [4], nous considérerons qu'elles
sont appliquées. L'objectif de cet article est d'examiner les moyens qui doivent étre mis
en oeuvre pour assurer & coup sir la qualité du malaxage, c'est a dire 'homogénéité du
béton et, pour un niveau de qualité équivalent, montrer ce qu'apporte l'application du
concept de la maitrise de la qualité au malaxage du béton.

2 L'homogénéité d'un béton

Le contrdle de l'homogénéité d'un béton est une opération longue et délicate c’est
pourquoi il est rarement réalisé. On préfére en général se reporter au contrdle des
performances du produit fabriqué.

Avec le développement des bétons hautes et trés hautes performances, cette pratique
n’est pas du tout réaliste car elle oblige a prendre des marges excessives compte tenu
des niveaux visés (§ 6). 11 faut donc en revenir a une prise en compte des moyens pour
les associer a la mesure des performances du béton. L’homogénéité sera alors évaluée
par les caractéristiques de distribution des constituants dans le mélange et par les
propriétés de ce mélange.

Beaucoup de paramétres peuvent agir sur l'homogénéité du béton [5]. Tous ces
paramétres sont indépendants (tableau 1) car, ils ne résultent pas des mémes
commandes ou des mémes organes mécaniques. En conséquence, on peut considérer
que les caractéristiques qui définissent 'homogénéité du béton et qui résultent des
valeurs prises par les paramétres cités, suivent des lois gaussiennes. Ces lois peuvent
étre caractérisées par les deux grandeurs que sont la moyenne et I'écart type. Les régles
qui régissent l'estimation de l'une et de l'autre impliquent un nombre d'essais trés
différent. Pour la moyenne on s'arréte le plus souvent a cing essais voire quelquefois
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Tableau 1 Paramétres maitrisables agissant sur ’homogénéité du béton. Ce tableau récapitule les
paramétres malaxage maitrisables par le conducteur de la centrale de fabrication du béton. Si le béton
est constitué de trois composants, il y a alors 8 paramétres qui peuvent étre considérés comme
indépendants. La distribution des propriétés caractérisant I’homogénéité est assimilable a une loi
gaussiennc.

phases du malaxage paramétres remarques
introduction des - moment d’origine pour chacun des constituants et en
constituants - débit d’incorporation rclation avec les autres
. - temps de malaxage pendant le remplissage et aprés

brassage des constituan i ; AR Tt .

assag onstituants - réglage des pales introduction jusqu’a la vidange

- usure du matéricl compléte

vidange du malaxeur - usure du matéricl vidange souvent incomplete

trois. Il n'en est pas de méme pour l'écart type pour lequel le nombre de 15 essais est
souvent jugé a la limite de la confiance qu'on peut lui accorder [6] [7].

L'analyse des causes de fluctuation des résultats montre que la valeur moyenne est en
priorité liée aux performances propres des constituants et a leur proportion dans le
mélange et relativement peu aux évolutions des paramétres de malaxage. Par contre
I'écart type est en priorité influencé par les évolutions des paramétres de malaxage et en
second lieu par les fluctuations des propriétés des constituants (tableau 2).

On comprend, & partir de ce tableau, tout I'intérét qu’il y a a maitriser les paramétres de
fabrication car ils assurent la régularité des performances du béton. Les niveaux atteints
restent principalement liés aux propriétés des constituants et a leur dosage.

Tableau 2 Priorité dans les paramétres influents pour Phomogénéité du béton. Cette description
permet de déterminer les parametres sur lesquels il faut agir si les résultats ne sont pas satisfaisants.

performances grandcurs paramétres fondamentaux autres paramétres

- classe du ciment

moyennc - quantité de ciment - temps de malaxage
résistance - quantité d'cau
- répartition du ciment - variation des
écart type - répartition de 1'eau performances

- ségrégation des gros granulats du ciment

moyenne - dosage en cau - temps de malaxage
consistance - quantité d'éléments fins
écart type - mode d’introduction de I’cau - répartition des ¢léments
- temps de malaxage fins

3 Les performances des malaxeurs

Connaitre l'outil utilisé pour le malaxage des constituants est le premier pas vers la
maitrise de la qualité. Aussi anachronique que cela puisse paraitre, le malaxeur est le
matériel le moins connu et le moins bien caractérisé de toute la chaine de production du
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béton. Ce point a été particuliérement bien mis en évidence avec le développement des
bétons hautes et trés hautes performances pour lesquels le meilleur cycle pour
homogeénéiser les fumées de silice par exemple, reste & découvrir pour chaque chantier.
Le malaxeur a pour réle de distribuer, par des actions mécaniques, les différents
constituants dans l'ensemble de la gichée. Cette distribution doit étre telle que la
probabilité de trouver un constituant particulier en un point quelconque du mélange, est
directement et uniquement fonction de la proportion de ce constituant dans le mélange
(71

Compte tenu que tout se fait dans le méme malaxeur, celui ci doit étre capable
d’assurer cette répartition pour tous les constituants solides ou liquides, grossiers ou
fins.

Or les études ont montré [8] qu'il ne faut pas la méme énergie pour homogénéiser les
gravillons, le sable, le ciment et l'eau, sans parler des adjuvants et des autres produits
comme les fibres ou les fumées de silice. En voulant favoriser la répartition de certains
des constituants, ciment notamment, on peut provoquer une ségrégation des autres par
un excés d’énergie par exemple. Il est donc impératif, a partir du moment ou tous les
constituants sont mélangés en méme temps et dans le méme malaxeur, de faire des
compromis afin que chaque distribution soit satisfaisante a défaut d'étre optimale. Ce
compromis n’est pas le méme pour tous les bétons. On constate en effet que certains
malaxeurs sont plus efficaces pour des mélanges secs ou des granulométries fines. il n’y
a donc pas de lois générales.

Le travail exercé par les outils de malaxage [2] dépend du mode de remplissage du
malaxeur [10]. Ce mode de remplissage doit étre optimisé pour chaque malaxeur. On
sait par exemple qu’'un malaxeur a axe horizontal est beaucoup plus sensible au
remplissage qu’un malaxeur a axe vertical et, en conséquence, nécessitera une analyse
plus poussée pour que les résultats sur le mélange soit satisfaisant. Ce mode
remplissage peut étre caractérisé par la position des goulottes d’entrée des différents
produits (position par rapport aux outils et angle d’inclinaison), par le moment ou les
produits entrent dans la cuve du malaxeur et par les débits de ces constituants. Le
meilleur exemple ou, plus précisément, le plus visible est le mode d’incorporation de
I’eau. La meilleure condition d’incorporation de I’eau est obtenue lorsque cette eau
arrive en pluie sur 'ensemble des constituants solides et aprés le début d’incorporation
de ceux ci. On a pu constater qu’un retard de I’arrivée d’eau de quelques secondes (8 s
dans 1’expérimentation menée) permettait d’obtenir une homogénéisation beaucoup
plus rapide (gain de débit du malaxeur supérieur a 20 %) que lorsque I’eau était
introduite en méme temps que les autres constituants. On reproduit ainst le malaxage a
sec des constituants solides ce qui a toujours été considéré comme bénéfique pour
I’homogénéité du mélange. Toutefois I’augmentation de I'usure des outils de malaxage
et de la cuve qui en découle, n’incite pas les producteurs a suivre cette régle.

Ces quelques régles, souvent empiriques, montrent que la fonction malaxage est mal
connue et qu’elle ne peut pas étre mise sous la forme d’une équation. En conséquence
on est toujours ramené a mesurer I’homogénéité du mélange & partir d’essais sur le
béton (distribution des constituants ou propriétés du béton).

Le TC 150 de la RILEM Efficiency of concrete mixers a travaillé pour définir quels
devaient étre les paramétres a évaluer pour juger de l'aptitude d'un malaxeur [2].

A partir des résultats obtenus on pourra apprécier les possibilités des malaxeurs pour
les différents types de béton en répétant les expériences pour différentes consistances et
pour différentes granularités du béton.
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4 Les essais initiaux

Malgré la connaissance que 'on a des malaxeurs et du fait essentiellement de I'absence
de modélisation des actions de malaxage, il n'est pas possible, pour une nouvelle
fabrication de béton, de prédire précisément le meilleur cycle de fabrication. Il est donc
nécessaire de vérifier que le cycle retenu permet d'obtenir les performances attendues
ou eventuellement d’affiner ce cycle au cas ou il ne satisferait pas totalement.

Les paramétres qu'il y a lieu de déterminer sont le mode d'incorporation des
constituants dans la cuve du malaxeur (moment et débit) et le temps de malaxage. A ce
stade on considére que le réglage des pales est déja réalisé et que celles ci sont en bon
ctat.

Tableau 3 Exemple de cycle de remplissage du malaxcur. Les paramétres & déterminer sont t, v, X, y
et z. Les valeurs prises sont primordiales pour la qualité du mélange et pour le débit du malaxeur. Ces
deux objectifs ne sont pas contradictoire.

constituants introduction dans la cuve commentaires

granulats 0 t (en secondes) les granulats tapissent la cuve

ciment X v le ciment tombe sur les granulats

eau v z I’eau est dispersée sur les constituants
adjuvant (v+h (z- les adjuvants sont incorporés dans I’cau

C’est pour fixer les conditions des essais que ’expérience est intéressante. Pour les
bétons traditionnels, on sait que le ciment doit étre légérement retardé par rapport aux
granulats. Un malaxage a sec est toujours bénéfique a ’efficacité du brassage, I’eau
sera donc retardée par rapport aux constituants solides. Enfin il est toujours préferable
d’incorporer les adjuvants avec I’eau. Le nombre de parametres a tester est trop
important pour qu’il soit retenu un plan d’expérience factoriel aussi on choisit au départ
des conditions particuliéres reconnues valables pour Defficacité du brassage des
constituants.

En pratique on commencera par tester le temps de malaxage. Avant de lancer la série
d’essais sur le mélange, I'inspection visuelle peut étre d’un grand secours. L’aspect du
béton dans la cuve lors de la fabrication et 1’aspect de la gachée de béton étalée sur le
sol, permet le plus souvent de nous guider pour savoir ou il est nécessaire d’intervenir.
Pour apprécier la qualité du malaxage et reconnaitre sa qualité on réalise une série
d’essais sur le mélange fabriqué.

Les essais retenus sont ceux qui peuvent étre pratiqués sur chantier et les résultats sont
immédiatement connus. Ces essais sont le plus souvent I’essai d’affaissement, la teneur
en air occlus et la granulométrie. Pour cette derniére caractéristique on ne retient qu’un
seul tamis qui devra étre celui qui caractérise le mieux la granularité¢ du béton. On
choisit le plus souvent le tamis de 5 mm et on compare les valeurs des refus. C’est en
effet sur cette classe que la teneur en eau aura le moins d’influence sur la précision du
résultat (on ne séche pas les granulats avant pesage).

Cette série d’essais est réalisée sur au moins trois prélévements, le nombre de
prélevement étant lié a la garantie recherchée.
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La norme [8] fixe les limites dans lesquelles les valeurs relatives a chaque paramétre
doivent étre comprises. Les essais sont répétés sur au moins trois gachées consécutives
afin de tester la reproductibilité du cycle de fabrication.

Dans le cas ou les résultats sont considérés comme satisfaisants alors le cycle de
fabrication, ordre et cadence d'introduction des différents constituants dans la cuve, et
le temps de malaxage deviennent les conditions a respecter pendant tout le chantier.

$ Suivi du malaxage

La méthode est ancienne [11] mais n'a pas connu aujourd'hui le développement qu'elle
méritait. Il s'agit du suivi de I’évolution de I'homogénéisation par le contrdle de
l'enregistrement de la puissance de malaxage (figure 1).

284 P (kW) Gachees

SRR
B
g o \
h M A Ny
é‘,ll I|| II\{II .

u i [ L
81 82 83 8. 85 86 87 88 83 90
n® gachée

Figure 1 ; Exemple d’enregistrement de la puissance de malaxage pour un lot de fabrication du
béton. La similitude des différents graphiques successifs est la preuve de la régularité de la fabrication
du béton

Avec le développement des moyens informatiques on est en mesure de rendre ce
matériel tout & fait opérationnel et de permettre son emploi pour suivre la fabrication,
rectifier en temps réel certaines anomalies et également pouvoir porter un jugement sur
la qualité de la production tout entiére et sur le fonctionnement du matériel. Il suffit
pour cela de fixer les limites dans lesquelles les courbes de malaxage doivent se trouver,
ces limites ayant été déterminées par les essais initiaux (§ 3).

Une étude trés poussée [13] a permis de montrer que la courbe de malaxage était
significative pour juger de la régularité du fonctionnement de I’automatisme de la
centrale et pour juger de la consistance du béton en sortie du malaxeur. On a ainsi une
preuve indiscutable du respect du cycle de fabrication du béton.

6 Apport de la maitresse de la qualité pour le malaxage des bétons

L’apport qui est demandé, quand on propose un nouveau systéme, est le plus souvent
la diminution immédiate des colts avant méme I’amélioration de la qualité. On oubli
ainsi que I'une et autre sont liées mais avec une mise en évidence plus tardive pour
I’économie financiére directe.

Dans notre ¢tude, nous proposons d’abord une amélioration de la qualité par
I'assurance de fourniture d’un produit conforme. Il n’y.aura pas de diminution des
colits de contrdle et plutét méme une augmentation. Toutefois ces contrdles seront
partagés (tableau 4) afin que ce soit celui qui utilise les résultats qui les réalise. C’est
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probablement ici que la premiére économie est réalisée : il n’y a plus de produits non
conformes dans 'ouvrage ce qui devrait diminuer les colts de réparation souvent
constatés par la suite. Le volume global des essais ne sera pas diminué¢ mais il sera plus
en rapport vec la confiance qu’on attribue aux résultats, ce qui n’était pas le cas
auparavant.

Une seconde économie concerne la prise en compte des performances réelles du
mélange. Lorsque seuls des contrdles de performances du béton sont réalisés, comme le
nombre d’échantillons ne peut pas étre trés élevé, on prend des marges importantes tant
sur la prise en compte des performances de ce produit que pour les dimensions des
ouvrages. Si cette procédure est acceptable pour les bétons courants, elle conduit, pour
les autres bétons, a des niveaux de performance excessivement élevés et, en
conséquence, devient de plus en plus colGteuse compte tenu de la progression des
résistances mécaniques demandées aux bétons.

Tableau 4 : Description des actions selon le mode de contrdle. L’efficacité du controle et donc la
qualité de I’ouvrage n’cst pas garantic au méme niveau sclon les trois modes décrits.

Type de Producteur Client Efficacité
contréle
performances pas d’information contrdle important sur le faussc car le nombre
béton d’essais n’est jamais
suffisant
maitrise de la  choix de moycns ct réception des moyens,
qualité et utilisation de procédures validation des méthodes et maximale
controle reconnus ct suivi pcrmanent  essais ponctucls sur le béton
extérieur de la fabrication
moyens déclaration des moyens ct des  réception des moyens, efficace si rien ne
méthodces validation des méthodes et change (usure,
surveillance pcrmanente déréglages)

La maitrise de la qualité dans la fabrication du béton permet de réduire les fluctuations
des différents paramétres de malaxage. Ainsi on peut déterminer la valeur de I'écart
type relatif a la distribution des valeurs de chaque caractéristiques du béton pour un
mode de fabrication déterminé. L'expérience acquise par le producteur lui permettra de
prévoir la dispersion liée a son outil de production. Il ne restera alors au producteur ou
au client, qu'a déterminer la valeur moyenne de la caractéristique concernée, soit trois a
cinq essais pour un lct de fabrication.

Si par contre il n'y a pas de garantie de régularité au niveau de la fabrication, il faudra
pour chaque caractéristique du béton déterminer ['écart type et la moyenne soit au
moins une quinzaine d'essais par lot.

Pour la fabrication du béton prét a I'emploi en France, il a été jugé que, pour un méme
nombre d'essai et pour un B35/40, le surplus de résistance demandé au béton pour une
fabrication ne bénéficiant pas de la maitrise de la qualité était de plus de 10 % par
rapport a un béton qui en bénéficiait. Inversement pour une méme résistance et pour un
méme niveau de confiance, le nombre d'essais passe de 15 a3 [9].

La maitrise de la qualité est positive pour les deux parties car :

- en réceptionnant le béton & partir des informations "fabrication" le risque fournisseur
(risque de se voir refuser une production conforme) est quasi nul ;
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- du fait de I'élimination des productions non conformes au moment de leur production
le risque du client (risque d'accepter une production non conforme) est en réalité,

malgré le peu d'essai, trés faible.

Ainsi il revient au demandeur de fixer les régles d’utilisation du matériel, les essais

étant comme décrit précédemment.
Pour étre qualifier dans une classe de performance particuliére, il est nécessaire de

satisfaire toutes les spécifications de la classe correspondante.
La qualification conduit alors a rédiger la fiche de certification comme indiquée ci

apres.

FICHE DE CERTIFICATION DES MALAXEURS

Description du malaxage

Mode de fonctionnement, principe de malaxage, description des outils, vilesse de rotation des outils, volume de la cuve...

Conseils d'utilisation

Mode dintroduction des constituants, réglage des pales ¢n fond e cuve, réglage des pales latérales, dimension maximale des granulats, volume minimal de béton,
consistance du béton, ...

Composition du béton Cycle de malaxage
Caractéristiques du béton Résultats des essais

Classification

Temps du malaxage * Temps du malaxage Temps du malaxage
8-10 20-32 8-10 20-32 8-10 20-32
0-3 0-3 0-3
3-5 3-5 3-8
10- 12 10-12 10-12
> 18 > 18 >18

Figure 2 : fiche de certification des malaxeurs a béton La fiche montre qu’il est possible, pour un
méme malaxeur, d’obtenir des classifications différentes selon les types de béton ou selon la durée de

malaxage.
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7 Conclusions

Le controle de la fabrication du béton par le seul client n’est plus envisageable au-
jourd’hui. 11 doit étre associé aux controles de suivi de la fabrication par le fabricant
lui méme. Cette association impose de fixer précisément les régles, que chacun les re-
specte et qu’une transparence totale accompagne les actions de chacun des partenaires.

Le concept de la maitrise de la qualité est basé sur le principe suivat: les mémes
causes produisent les mémes effets. Aussi, si on a vérifier en début de chantier que le
cycle de malaxage conduisait a produire un béton satisfaisant, alors la répétition de ce
cycle garantita la régularité recherchée.

L’¢conomie qu’on peut espérer en tirer ne porte pas sur la suppression d’un poste
de controle, poste qui, méme s’il était considéré comme nécessaire, n’était pas toujours
pourvu en conséquence. L’économie résulte en fait de la non mise en place de gachées
de béton qui ne satisferaient pas aux besoins de 'ouvrage. La barriére pour cela est
double car le procédé de fabrication est congu pour ne pas produire ces gachces et son
identification, au cas ou elle franchirait ce premier obstacle, permettrait de la repérer et
de I’éliminer.

Grace a ces dispositions, le concepteur de I'ouvrage peut d’une part prendre en
considération des performances du béton plus proche de la réalité (résistance
mécanique) et d’autre part dimensionner les ouvrages plus justement (régularité de la
masse volumique du béton).

Outre les gains de temps (attente des résultats des cntroles) et ’amélioration des
relations clients-fournisseur (transparence des actions du producteur), la maitrise de la
qualité est en fait une chasse au gaspillage et c’est 1a que se trouve la véritable
¢conomie.
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6 SYSTEM-SPECIFIC EVALUATION
OF FRESH CONCRETE TRANSPORT
SYSTEMS IN THE CONSTRUCTION
OF DAM WALLS
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Abstract

Manufacture, transport and placing of concrete on large dam sites requires a compre-
hensive technological and economical appraisal of alternative systems and local condi-
tions. Performance criteria for different concreting stages are outlined and several
types of plant and equipment systems are evaluated and compared. This approach is
then applied to the case of the fresh concrete production and handling at the major
Three-Gorges dam project in China.

Keywords: fresh concrete, transport, cranes, conveyor belts, concrete mixers, turret
cranes, cable cranes, mix design, large aggregate.

1 Introduction

The process technology for the construction of dams is generally determined by the
manufacture, transport and placing of mass concrete.

All the systems have in common the production of concrete in concrete-mixers.

At modern dam-building sites the following essential transport systems are used:

e Cable cranes - concrete buckets

e Transportation vehicles - cable cranes - concrete buckets
¢ Conveyor belt - turret cranes - conveyor belt

e Transportation vehicles - turret cranes - concrete buckets
e Other conveyors

The economic placing and compaction of large amounts of concrete in block-form
is now carried out using modern bulldozers with integrated hydraulic vibrators.

Production Methods and Workability of Concrete. Edited by P.J.M. Bartos, D.L. Marrs and D.J. Cleland.
Published in 1996 by E & FN Spon, 2-6 Boundary Row, London SE1 8HN. ISBN 0 419 22070 4.
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2 Concrete manufacture

An important problem during the manufacture of mass concrete is the workability of
mixes with the maximum aggregates. Especially large capacity drum mixers with a
nominal content of between six and nine cubic metres are used for this task. In some
cases pan mixers and double shaft forced action mixers are used as well.

The achievement of satisfactory homogeneity in a freshly mixed mass concrete
within an optimal mixing-time is the deciding criterion for the use of the latter ma-
chines in the mixing process.

3 Concrete transport

The following machines are the basic elements in the transport system mentioned
above:

¢ (able cranes

e Turret cranes

e Transport vehicles

¢ Belt conveyors

e Other conveyor systems

3.1 Cable cranes
The load-bearing cables are important for the functioning of both the low and high
level cableways. They are also essential in the construction and design of the crane-
towers.

The use of a crane is normally in an accelerating and decelerating phase. Due to
this a better efficiency cannot be achieved by using higher trolley speeds. Tt is often
more efficient to increase the load capacity of the crane instead of the speed.

3.2 Turret cranes
Turret cranes with a loading capacity of up to 9 cubic metres now represent a modern
alternative in the transport and placing of mass concrete.

The use of a modern turret crane makes it possible to reach all building areas at the
dam site. With this system the mass concrete can be placed according to the quality
requirements. Modern control systems assure relatively high trolley speeds and a
larger load capacity in addition to a high operating safety.

3.3 Transport vehicles
The simplest way to transport concrete is to use tipper trucks. The design of purpose-
built trough-tippers as dumper or silo type vehicles is more complicated.

Silo vehicles with a capacity of six to nine cubic metres (or more) are often used on
large building-sites. In such cases their use is generally of an intermediary nature, such
as for the transfer of concrete from the mixing plant to other intermediary containers or
supply pumps.

Dumper trucks with two containers can also be used with simultaneous charging
from two crane skips to optimise the performance.
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Alternatively, mobile mixers such as the well-known truck-mixers used in the
ready-mix industry can be used. The speed of rotation and the mixing speed of the
vehicles can be adjusted according to the type of concrete and its composition.

3.4 Belt conveyors
Special care has to be taken in the movement of stiff and plastic concrete. The speed
and slope of the conveyor belt must be set up so that the coarse aggregate neither rolls
of the transport, nor gets thrown too far off at the end of the supply route. The slope
of the conveyor belt is restricted to between fifteen and thirty degrees. At the upper
guide pulley a guiding sheet of metal and a scraper to remove cement grouts from the
conveyor must be installed. Further, the width and speed of the conveyor belt are de-
pendent on the size of the maximum aggregates in the batch.

When using conveyor belts in regions with extreme environmental conditions, it
may be necessary to provide them with a shelter from weather.

3.5 Other conveyors

Depending on the amount of concrete, the transportation, the topographical conditions
and the consistency of the concrete, other conveying methods such as the monorail or
drag-bucket conveyors, or a combination of the aforementioned methods, can be eco-
nomically used.

4 Decision making criteria

Concrete technology, efficiency and process technology criteria must be taken into
consideration for the evaluation of transport systems.

4.1 Concrete technology
To prevent any poor quality of fresh or set concrete there are certain requirements for
the composition of mass concrete.

In order to keep temperature increases to a minimum, it is possible among other
things to use concretes with a lower heat development and to keep the cement content
to a minimum. In addition, pre- and post-production cooling systems can be installed.

The restriction of the temperature of fresh concrete for use in the building of dams
to within the range of six and seven degrees Celsius is now state of the art. Consistent
homogeneity and workability of concrete is necessary to prevent concrete segregation.

Different grading curves (coarse aggregates from 60 mm to 200 mm) are chosen
depending on the section of the dam-wall. The cement content varies between 40 and
200 kg/m’ according to the intended use of the mix and the grading curve. Fly ash can
also be combined in the mixture (Fig. 1).

The quality requirements of mass concrete mentioned above demonstrate the cur-
rent standards of concrete technology. The following demands have to be fulfilled
during the construction process (Figs. 2 and 3):

¢ Standardisation of the concrete mix design
¢ Undisturbed hydration process
¢ Lower temperature development



Design | Design | Aggregate| Coarse | Water | Cement | Coarse Sand | Additive | Slump
grade age type aggregate + fly ash | aggregate
(day) gradation | (kg/m*) | (kg/m’) | (kg/m®) | (kg/m®) (cm)
150 90 Artificial 4 115 {136 +34 1640 550 |compound| 4-6
agent

Fig. 1 Basic mix proportions of conventional concrete for the dam
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¢ Optimum homogeneity

¢ Constant water/cement ratio
e Freedom from segregation

e Freedom from agglomeration
¢ No loss of water or humidity
¢ Avoidance of brittleness

e Low placement temperatures
e Less shrinkage

¢ Good workability

4.2 Process engineering

For the evaluation of the transport system, in consideration of process technology as-
pects, it is important to adhere to the chosen system. This means that continuous con-
crete production should be linked to continuous conveyor movement, and intermittent
concrete production should be linked to intermittent conveyor movement.

The following aspects have to be considered:

e Segregation-free flow of material

¢ Flow of the material free of disruption

¢ Flow of the material independent of weather conditions
o Adaptability to various forms of building geometry

¢ Slopes and falling distances independent of the grading curve
e Minimisation of the interfaces

e Abrasion reduction

¢ Minimisation of the damage susceptibility

e FEasy maintenance

e Adaptability to extreme weather conditions

e User-friendly

e High operating reliability

e Minimisation of work disruption

4.3 Efficiency
The following criteria are essential to judge the efficiency of the transport system to be
used:

e Short construction time

e Availability

¢ Quota of completion machines

o Short assembly time

¢ Short disassembly time

e Easy usage

o Lesser chance of damage

e High operating reliability

e Minimisation of susceptibility to damage
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¢ High level of resistance to abrasion
¢ Large element durability

e Low investment costs

¢ High placing rate

It is of particular importance that the quality of the mass concrete is considered in
assessing the efficiency.

5 Assessment of the transport system for the Three Gorges Dam

The second phase of construction for the project is taking place on the left bank of the
dam. The final height of the dam will be 185 m. The concrete works for this phase of
the project are subdivided into production for factory buildings, power station build-
ings, the leading wall of the factory building, the dam wall and the box dam.

Considering the topography, the best-possible construction time, the distances cov-
ered by the transport, the quality requirements and the decision-making criteria as
mentioned in Section 4 it is possible to examine the particularities of the various trans-
port systems.

5.1 Cable cranes

For the placement of concrete, the use of both the low and high level drag lines is pos-
sible. In both systems a silo vehicle with the same capacity as the hoist cable system
has to be used for delivery.

Low level cable cranes

e High assembly costs at installation.

» Little disruption of other installations.

e Number of cycles for the drag-line limited.

e Shorter poles and cables compared to the high level conveyor system.

¢ Saving in construction time in comparison with the use of both bridge and turret
cranes.

¢ No change-over of mixing towers.
e Problems with the capacity of the drag line during high-performance installation.
e [ess availability.

High level cable cranes

o Higher assembly costs at installation.

o Less disruption of other installations.

o Number of cycles of multiple drag-lines are limited.

e Problems regarding the weight of the drag construction.

e Silo vehicles needed to bring the load to the drag-line.

e Able to supply all construction levels, in contrast to the lower drag-line.

e Saves construction time, in comparison with the use of a crane or turret crane.
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e No transfer of mixers needed.
e Less availability.

With the available span and required placing performance of the above systems a
larger carrying capacity, which is accompanied by the relatively large diameter of the
cableway, is more likely to be required. The time gained by the use of higher speeds is
partly lost due to the amount of care taken when transferring the loads on to the trans-
port system at the loading point.

5.2 Large turret cranes - transport vehicles

o Turret cranes must be placed on bridges.

¢ The duration of the concrete placing is slightly extended by the extra assembly time
needed.

e The quality of the concrete is guaranteed.

o The 28 tonne capacity of the large tower crane means that high placing output can
be achieved.

o Flexibility of transfers according to the building progress.

o Flexibility in lifting work (bulldozers, formwork and other heavy loads of up to 80
tonnes).

e Due to the discontinuous nature of the use of the crane in high-performance con-
struction it is preferable to include it in the production and haulage system.

e The nominal content of the transportation vehicles is adjusted to the capability of
the large cranes.

¢ Supply backlogs to the transport vehicles are easily settled.

¢ The roads on construction sites, which are in constant use by the transport vehicles,
must be of good quality.

e The capacity of the vats is fixed according to the capabilities of the cranes and the
capacity of the mixers of the concrete preparation site.

e The advantage of the silo vehicle and the mobile concrete mixers is, among other
things, that the concrete transport is protected to a greater degree from environ-
mental conditions.

¢ Segregation-free transport and placing of concrete.

With regard to the assembly and disassembly, as well as to availability, this system
shows distinct advantages over the other transport systems.

5.3 Turret cranes - conveyor belt

This system achieves the transport of mass concrete from the concrete placing by
means of conveyor belts and the distributive conveyors supported by a rotary-tower
crane.

e The flexibility of the heavy crane tower placement cannot be guaranteed to be safe
in all areas.

o There are restrictions regarding the use of conveyor belts when the diameter of the
particles on the belt exceeds 80 mm.
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e No guarantee that the concrete will reach the site without segregation.

¢ Discontinuous concrete production, continuous transport system.

¢ Savings in construction time because the building of a bridge is unnecessary.

e Supply to the up- and downstream sides of the dam wall by the same crane is not
possible.

e Many additional machines are required, especially at the foot of the dam. in order to
complete the construction.

¢ On relatively long stretches of conveyor, storm-proof covering is required.

e Limited availability.

e Latent danger of supply backlogs.

e Transport of mass concrete with large aggregates (150 mm) is impossible on slopes
exceeding thirty degrees.

e An additional reduction in the size of the particles means that the cement content
will be increased. This means more danger of shrinkage and higher cement and ag-
gregate costs.

e By placing the turret cranes with the conveyor belt in areas 7-14 (factory building)
there is a saving on the 50 metre high bridges.

e This frees up more construction space.

e Due to the absence of assembly time for the bridges, the concrete construction time
can be reduced or it can be started earlier.

e There are greater cooling costs with the use of mass concrete.

6 Conclusion

Many of the transport systems used in the installation of mass concrete have been de-
scribed. The particularities of each transport system, with reference to the system-
specific evaluation criteria and in respect of the Three Gorges Dam Project, have been
explained.
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Abstract

In an attempt to ensure durable structures, increasingly complex concrete mixes have
been designed. Well established execution methods may as a consequence no longer
be adequate, and contractors have experienced severe difficulties in achieving the
results desired. The Danish Concrete Institute established in 1993 a task group to
carry out a development programme with focus on the contractor’s technology related
to the use of high performance concrete.

The first phase of this programme, published in November 1993, identified the most
important production properties which have given difficulties during execution. The
production properties are: Workability, Stickiness, Stability of air entrainment,
Vibration need, Crust formation, Setting time and Form pressure.

The second phase of the programme, published in August 1995, contains newly
developed methods to determine the magnitude of the above mentioned production
properties and gives guidelines for their expected magnitude based on the concrete
composition. Guidelines for influences from each of the production properties on
execution methods are also included.

This paper explains the general purpose of the programme and how it was accom-
plished. A part of the published guidelines concerning Vibration need is presented.

Keywords: Production properties, Workability, Vibration need, Guidelines,
Execution, High Performance Concrete.
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1 Introduction

Resistant concrete with a long service life is often ensured by requirements on low
w/c-ratio and use of microsilica.

To obtain satisfactory workability the contractor must add a significant dosage of

water reducing additives. This may lead to long setting time, and in some cases the
concrete can loose its workability in a very short time.
The composition may also lead to stickiness, high viscosity and crust formation, all
of which may cause problems during execution of the concrete works. Well
established execution methods may as a consequence no longer be adequate when such
high performance concretes are used.

The Danish Concrete Institute has carried out a two-phase development programme
in order to systematically describe and clarify these production properties.

The first phase of this programme, published in November 1993 [1], identified the
most important production properties which had given difficulties during the execution
of 10 selected civil works structures, all cast with high performance concrete.

The production properties are:

Workability

Stickiness

Stability of air entrainment
Vibration need

Crust formation

Setting time

Form pressure

The second phase of the programme, published in 1995 [2], [3], [4], [5], [6], [7],
[81, [91, [101, [11], [12], [13] and [14] contains newly developed methods to determine
the magnitude of the above mentioned production properties. The expected magnitude
based on information of the concrete composition is also included.

The main results are published in a Guide for execution of civil works structures
with high performance concrete [2].

2 Description of phase 2

Phase 2 of the programme consisted of 16 tasks as shown Fig. 1.
The general sequences for the tasks 2-8, which dealt with the production properties,
were:

® Definition of practicable methods for the testing of the production property in
question.

® Sensitivity testing of the methods by using concrete/mortar with extreme
compositions. The chosen test methods were described in detail and investigated
for reproducibility.
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Task 1994 Time Schedule 1995 mg:th
Jun Jul Aug Sep Oct Nov Dec|Jan Feb Mar Apr Maj Jun Jul Aug Sep
T Plamirg == O 0 A A
2. Workability p— —e— LR TR S 10
3. Vibration need e e —— it el bl R N IS 4
4. Stickyness P———— - 4
5. Crust formation e ——— -l 2
6. Stability of air R T A
entrainment : ¢
7. Setting time e s s s s s s et et et R A
8. Form pressure | e— i w0t 2
5. Plminary i R R A N O B AR A
Guide oo P e,
11, Durability i fm—— 1 [ 2
12. Trial castings | ——— R R 4
15, Fll scae N O O S
trial castings R R
14. Final Guide R o —— | ]
15. Reporting i Mgt B S joma el | —— 1
16. Coordination | [t e A S ————— 8
Fig. 1. Time schedule for phase 2.
® By means of the selected method the magnitude of the production property in
question was determined for concrete/mortar with different compositions. The
tests were carried out in the laboratory, and the specific conditions which had the
most important influence on the property was investigated.
® The methods were tested on 14 concrete mixes, each with different compositions,
by small-scale trial castings (1-3 m?* each). The testing consisted of a quantitative
determination of the production property by the developed method and by
observations during execution of e.g. trowelling, floating and vibration.
Relationships between the production properties and difficulties in execution were
hereby established.
® Preparation of the guide for execution.
® Preparation of a detailed report.
® Pretesting of 3 selected concrete mixes which were used for full-scale testing of the

guidelines for execution. The full-scale tests were carried out on 3 bridges, each
of approx. 200 m3 of concrete.
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3 Results

The aim of the development programme was a guide for execution with high

performance concrete.
The guide [2] contains descriptions of equipments and test methods for measuring:

® Workability by Rheometer
® Stickiness by Unto Meter
¢ Crust formation

® Seiting time

The influences of different execution methods are described for each of the production

properties.
As an example some of the main results concerning vibrating with poker vibrators

are presented in the following.
4 Guide for Poker vibration

4.1 The equipment
The construction of a poker vibrator is shown Fig. 2.
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Fig. 2. Poker Vibrator. Fig. 3. Label for testing the

amplitude of a poker vibrator.
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The vibrations are generated by a rotating eccentrically placed weight. The frequency
indicates how fast the plump is rotating. The usual frequency for an electric poker
vibrator is 12,000 rpm.

A freely suspended poker vibrator with a frequency of 12,000 rpm should not have
an amplitude of less than 0.5 mm. The amplitude can be tested by a label shown Fig.
3.

The test is performed by observing the label, which is placed on the freely
suspended poker vibrator. The two lines on the label will be seen as only one line
when the distance between the lines is small. The maximum distance between the
lines which gives the impression of only one line indicates the amplitude of the poker
vibrator.

A freely suspended electric poker vibrator should not be allowed to run for more
than 1 minute.

4.2 The vibration need

The vibration need is an expression for the energy, which is required to ensure that
the fresh concrete has filled out the form completely. Furthermore the reinforcement,
spacers and embedded items shall be completely surrounded.

The concrete shall be vibrated in such a way that most of the entrapped air is driven
out leaving the concrete without cavities but with a satisfactory content of fine air
bubbles.

The size of a poker is defined by the outer diameter (d) and the length (s). The
extent of the effect of the vibrator is proportional with the diameter.

Vibrating is performed by immersion in a number of positions. The centre to centre
distance between these positions is named the immersion distance (a). The immersion
distance, a, is given as a multiple of the outer diameter a = n-d.

After immersion of the poker, the concrete is vibrated a certain time, named the
vibration time. Subsequently the poker vibrator is pulled out and moved to the next
position. The vibration time is the time between start of immersion and start of
pulling out.

The vibration need is not a well defined quantity, but may be expressed by
combining the immersion distance and the vibration time.

The form complexity (including complexity of reinforcement, prestressing anchors,
boxouts, couplers and cast-in items) determines the immersion distance.

The workability of the concrete determines the vibration time.

4.3 Usual vibration methods
The concrete shall be placed in such a way that large horizontal movements by poker
vibration are unnecessary.

The usual vibration method is:

® The poker vibrator is submerged vertically in the concrete until only the top is

visible.

¢ The poker vibrator is kept in this position for 5-20 sec. (vibration time).

® The poker vibrator is pulled out slowly in order to avoid traces without coarse
aggregate.
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4.3.1 Thickness of concrete layers

The concrete shall be placed in thin layers to ensure systematic vibration of all parts
of the concrete.

The chosen thickness of the layers depends mainly on the length of the poker
vibrator.

It is essential that the operator knows the exact vertical position. This is possible
when the top is visible during vibration as shown Fig. 4.

.

e, )2
A —— AL

Fig. 4. Maximum thickness of concrete layers.

To ensure sufficient vibration between the layers it is recommended that the poker
vibrator penetrates the preceding layer by approx. 20% of the poker length. The
maximum thickness of the concrete layers should therefore not exceed 80% of the
poker length.

Most poker vibrators have a length of 300 to 400 mm, corresponding to concrete
layers of 240 to 320 mm.

If thicker layers are to be vibrated systematically it is necessary to perform the
vibration with the poker placed in two different positions. In order to ensure correct
placing in the lower position (1) a visible mark must be placed above the top of the
poker vibrator as shown Fig. 5.

Mark for depth 1

Thick layer

~=—+—— Qrdinary layer

Fig. 5. Mark for thicker layers.
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By vibration in two positions for each immersion the maximum thickness of the layers
may be extended to 1.8 times the poker vibrator length.

The method, shown Fig. 5, is not recommended for ordinary use because the
transportation distance for entrapped air is more than doubled and the risk of blow
holes in the surface is consequently higher.

4.3.2 Vibration time

The vibration time depends mainly on the workability of the concrete, identified by
the slump.

The workability decreases in time, and therefore the vibration time is not constant
but varies by the age of the concrete as does the slump. If vibration times are constant
it follows that a homogeneous vibration is dependent on small variations of the slump
during placing and vibration.

The vibration time is also dependent on the stickiness and viscosity of the concrete.

The viscosity of the concrete is increased by use of microsilica, low w/c-ratio and
high dosage of water reducing additives.

The necessary vibration time for ordinary and viscous concrete may be estimated
on basis of Fig. 6. A more specific determination should be based on trial castings.

Vibrationtime

‘ Sec.

25
20
15 %[\, | High vigcous congrete
10 lOrdinary|concrete{ ™ : o
Slump
|
0 30 60 90 120 150 180 210 mm

Fig. 6. Relation between vibration time and slump.
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4.3.3 Immersion distance

The immersion distance a = n-d depends on the concentration of rebars, prestressing
anchors, boxouts, couplers and cast-in items. The degree of form complexity may be
estimated based on Table 7.

A more specific determination should be based on trial castings.

Table 7. Relation between the degree of form complexity and Immersion distance

Degree of Immersion
form complexity Example distance a = n-d
1 Simple Plain concrete and low 10d
steel percentage
2 Normal Usual steel percentage 8d
3 Difficult High steel percentage 6d
and some congested areas
4 Very difficult As 3 but many congested 4 d
areas
5 Extremely difficult Should not be used 2d

4.4 Productivity

The effective volume, V, which a poker vibrator can vibrate for each immersion may
be calculated by using the immersion distance, a = n-d and the thickness of the
concrete layer 1. The expression is:

v = I(nd)2. See Fig. 9.

The estimated vibration time for each immersion can be found in Fig. 6.

The time for pulling out and moving the poker vibrator to the next position is
estimated to approx. 10 sec. The corresponding cycleperiods and number of

immersions per hour are shown Table 8.

Table 8. Cycleperiods and number of immersions per hour.

Vibration Cycleperiod Number of immersions
time (sec.) (sec.) per hour n,

5 15 240

10 20 180

15 25 144

20 30 120
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Fig. 9. Relation between Effective Volume, V, immersion distance, n-d, and thickness of
concrete layer, 1.

The productivity, Y, can be expressed as:
Y = & nl(nd)? N
where

Y is the productivity [m3 per hour].

& is the factor of effectivity (waiting time).

n, is the number of immersions per hour.

1 is the thickness of the concrete layers {m]

d is the outer diameter of the poker vibrator [m]
nd is the immersion distance [m]

Fig. 9 shows the productivity for poker vibrators with diameter d between 20 and 80
mm. The factor of effectivity $ is assumed to 1.0 and the thickness of the concrete
layers 0.30 m.

The four diagrams are related to vibration times of 5, 10, 15 and 20 sec. On each
diagram lines are shown for immersion distances 4d, 6d and 8d.
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Example on determination of productivity.

A slab is cast by use of a high viscous concrete. The slump is 90 mm. Fig. 6
indicates a necessary vibration time of approx. 15 sec.

The outer diameter of the poker vibrators is 40 mm and the length is 0.38 m. The
maximum thickness of the concrete layers is 80% of (.38 m equal to 0.30 m.

The degree of form complexity is "very difficult" corresponding to an immersion
distance of 4 d = 4-40 = 160 mm.

Using the diagram Fig. 9 the productivity is found to 1.2 m3/hour per vibrator. If
the planned casting rate is 12 m3/hour 10 vibrators should be used.

The form complexity of another part of the slab is "normal" corresponding to an
immersion distance of 8d = 8-40 = 320 mm.

For this part of the slab the productivity is 4.2 m3hour per vibrator and if the
casting rate is 12 m3/hour only 3 vibrators are needed.

4.5 Selection of poker size
The effectivity per vibrator is increasing by the square of the poker size, d (ref. (1)).

It is therefore economically advantageous to use large poker vibrators.

However there are limitations for the selection of poker size.

The poker vibrator must not be placed closer than a distance of 3d from the
shuttering. Closer placing may lead to formation of blow holes in the concrete
surface.

The selection of poker size for casting of walls, columns and beams is therefore
dependent on the minimum dimension as indicated Table 10.

Table 11. Relation between wall dimension and maximum poker size.

Wall dimension ~ Maximum poker size

120 mm 20 mm
180 mm 30 mm
240 mm 40 mm
300 mm 50 mm
360 mm 60 mm

5 Conclusion

The Guide for execution with high performance concrete contains methods to optimize
the interdependence between the concrete composition, the production properties, the
contractors execution methods and the economy.
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8 STEEL FIBRE CONCRETE FOR
UNDERWATER CONCRETE SLABS

H. FALKNER and V. HENKE

iBMB, Technical University of Braunschweig, Braunschweig, Germany

Abstract

For the erection of a new multi-functional town quarter in the heart of Berlin, the area
of the Potsdamer Platz, the construction of deep building pits with underwater con-
crete slabs becomes necessary. In order to contribute to the overall construction and
operation safety of such a back-anchored underwater slab, it is planned to use steel fi-
bre concrete for the first time for the construction of these slabs. This paper will give a
short report about the large scale underwater and additional test necessary to solve the
questions about the workability and material behaviour of the tested concrete mixes.
Furthermore, these tests were necessary to satisfy German building regulations for the
use of non-codified building materials.

1 General

In the centre of Berlin, Debis, a subsidiary company of Daimler Benz Ltd., is at present
constructing a new town quarter on a large-scale building site extending over an area
of 70,000 m®. This new multi-functional town quarter, which will cover the area of the
former Potsdamer Platz, the old heart of Berlin, will not only provide offices, housing,
shops and shopping-centres but also hotels, theatres and cinemas.

The dimensions of this new town quarter, with a length of approximately 560 m
and a width of up to 280 m are remarkable, as the whole construction has to be carried
out in one single building pit. This building pit, with a depth of up to 20 m poses a
special challenge to the planning engineers and the construction companies.

Production Methods and Workability of Concrete. Edited by P.JM. Bartos, D.L. Marrs and D.J. Cleland.
Published in 1996 by E & FN Spon, 2—6 Boundary Row, London SE1 8HN. ISBN 0 419 22070 4.
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Those who know Berlin are aware of the fact that the ground-water level lies 2 -3 m
below the surface. Furthermore, the Berlin authorities impose strict conditions on every
construction measure interfering with the ground-water level. Only a few 100 m from
the building site the large park area of the Berlin Zoo is situated, with valuable, old and
rare trees. In order not to endanger this plant live, any lowering of the ground-water
level is strictly forbidden. Additionally, Berlin - in the meantime again a city with over 4
million inhabitants - draws its drinking water from this ground-water reservoir. This is
another reason for the stringent non-interfering conditions imposed on such a
construction measure.

For depths of up to 10 - 12 m, it is possible to construct a “dry building pit“ with an
artificial sealing layer and deep sheet piling or slotted walls. For greater depths a
different construction method has to be used; underwater excavation after the erection
of the sheet piling or slotted walls with the subsequent placement of an back-anchored
underwater concrete slab.

At present, this underwater excavation takes place with large floating dredgers in the
construction section B of Debis and P, where the future central station Potsdamer Platz
will be erected. This means that the building site B is dominated for several month to
come by a large artificial lake covering an area of 15,000 m? and a depth between 14
and 17. This water is enclosed by 1.2 m thick slotted walls or sheet pile walls with a
depth of 1.0 m. The second lake in section P, with an area of approx. 15,000 m?, has a
depth of up to 20 m.

ki &

Fig. 1: View of the building pit B with , Lake debis“
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After the excavation approx. 2,000 tension piles for anchoring the underwater concrete
slab, which later have to carry tension forces of up to 1,500 kN, will be driven from
pontoons into the ground. The overall buoyancy force for this building pit amounts to 3
million kN. After completion of this pile driving, approx. February/March 1996, the 1.2
m thick underwater steel fibre reinforced concrete slab will be poured in sections. If this

work finishes on schedule, the building pits will be pumped out at the beginning of April
1996.

Detail
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Fig. 2: Construction of the building pit ,,Potsdamer Platz*

This paper will report on preliminary tests concerning the concrete technology and

procedural engineering for the construction of such an underwater, steel fibre reinforced
concrete slab.
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Fig. 3: Section through the building pit ,,Potsdamer Platz*

2 Approval for special cases

Under German building regulations, building materials or construction methods, which
are not covered by the normal building regulations and/or codes have to be approved
under the so called “special case approval regulations®. This procedure makes sure, that
these new building materials or methods conform with the regulations in existing
building codes.

As there has been no previous experience about the handling of steel fibre concrete
under such extreme circumstances, it had to be proven in a large scale test under
building site conditions that steel fibre concrete can be produced and poured under
water, satisfying all concrete technology and procedural engineering conditions.

This large scale test was carried out in the autumn of 1995. The following conditions
for a special case approval had to be met:

o The large scale test had to prove, that the long pumping distances of up to 150 m
and the relatively large water depth enable a proper concreting of the underwater
slab, especially with regard to the concrete enclosure of the pile heads.

¢ Furthermore the properties of the different concretes have to be checked in such a
way that a decision about the final concrete mix can be carried out with regard to the
concrete material and workability properties.

e These tests had to be carried out for steel fibre concrete as well as for normal
concrete.

o For this large scale test two test slabs per concrete mix, each test slab including two
pile heads had to be concreted under water and recovered after the concrete
hardening.

o The concrete mixes had to consider a possible high sulphate content of the ground
water
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These large scale tests were based on laboratory tests on point supported normal
concrete and steel fibre reinforced concrete slabs, carried out at the Technical
University of Braunschweig, in order to examine the load carrying and deformation
behaviour of these slabs. It could be shown that for a steel fibre reinforced concrete slab
the ultimate load carrying capacity, in comparison to normal concrete, could be
doubled. Additionally the deformation values were 20 to 40 times larger compared to
those of a normal concrete slab. This means that steel fibre reinforced concrete slabs
have an extremely ductile deformation behaviour, which, as different ground movement
in such a large building site can not be excluded, will add to the overall building element
safety and reduce the construction risk of a sudden failure.

Test specimen
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Fig. 4: Test set-up for the steel fibre reinforced concrete slab
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3 Concrete mix and production

For the preparation of these large scale tests, the basic suitability tests for different steel
fibre concrete mixes were carried out at the central material testing laboratory of the
Hochtief AG in Frankfurt. Basically, these mixes have a cement content of 200 kg/m® |
a fly ash content of 150 kg/m®, 210 1 water per m’ and an additive N 10 MC Bauchemie
(fluidifier). Whereas the laboratory suitability tests proofed a perfect hardening
behaviour of these concrete mixes, the first application under building site conditions
showed considerable hardening delays for certain concrete mixes. Fig. 7 shows the steel
container of one test specimen with the two anchors sinking in the building pit.

Fig. 7: Steel container for large scale test

From a concrete technological point of view there were strong reservations to name this
test a success. The experts involved were of the opinion that after such a time a
disintegration of the concrete structure would be unavoidable, especially with regard to
the heavier steel fibres sinking to the bottom of the slab. Disregarding the hardening
delay, the test result was nevertheless successful from the concrete technological and
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concrete engineering point of view. Even after a retarding time of 200 hours (one
extreme case had 500 hours), the concrete structure did not show any signs of
disintegration and the anticipated concrete strength was reached. Moreover, the fibre
distribution was even over the cross section.

Fig. 8: Cutting the test specimen with a diamond saw

With a slight modification of concrete mix, the main alteration being the concrete
additive, it could be shown that steel fibre concrete with Portland Cement and sulphate
resistant Portland Cement can be produced, pumped and poured successfully under the
described building site conditions. Table 1 shows the concrete compositions of the
tested concrete mixes.

4 Measurement programme
In order to record the concrete hydration process during the large scale test, the
following temperature measurements were carried out:

e Partly adiabatic temperature measurements
¢ Temperature measurement in the underwater concrete
e Measurements on temperature regulated test specimens

These different measurement programmes will be discussed in the following.
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Table 1: Concrete compositions

Concrete Mix 3106 a 3117 b

Concrete Strength B 25 (Steel Fibre Concrete) B 25 (Steel Fibre Concrete)

Cement Kind CEMI1325R CEM132.5RHS

Cement Content 280 kg/m’ 300 kg/m®

Steel Fibres Dramix ZC 50/0.60 Dramix ZC 50/0.60

Steel Fibres Content 40 kg/m’ 40 kg/m’

Fly Ash-Content 220 kg/m’ 200 kg/m’

Water Content 197 kg/m’ 207 kg/m’

wlc 0.70 0.69

wi(c+) 0.39 0.41

Gravel Size 0-16 mm 0-16 mm

Additive VZ04%VZ. VZ03%v.Z.
FM 15%v.Z. FM 1.1%v.Z.

Consistancy KR/F KR/F

o 46 cm 50 cm

a 67 cm 75 cm

ap = before addition of fluidifier and fibres , a = after addition of fluidifier und fibres

4.1 Partly adiabatic temperature measurement

For all concrete mixes of the test specimens partly adiabatic temperature measurements
were carried out. For these measurements 10 | of each concrete mix were filled into a
specially insulated container and the time dependent temperature development was
recorded. These partly adiabatic temperature measurements are used for a comparison
of the temperature development of the different concrete mixes and for the conversion
of mecharical concrete properties for different temperature conditions. With the aid of
these calibrated insulated containers it is possible to calculate the adiabatic temperature
curve, used for the later calculation of building member temperatures and the resulting
stresses.

4.2 Underwater test specimen temperature measurement

For the determination of the temperature development in the underwater concrete of all
test specimens, the time dependent temperature development and distribution over the
cross section was recorded using thermo couples. These investigations are used for the
determination of the temperature flux in the concrete and the calculation of the concrete
strength development under water. Fig. 9 shows the increase of temperature during
hydration process.
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Fig. 9: Increase of temperature during hydration process

4.3 Temperature regulated test specimens

In context with the temperature measurements in the underwater test specimens,
additional temperature regulated test specimens were produced. The temperature in
these test specimens was regulated according to the temperature in the core of the
underwater concrete. From these test specimens drill cores were taken at different times
in order to determine the time and temperature dependent development of the
mechanical concrete properties. These investigations supplied information for a material
model, able to describe the concrete properties and hardening conditions of a concrete
at early ages.

4.4 Mechanical properties

Parallel with the concreting of the underwater large scale test specimens, additional test
specimens for the determination of the mechanical concrete properties were produced.
The following cases have to be regarded:

o Standard test specimens, stored according to the conditions specified in DIN 1048 at
20 °C for the determination of the cube compression strength and flexural tensile
strength for all concretes.

o Test on the drill cores taken from the temperature regulated test specimens for the
determination of the temperature and age dependent cylinder compression strength,
central tensile strength as well as the compression and tensile modulus of elasticity.
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e Test on drill cores taken from the underwater test specimens for the determination of
the cylinder compression strength as well as the compression and tensile modulus of
elasticity in the actual test specimen after recovery from the building pit.

S Workability proof

5.1 Test pumping

This test was designed to prove that it is feasible to pump steel fibre concrete in large
quantities over a distance of 150 m.

In this test the concrete, after the addition of the steel fibres and a concrete fluidifier
was pumped over a distance of 150 m through a straight pipe with a diameter of 125
mm. After this distance the pipe divided into two pipes with the same diameter and the
concrete was pumped into a normal concrete pump, which finally pumped the concrete
into the underwater large scale test specimens.

This test showed, that it is possible to pump steel fibre concrete over large distances
without major difficulties. A concrete separation or other negative interferences
resulting from the steel fibres did not occur.

5.2 Modified concrete mixes

As mentioned already in chapt. 3, some concrete mixes showed a strongly delayed
hardening behaviour. In another large scale test a slightly modified concrete mix was
used, i.e. the fluidifier FK 88 instead of N 10 was used. This concrete showed a perfect
flowing property and hardening behaviour. The results of fresh concrete tests are given
in table 2.

Table 2: Concrete properties of the modified mix

Concrete Mix 3106 a 3117 b
Date 24.10.1995 24.10.1995
a, 46.0 cm 49.5 cm
a 67.0 cm 74.5 cm
Ty (°C) 18.5 cm 152 cm

ag = before addition of fluidifier and fibres, a = after addition of fluidifier und fibres
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6 Concrete hardening

Due to the delayed hardening of the original concrete mix for the underwater test
specimens and the additional test specimens, the original time schedule for the
determination of the time dependent concrete properties (after hardening) had to be
abandoned. The additional test specimens and drill cores to be taken from the
underwater test specimens could only be tested after the start of the hydration process,
i.e. with a delay of approx. 14 days in the recovery of the underwater test specimens.

6.1 Drill core resutls from the underwater test specimens

In order to check the actual concrete properties of the underwater test specimens, drill
cores with a diameter of 100 mm were taken from these blocks for subsequent testing.
The test results are given in table 3.

Table 3: Drill core test results (underwater test specimens)

1885/95 1886/95
Concrete Mix age fc Mod. of E age f. Mod of E
(d N/mm®) N/mm?) (d (N/mm®) N/mm?)
Cylinder Compression 15 17.3 23700 15 20.7 17100
Strength f. . 28 274 19800 28 36.3 19700
Central Tensile 15 2.0 - 15 1.5 -
Strength  fiqa 28 1.9 - 28 2.5 -
* Cylinder d/h=10/20 cm (Mean values of a series of 3 test specimens)
1910/95 2490/95
Concrete Mix age fc Mod. of E age f. Mod of E
(d) N/mm®) (N/mm?) (d) (N/mm?) (N/mm?)
Cylinder Compression 14 11.9 20100
Strength f, .y 28 16.8 15700
Central Tensile - - -
Strength £, - - -
* Cylinder d/h=10/20 cm (Mean values of a series of 3 test specimens)

In comparison to the separately produced concrete cubes, stored under isothermal
conditions, the drill cores taken from the underwater test specimens show a reduced
concrete compressive strength. Nevertheless, the normal concrete and the fibre
reinforced concrete fullfil the requirements for a concrete grade B 25. Compared to
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concrete stored under isothermal conditions, the strength development of fibre
reinforced concrete is delayed.

The results of the strength investigation make it clear that the observed delay in the
start of hydration process results in an other delay in the strength development. But the
results show as well that the final concrete compression strength is not influenced by
this delay. Apart from one concrete mix with a HS-cement (high sulphate resistant
cement) all concretes tested showed the necessary cube strength for a concrete grade B
25 after 28 days. Furthermore, it can the assumed that due to the high fly ash content an
additional hardening of these concretes will take place.

7 Evaluation of the underwater test specimens

This large scale test was designed in order to investigate the temperature development
and the hardening behaviour of different concrete mixes intended to be used for the
underwater fibre reinforced concrete slab in the building pit B debis, in order to prove
the feasibility of underwater concreting with fibre reinforced concrete and to determine
an optimal concrete mix for this purpose.

According to the results obtained so far, the concrete mixes No. 1886, 3106 a and 3117
b (see table 1 and 2) fullfil all requirements stated for underwater steel fibre reinforced
concrete. The usefulness of these concrete mixes for underwater steel fibre reinforced
concrete slabs was proven in the described large scale tests. Altogether, the material
behaviour of a fibre reinforced concrete can be classified far above of a normal, plain
concrete grade B 25.

The measurements show, that the underwater temperature has a certain influence on the
hardening behaviour and strength development. For low water temperatures a delayed
hydration process and strength development has to be considered. This can result in a
later pumping out of the building pit, causing delays in the construction work.

The concreting of the underwater test specimens and the pumping tests showed, that
only a comprehensive quality control mechanism ensures a perfect and faultless
concreting, thus guaranteeing an even overall quality of the underwater concrete slab.
Such a quality control system should not only comprise the concrete production and
concreting, but also the supervision of the cement, fly ash and aggregate quality.

8 Summary

The positive test results obtained during this large scale test boosted the confidence of
all parties involved (planning engineers, construction companies and building
authorities) in the use of steel fibre concrete for underwater concrete slabs. Whereas for
normal concrete underwater slabs sudden and unexpected failures have already
occurred, the use of steel fibre concrete ensures that a possible failure will be
announced by large deformations of the slab. This enables the use of countermeasures,
in order to prevent additional damages and delays.
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As countermeasures additional anchors or an injection of leaking slab parts are feasible.
The main purpose in the use of steel fibre concrete has to be seen in reducing the risk
involved in constructing such an underwater concrete slab to such a level that the need
for possible countermeasures becomes unlikely. The first use of steel fibre concrete for
such an underwater slab will contribute towards safer building pits and give an example
for further construction measures of this kind.

If the construction of this building pit proceeds according to schedule, the pumping out
of 350,000 m® of water is planned for April 1996. This opens the chance to report
about this process at the symposium, even if this question is not directly connected with
the material properties of the steel fibre concrete used for the construction of this
building pit.

9 Literature

1 Falkner, H.; TeutschM.: Aus der Forschung in die Praxis. Beitrag zum
Braunschweiger Bauseminar 1994, Heft 113 des iBMB der TU Braunschweig.

2 Falkner, H.; Huang, Z.; Teutsch, M.. Comparative Study of Plain and Steel Fibre
Reinforced Concrete Ground Slabs. Concrete International, January 1995.

3  Falkner, H.: Bauwerke in Wechselwirkung mit dem Baugrund. Geotechnik
3/1994, Seite 121.

4  Winselmann, D.; Duddeck, H.: GrindungsmaBnahmen fiir die Verkehrsanlagen
im zentralen bereich von Berlin. Beitrag zum Braunschweiger Bauseminar 1994,
Heft 113 des iBMB der TU Braunschweig.

5  Frohlich, H.; Mager, W.: Qualititskontrolle durch baubegleitende meftechnische
MaBnahmen. Baumaschinentechnik 2/1995, Seite 26.

6  Karstedt, J.: Baugrund- und Griindungsgutachten Potsdamer Platz. Ingenieurbiiro
Elmiger & Karstedt, Berlin.

7  Falkner, H.: New Technology for the Potsdamer Platz. Beitrag zum Eurolab-
Symposium 6/1996, Berlin.

8 Laube, M., Onken, P.. Untersuchungsbericht Nr. 8900/95. Amitliche
Materialprifanstalt fir das Bauwesen beim iBMB der TU Braunschweig
(unveréffentlicht).

9  Falkner, H., Baugrube Potsdamer Platz - Herstellung und MeBtechnik;
22. Lindauer Bauseminar 1996

10 Falkner, H.; Mefprogramm fur die Baugrube Potsdamer Platz Berlin -
Mefitechnische Uberpriifung von Lastansatzen und Verformungen, VDI Berichte
Nr. 1196; 1995



PART THREE
SPRAYED AND

VERY DRY
PRECASTING MIXES



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

9 SHOOTABILITY OF FRESH
SHOTCRETE

D. BEAUPRE
Department of Civil Engineeering, Laval University, Ste-Foy (Quebec),
Canada

Abstract

This paper presents a summary of the evolution of shotcrete technology. It describes the
important properties related to both wet- and dry-mix shotcrete in the fresh state. It
gives a definition of shootability that applies to both processes. Other testing procedures
usually used on fresh shotcrete are described and discussed in an optic of future
standardization. Rheological properties that can be used to give a numerical estimation
of shootability are presented.

Keywords: Shotcrete, sprayed concrete, rheology, fresh properties, shootability,
rebound, build-up thickness.

1 Shotcrete process

Shotcrete should not be considered as a special material, it should rather be regarded as
a special process used to place and compact mortar or concrete. Over the years,
different processes have been developed and all of them use compressed air to spray
concrete or mortar onto a receiving surface. The two most popular methods are the wet
and the dry processes. Hybrid processes have also been developed.

Production Methods and Workability of Concrete. Edited by P.J.M. Bartos, D.L. Marrs and D.J. Cleland.
Published in 1996 by E & FN Spon, 2-6 Boundary Row, London SE1 8HN. ISBN 0 419 22070 4.
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With the dry-mix shotcrete, compressed air is used to carry, at high velocity, a mixture
of cementitious material and aggregates to a nozzle where some water is added. The
amount of water is controlled by the nozzleman to obtain an appropriate consistency for
the application. At the nozzle, in addition to water, it is possible to add other materials
such as latex, air-entraining admixtures, mixed with the water.

With the wet-mix shotcrete, fresh concrete is pumped to the nozzle where compressed
air is added to shoot the fresh mixture onto the receiving surface. Accelerators are
sometimes added at the nozzle to increase the layer's thickness applied in a single pass
and also to speed up the strength development.

With the development of new shotcreting equipment, other processes have emerged,
though they are all more or less related to one or the other of the two original processes.
All of these processes, including the "pure” dry-mix and wet-mix, produce the same
final result: a stream of air, water, cementitious material and aggregates (which may
also include fibers, additives and/or admixtures) projected at high velocity onto a
surface

The difference between the wet and dry processes is the point where the air and the
water are added to the mix to form the stream. Other processes can also be differentiated
by the manner in which the components are introduced to form the spray. Most of these
newer hybrid processes address some of the disadvantages of either the "pure"” dry-mix
or the "pure" wet-mix. They have originated from both the dry-mix and the wet-mix.
Those originating from the dry-mix can be referred to as dry-to-wet-mix. Those
originating from the wet-mix can be referred to as wet-to-dry-mix.

In the dry-to-wet-mix, the mixing time of the cement and the water is increased by
adding the water at an earlier stage of the process. It is usually recommended that some
water (between 3 to 5 % of the weight of the concrete mix) be added before the contact
between the material and the compressed air, in order to reduce dust and to improve the
homogeneity of the in-place material. This procedure is known as pre-wetting or pre-
dampening. At present, the dry-mix without pre-wetting is not frequently used. Also, a
special nozzle (with the water ring placed some distance from the nozzle end, and called
"long nozzle") can be used to produce a more homogenous material, with less dust and
less rebound, by increasing the mixing time of the cement and the water. This dry-to-
wet-mix shotcrete maintains the advantage of having lighter hoses.
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In the wet-to-dry-mix, the compressed air is added some distance from the end of the
hose or directly at the pumping equipment. This process maintains all of the advantages
of the wet-mix, plus the lighter weight of the hoses which is a characteristic of the dry-
mix. For example, the "Top-Shot" method (Von Eckardstein, 1993) can be classified as
a wet-to-dry-mix.

2 Definition of Shootability

All of these processes have the same final objective: the placement of well compacted
cementitous material onto a surface. This material must be specially proportioned in
order to stay in place right after shooting until setting takes place. It must also develop
appropriate characteristics in its hardened state. The "stay in place” requirement is
related to fresh properties and shootability.

Shootability is a property which incorporates parameters such as adhesion (the ability of
plastic shotcrete to adhere to a surface), cohesion (the ability of plastic shotcrete to stick
to itself and to be built-up in thick sections) and rebound (the material which ricochets
off the impacted surface). The efficiency with which concrete can be applied is also
dependent on the equipment used; this issue is not considered in this paper.

Shootability can be considered in terms of the efficiency with which a mix sticks to the
receiving surface (adhesion) and to itself (cohesion). Thus, in this case, the build-up
thickness is used to assess shootability: a mix that can be built-up to a great thickness in
a single pass without sloughing will be referred to as possessing a good shootability. In
other situations, where thickness is of less concern, the amount of rebound might be
critical and use to assess the performance of the mix or its shootability: in this case, a
mix with low rebound will also be referred to as possessing good shootability. Often, a
mix with a good shootability requires low rebound as well as high build-up thickness.

3 Fresh shotcrete properties

From the above definition of shootability, one can feel the importance of build-up
thickness and rebound characteristics of a mixture with respect to the efficiency of the
shooting operations. Often, it is also important to consider other fresh properties or
characteristics. For example, setting time can be a very important properties for

application such as early ground support or repair within the tidal zone (to avoid



98 Beaupré

washout of newly placed shotcrete). For placing purposes, important fresh properties
include: build-up thickness, rebound, compaction, setting time, fiber content and
rheological oriented properties. These properties, which are related to shootability, and
their corresponding testing procedures will be described in the following sections.

At this point, it is important to note that most of these testing procedures are not widely
standardized. For example, the present version of the "Guide to Shotcrete” of ACI 506
(Committee 506 of American Concrete Institute ) does not possess any directive on how
to measure the build-up thickness, the amount of rebound and the fiber content. In
Norway, a document on underground application of shotcrete describes a washout test
to measure the in-place fiber content of shotcrete and gives some guidelines for the
determination of rebound. The European Committee for Standardization CEN/TC 104
on concrete has a sub-committee working on shotcrete (WG 10). It is the hope of the
author that this sub-committee will come along with some standard procedures to

measure the fresh shotcrete properties.
3.1 Build-up thickness

Vertical application of shotcrete is usually not a problem especially if the shotcrete is
placed from the bottom in a self supporting manner. However, for overhead
applications, this property is very important because it affects greatly the economical
side of the application. Problems associated to low build-up thickness include:
application in more than one layer, fall of fresh shotcrete or undetected debonding of
fresh shotcrete creating voids behind the hardened shotcrete, especially when wire mesh
is used.

Mix composition is the most important parameter controlling build-up thickness. This
property is improved by the use of silica fume and set accelerator. Compaction process
also increases the build-up thickness. For wet-mix, lower slump usually gives a higher
build-up thickness. For dry-mix, water addition technique is also very important. The
assessment of build-up thickness in numerical value is very dependent of the testing
procedure used.

From the author knowledge, there is no standard test to measure this important
characteristic. Depending on the type of application (vertical wall, overhead ceiling,

presence of reinforcement, etc.), this thickness may vary for the same mixture. Thus, it
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is very difficult to provide a numerical (quantitative) build-up thickness value for a
given mixture, especially when no standard testing procedure exists. However, several
authors have tried to measure the build-up thickness.

Morgan (1991) defined a thickness-to-sloughing test measurement on wall (vertical

build-up thickness). He observed two failure mechanisms which may cause the freshly
applied concrete to behave in an unstable manner: adhesion failure and cohesion failure.
As mentioned before, adhesion is the ability to adhere to another surface, while
cohesion is the ability to adhere to itself. Adhesion failure occurs when, for a vertical
application, the shotcrete starts sliding or sloughing under its own weight. Cohesive
failure occurs when the fresh shotcrete ruptures within itself.

Figure 1 shows the set-up used by Morgan to measure the thickness-to-sloughing.
Depending on the shape and the size of the base of the applied shotcrete, the measured
thickness can be very variable. In case (a), because of a bigger base and a better shape,
the shotcrete would probably exhibit adhesion failure compared to case (b) which is
more likely to exhibit cohesion failure. In practice, most failures of fresh shotcrete are
cohesion failures, especially if some sort of reinforcement is present. In this case, the

shotcrete ruptures within itself at the level of the reinforcement or mesh.

cohesion
failure

adhesion
failure

(a) (b)

Figure 1: Thickness-to-sloughing test set-up
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Beaupré and Mindess (1993) have used thea frame shown in Figure 2 to measure the
vertical build-up thickness. This set-up consists in a fixed base of 200 mm x 230 mm
mounted at 100 mm from the wall. Four steel angles are fixed to the base to prevent
adhesion failure. During the test, the shotcrete is projected horizontally onto the base
without moving the nozzle until the in-place shotcrete falls under its own weight. A
video camera is used to record the test. This way, the build-up thickness can be
determined precisely by reviewing the experiment.

300 200 100 0

Figure 2: Set-up for vertical build-up test.

Overhead build-up tests can also be conducted but are more difficult to perform. The
Industrial Chair on Shotcrete and Concrete Repairs of Laval University uses a frame as
shown in figure 3. The complete test set-up and test procedure are described in the
Appendix. That set-up also allows the evaluation of the build-up in term of "cohesion”
of fresh shotcrete and not only in term of thickness. The "cohesion" of shotcrete

represents, in some way, its fresh tensile strength.

PITEITTIRITITEELTTEI ITLLIITILLTIIZ //// /////1

Figure 3: Set-up for overhead build-up test.
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3.2 Rebound

During shooting, some particles called rebound (aggregates, cement grains, fibers ...)
do not remain in place after the impact. The rebound is represented as a percentage of
the total mass of shot material. Many parameters influence the amount of rebound. They
have been studied by many researchers for the dry-mix shotcrete (Parker, 1977; Crom,
1981; Morgan and Pigeon, 1992; Banthia et al., 1992; Jardrijevic, 1993), and for the
wet-mix shotcrete (Morgan, 1991; Beaupré et al., 1991; Morgan and Pigeon, 1992;
Banthia et al., 1994).

The parameters influencing rebound can be separated into two categories: parameters
related to the shooting technique, and those related to the mix composition. The most
important parameters related to the shooting technique are: the process (wet-mix or dry-
mix), equipment, air pressure, shooting position, angle, thickness and presence of
reinforcement (bars or mesh). The most important parameters with respect to the mix
composition are: workability of the mix, aggregate content and presence of silica fume
and fibers.

From the author knowledge, no standard test exists to evaluate the amount of rebound.
It is then very difficult to compare results obtained from different studies. To measure
rebound, for vertical or overhead projection, most researchers have used closed
chambers, large plastic sheets or, as in Bochum University (Germany), instrumented

rebound collector.

When rebound is measured for payment purposes, the evaluation must be conducted in
a way to represent the actual shooting configuration used during the real application.
For example, the reinforcement, if any, should represent as close as possible the one of
the in-place shotcrete. The test described in Appendix can also be used to measure
rebound for repair applications. It can also be used to evaluate the reinforcement
embedment characteristics of the mix-equipment-operator set-up. For mining
application, rebound is often measured without any reinforcement. When rebound test
is used to compare the influence of mix composition, it is very important to maintain the
same shooting parameters for all mixtures.
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3.3 Compaction

Compaction in not really a property of the fresh shotcrete. It is a reduction of the air
content caused by the impact of the material upon the receiving surface or during
pumping. This phenomenon is only significant for wet-mix because the determination
of the fresh air content on dry-mix shotcrete is not possible before shooting.

The air content after shooting can be determine by using a modified ASTM C231 test
(modified by shooting directly into the airmeter base). This procedure works well for
workable wet-mix shotcrete but is not recommended for dry-mix shotcrete (Beaupré
and Lamontagne 1995). One can then determine the amount of compaction that takes
place while shooting wet-mix shotcrete. It is recognize that for non-air-entrained
shotcrete, the final air content of the in-place shotcrete is always around 2-4 percent.
When air-entraining agents are used, the final air content of the in-place shotcrete is
around 3-6 percent, irrespective of the initial air content before pumping for the wet-

mix.

Although the exact mechanism of air loss or compaction is not known, it is a fact that
compaction increases the compressive strength and generally improves all mechanical
properties. Physical properties, such as permeability, are also improved by compaction.
It is probably the speed of the particles , which depends on the amount of compressed
air used at the nozzle, and by their impact (the release of energy) on the receiving
surface that produces the compaction by eliminating large air voids.

3.4 Setting time

At this point it is important to differentiate setting and hardening. When setting takes
place, the concrete undergoes a rapid stiffening. After setting has taken place, the
hardening or the gain in strength may be more or less rapid. The set accelerators used in
shotcrete technology always affect the setting characteristics of the shotcrete, allowing
application of greater thickness. Some of them also accelerate the strength development
and can be considered as an hardener.

Different standard tests exist to measure setting time of paste or mortar. In shotcrete
technology, the penetration needle test (ASTM C403) has been used the most. There
should be some sort of relationship between the setting characteristics and the build-up
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thickness: is has been often observed that accelerated shotcrete can be build-up in very
large thickness. It is also mentioned that accelerators help in reducing rebound, but this
has not yet been demonstrated by strict measurements.

3.5 Fiber content

For fiber reinforced shotcrete, it is very important for job site quality control to measure
the amount of fiber on the in-place shotcrete (Banthia et al, 1994). The Norwegian
standard on shotcrete (Sprayed Concrete for Rock Support: NB #7) describes a
washout test for steel fiber content determination. Beaupré and Lamontagne (1995) also
used a similar test for steel fibers and a different wash out test for synthetic fibers.

3.6 Rheological oriented properties

The behavior of normal fresh cast in-place concrete can be represented by two
rheological properties: the flow resistance and the viscosity (Tattersall and Banfill,
1983). Non accelerated fresh wet-mix shotcrete can also be represented with these
parameters (Beaupré, 1994). Figure 4 shows a good relationship between g (flow
resistance) and the maximum build-up thickness. In this Figure, the black squares refer
to the flow resistance (g) obtained by considering a true Bingham behavior (linear
relationship), while the white squares represent the real measured flow resistance (g').
Usually, g and g’ are very close.

o 0 Cai
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Figure 4: Relationship between the build-up thickness and the in-place flow resistance
(gand g’)
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Dry-mix shotcrete is generally too stiff to be tested in a theometer. Different penetration
needle tests, similar to the setting time apparatus, have been used to estimate the
mobility of in place stiff shotcrete. For example, Master Builders Technologies has
developed a penetration needle test apparatus but this test is not yet standardized.

3.7 Pumpability

For wet-mix shotcrete, there is a permanent conflict between pumpability and
shootability: when the pumpability increases (by increasing the slump, for example),
the shootability decreases (smaller build-up thickness) and when the pumpability
decreases, the shootability increases. It is always a challenge to find the best
compromise between pumpability and shootability. Moreover, when this optimum is
reached, one may avoid the use of accelerators or, for more difficult applications, it may
at least allow a reduction in their addition rates.

There is not a single to measure pumpability because of the definition its definition
which calls for many parameters: mobility and stability under pressure. Mobility can be
evaluated by measurement of the rheological properties but the stability is more difficult
to evaluate. Browne and Bamforth (1977) have developed a pressure bleed test in order
to asses this issue but very few results have been published on this subject. Beaupré
(1994) has try this test to asses stability of shotcrete mixture without much success.

4 Conclusion

It is obvious that the shotcrete industry needs more standard procedures to evaluate
fresh shotcrete properties. Since research in shotcrete technology has increased a lot in
the last five years there is hope that in the next few years, standard testing procedures
will be adopted to evaluate shootability of shotcrete.
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APPENDIX

This appendix describes a test set-up used by the Industrial Chair on Shotcrete and
Concrete Repairs (Laval university, Quebec, Canada) to evaluate shootability. The set-
up allows the determination of rebound, build-up thickness and "cohesion".

Physical description

The test set-up consists in an instrumented mold mounted to simulate overhead
shotcrete application into a rebound chamber (2,4 m x 2,4 m x 2,4 m). The steel mold
is 600 x 600 mm and 3 mm thick. It has four sides inclined at 45° angle up to a height
of 65 mm (see figure Sa).

The reinforcement is composed of ten 500 mm long reinforcement bars with a diameter
of 15 mm and mesh ( 50 mm x 50 mm x 3 mm) as shown in figure 5b. The
reinforcement is fixed to the mold by four bolts. The test can also be conducted without
the reinforcement.

Three load cells with a capacity of 2,5 KN each are placed between the rebound
chamber ceeling and the mold. A system of connectors allows easy removal of the mold
with the help of a fork lift. The load cells are connected to an acquisition system an a
video camera is also installed on the side of the rebound chamber to record the

experiment.
Test procedure

The testing procedure allows the determination of both the amount of rebound and the
maximum build-up thickness. This test is now used very intensively on many research
projects.

To measure the amount of rebound, the weight of the empty mold is recorded with the
load cells and the acquisition system. After starting the video camera, the shotcrete is
sprayed into the mold until a even thickness of 90 mm is reached (several reference
marks help to obtain an even thickness). The rebounds in the chamber are then
collected. With the weight of rebound and the one of the shotcrete into the mold, it is
possible to calculate the amount of rebound. Because of the position and the presence of
reinforcement, high rebound rates are usually obtained.
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Ten minutes after the rebound test has been completed, additional shotcrete is sprayed
into the mold until the shotcrete falls under its own weight or until a thickness of 300
mm is reached. The maximum thickness is then assessed by the nozzleman. The exact
thickness is also determined by reviewing the experiment on monitor. Because of the
presence of the mesh, all failure are cohesion failure (not adhesion).

Because the acquisition system records the weight of the mold and the shotcrete, it is
possible to evaluate the amount of shotcrete that fell from the mold. By evaluating the
area of the ruptured fresh shotcrete, it is possible to calculate some sort of fresh
shotcrete tensile strength or the "cohesion" of the fresh shotcrete.
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Abstract

The control of the setting accelerator dosage is normally dependent on the operator’s
experience. This paper reports the results of an investigation of the influence of setting
accelerator dosage on durability of wet mixed sprayed concrete used in tunnel linings.
The experimental program includes tests on samples collected from tunnel linings in
construction and from sample panels sprayed in the tunnel.

The setting accelerator used was a sodium silicate based accelerator. Some con-
cretes were sprayed without setting accelerator, some with a normal dosage of setting
accelerator and others with a very high dosage of setting accelerator. The concretes
investigated had a compressive strength of approximately 60 MPa. The dosage of
steel fibres in the sprayed concrete was 50 kg/m’.  All the concretes contained water
reducing admixtures.

The following parameters were investigated: water intrusion, frost/salt scaling du-
rability, pore structure and compressive strength.

The concrete strength decreased with increasing setting accelerator dosage.

An increasing dosage of setting accelerator caused a decreasing frost/salt durability
and an increasing water intrusion. An increasing amount of cracks in the sprayed con-
crete were observed with increasing dosage of setting accelerator.

Keywords: Sprayed concrete, steel fibre, setting accelerator, durability (frost/salt
scaling, water penetration, water porosity and compressive strength).

1 Introduction

Tunnel linings, like other large structures, are expected to be designed for maximum
lifetime. However, little effort is often put into the documentation of the sprayed con-
crete and the actual durability of the structure is not known. This paper reports the
results of an investigation of the influence of the setting accelerator dosage on the du-

Production Methods and Workability of Concrete. Edited by P.J.M. Bartos, D.L. Marrs and D.J. Cleland.
Published in 1996 by E & FN Spon, 2-6 Boundary Row, London SE1 8HN. ISBN 0 419 22070 4.
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of wet mixed sprayed steel fibre reinforced concrete used in tunnel linings. The control
of the amount of setting accelerator added to the concrete in the spraying nozzle is
normally very poor, and adjustments of the dosage to the concrete flow is to a high
degree dependent on the operator’s experience. On this background the present in-
vestigation was carried out to evaluate the need of better dosage control equipment
for controlling the amount of setting accelerator added during the spraying.

2 Experimental

2.1 Concrete mix design and mixing
The mix proportions are given in Table 1. The concrete mix was designed to give a
compressive strength of 60 MPa without accelerator.

The concrete was mixed at a mixing plant, transported to the construction site and
sprayed using the wet spraying technique. The steel fibres were added to the concrete
during mixing at the mixing plant. The setting accelerator was added in the spraying
nozzle during spraying. The amount added was adjusted by the operator.

2.2 Test procedures
The samples for concrete testing were cores drilled from the sprayed tunnel lining and
from sprayed sample panels. The following were investigated:

¢ the influence of the setting accelerator dosage on the compressive strength

o the influence of the setting accelerator dosage on the steel fibre rebound

¢ the influence of the setting accelerator dosage on the water capillary absorption, air
and total porosity of the sprayed concrete

o the influence of the setting accelerator dosage on the water intrusion depth of the
sprayed concrete

Table 1 Mix proportions

Material Dosage (kg/m”

Cement (Norcem HS 65) 500

Silika fume 30

Water 234 w/(cts) =042
Aggregate 0-4 mm 1168

Aggregate 4-8 mm 390

Superplasticizer (melamin) 9
Plasticizer (lignosulphonate) 4
Steel fibres (EE 25) 50
Setting accelerator (sodium 10 litres
silicate) 20 litres
28 litres

The testing was done using the test methods described in Table 2.
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Table 2 Methods of testing

Test method used

Compressive strength Norwegian Standard, NS 3668

Frost/salt durability Swedish Standard, SS 13 72 44 procedure A, with
3% NaCl

Forosity [1]

Water intrusion depth ISO/DIS 7031

The steel fibre content of the concrete was measured by washing the fibres out of
the fresh concrete and by crushing the hardened concrete and collecting the fibres. The
collected steel fibres were then weighed.

3 Results and discussion

The influence of the setting accelerator dosage on the compressive strength of the con-
crete is shown in Fig. 1.

A small dosage of setting accelerator, 10 Vm’, had no effect on the concrete
strength. The concrete strength decreased with increasing dosage of setting accelera-
tor, using more than 10 I/m’.

70 e ———

Compressive strength, MPa

0 10 20 28

Setting accelerator dosage, I/'m®

Fig. 1 Influence of setting accelerator dosage on the compressive strength of the
concrete with a steel fibre dosage of 50 kg/m’. Samples drilled from
sprayed sample panels
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The influence of the setting accelerator dosage on the steel fibre rebound of the
concrete is shown in Fig. 2.

An increase in setting accelerator dosage from 10 to 20 Um’ reduced the steel fibre
rebound because the total concrete rebound was reduced.

The results of the frost/salt durability testing are shown in Fig. 3.
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Measured steel fibre content, kg/m®
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Setting accelerator dosage, I/m*®

Fig. 2 Measured steel fibre rebound of the hardened sprayed concrete. Concrete
sprayed on sample panels.
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Fig. 3 The influence of the setting accelerator dosage on the frost scaling of the
sprayed concrete. Samples drilled from the tunnel lining,
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Only the concrete containing the lowest dosage of setting accelerator tended to an
acceptable frost/salt durability. There was a pronounced increase in frost/salt scaling
caused by an increase in setting accelerator dosage from 20 to 28 I/m’, Fig. 3.

A normal dosage of setting accelerator is 20 I/m’. A slight increase in dosage or an
overdose of setting accelerator will cause a reduction in frost/salt durability of the con-
crete.

The results of the porosity testing are shown in Fig 4.

The water capillary absorption (suction) porosity increased with increase dosage of
setting accelerator, Fig. 4. The air porosity was not affected by the setting accelerator
dosage, and the total porosity increased with increasing setting accelerator dosage be-
cause of the increased water capillary absorption porosity.

The results of the water intrusion tests are shown in Fig. 5.

In increase in setting accelerator dosage from 10 to 20 I/m’ doubled the water in-
trusion depth, Fig. 5. Any further increase in setting accelerator dosage had no effect
on the water intrusion depth.

On thin sections of the sprayed concrete an increasing amount of micro cracks in
the concrete was observed with increasing dosage of setting accelerator. The thin-
sections were prepared using the FLR-technique [2] which does not introduce cracks
in the sample. This correlates with the increasing water capillary absorption porosity
and the decreasing frost/salt durability of the concrete with increasing setting accelera-
tor dosage. The increased water intrusion with the increased setting accelerator dos-
age 1s probably caused by the increased micro cracking observed.

35

— ©— Suction porosity, Vol-%

—O — Air porosity, Vol.-% oo —A
S0 —A— Total porosity, Vol.-% e

25 .k

20

Porosity, Vol-%

Setting accelerator dosage,l/m*

Fig. 4 The influence of setting accelerator dosage on the porosity of the sprayed
concrete. Samples drilled from sample panels.
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Fig. 5 The influence of setting accelerator dosage on the water intrusion depth
for the sprayed concrete. Samples drilled from sample panels.

4 Conclusions

The concrete strength decreased with an increasing dosage of setting accelerator dos-
age.

An increasing dosage of setting accelerator caused a decreasing trost/salt durability
and an increasing water intrusion. An increasing amount of cracks in the sprayed con-
crete was observed with increasing dosage of setting accelerator.

To produce a durable and good quality concrete the addition of setting accelerator
during spraying has to be controlled very precisely and accurately. The addition of
setting accelerator has to be adjusted in proportion with the concrete flow.
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Abstract

Due to the dramatic increase in economic competition as well as safety and
environmental concern, tunnelling and underground construction activities are currently
confronted with major new technical challenges. In particular we now see very strong
expectations for shotcrete technology to satisfy new requirements: better work
conditions, increased spraying speed, improved bonding of shotcrete, early strength
development, higher long term compressive strength. Traditional alkaline accelerators
such as water glass and aluminates being unable to meet those requirements, demand
for a better alternative is growing rapidly .

Rhone-Poulenc and Bouyges research teams have jointly developed a new

alkali-free liquid accelerator, primarily designed for use in wet process. It is a fully
stable, strictly inorganic, low viscosity, aqueous suspension which can be processed on
any standard dosing equipment. Besides offering its users maximum operating
simplicity thanks to its liquid form and security (as a product proven to be non-irritating
and non-ecotoxic), this new accelerator also provides project engineers and contractors
with significant additional benefits: improved quality of final concrete totally adapted
for use in structural support, improved worker security allowing steady excavating
progress thanks to the high early strength of the shotcrete ring. The paper will give a
broad summary of the key experimental data characterizing the physico-chemical
properties of this new liquid agent, its impact on the mechanical performances and the
durability of shotcrete.

Keywords: accelerator, alkali- free, durability,.early strength, setting-agent, shotcrete.
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1 Introduction

Because of its advantages over traditionnal concrete regarding flexibility and
productivity of casting, shotcrete is very popular in underground construction and has
now been used for nearly one century. Both wet and dry spraying technologies have
improved through the years, giving way to continuously enhanced economics of this
concreting method.

Nowadays, if contractors are still very interested in further increase of productivity,
they are becoming more and more concerned with better work conditions together with
improved quality of the concrete.

Traditional alkaline accelerators such as water glass and aluminates do not meet those
new requirements:

Although aluminates behave better than silicates regarding early strength development
{security of working crew) and thickness of the shotcrete layer, it is well known that a
reduction of the 28th days strength by more than 30% can not be prevented.
Furthermore, because of its aggressive alkaline character, liquid aluminate is
responsible for many serious injuries due to accidental contact with eyes or skin.

This is why demand is growing fast for a new generation accelerator that will be
friendly to man and environment while:

- improving the bonding of shotcrete, to reduce rebound and improve thickness of the
layer.

- enhancing the early strength development to insure maximum security at maximum
spraying speed.

- keeping close to the 28 -day strength of non accelerated concrete in order to obtain
high durability concrete.

Rhone-Poulenc and Bouyges research teams have recently developed a new
liquid alkali-free accelerator, RP 750SC, that has been successfully tried on
Bouyges working sites and in the Hagerbach cave.

This paper presents the specific characteristics of this new liquid alkali free accelerator
together with lab tests that were designed to predict the behavior on the working sites.
The complete comparative results of the shotcrete trials performed in Hagerbach
with RP 750SC and a conventional liquid potassium aluminate are discussed.

2 RP 750SC main characteristics and functions

2.1 RP 750 SC : aspect, toxicity and eco toxicity

We have been particularly concerned with developping an accelerator friendly to man
and nature: Trials performed with RP 750SC prooved it perfectly respectful of the skin
and eyes [1] and of environment in case of accidental spilling [2].

RP 750SC is a fully stable, strictly inorganic, low viscosity, aqueous blend that contains
a precipitated silica with specific morphology and surface chemistry. Resulting from
interaction of silica with other mineral compounds of the blend, RP 750SC behaves as a
stable slurry that tends to gel at rest and becomes fluid again under mild stirring.

( viscosity = 0,10 - 0,2 Pa.s after 1 mn shear at 50 s-1).
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2.2 Hagerbach trial: experimental results on site

Let us try to get a better view of the way RP 750SC interacts with shotcrete from the
first minute following mixing until 90 days after the spraying.

The results discussed herebelow were obtained in the Hagerbach cave in the
following conditions:

nature of concrete walls: hard rock cave

quantity of concrete sprayed: 25 m3

Shotcreting equipment: SCHWING - Topshot mobile, MEYCO - Spraying mobile
Ambiant temperature: 14 - 15°C

Fresh concrete composition

Cement: CEM 152,5 ECLEPENS 425 kg 375 kg
Aggregates 0-8mm: 1748 kg 1844 kg
W/C: 0,5 0,54

2.2.1 From 1 mn to 20 mn after spraying: sticking and begining of setting.

The shotcrete obtained in the wet process, after mixing RP 750SC at the nozzle with
fresh concrete is characterized by a high sticking power that allows to cast successfully
with very few rebounds, even fluid concrete with slumps ranging from 18 to 25.

This particularity results from the combined action of silica with the other mineral
compound of the blend (see paragraph 2.3).

Together with the sticking comes the begining of the setting due to the chemical
reaction of RP 750SC with the C;S and C,A components of the cement paste.

This chemical reactivity can be monitored on site through temperature evolution, as
displayed on fig!/.

The combined properties of sticking and immediate setting allows the spraying of thick
layers ( up to 40 cm in vertical linings and 10-15 cm in cap) with low rebound ( < 7% ).

40

Max. Temp.

33.5°C Max. Temp.
a5 4 at 5h20mn 32.4°C

~.at 7h10mn
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25

10% RP 750SC

Temperature (°C)

Y 5% potassium aluminate

0 02 04 06 08 10 1122 11 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46

Time (hours)

Fig. 1. Evolution of shotcrete temperature versus time. (Cement CEMI 52.5: 425 kg/m®.)



118  Prat, Frouin and Dugat

14% RP 750SC 12% RP 750SC  10% RP 750SC

5% potassium
aluminate

Compressive strength (MPa)

Time (mn)

Fig. 2. Early age strength evolution. (Cement CEMI 52.5. 425 kg/m®. Method: 3 mm needle
penetrometer.)

2.2.2 From 20 mn to 24 hours: early strength development.

The early strength development of the shotcrete was measured during the first two
hours with a needle penetrometer (Dr Kusterle) of 3 mm diameter.

Fig 2 displays the comparative compressive strength obtained for shotcrete ( 425 kg
cement/mv ) accelerated with various amounts of RP750SC and shotcrete accelerated
with 5% liquid potassium aluminate:

From 30 mn on, one can notice that RP 750SC leads to compressive strength greater
than those obtained with standard liquid aluminate.

Furthermore, the compressive strenth is all the more great in the early ages as the
amount of RP750SC increases ( from 10 to 12 and 14%), without impairing the final
compressive strength of the shotcrete at 28 days .

Fig 3 shows the comparative early strength obtained with 12% RP 750SC by
decreasing the cement content of the concrete from 425 kg/m* to 375 kg/m’.

425 kg / m3

. 375kg/m?3

Compressive strength (MPa)

10 20 30 40 50 80
Time (mn)

Fig. 3. Early age strength evolution. (12% RP 750SC. Method: 3 mm ncedle penetrometer.)
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Fig. 4. Early age strength evolution. Incidence of cement and accelerator level.
(Method: Hilti gun.)

RP 750SC may allow a decrease of cement content without impairing early strength
development, provided that the quality of cement be high enough.

From 2 hours to 24 hours, the compressive strength of the shotcrete is too high to be
measured with a needle penetrometer, and we had touse a Hilti gun  to measure the
force needed to pull out nails.

Results obtained with varying amounts of RP 750SC for concrete with 425 and 375 kg
cement per m* concrete are compared to compressive strength development obtained
with a 425 kg/m® shotcrete accelerated with 5% standard liquid aluminate ( see fig 4).
One can notice that compressive strength as high as 3 MPa at 3 hours, which insures
security of the working crew, may be obtained with RP 750SC, while the aluminate
activated concrete stays well below 1 MPa at 3 hours.

2.2.3 From 24 hrs to 90days: Almost no impairing of the final strength .

The final strength developments were followed by crushing core samples.

(f, h=50mm). Comparative results displayed on fig 5 show that RP 750SC does not
significantly impair compressive strength of shotcrete at 28 days, even at dosage
level as high as 14%.
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Fig. 5. Influence of RP 7508C level on final strength.
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We obtain an average value of 85% of the compressive strength of unaccelerated
concrete at 28 days, while aluminate accelerated concrete reaches 50% of the

compressive strength of unaccelerated concrete ( ¢f fig 6).
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Fig. 6. Final strength of aluminate accelerated shotcrete. (Ref. concrete 425 kg/m?,
CEMI 52.5 + 21 kg silica fume.)

2.2.4 Durability results:

Standard tests were performed in order to assess that the high values of compressive
strength obtained ( related to a densified microstructure) are indicative of a high
durability concrete.

Permeability to water was measured according to DIN 1045 on core samples ( & =
200mm and h = 120mm): the depth of penetration of water ranged between 16 and 23
mm, which is indicative of a low permeability ( see micrograph 7).

Resistance to accelerated carbonation was measured by exposing prisms
(70/70/220mm) 28 days at a relative pressure of 70% CO2: The depth of carbonation
was Imm to be compared to 5 to 10mm for a normal concrete.

Resistance to freeze thaw cycles was measured according to ANDRA 322 ET 09-03:
After 25 cycles, the velocity of sound was not decreased by comparison with a non

accelerated concrete sample

Fig. 7. Water permeability of shotcrete accelerated with 10% RP 750SC.
Depth of penetration 16 mm.
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2.3 How does RP750SC affect the rheological behavior, setting and final
properties of shotcrete.

Immediately after spraying, shotcrete activated with RP750SC displays high
cohesiveness and sticking properties, even before the setting takes place. This property
results from the continuous mineral network of fine silica particles ( ¢f micrograph 8),
dispersed in the cement paste [3].

Fig. 8. Micrograph (TEM) of precipitated silica.

The setting starts immediately after spraying, due to chemical reaction of RP 750SC
with the cement paste. One of our goal has been to measure accurately the stiffening of
cement pastes in the first minutes following their mixing with RP750SC. This is of
particular interest since immediate stiffening will guarantie sticking of the shotcrete to
the wall.

This was achieved by using a Stevens texturometer, equipped with a one millimeter
diameter needle. After thorough mixing of the cement grout with appropriate amounts
of RP 750SC, the stiffening of the paste is measured by reading the resistance of the
paste to penetration by the needle.

(STEVENS texturometer)

400 77 5% potassium
o aluminate
10% RP 750SC

(@)

.- 7% RP750SC

Stiffening
to needie

10% sodium
slicate

6
Time (mn)

Fig. 9. Stiffening of grouts (w/c = 0.5) activated with RP 750SC and standard liquid
alkali accelerators.
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Fig 9 illustrates the behavior of cement pastes activated with varying amounts of RP
750SC, compared with that of a cement paste activated with classical liquid alkali
potassium aluminate and sodium silicate.

It can be seen that stiffening may be modulated by adjusting the ratio of RP750SC to
cement in order to match that obtained with. potassium aluminate in the first minutes..
On can notice that resistance to penetration by a needle of silicate activated paste stays
well below RP 750SC and aluminate activated pastes.

In order to precise how RP 750SC interacts with the major components of cement, we
used X ray spectroscopy to monitor the level of C,S and C,A in cement pastes
activated with RP 750SC.

Comparative results with reference pastes are displayed in fig /0

300 500

(PHILIPS PW 1800 Cu anode a1, a2) (PHILIPS PW 1800 Cu anode a1, a2)

200 4

Relative infensity
“

Relative intensity

10% AP 750SC
Time ra::u ! % ﬁ ' Time [U‘:Yl‘ ¥ 3
Fig. 10.a. Consumption rate of C,S Fig. 10.b. Consumption rate of C,A
versus time in grouts (w/c = 0.5). versus time in grouts (w/c = 0.5).

Although the amount of C;S and C,A consumption is equivalent at 28 days for both
accelerated and unaccelerated concrete, RP 750SC increase their rate of consumption:
90% of C,S consumption at 28 days for unaccelerated concrete is achieved at only 7
days for 10% RP 750SC activated cement pastes. These results confort the accelerating
effect that could be observed in the early hours that could be evidenced by
conductimetry measurements performed on grouts with a W/C = 4.

fig 11 shows comparative conductimetry results performed during the 5 first hours after
beginning of hydration: The end of the sleeping period comes earlier by about 70 mn in
the case of accelerated grouts.

10% RP 750SC

Conductivity (m.S.car')

e 300 400

Time (mn)

Fig. 11. Conductivity versus time of grouts (w/c = 5).
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3 Conclusion

RP 750SC leads the way for new generation liquid alkali free accelerator that will
improve security and handling operations of working crew, while increasing both
productivity of casting and quality of final shotcrete:

RP 750SC presents a unique set of advantages:

Maximum security regarding health and environment, while easy to handle due to its
liquid presentation.

The ability to satisfy the most demanding specifications regarding early ages or final
strength development, while allowing variable cement and admixture dosage.

The insurance of optimum concrete efficiency thanks to high bonding to support.

The safety and durability of a superior quality concrete.

The authors wish to thank all the members of the research and application teams from
Rhone-Poulenc and Bouyges who designed this product in partnership.
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K.J. JUVAS

Partek Concrete Development, Pargas, Finland

Abstract

This paper deals with the special properties of dry concrete, particularly its workability.
The exceptionally low workability of dry concrete might be a disadvantage, but it can as
well create new opportunities for products, such as hollow-core slabs and concrete pipes.
General requirements for testing methods are also presented. Four of them are discussed
in more detail: Modified VB-test, Proctor test, Kango-Hammer test and Intensive
Compaction test.

Keywords: Dry Concrete, Precasting, Workability, Testing Methods, Hollow-Core Slabs.

1 General

In some precasting processes it is normal to use a very low amount of water in concrete.
A special method is needed to get such a concrete completely compacted. A typical
water/cement ratio for such a concrete ranges between 0.20 and 0.40 depending on the
amount and quality of fines and the admixtures used. The role of the water is mostly to
take part in the hydration reaction. Very dry concrete has also been called by other names
like no-slump or zero-slump concrete and earth moist or earth stiff concrete.

Very dry concrete is being used for many purposes in the precasting industry. Typical
products are:

. extruded or slipformed hollow-core slabs
° several types of blocks, kerbs and tiles

. pipes

. slipformed thin-shell slabs

Production Methods and Workability of Concrete. Edited by P.J.M. Bartos, D.L. Marrs and D.J. Cleland.
Published in 1996 by E & FN Spon, 2-6 Boundary Row, London SE1 8HN. ISBN 0 419 22070 4.
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In other areas of the construction industry very dry concrete has been used in roads,
pavements and massive dams. The concrete is usually named according to the
compacting method i.e. Roller Compacted Concrete (RCC).

2 Character of workability

By using standardized tests or normal compaction methods the dry concrete can be con-
sidered to have a very poor workability. It cannot be compacted with a poker vibrator nor
with a normal vibrating table. It is also difficult to pump and the aggregate has a tendency
to segregate.

On the other hand, the cohesion of compacted concrete is mostly very good. The cohesion
is good provided that the amount of cement paste (cement + water + fine aggregate) is
right. The amount of cement paste can be minimized by developing very dense
aggreagate packing and measuring the void content in compacted aggregate. Though in
most cases the workability will be lower. If the amount of cement paste is insufficient,
there will be difficulties during compacting and finishing of surfaces. A certain overfill
of cement paste is required and after investigations /4/ the sufficient amount is 5...10 %
in excess of the void content in compacted dry aggregate.

All production methods, from mixing of concrete to finishing of surfaces. must be
designed specifically for the particular workability properties of dry concrete.

A comprehensive presentation on workability properties is given in the doctoral thesis of
Christian Sérensen /12/.

Sérensen finds the following special characteristics for fresh dry concrete:

° resemblance to earth material. Like in soils the workability can be controlled by
optimum moisture content and density in the uncompacted and compacted state.

° if the cement-paste is being increased beyond a certain limit, the concrete will
become unstable.

. in the fresh state, interparticle forces resist the dispersion of fines and compac-

tion of the granular material. but provide the desired stability. The surface
forces are due to the air-water menisci and the polarity of fine particles.

. the amount of water required for good workability is very sensitive to the
amount and quality of fines.
. there are three principal methods of machine compaction: vibration, dynamic

pressure and plain static pressure. Of these, plain static pressure is the least

effective method.
Sdrensen has concluded in his investigations that higher air content increases the fresh
strength (cohesion) of no-slump concrete. The main reason may be the effect of air/water-
menisci. The same improving effect occurs also if part of the cement is replaced by an
equal volume of inert filler which has coarser grading than cement. With silica fume a
higher replacement is needed to achieve the same effect. Workability (IC-tester) and
obtainable relative solid density are dependent on the yield strength rather than on the
viscosity. Workability (IC-tester) and fresh strength indicate an inverse relationship.
Silica fume functions as a Jubricant and decreases the friction in shear, provided a
sufficient amount of superplasticizer is available for adequate dispersion.
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Norden /13/, in his studies concerning workability of dry concrete used in pipe produc-
tion, concluded that the workability can be improved by:

adding silica fume (2.5%)
pre-moistening of sand
using cubic aggregate shape which decreases the required cement paste amount,
if the aggregate is crushed
° using washed sand

3 Benefits of dry concrete

Why then has dry concrete been used despite the workability problems? Because the
other properties are extraordinary. The cohesion and the fresh strength of newly com-
pacted concrete is very good. Many production processes find this property necessary. It
must be possible to remove pipes from their moulds right after compacting and to move
them to the curing area in vertical position. Hollow-core slabs must keep their shape
without any supporting mould around. It is even possible to walk on the fresh, compacted
concrete directly behind the casting machine without causing any damage to the product.

The development of early strength is very fast, and the ultimate strength achieved is high
compared with the amount of cement and other binding materials included. Of course the
concrete must be properly compacted, which is even more important with dry concrete
than with flowable concrete. The concrete always has extra strength potential to attain if
its water/cement ratio can be lowered. The matter is visualized in Fig. 1 /2/. An example
of typical strength development of an extruded hollow-core slab is presented in Fig. 2. /4/

Hardened concrete with a low water/cement ratio is very dense and contains no capillary
pores. This results to good durability both against frost and chemical attack without any
special admixtures. The concrete is also impervious to water, and the shrinkage is smaller,
which will minimize the risk of cracking.

4 Testing of workability

4.1 General requirements

The term workability is very wide and can refer to different kinds of properties depending
on the process, product and the phase of work. The more detailed and practice-based
terms for different aspects of workability are:

cohesion

tendency to segregate and bleed

compactibility

finishability

pumpability

For dry concrete the three first properties are the most important.
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Fig.1. The effect of water/cement ratio and different compaction methods on the com-
pressive strength of concrete /2/.
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Fig. 2. The strength development of three different hollow-core slab concretes.
The water/cement ratio is 0.34 /4/.

There is probably no test method which could reliably characterize all the workability
properties. First it must be clarified which properties are important to know in the
particular case and choose the test method accordingly.
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[t is important that the test method simulates the real production process as good as
possible. If the concrete is to be compacted by vibration, the compactibility must be tes-
ted by a vibrating type of test method. For the practical user of the test results it is not ne-
cessary that these are on rheological base. The most important is that they describe
reliably the concrete and the differences between mixes in the particular process.

A test method is found suitable if:

° repeatability and reproducibility are good

° the test is fast and simple enough to be used in a process control

° the equipment is rather inexpensive

° the method simulates the real process and it is possible to be modified according

to variations in the process.

The optimum compaction is an absolute condition for reaching good properties in dry
concrete. It is very important to be able to test even small changes in workability which
can be caused by changes in fine materials, water, temperature and shape of coarse
aggregate.

Among conventional test methods there are very few suitable for dry concrete and even
less are internationally standardized. Four test methods are presented in the following

chapters:

° modified VB-test

. Proctor compaction test

. Kango-Hammer test (Vibrating hammer test)
° Intensive Compaction test (IC-test)

Some further tests are mentioned in the literature /3/, /7/, /13/17/.

4.2 Modified VB-test

Origin and principle

The VB-test was developed in Sweden by V. Biahrner and the modification by CBI
(Cement and Concrete Institute) and has been standardized in Sweden (SS 13 71 31). It
differs from a normal VB-test by the use of two weights, 10 kg each, which make the
compaction more effective and faster. The weights press the transparent plastic disc tow-
ards the concrete while it is subject to simultaneous vibration from below. /3/

Application

The test is applicable to dry concretes, particularly when the compaction in the real
process takes place during simultaneous vibration and pressing. This type of process is
used in the production of pipe and pavement blocks. The original VB test is not accurate
enough when the concrete is dry, and the test lasts longer than 30 seconds to administrate.

Description

Normal VB-equipment with two weights totalling 20 kg and hanging over the plastic
plate (Fig. 3 /4/) are needed. The sample size is about 6 litres.

The test procedure is similar to that of the normal VB-test. The time the plate needs to be
entirely in contact with the concrete is measured.
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Interpretation of the test results
The test result shows the compaction energy by vibration and pressing that the concrete
sample requires.
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Fig. 3 Modified VB-test equipment /4/.
The relationship between slump, normal VB-test and modified VB-test is shown
in Fig. 4 /4/, /5/. Also the relationship between IC-test and modified VB-test has
been studied and is presented in Fig. 5 /4/.
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Fig. 4 Relationship between slump, normal VB-test and modified VB-test according to
Devar /5 / and Juvas /4/.
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Fig. 5 Relationship between IC-density (80 compacting cycles with 4 bars pressure)
and modified VB seconds. Concrete mix with 330 kg/m’ with water cement
ratios of 0.25...0.45.

Precision

The timing is quite accurate, except for mixes which are too flowable (less than 1 sec.)
and too dry (more than 20 sec.). The optimum result area is between 3 to 10 sec.Very
small changes in the concrete mix are not observed in the results.

Advantages

The equipment is reliable and easy to use, even under practical production conditions.
The procedure simulates the compaction method used in producing pipes and blocks.
Both the pressure and the vibration are included in the test.

Disadvantages

The test result depends somewhat on the care and attention of the person performing the
test. Very small changes in mix design will not be shown in the result and the accurate
area of results is quite limited. The equipment is rather expensive.

4.3 Proctor-compaction test

Origin and principle

The test has been developed in the USA and was originally used for testing different
soils. The target is to determine the water content providing the best compaction with
constant compacting energy by tamping. The method is standardized in many countries
such as the USA, Germany and Sweden. /3/.

Application
The test has mostly been used with lean dry concrete mixes for dams, roads, pavements
and ground stabilizing concrete.
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Description

In the modified test the sample is compacted in 5 layers, each with 25 strokes, using a 4.5
kg weight. The weight moves along a rod and the drop height is 45 cm. The principle of
the standard and modified test is presented in Fig. 6 /3/. The density will be calculated on
the basis of the weight, volume and water content of the sample. By changing the water
content it is possible to determine the maximum density and the corresponding water con-
tent. Normally four to six tests are needed. The sample size for each test is about 3 kg.
Both manual and mechanized equipment is available.

Interpretation of the test results

The test result correlates best with the properties of aggregate, such as differences in fine
filler and in the shape of coarse aggregate particles. Very few comparisons between Proc-
tor and other test methods are available. In their study, Tornqvist and Laaksonen /6/ have
concluded that the Proctor compaction test and the [C-test (detailed description follows),
show a relatively close resemblance. The relationship between the Proctor-test and the
IC-test has been compared and presented in Fig.7 /4/.
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