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PREFACE 

I n  May, 1978, the Canada Centre f o r  Mineral and Energy 
Technolcgy (CANMET), i n  associat ion 17ith iAe American Concrete 
I n s t i t u t e ,  the AC1 Eastern Ontario and Quebec Chapter, and 
the Structural Division of the Canadian Society f o r  C i v i l  
Engineering, sponsored a three-day conference i n  Ottawa on 
the use of superp las t ic izers  i n  concrete. Selected papers 
frornthe symposiumwere published a s  ArnerkanConcreteInstitute 
spec ia l  publ ica t ion  SP-62. 

I n  1981, CANMET i n  associat ion w i t h  the above organizations,  
sponsored a second three-day in te rna t iona l  conference i n  
Ottawa on the  use of superp las t ic izers  i n  concrete,  The 
proceedings of the conference w e r e  published a s  American 
Concrete I n s t i t u t e  special publ icat ion SP-68. 

I n  October 1989, C A "  i n  associat ion w i t h  the American 
Concrete I n s t i t u t e  and the AC1 Eastern Ontario and Quebec 
Chapter sponsored the  third Wee-day  in te rna t iona l  conference 
i n  O t t a w a .  The purpose of the th i rd  conference w a s  t o  review 
the progresa made s ince  the meetings i n  1978 and 1981; and t o  
br ing together  representat ives  of the  chernical admixtures, 
cement, and concrete indus t r ies  te, exchange information and t o  
de l inea te  new areas  of needed research. The scope of t h i s  
conference was expanded to include chemical admi*ures o ther  
than superp las t ic izers .  The proceedings of the conference 
werepubbi~~edasAmer icanConcre tePns t i tu tespec ia lp~l i sa t i sn  
SP-119 s 

A t o t a l  of 48 papers from more than 15 c o m t r i e a  were 
received and reviewed by an expert panel of AC1 reviewers, 
and 33 were accepted €or publication. The cooperation of the 
authors i n  accepting the reviewers' suggestions and i n  rev is ing  
their manuscripts is grea t ly  appreciated. 

P a r t i c u l a r  thanks a r e  extendedtothemembers o f t h e r e v i e w  
panel for  their contr ibut ions toward the publ icat ion of t h i s  
volume e 

V.M. Malhotra, Edi tor  
Chaiman, Third CANMET/ACI 

i n t e rna t iona l  Conference on Superplast ic izers  . 
and O t h e r  Chemical A d m i x t u r e s  i n  Concrete 

... 
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SP 119-1 

Superplasticizers: 
A. Global Review with Emphasis 011 
Durability and Innovative Concretes 

by V.M. Malhotra 

t3mopsis: 
superplasticizers in Japan and Germany, describes briefly their 
mode of action, and discusses the properties of 
superplasticized fresh and hardened concrete. 
presented on the use of superplasticizers h Australia, Canada, 
Japan, Shqapre, U.K., U.S.A. and Western Europe. 
performance of superplasticized concrete under freezing and 
thawing conditions b t h  in the laboratory and in the field is 
dismssed, a d  the use of superplasticizers in the development 
of innovative concretes is described. The ASIN and Canadian 
specifications dealing with superplasticizers are discussBd, 
and the paper is concluded with a list of prkinent references. 

This review paper traces the developcent of 

Data are 

The 

Kevwordc: afimktur es; concretes; fiber-reinfored ancretes;  fly 
ash; freeze-thaw durability; perf o r n e ;  plasticizers; reviews; 
shotcrete; silica fume; Water-rduchg agents 
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2 Malhotra 

AC1 Hon. Member V.M. Malhotra is Head, Concrete Technology 
Section, CA", Energy, Mines and Resources Canada, Ottawa, 
Canada. 
and reports in the area of concrete technology and 
supplementary cementing mterials. 
First and Second cANMET/ACI International Conferences on 
Superplasticizers in Concrete, held in Ottawa in 1978 and 1981. 

D r .  Malhotra has published numerous technical papers 

He was Chairman o€ the 

Historically, lignosulphonates have formed the basis o€ 
water-reducing admixtures in the U.S.A. and elsewhere, since 
the early 1940's. However, research in the early 1960's in 
Japan and G e m y  led to the development of superplasticizers 
(high-range water-reducing admixtures). 
co-workers (i) pioneered the developent of formaldehyde 
condensates of beta-naphthalene sulfonates with the primry aim 
of significantly reducing the water demand of concrete 
admixtures in order to produce high-strength concrete. Water 
reductions of up to 30 per cent were achieved with the use of 
one type of superplasticizer. 
into the Japese market in 1964 and since then, it has @ned 
considerable acceptance in the concrete industsy. In Germany, 
Aignesberger and his colleagues ( 2 )  developxi the melamine 
&sed superplasticizer with the primary aim of producing what 
is now known as "flowing concrete". The achnixture was 
introduced into the Gem market in the early 1970's. 

was in 1975 when melamine-based admixtures were used in the 
fabrication of large precast concrete units of the Montreal 
Olympic Stadium which is an outstanding example of sqental 
concrete construction ( 3 ) .  

on the Developent and Use of Superplasticizers in Concrete 
were held in Ottawa, Canada in 1978 and 1981, respectively. 
These conferences gave considerable impetus to the use of 
superplasticizers in Canaàa, the USA and other countries (4,5). 

In Japan, Hattori and 

This achtiixt;uLe was introduced 

The first known use of superplasticizers in North America 

The First and Second CANMET/ACI International Conferences 

This pper gives a global review of the use of 
superplasticizers in concrete. The performance of 
superplasticized concrete in a freezing and thawing 
environment, and the role of superplasticizers in the 
developent of innovative concretes is given special aphasic , 
because other properties of fresh and hardened concrete are 
adequately discussed in various publications (4,5). 
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1989 Ottawa Conference 3 

Superplasticizers m y  be classified into the following 
f om categories : 

1. Sulphonated melamine-formaldehyde condensate 
2. Sulphonated naphthalene-formaldehyde condensate 
3 ,  Modified lignosulphonates 
4. Other superplasticizers such as sulphonic-acid esters, 

carbhydrate esters, etc. 

Significant variations exist' in each of the above four 
categories. 
vary from less than 100 to 100,000 (6 ) .  

The molecular weight of the superplasticizers m y  

It is generally agreed that the action SB 
superplasticizers is primarily clue to their being adsorbed on 
cement: pzticles and exerting an electrostatic repulsion. 
results in the dissociation of the cement agglomerates into 
primary particles with a significant decrease in the viscosity 
of the cement/water/superplasticizer system. Superplasticizers 
m y  also contribute to the decrease in the surface tension of 
water and to producing lubricating f i h  at particle surfaces 
(7). An in-depth study of the rheology, adsorption, hydration 
and zeta potential characteristics of cement paste and mrtars 
provides a better understanding of the role of 
superplasticizers in cementitious systans (6).  

This 

Considerable ùata have been published on the properties of 
fresh and hardened superplasticized concrete (4,5,8) and a 
detailed discussion is beyond the scope of this paper. 
However, some significant properties of fresh and hardened 
superplasticized concrete are described blow. 

E+roPe&ies of Fresh ck3II-k 

There is no undue sqeqation or bleeding of concrete 
incosrporating superplasticizers when proper concrete mixkure 
propo&ions and correct dosages of superplasticizers are used. 
The setting t h e  of superplasticized concrete is sometimes 
delayed, especially when lignosulphonate-based 
superplasticizers are used, but this is of no serious 
consequence in concrete operations. 
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4 Malhotra 

The entrained-& content of fresh superplasticized 
concrete m y  show some decrease with time. 
be inipOrtant that air content of fresh 'concrete be determined 
irmigdiately after mixing, and before casting test specimens. 

The large increases in slurry? of the superplasticized 
concrete are of short duration, and within 30 to 60 minutes the 
concrete reverts back to its original slump. 
generally be overccxne by the use of a retarded version of the 
superplasticizers and the use of repeated dosages of the 
admixture (9). 

It, there€ore, may 

TES pr0bl.m can 

The increase in the mechanical. properties, i.ee, 
cqressive and flexural strengths and modulus of elasticity, 
is generally conariensurate with reductions in water content when 
superplasticizers are used as high-range water-reducers (8). 
Conpressive strengths approaching 100 Mpa with corresponding 
increase in flexural strength and modulus of elasticity have 
been achieved with the use of superplasticizers. The use of 
silica fume is not essential in superplasticized concrete if 
the compressive strength requirerent is in the order of 80 ma. 

The general consensus appears to be that concrete 
incorporating superplasticizers has approximately the same 
shrinkage and creep as the reference concrete, though there are 
exceptions (8). 

Since their intrduction in the early 1960's in Japan, and 
in the early 1970's in Germany, the use of superplasticizers 
has increased dramtically in Japan and several countries in 
Europe. 
developing countries and eastern Europe where indigenous 
products have been developed. 
of superplasticizers was slow in the beginning. 
prkily to conservatism of the construction industry and 
marketing problem experienced by the Japanese and the European 
manufacturers. 
initial investigations performed by the Corps of Engineers, 
U.S.A, andicated poor performance of superplasticized concrete 
in rapid freezing and thawing tests conducted in accordance 
with AsTM C 666 Procedure A (10). 
and marketing issues referred to above have been resolved, and 
the use of superplasticizers is on the increase in North 
America. 
superplasticizers by the ready-mixed and precast concrete 
industry in various countries. 
superplasticizers in France and the U.K. is worth noting. 

Superplasticizers are also being used increasingly in 

In North America, the acceptance 
This was due 

This was further compounded by the fact that 

Lately, both the technical 

Table 1 provides some data on the current usage of 

The very low usage of 
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IlIm=Bm'%11 OF tlx%mmE mmwm -ICI- 

Soon after supelrpbasticizers had been introduced into 
Norkh America, questions were raised as to the Ereezing and 
thawing durability of concrete incorporating these new 
acbnixturec, both in the rapid freezing and thawing tests, and 
in in-place concrete (lO).-It is now recognized that although 
the bubble spacing factor (E) of superplasticized concrete may 
exceed the established limit of 0.2 m, this in no way impairs 
the durability of the superplasticized concrete (II), 

m z k  E m 3  !rhmmlq ' Teck§ 
l3llmbility of Supern i=tic.iZd a n m h  i~ - m t ~ ~  -Dia 

CANMET has been investigating the durability of akr- 
entrained superplasticized concrete using BsDí test methcd 
C 666 Procedure A (rapid freezing in water and thawing in 
water). 
conclusions (il). 

These investigations have led to the following 

m - a - m M 4  (2cxmreb 

Non-air-entrained concrete prisms, regardless of the 
water-to-cement ratio, when tested in accordance with 
AS234 C 666 Procedure A (freezing in water and thawing in 
water) show very low durability factors (<31). 

Non-&-entrained concrete prisms with 
water-to-cement ratios of 0.50 to 0.70 show very low 
durability factors (<12) when tested in accordance with 
M?PI C 666 Procgdure B (freezing in air and thawing in 
water). However, concrete prisms with a water-to-cement 
ratio of 0.35 show satisfactory resistance to 300 cycles of 
freezing and thawing (durability €actor >go). 
and 400 cycles the prisms deteriorate markedly. 
Notwithstanding the strengLh loss associated with air 
entrainment, the use of air-entrained concrete is 
reconunended €or low water-to-cement ratio concrete €or 
added assurance against damage when concrete is to be 
subjected to repeated cycles of freezing and thawing. 

Between 300 

Regardless of the water-to-canent ratio used, the air- 
entrained concrete prisms show high durability factors 
(>go) at the end of 300 cycles of freezing and thawing. 
This is true for both ASTI4 C 666 Procedures A and B, 
However, beyond 300 cycles of freezing and thawing, 
concrete prisms with a water-to-cement ratio of 0.70 seem 
to perform poorly in test Procedure A as compared with test 
Procedure B. 
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6 Malhotra 

A.kc-~~~tra.ind Supqlas t i c i zed  Ccmx&.e 

The bubble spacing factors L for air-entrained 
superplasticized concrete are, in some cases, higher than 
0.20 m. But in spite of the higher values of L, and 
regardless of the test procedure used, the durability 
factors for concretes are high (>go)  at the end of 300 
cycles of freezing and thawing for concrete mixes of 
Series I*, and at the end o€ more than 700 cycles of 
freezing and thawing for concrete mixes of Series II**, 
These durability factors are compatible with those for non- 
superplasticized air-entrained concrete. 

Dumbilitv of fri-ï?lace Supem lasticized mncete 

Under the ü.S.A National Co-operative Highway Research 
Program (NCHRP) project 10-32, "Durability of In-Place Concrete 
Containing High-Range Water-Reducing Admixtures I' , Construction 
Technology Laboratories, Inc. , Skokie, U.S.A, conducted a study 
of concrete placed with hígh-range water reducing admixtures 
(12). Existing concrete bridges and highway pavement and cores 
fram these structures were examined to assess the relationship 
between durability and air-void characteristics. 
these admixtures have not been in use for very long, the study 
identified factors that appar to influence the production of 
high quality durable concrete. The authors of the above study 
concluded that: 

Although 

1. "High-range water-reducing (HRWR) admixtures , in 
themselves, have no significant deleterious effects on 
the surface durability of portland cement concrete 
e x p s e d  to freeze-thaw environments and deicing agents. 
Behaviour in these environments is similar to "control" 
concretes prepared without HRWR admixtures. 

2. Those qualities that lead to durable conventional 
concretes also apply to concretes containing HRWR. 
Properly air-entrained, low w/c ratio concretes that 
are workable and easy to finish will, in general, be 
durable even under severe environmental conditions. 
Factors that i r tpct  negatively upon these qualities, 
such as additions of water at the job site, difficulty 
in consolidation, overfinishing, or other poor 
construction practices, will result in a concrete of 
questionable durability, with or without the inclusion 
of HRWR. 

*Series i concrete mixtures incorporated a melamine-based 
superplasticizer and **Series II concrete mixtures 
incorporated a naphthalene-based superplasticizer. 
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1989 Ottawa Conference 7 

3. Those variables having the greatest effects on scaling 
of concrete surfaces in this study include the w/c 
ratio of the concrete, the proportional munt of 
entrained air repmi from the surface zone, and the 
spacing factor, L, in 

By themselves, characteristics of the air-void system 
in concrete, as measured by standard (ASTI4 C 457) and 
novel techniques, show little correlation with 
durability of concrete surfaces. Although spacing 
factors and specific surfaces in m y  HRWR concretes 
fail to meet minimum guidelines established by the 
Amesican Concrete Institute, other factors, namely the 
w/c ratio and m m t  of entrained air raved frmthe 
near surface zone, have a greater influence on 
dub-ability than do air-void characteristics measured in 
the bulk of the concrete." 

the concrete as a whole. 

4. 

The availability of suprplasticizers has led to the 
development of innovative concretes for specialized 
applications. 

%wem lasticized Hiqh-Volme H.v &h Chnmte 

Some of these concretes are described below. 

Superplasticized high-volume fly ash concrete for 
structural applications is relatively a new material. 
CANMET comenced work on the developent of the above typs of 
concrete and in these investigations an As?M Class F fly ash 
was used in proportions of 50 to 60 pes cent of the total 
cementitious material (13). 
(<115 kg/m3) and a high degree of workability were obtained by 
the use of high dosages of superplasticizers. This type of 
concrete had very low water-to-cementitious materials ratio 
(<O. 35) , adequate early-age compressive strength (>9 MPa at one 
day), very high later-age strength (>60 MPa at one year), very 
low permeability (<500 coulombs in rapid chloride ion 
permeability test), and satisfactory resistance to freezhg and 
thawing in ASTI4 C 666 procedure A test method. Because of its 
low cost, very low permeability, and very low heat of 
hydration, this material offers excellent scope for use in a 
variety of applications such as thick retaining walls, bridge 
piers and mass concrete. 

volume fly ash concrete to give it added versatility. 

In 1985, 

LovJ unit water content 

Steel or polypropylene fibers can be incorporated in high- 
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8 Malhotra 

Superplasticized silica-fume concrete is being used 
increasingly for repairs of structures where impermeability of 
concrete is of parmunt importance (14). 
entrained concrete incorporates 400 to 500 kg/m3 of cement, and 
8 to 10% silica fume and moderate dosages of superplasticizer 
to keep the water-to-cementitious materials ratio to abut 
0.30. 
at 28 days) and very high resistance to the penetration of 
chloride ions (<500 coulmbs in rapid chloride ion permeability 
test). 

This type of air- 

These concretes have high compressive strength (>70 MPa 

The incorporation of steel or polypropylene fibres in 
concrete reduces greatly its workability. This has been one of 
the ser+r>us drawbacks of fibre-reinforced concrete. 
incorporation of superplasticizers in f ibre-reinf orced concrete 
overcomes this problem of reduced slump, and has led to the 
increasing acceptance of superplasticized fibre-reinforced 
concrete, especially for the repair and rehabilitation of 
deteriorated concrete structures. Fig. 1 shows the concrete 
piles at Saint John's harbour before and after re@r using 
superplasticized steel fibre-reinforced concrete. 
proportions of the air-entrained concrete were as follows (15): 

The 

The mixture 

Cement CSA Type 50 (AS734 Ty-p V) 415 kg/m3 
Fly Ash ASP4 Class F 105 kg/m3 
Natural Sand 880 kg/m3 
Coarse Aggreqates (10 m max.) 665 kg/m3 
Collated Steel Fibres 74 kg/m3 

(Length 50 m) 
(Diam. 0.5 m) 

Specified 28-day Compressive Strength 41.4 MPa 
A,E.Aa 800 mL/m3 
Superplasticizer 6 ~/m3 
Water/Cementit ious t 0.40 

Superplasticizers have been successfully used to increase 
the density of heavy-weight concretes by reducing the munt of 
water and lowering the water-to-cement ratio*. 

sw.E?rp 1&Bc?izd F f i m - W h f o d  %okreb 

The mixture proportions for wet-mix superplasticized 
fibre-reinforced shotcrete are similar to those of the 
superplasticized fibre-reînfzced concrete described above, 

*CANMET Unpublished Data 
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except that the “shotcreting“ method of placing concrete is 
used. The fibres can be either of steel or polypropylene 
depending on the job requirements. The fibres are added to the 
shotcrete to improve ductility and energy absorption (toughness 
and h p c t  resistance). The fibres can also be used to control 
theml and drying shrinkage cracking (16). 
repairs of a harbour berth baise using wet shotcrete, 
mixture prsporlzions and properties for wet-& superplasticized 
shotcrete are as follows (16). 

Fig. 2 shows the 
Typical 

Normal Portland Cement ( T y p  10) 400 kg/m3 
Silica Furie 56 kg/m3 
10 m Coarse Aggregate (SSD) 46Q kg/m3 
Concrete Sand (SSD) 1100 kg/m3 
Water 180 kg/m3 
Water-Reducing Admixture 2 ~/m3 
Superplasticizer 7 ~/m3 
30 m Steel Fibre 60 kg/m3 
&-Entrainhg Admixture As required for 
Air Content (in place) 7 0 1% 
Sly-@ 80 F 20 m 
Minaarnwi 28-Day Compressive Strength 40 Mea 

Several countries including Canada and the U.S.A have 
issued specifications for the use of superplasticizers in 
concrete. Canadian Standard CAN3-A266.6-M85 covers the use of 
superplasticizers for both water-reduced and flowing concrete; 
AS?M C 494 and C 1017 deal with the use of superplasticizers in 
water-reduced and flowing concretes, respectively. 
these specifications have requirements €or minimum durability 
factors; the Canadian specification goes further and even 
reccgnizes the fact that with air-entr-ghed superplasticized 
concretes, the bubble spacing factor (L) can exceed 0.20 m, a 
limit which is ordinarily specified for &-entrained concrete. 

Tables 2 and 3 give physical requirements €or the use of 
superplasticizers in concrete according to CAN3-A266.6-M85, 
W S 9 4  C 494 and c 1017. ASm C 494 defines high-range water- 
reducing admixture as an achnixture that reduces the quantity of 
mixing water required to produce concrete of a given 
consistency by 12% or greater. Because of the availability of 
more efficient high-range water-reducing admixtures Bn recent 
years, ACDí should consider revising the above value to 20% or 
greater. 

Eoth of 

Full document details: ACI SP-119-89

http://avadocuments2026.com/doc/aci-sp-119-89
http://avadocuments2026.com/doc/aci-sp-119-89


10 Malhotra 

When superplasticizers were introduced in North America, 
hediate concerns were the loss of workability of 
superplasticized concrete after about 20 minutes, and the 
potential. durability of such concrete under freezing and 
thawing conditions. During the intervening years, these issues 
appear to have been resolved. 
overccane by the use of retarded versions of the products, or by 
the use of repeated dosages. 

. 

The loss of workability can be 

As mentioned earlier, the durability of superplasticized 
concrete is no longer a contentious issue. 
still need to be resolved include ccnpatibility of 
superplasticizers with different types of cements, 
supplementary cementing materials and other admixtures, the 
role of alkalies and SO3, and the possible loss of bond between 
structural steel and superplasticized concrete in structural 
slabs. Rapid quality control methodc to check uniformity of 
superplasticizers are needed. It is hoped that the research 
currently being undertaken by various institutes will bead to 
the resolution of these issues in the near future. 

The problem that 

The development and use of superplasticizers has 
revolutionized the manner in which concrete is being 
transported, placed and ccqacted. High-strength concretes 
having compressive strength exceeding 70 Mpa at 28 days are 
being routinely made using the new admixtures. 

The judicious use of superplasticizers has led to the 
developnent of innovative concretes such as high-volume fly ash 
concrete, superplasticized fibre-reinforced concrete and 
shotcrete and high-strength silica-fume concrete with very low 
permeability. 

Problems associated with the loss of workability with 
time, and the freezing and thawing durability of the 
superplasticized concrete have been primarily resolved. 
Research is needed to resolve other issues such as 
compatibility between the superplasticizers and various types 
of cements and supplementary cementing materials, 
methods to control quality of the superplasticizers are needed. 

In 1980, the writer had concluded an AC1 paper with the 
following statement ( 8 ) .  

Rapid 

“There have been very few major developnents in concrete 
technology in recent years. 
in the 1940‘s was one - it revolutionized concrete 

The concept of air entrainment 
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technology in North America. It is believed that 
developnent of superplasticizers is another major 
breakthrough which will have a very significant effect on 
the produckion and use of concrete in years to come". 

The above statement is equably true t h y ,  and there is no 
reason to conclude otherwise. 
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Japan"; AC1 Special Publication SP-62, 1979, pp. 37-66. 
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Publication SP-68, 1981, pp. 61-80. 
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in Canada", AC1 Special Publication SP-62, 1981, 
pp. 87-100. (Editor: V.M. Malhotra). 

4 .  Malhotra, V.M. (Editor) , "Superplasticizers in Concrete"; 
AC1 Special Publication SP-62, 1979, 426 pp. 

5. Malhotra, V.M. (Editor), "Developments in the Use of 
Superplasticizers"; AC1 Special Publication SP-68, 1981, 
559 pp. 

6. Ramachandran, V.S. and Malhotra, V.M. , "Superplasticizers"; 
Chapter 4 in Concrete AclmWures Handbmk, 1981, 
pp. 211-264. (Editor: V.S. Rarwichandran). 

G~zxwI~"; AC1 Spcial wiblkation SP-62, 1979, pp. 21-36. 
7. Meyer, A. , "Experiences in the Use of Superplasticizers 

8. Malhotra, V.M., "Superplasticizers: Their Effect on Fresh 
and Hardened Concrete"; AC1 Concrete International, Vol. 3, 
NO. 5, May 1981, p ~ .  66-81. 

9. mlhotra, V.M., "Effect of Repeated Bocages of 
Superplasticizers on Workability, Strength and Durability 
of Concrete"; cANME1c Division Report MRP/MSL 78-40 (OP&J), 
Energy, Mines and Resources Canada, Ottawa, 1978. 

10. Mather, B. , "Tests of figh-mge Water-reduchg 
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Air-Entrained Superplasticized Concrete Ushg ASaM Test 
C 666, Psocedures A and BI'; ASTM Cement, Concrete and 
Aggregates, Vol. 4, No. 1, 1982, pp. 3-23. 

12. Whiting, D. and Schmitt, J., "Duarability of an-Place 
Concrete Containing High-Range Water Reducing jkiRixtWeS"; 
NCHW Report 296, TRE3, Washington, D.C., 1987, 63 pp. 

13 a mlhotra, V.M. , "Superplasticized Fly Ash Concrete for 
Structural Applications"; AC1 Concrete International, Vol. 

14. Ficlject 1, Per, "Use of Condensed Silica Fùme Concrete in 

8, NO. 12, 1986, p ~ .  28-31. 

Scandinavia" ; Paper No. 2 , Proceedings , International 
Workshop on Condensed Silica Fume in Concrete, Montreal, 
Canada, 1987. 

15. Khama, J., Gilbride, P. and Whitcomb, R., "Steel Fiber- 
Reinforced Concrete Jackets for Repairing Concrete Piles"; 
AC1 -cial Publication SP-109, 1988, pp. 227-252. 
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T A B U  2--PHySICAL R3QUI-S AS 
SPECIFIED IN CSA CAN3-A266.6-M85 

Nonflowing vater- 
reduced concrete Blowing concrete 

Property Calculation SPN type SPR type SPN type SPR type 

Water content, T 88l 88l NA NA 
maximum, per cent - x  100 

R 

Slump retention T final 
of test mix after x 100 least 50% of initial slump. 
20 min T initial 

Initial set, 
minimum in hours: T - R 
minutes -1:20 91:oo -1:20 91:oo 
maximum in hours: 
minutes t1:20 t3:OO t1:20 t3:OO 

Compressive T 

Final slump of the test mix shall be at 

strength , 
minimum, per cent R 

- x 100 x 1.05 

I d  
3 d  
i d  
28 d 
6 montbs 
1 year 

Length change 

Air-voig,$pacing 
factor, maximum, mm 

T 

150 130 100 100 
130 130 100 100 
125 125 100 100 
120 120 100 100 
100 100 100 100 
100 100 100 100 

If R exceed 0.030% T/R shall not exceed 
1.35. If R is not more than 0.030%, 
T - R shall not exceed 0.010%. 

0.23 0.23 , 0.23 0.23 

Relative T 

factor, , R 
durabiljtz - x 100 x 1.10 100 100 100 100 

'See Clause 8.2.2., vhich deals vith the proportioning of the concrete mix. 
'Applicable only vhen required by the purchaser or when no previous test or 
3acceptable service record is available. 

4durability factor may be used to determine acceptability. 

Note: T I test mix: R P reference mix. 

At the purchaser's option, either the air-void spacing factor or the relative 

Applicable only when tested in air-entrained concrete. 
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TABLE 3--PmSICAL REQUIREMENTS AS SPECIFIED 
IN ASTM C 494-86 AND C 10b7-85A 

I L e  of s e t t i n g ,  allowable d e v i a t i m  frm 
Reference, h 

I n i c i a l :  .at l east  
rot mare chan 

PInal:  ac least 
not -re chan 

Increase  i n  slump, In., min 
Carrprassive r t rena th ,  min.. Z of referencr 

i day 
2 days 
7 days 

28 days 
6 ianchs 
1 year 

Flexural strength.  min.. % of reference 
3 days 
I days 

28 days 
Length change U c e r  14 days dry ing ,  ia%. 
Shrinkage Calcernarive requlrenencs):B 

i of reference 
Inereare over re ference ,  In. 

BelatIve d u r a b i l i t y  €actor, min.‘ 

c 494 

Type F. 
Hacer 

Reducing 
High Range 

... 
ï i a r i i e r  nor 

1 112 l a t e r  

... 
1 u r l i e r  nor 

1 112 later 

. .. 
140 
125 
115 
110 
100 
loo 
110 
100 
100 

i35 
0.010 
80 

Type G. 
Hater 

ReducIng , 
High Range 

and Retarding 

1 l a t e r  
3 112 later 

... 
12s 
125 
11s 
110 
100 
100 

110 
100 
100 

13s 
0.010 
80 

C 1017 

... 
1 eaKlilc U01 

1 112 lacei 

... 
1 u r l i e r  not 

1 112 lacei 

3.5 

*.. 
90 
90 
90 

90 

90 
90 
90 

go 

13s 
0.010 
80 

Type 2 
P l a s t l c i r i n g  

and 
Retarding 

1 l a t e r  
3 112 l a c e r  

3 ... 112 l a t e r  

3.) 

... 
90 
90 
90 
90 
90 

90 
90 
90 

135 
0.010 
80 

%he values i n  the t a b l e  Include allowance f o r  n a m l  v a r i a t i o n  in the  t e s t  resul ts .  t h e  objec t  of 
the 90% s t rength  requircmente is t o  requlrc a l w e l  of performance comparable CO thet of the  
re ference  concrece. 

BAlternative Requireuents - Percent of reference lhlt appl ies  when length change of reference is 
0.030: or g r e a t e r ;  increase over re ference  lb i t  appl ies  Shen length  change of  re ference  IS l e s s  
chan 0.030:. 

which may Se exposed LO freezing and thawing while wet. 
‘This requirenent is a p p l i c a b l e  only “hen the  adalxture is LO be used In  ah-ent ra ined  concrete 

Soce: Fer C 494.  the coclpressive and f l e x u r a l  strengthof the  concrete containing the  admixture under 
t e s t  
objectlve of c h i s  lhit is CO require that the coapressive or f l e x u r a l  strength of the concrete 
eontainlng the  admixture under t e s t  s h a l l  not de i reare  with age. 

a t  any t e s t  age s h a l l  not be l e s s  than  90% of t h a t  a t ta ined  a t  any previous t e s t  age. The 
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a )  Prepared ber th  face,  with anchor system 
i n s t a l l e d ,  ready f o r  shotcret ing 

b) V i e w  of shotcre te  being applied t o  t h e  
ber th  face  from t h e  f loa t ing  barge 

Fig. 2--A view of the repa i rs  being performed a t  
Sa in t  John's Harbour ber th  (Reference 16) 
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F.D. #inney is a concrete petrographer and principal Materials 
Resarcha a t  Master Wiildesc Inc., Cleveland Ohio. 
involved w i t h  reszar& on caren-, pozzolana, and admix%ub- e 
systems for  ten years. 

He has been 

in 1987 an esthtecl 10 million cubic yards of concrete 
were r e m  to ready mix yarüs in the USA for  dispsal. &-I 
urdetennbed m t  of water was used to wach out truck dariawrc; 
nightly, w i t h  about 600 poundc of mx-ktr rernainhq inside ea&. 
Most of this c o m t e  and wash-out water was diqnsd of a t  
significant expnse to the producers or  the e n v i r o m t .  
addrecc the problem of dicpocing of W s  waste a navel approach 
has been develoged which u t i l i z e s  a two part chemical system 
t h t c a n r - e d u c e ~ i P i a r e a ~ P n i x ~ ~ a n i i n i t i n n z i .  me 
f i r s t  capment or YXabilizePf is ccmpxd of carboxylic acids 
and #csphorcus containing oryanic acids and calk. 
s t a b i l i z e r  is capable of petarding a l a  clinker m i n e r a l  s a r d  
i o w e r p ~  the rate of calcium sulfate mineral solution. akiis is 
in contrast to conventional retarding a m  which 
a d e r a t e  one fraction of cmat while m e  0the.r~. '%his 
diffepertial action on psrkland cemat hydration by comentional 
retaxkrs can, and often das, cauce rapid stiffening of 
concrete when they are used a t  high encqh doses to achieve the 
SITE degree of retardation e x p e r i d  with the new 
ffs tabi l izerff .  
accelerator or lfActivatorfl that is added to stabilized concrete 
before placement. 

a mid appslication is outairmed here. 
c o m t e  are rerned a t  the eaid of a day. 
t o  the c o m t e  to attain a 7 inch s l q .  
Itilsrn) of the s t a b i l i z e r  are added, and the concrete is mixed 
t h o e y .  
night. 
agitated apmd 45 oz/cWr (29.3 mls/Kg) of the activator added. 
when agitation ancl activation of the c o m t e  are carpletai, 8 
cubic yards of fresh comrete, min= the weight of water added 
the &y before t o  achieve the 7 inch slump, w i l l  be bat&& on 
t q  of the ackivakd comh. 

before the en3 of a day is iased i f  its workability is not t m  

me 

The seco113 pat of this new cystem is a hydration 

mere are m y  ways to take admntage of MC system and 

Then 32 oz/cwP (20.8 

W o  cubic yards of 
water is added 

The f f s ~ i i i z g d  truck1f is then parM for the 
'fhe next mmirg, the s t a b i l i z e d  comete w i l l  be 

It is already a m m n  practice that e s m b  r e m  
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ïuw and a project is available. 
h the ready m i x  yard or barrier blockc are f avor ik  
applications. i f  unusable, relzumd c o m t e  goes to a land 
f i l l ,  a p i l e  ccxnewhese ipl the ready mix yard, or to a 
reclaimer. All three are expensive arid unsightly. Wash-out 
water on the other hand has no altemative uses. It must ke  
disposed of sca-whm. 
settling pon& anã m y  trucks are washed cut on the job site or 
by the cade of a convenient back road. While semhqly haaimless 
to the iduskry, fie US EPA Wes a different view. 
classifies wash-out water as a hazardm waste and regulates its 
disposal.. ï~ view of t.his regulation, no m a t t e r  haw a truck is 
cleaned out, legally the resulting m a t e r i a l  must  be haul& to a 
lar13 fill authorized t o  handle a hazardous waste. 
kaxming mre di f f icu l t  to do as the nimiber of l i d  
landfills h the USA has decreaced 90% in the past few years. 

.%ch things as new parking lots 

M e s t  yards contain washout p i t s  or  

It 

This is 

muse so little has hen published about the uce of 
this, chemical qstm, its unique p ropr t i e s  and its effects  on 
hydration and concrete performance, m investigation e x a m h h g  
these two topics w a s  comsducted. 
c a l o r h t e q ,  SEM, XRD, arid tests on the physical 
treat€d c o m b .  

Included in these studies were 
of 

ca lo rhm 

The effects of tixis chemical q s t m  on the heat 
l-tion of a type 1 portland m t  anã a b k r d  of CjA + 
F-- ' byca lo rh te ry .  T h e t e s t s w e r e c o n a u d e d i  
as follcrwc. Four graini samples of pmder w e r e  added to sample 
cells, sealed, apld placed in a 70 F ( 2 1  C) consMt tempera- 
bath *ere f 3 - e ~  remained thraqhout the duration of the test. 
Mix water was &=awn into 3 m l  syringes and where applcopriate a 
diluted solution of s t ab i l i ze r  was added t o  allow for  the s w i l l  
volme doses rec[ulred by 4 gram saples. These syriiigeS w e r e  
then j-tEmA& into septa iSi the sample cell. 
ecpilibmM with the water bath they were injected w i t h  e i ther  
wakr o r  w a b x  plus stabilizer. 
refezenœ arid had only o m  injection of rriaX warn. 
had an h j&ion  of dilutal  s t ab i l i ze r  and w a s  a t  the s a x e  W:C 
as Cell Ns.1. 
inj&ions. w each of mix water, s t a b i l i z e r ,  and activator. 

effectc of stabilizer addition tbre on the activation of 
p~lahid CenEnt. 

When the cells had 

Cell No.1 was always the 
Cell No.2 

Cells No-3 an3 4 had a total of Wee 

Brklanii Cement--Tkis test was run to detemim the 
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-A 0.5 W:C w a s  useã for the h i t i E i b  mix vater. 
Sample N0.2 also contained an equivalent s t a b i l i z e r  dase of 35 
OZ/I.OO lkã of cenent (w) , (22.8 mism). after +tial  mix 
water injection a combd dase equal to 35 o z / W  (22.8 
d a m )  of ataiaiiizer was added to the  syringes in Cells No.3 
and 4 and left ta eqwLlkate w i t h  the bath. 
in i t i a l  ulj&ion arid durkg the irduckion perid, Cea% No. 3 
was injected with c t a b f i i z e r  and remixed. At 6 h m  a€bx 
.injection and durhg the secondary heat rise, Cell  N0.4 was 
inject& w i t h  the salce doce of s tab i l izer .  
s en left for 18 heurs. 
N0.3 and 4 w e r e  loaded w i t h  an equivalent ack8vator dsse of 90 
oz/lOO ewT (58.5mls/Kg) and a t  24 hours these sells w e r e  
ipijeztd for the third time. 
wer a wE32kHd. 

At 2 h m  aftex 

The saples w e r e  
Cells At thic point the syringes 

Ipie cells w e r e  then left to pu11 

Resülts-she sample h Cell  No.2 that was stabilized w i t h  

No mticeable chiange h the rate of heat Ibbesation was 
initial mix wate r  behaved as  any excessively retarde3 censnt 
would. 
z-ecmded in the f i rs t  24 hours except for  a &l 
ending 2 hours after the in i t i a l  injeAiOn. 
24 hours a significant anmnt of act ivi ty  was recorded in a heat 
peak pwsessing the shape of an init ial  heat of solution and 
hydration that characteristically appeapc just a f t e r    ti al 
injeckion. A M heat followed w i t h  a nxwhmrn mte of 
heat libepa$ion recorded a t  29 hours or 5 hours after 
activation. 
the referewe sample in C e l l  Noel having a maximum rate of heat 
likeration at  10 hours a f t e r  inXial rniXing, The obvicus 
difference in this ccerrparisn was the btaï area uniler the 
curves. Ipie campie i n  Cell N0.3 was stabil ized during the 
in3uction perid anà &ta from this cell illustEates the 
import-anCe o€ addition th. A delay of 2 haws after mtial 
injection and a u P r k ~  the induction perid of the cement prevents 
any s i w f i c a n t  hydration f m  cccurring. Although a small rate 
irmease did c x x m  over an 8 how period s imibar  ta the one in 
cell N0.2 that cxurreä a t  1 hour. 
hours appears lm coincide w i t h  a depletion of gypcum. 
remainder of äata from this cell even a f t e r  activation &em the 
canent t o  be very slowly reactive. 

When activated a t  

Thic was capred  to the the secorxiaxy heat peak in 

A third mte jnxease a t  17 
The 

nie sarqle h Cell Ns.4 was s tab i l ized  a t  6 houns a f t e r  
the initial injection of mix water .  
dmnstrates the renarkable abi l i ty  of the s t a b i l i z e r  to halt 
hydration and the  ability of the activator added a t  24 hours t o  
h i t ia te  further hyàration. 'phe shape of the m j o r  seconfkry 
rate curve suggest& a depletion of available culfate and 
renewed hydration of the a l m t e  phases, but the area urder 
the curve is not much reduced from the refereme. 
s t req th  àata f m  concsete treated in a similar manner showed 

The àata f m  this cell 

FhysiCaa 
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no signs of retrsgrescive stra-qth. 
therewere pio ill effects if a l a t e  hydration was renewed at 
W S  point. 

Cuggested that 

Tricalcium Aluminate and GvpsunI- sarip-lea for this test 

m y  two cells wer@ lEEd becauce during preliminary 

were prepred f m  4 cps of laboratory ppoduced %A having a 
Blaine surface area of 3600 and 7.82 cpnc of reagent grade 
gypcinri. 
trials it was learned that delayed stabilization of the Irllxture 
w a s  hpss&le mainly due to rapid stiff- soon a m  w a t e r  
injeckion. 
were capleteci h less than two housis. 

-=-=-The test was cet up and m as followc. 
Cell Noel an3 2 were loaded with a 4 gm caitiple of mer. 
mis of water were placed in the syringe of Cell No. 1 an3 a 
dilm solution of the stabilizer equivalent to a 35 oz/CNC 
(22.8 nüs/#s) dose was placed in the syringe of Cell No. 2. 
A € t e ~  the cells had ecpilibratd with the water bath both cells 
were injezkd and mixed. 

& O K ~ ~ G T  tests on CJA, Figure 2, illu&rates two m s .  
The ubmpred  reaction was very rapid and wPiile the stabilizer 
 tardef fi the formation of ettringite, it did not have the same. 
profcud effect that it has on the silicate fraction of portland 

A retardation w a s  cegn i9i both 
the -. c a l o r h t e ~  me-=amauntof3 tests on p and cement and %A. Cell N0.2 
f m  FBgurec 1 and 2 were both stabilized with the initial mix 
water hj&ions. 
hours. The other data fm the runs on porkland cement did not 
exhibit this peak suggesting a change in action of the 
stabilizer when the cement was allowed to develop normal 
hydrates prior to stabilization. Finally, it wac apparen% that 
the area under the rate peak was siqmificantly l q e r  in Cell 
No.2 data. 
efficiency of hydration afforded by a dispersing effect the 
stabilizer kms. 

Activation wa.s unnececca%y ixcmse nost RaCtiOnS 

Bth 
2.4 

&sults-l&e c h t a  fm both of the cells in the 

They show an alum ha^ ?ate peak at abut 1.5 

ahic was n x x t  pmbably due to the increaced 

Full document details: ACI SP-119-89

http://avadocuments2026.com/doc/aci-sp-119-89
http://avadocuments2026.com/doc/aci-sp-119-89


A C 1  S P - I L S  €19 Obb2949 0008507  1 

24 Kinney 

SE4 examination of the CJA and gypsum readion 
confirm& the caiorimter study results. 
s t ab i l i ze r ,  the hydration of 
rapidly. 
mt only reW& the reaction, but altered the texture of the 
hydrates that  we^ €o&. F~gure  7 shews the appeamms of a 
%A 9 gypum pacte hydrated w i t h  water. 
dells@ mass Wac dicceasiib ' le and took up the whole field of view. 
A t  4000 X the macc is seen to be made up of 2-3 Pnimn 
ettrirgite crystals. This came sample, s t a b i l i z e d  a m  ten 
minutes of readion  had a to ta l ly  different appearame \hen 
magnified 1500 t i m e s ,  Figure 8. A l ~ o u g h  *e crysta ls  w e r e  
appmxhately the came s ize ,  the structure was  more opm. 

While retarded by the 
w i t h  gypsum progrecced 

Fholxmicrogifaphc alsa indicated that the s t a b i l i z e r  

A t  1500 X only a 
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X-rav diffraction. ( X R D ~  

One way the  value of a hydration Wi tor  c m  be 
measured is by its ability to lengthen the t h  comete is 
workable. 
WS p q m s e  but are lhiW to relatively small doses becauce 
of their kndemy to accelerate capne reactions while retanlhq 
others. Normally, retanierc slow alite hydration and delay CH 
and CSH nucleation and gmwth for a few hourc. C+ + gypsum 
reactions are sbmd but continue armd prduce essentially their 
nom hydrates w i t h  in minutes. 
imxl halts a l l  portland m t  hydration in mid reaction, as 
d a m h W  by the psr$lard cxment calorheter s$uay above. 
The caiorh&.ery stuäy also shows that the addition of an 
activatm causes a significant increase in the rate of SXE 
reaction. A question r e a n a h  hmever; w h a t  reactions are 
i n i t i a l l y  a c c e l m M  after activation? Tke emnination 
suq~ests that while cam-~t is s tab i l ized ,  aluminates eontinu& 
to precipitate su% of solution. 
surfaces of alite are csaM prdcrninanay w i t h  etkingite-like 
crystals. 
m& appear- silicate hyàrates present. One way of 
ancwesirg this question is to masure the rate of alite 
hydration by XRD. 
the mjor prcduct. 
m2S-t plmkable hydmtion p?zcdu&. 

convmtionai ~ t a ~ 3 . e ~ ~  are very effectively used for  

The s tab i l izer  on the other 

Even a f t e r  activation, the 

Only after activation and one day of hydration are 

If significant hydration accu.;! CSH w i l l  be 
If mt, early aluminate precipitates are the 

1?E.oceduE.es--Samples for cpantitative XRD (QXRD) w e r e  
prqmreü fm the  same lot of typs 1 porkland cernent used in  the 
caI.srh& study. Three axdi t ions  w e r e  examin&; 
mstabi l ized ,  s t a b i l i z e d ,  and stabil ized w i t h  subsequent 
activation a t  24 hourc past miXing. 
c p s  of cernent and 20 c p s  of either  wate^ or a s t ab i l i ze r  
solution diluted to deliver an q i v a l e n t  dose of 35 ~z/CIrs 
(22.8 mls/Q). 
treafxd with 2.42 gmc of activator which is equivalent ta a 90 
oz/ 6w1c dcse (58.5 ds/Q). 

c o n t a m  unt i l  theh hyd~ìtiori waa stop@ by acetone. 
Samples that w e r e  still fluid w e r e  simply shakepi ami filtend. 
men& samples were crpaahea i n  acetom in  a mrhr and then 
filtered. 
ayi61 thcm x-rayed. 
milled in a Spex Mixer Mill for 10 minutes with 
%,1,2,triCailoretharie. These samples were also x-rayed. This 
double p- was carried cut t o  monitor any changes h the 
sample caused by p ~ p m t i o n .  All masuren-ents w e r e  c a p r e d  to 
an exterml quartz cbr&rd. A l i t e  hydration was  monitor& by 
determhatisni of the peak areas of the 51.7 degree 2 theta 

A l l  canp?les contained 50 

Tke samples that w e r e  later a&ivaM were 

After mixing, samples w e r e  sealed in polyprcpyllene 

These samples were pacced thrcugh a 104 micron sieve 
TO hipme b-ecoïution, all samples w e r e  
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weaults---&rta in Figure 9 indicated that as with 
~ i x d i r q a c h n i x h r r e c  , the hydration rate of alite treated w i t h  
stabilizer was significantly reduoed in the first 3 days. 
clays the btai alite mining is practically the  SUIE whether 
the cement w a s  s t a b i l i z e d ,  activate3 or c o n h i n d  m 
stabilizer. 
activate3 a t  24 hams did &ow sl ight ly  more alite consumed a t  3 
days, but from 3 to 7 days there was no apparent change in the 
rates. This suggests the influence of activation was &ork 
lived. -t of aï pmüu& sl ight ly  different resuits 
(Figure 10) o While the inclreace in CH fram the hydration of 
alite was nomal for the sample without txe&xent addition, the 
s tab i l ized  aamplea sh& very little detectable CH even out to 
7 days. The act ivatal  cample shmeù sl ight ly  mre CH, sau$ bsth 
treat& samples prcduced far lecc deteckable c4H: than the mmnt 
of hydrated alite would nomdly  have proctuced. 

concpete per€ OlXEiIXX 

'9 

%e sample that was stabilized at 6 hours axxi 

Wiere are three ways this system has ken used. To 
rectuCe the amount of wash-mt water, t o  hold c o m b  for use on 
the sam day it w a s  ba%cpied, or lm hold c o m t e  wernighk. A11 
three p m d i c e s  have ken  shown to prcduce quality c o m b  when 
uced corredly.  
a re  several fastors that. ahould be considered. These are 
c o m t e  tempsratwe, presence of mineral achnurtures I -t 
content, and ament type. 
the age, volume, and the presence conventional admixkures i n  the 
returned comete. Below are three examples of successful field 
use of the chemical system. 

Ovemiqht stabil ization of washout water-At the end of a 
day, 60 gals (227 liters) of water  and 1 Ge (0.9 liters) of 
s t a b i l i z e r  were added to a truck that had contained 517 ïb 
cement factor comte. 
agitate the contents andl then the truck was parked for the 
night. 
design as uced the day &fore was bat&& into the truck. 
comeckion of the  60 gals ( 227 liters) was made for water 
already in the truck. 
ROH and comprescive strength. 
M a t e l y  a f t e r  the  first as a reference. 
carne mix as the  f i rs t  but had no washout water i n  it. 

To insure success of these applications there 

New consj.derations include kncx&q 

The drum ims turnaï for  5 minutes to 

The next m m ,  9 yards of c o m e t e  with the same m i x  
A 

Tbis was Pnixed and sampled for Proctor 

it contained the 
A second truck was d a o  hatched 
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&Y 
psi 
the 
arid 

Comte  fm the re fe rence  truck set iYi 5.1 hours while 
truck w i t h  the wackout water set in 5.2 hours. The 7 and 28 
ccmpressive strengths of the re fe rence  comete w e r e  3690 
(22 MPa) and 6400 psi (44 MPa) while the concrete containing 
washout water piad car!pressive s t r m  of 3840 p i  (26 MPa) 
6620 pi (45 MPa). 

same dav s t a b i l i z a t i o n  of  concrete4Mo cubic yards of 

They w e r e  immediately s t a b i l i z e d  w i t h  a s t a b i l i z e r  
rzomte w e r e  returned two hourr; and twenty minutes after 
%-. 
doce of 10 o z / W  (6.5 rids/Kg). 
a m p l e t e  five f r e s h  yards of mmete wi th  the saiiie mix design 
w e m  b&ched on tcp andl sent at. A secomi 7 yardc a n t a h i r q  
no ac%w&ums w e r e  hatched as a reference .  Bd2-1 coxrete anfi 
ambient temperature w c x e  89 F (32 C) 

!III@ ref- concrete cet in 3.7 hours whi le  the 
concrete containing the s t a b i l i z e d  load  cet i n  3.8 hours. 
and 28 compres.sive s- f o r  the reference concrete w e r e  
2485 pi (17 MPa) and 3920 psi (27 MPa) while t h e  concrek w i t h  
the s t a b i l i z e d  had capressive s b m  of 3115 psi 
(21  MJ?a) apad 4620 p s i  (32 MPa). 

Once the stabilization was 

The 7 

ovesnicht s t a b i l i z a t i o n - C m e  cubic yard of  amte at  a 
6 anch slung4 ancl copitam 517 Ibc of  czen'ent was relmmed from 
the f8dd two hours after ba tdrg .  A stabilizer dcse equal b 
35 o z / W  (22.8 rtils/Kg) was adüeä t o  the load  and *orougMy 
mixed. 'Fhe nex% mmhg, 14.5 hourc later, an activator dese 
equal to 40 oz/CW (26 niac,@Q) wac added to the load. 
c o m t e  an additional 2 cubic  yards of fresh comte w e r e  
addedl. 
for lxoctor €üH ancl s w  -ts. 
of idepi t ica l  fresh comk w e r e  also &ed and uced as a 
ref-. a&e refererx=e wncreh s e t  in 5.5 houes while the 
c o m t e  c o n t a h b g  the s t a b i l i z e d  load set in 4.5 hours. 
anfi 28 &y stxw@3s for the reference concrete were 2710 p i  
(19 MPa) anfi 3710 psi (26 MPa) wkile the %ect conCrete had 
c!cmp-iv@ s&mm&hs of  4120 psi (28 MPa) and 5260 psi 
(36 Mliia). 

rFs this 

The total 3 yank w a s  then  mixed t21oroqhJ-y apid sampled 
TWO a d d i t i o n a l  yax& 

The 7 
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by how the s t a b i l i z e r  eff- the h y b t i o n  of ailite ami y, 
and the subsequent f o m t i o n  and cp-cwth of both calcium si iate 
and alunhate hydrates. 
forcing a metastable equilibrium on the system unt i l  such t h  
as reneweä reaction is desked or  mtil the effect wears off, 
anil the cenaerrt s p n t a m a s l y  begins to hychte. 

The proaesc can be thcqht of as 

- 'sm propocsti to describe the hydration of 
psrtland canent must  aocount for  the behavior o€ a c h h b r e s  O8 
it. cmxck. be considerd Vapid. 
nucleation control best explains the behavior of most i f  not a l i  
admaxftisre-cemen t intemctions. Recently, Taylor (9) sumariz& 
the variCslas hydration mecham 'm piropoced to explain the 
induction perid of portland canent. 1chis period of little 
reaction h the hydration of p r t l and  cmmt is the priai khat 
cet Csn tml lhy  a m  eifker extend or shorten to imrease 
the versatility of concrete. Gmtzeck and Ramac&ar&an (2) 
believe a t  the beginning of this F i c d  alite forms a primary 
h y h t e  in metastable eqUilibb-ium that persists un t i l  it reacts 
w i t h  itself, the urder lying alite, and the pre solutions to 
form a secondary hyùmte. As the secondary hyåmte € o m ,  CBI 
precipitates Out of solution and ini t ia l  set begins. JeniningC 
(3) , characterizes two distinzk mtastable  hydrats. ûne 
low in calciun that may represmt a first hydrate cloce to a 
hydmtirmgl grab, and a one relatively higher iPi i n  Caicium 
believed $0 k e  a secorxi hyärate. 
conclusion that delayed nucleation and growth of CSH was the 
most probable explanation €or control of the induction pricd. 
'ïhmas and BiEEhall (4,s) concluded that  conventional retarüers 
a& by a psisonhg of nuclei preventing the g-rcwkh of w. 
Young (6) in an earlier paper used a aimilar airgunien% for the 
p o i s o w  of @H nucleation anfi growth. 

me data presented above w h i c h  best suppop$ the belief 
that th is  chemical system controls the nucleation pnw=ecc of 
h y c k a b  in a nirare cmprehmsive manner than conventional 
retarders are the Cal0rhtex-y data (Figures 1 & 2) ancl SEM 
phstcsaicrographc of the surfaces of stabil ized and a&ivaM 

the  alites in portland cement (Figures 4 thru 6) .  E>sairuning 
c a l o r h k r  chta (Figure 1, Cell  2) it can be seen that the 
stabil izer added along with the mix water behaves as a CSH and 
a nucleation inhabitor in that it is essential for these two 
species to nucleate, gmw, ani precipitate before set can 
m. 
by an increase h the evolution of heat. 
hcrease in C e l l  2 w a s  significantly delayed cmpareü lm the 
ref- concrete i n  C e l l  1 and real ly  only kegari after the 
sample w a s  activated. 

It is believed ht. hydrate 

Taylor (I) arrived a t  the 

I .  

me ca lor imter  mnitors the f o m t i o n  of these spcies 
The t h  of this 

The heat generated w a s  a direct 
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A in porthld c2ment was ali33 l=iEdmbly e f f M  
by the 
at abcrut 1.5 h m  in Cell 2, Figure 1 amsd in Cel l  2, Figure 2. 
%t %i% react& relatively f a c t  when stabi l ized compap&d to 
alite phts mr  an important pz-qerby of the stabi l izer .  me 
s t a b i l i z e r  is a surface a d v e  comp=KKid designed to pxevent 
surface nucleation of calcium ri& hydrates. When nuclei have 
already f o &  the s t a b i l i z e r  retartis their cpwkh and alters 
the extamal mqholcxzjy of s u b s q u e ~ t l y  fo& hydrates. The 
shbfiizez~s ability to s t ab i l i ze  primary cSH hydrates, and its 
mcderatx? slmkq of %A hydration cuggest that in prt land  
cement the s t a b i l i z e r  prevents e p i t a d i c  growth (grcwth on 
cupfacea) of prlmapy CCH on 5 s  while only s l ight ly  slowing 
%A hyclraw fm precipitating ou$ of colution. 

surface active nature of the s t a b i l i z e r .  
cxzmnt was s tab i l ized  dur ing  the bndudion perid, when primary 
a mated alite and e%ti-ingite coated %a. 
s t a b i l i z e r  at this pint p m e n t d  not only CSH conversion to 
s e m m  hydrate, e n d h g  the induction period, but it prevented 
the layer of ettrhqite coating %A f m  reacting w i t h  the 
pore solution. %e eff&iveness of the s t a b i l i z e r  as a surface 
active agent to force a mdastabie equilibrium on the system is 
very a m t  bacam wen after activation the cemmt i n  eeil 3 
Wac v q  slow to rea&. 

m t l y ,  when f31e s tab i l izer  w a s  added after the end 
of the h i u d i o n  perid, its abi l i ty  t o  halt the precipitation 
of and the renew& reaction of alite at the end of t h e  
irdu&gon period, w a s  l e s  than when it vma added during %he 
iriiuction period. Bata fm Figure 1, Cell  4 show that f o r c i n g  
a mta&libpium state on t h e  system at this point result& in 
a much quicker and larger degree o€ reaction after activation. 

Alth- we can not yet directly represent the action of 
this chernieab q s t m  on hydmte nucleation, IzJxxe are data that 
m3mx32.y illustrate these e f f e c t s .  
e t tr iqite mqhology on alite in Figures 4 & 5, and the mre 
o p  texture of etkhgite on %A 
suggest that the stabilizer e f f e c t e d  haw these hydrates f~rmed. 
1che effects  on the reduction of CH csryctal s i z e ,  illustrated ii9 
F ~ c p r e s  4 thru 6, w e r e  s u g x x k d  by an inabi l i ty  to d e w  the 
expedal amount of C3-I by IWD, Figure 10, in  samples that had 
hydrated fo r  7 days. 

7 her .  This was d m m t e d  by a small  heat &e 

me chta fm  ell 3,  Figure 1 further illustrate the 

Addition of the 

in this cell, the 

The alteration of the 

Figures 7 & 8, sh-om$ly 

I .  
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It is p s i b l e  that the ml1 CH q s h i  s i z e  may be a 
contributing factor to sare of the imprmrea engheering 
p r q e r t i e s  recsrded from f ie ld  and lab made 00mW. m y  of 
thew engheering properties are derived f m  the amxnt and 
nature o€ the alite hytkation readion prrxïucks. More hydrates 
translate to mre streïqth. Data frcxn Figure 9, mv& that 
whether the ament was s tab i l ized  and suhsecpmtly a&ivaW,  or 
s tabi l ized and left alone, the a~~xxut of alite that hyümted 
before 7 days ia less than untreated cement. 
saples attain about ciquai a- of hydration no mttw 
h m e y  w e r e  t m d ~ 3 .  
field anCa lab samples of concreh anfi rep- W e  jndicates 
that the m t e d  concretes have s l ight ly  higher s- even 
thmgh they have the came m t  of hydration than an unkeateü 
concrete. 
this regard but the nature of the CSH m y  also play a part. If 
the pastes in the phoM-ph, Figure 3, are cxmpred to the 
pstes h Figure 6, a significant density hacase is a m t e  
This incpeaCe m y  have had a positive effect on the pastels 

A t  7 days of age, 

Hmever, the strength data collecte3 from 

a5ne mUre of the 61 has already beepi di- to 

-* 

SUMMARY 

1. A mel & d c a ì  system useful for con tml lhq  
portaam3 mt hydration is chancter ized .  
used $s reclaim wash cut water o r  slaw hydration unt i l  CU& t h  
as set is desired, for  up to 72 hours. 

a5ne system 6at9 be 

2. Tke s tab i l iz ing  part of the pipeddmntly 
effects %S hyämtion but can also delay the hitial %A 
reaction w i ~  wateE- an3 b;ulfah for up to 1.5 hourc i f  the 
s t ab i l i ze r  is adti4 with mix water, or  it can slow the 
~~nversion of ettringite to mrmuifa te  when it is added during 
the irduction period. 

it a m  that the system alcws CSH nuclei formation 
h e n  added w i t h  mix w a t e r ,  and it slcxlrc CSH and C%ï nuclei g-ruwth 
when aMeü c3ur-W or after the imtudion period. me ability to 
slcrrs hydration depxis  upon how develcpeù these nuclei are, & 
poccibly how many have develop&. 

c a w  finer CH and denser silicate hydrates to form. This 
e€€& 

3. 

4.  pi ability to effect  nucleation and q s t d  cpmth 

to benefit physical. paste p w i e c .  
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Fig. l--Calsrimetery of type I portland cement --Cell 1 is 
a reference, Cell 2 had stabilizer added w i t h  the mix water, 
Cell 3 was stabilized at two hours, and €!dl 4 was stabilized 
at 6 hours -- Cells 2, 3, and 4 were activated at 24 hours 
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Fig. Z--Calorimeter data for laboratory produced 
C3A + gypsurn -- C e l l  1 was hydrated with water, 
Cell 2 was hydrated with a diluted stabilizer solution 
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Fig. 3--SEM photomicrographs of one day old portland 
cement paste hydrated with water -- magnifications: 
3a = 1700X, 3b = 4650X, 3c = 11,800X 
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Fig. 4--SEN photomicrographs of one day old cement paste 
hydrated with a dilute solution of stabilizer -- 
magnifications: 4a = 1700X, 4b = 3500X, 4c = 16,100X 
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Fig. 5--SEM photomicrographs of portland cement hydrated for 
one day w i t h  a dilute stabilizer solution and then activated -- 
magnifications: 5a = 3820X, 5b = 6100X 
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Fig. 6--SEM photomicrographs of stabilized porkland 
paste 24 hours after activation -- magnifications: 
6a = 3000X, 6b = 6100X, 6c = 16,lOOX 
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Fig. 7--SEM photomicrographs of C3A + gypsum, hydrated with 
water -- magnifications: 7a = 1500X, 7b = 4100X 
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Fig. 8--SEM photomicrographs of C3A -+ gypsum stabilized 
with a d i lu t e  stabilizer solution -- 
magnifications: 8a = 1500X, 8b = 4500X 
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Fig. 9--Graph of t h e  a l i t e  r a t e  of hydration 
a s  measured by QXRD 

o Ca(0H)a PLAIN c Ca(OH12 STABILIZED 
A Ca(OH)n STABILIZED AND ACTIVATED 

90 

80 

70 

60 

50 

- 

- 

- 

- 

- 

! 

I 

O 1 2 3 4 5 6 7 
DAYS OF HYDWATIOM 

Fig. lO--Estimated rate of CH production 
a s  measured by XRD 
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Case Histories-The Use of 
Superplasticizers in Two Extremes of 

Concrete Placement Difficulties 

by A.J. Hulshizer, J. J. Ucciferro, and C.E. Gray 

This paper describes the expanded achievements possible in 
concrete placements with the aid of superplasticizers and 
identifies the importance of pre-placement testing and planning 
to determine structural performance and placing characteristics 
and limitations. Different combinations of cement types and 
brands, superplasticizers and other additives can produce 
significantly different results and apart from proven 
experience, the superplasticized mix planned as a panacea could 
produce unsuspected surprises and problems, 

The two concrete placement: extremes discussed in this paper 
involved 98,000 m3 of large diameter tunnel lining and 104 m3 of 
a complexly reinforced, miniaturized nuclear reactor containment 
test model. The use of superplasticizers in these divergent 
concrete structures was considered a necessary factor in being 
able to achieve reasonable concrete placements, commensurate 
with the high quality in-place concrete needed to have the 
structures meet their performance requirements. 

Kewords: 
plasticizers; tests  

a Chixhres;  concretes; performance; placinq; 
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Allen J. Hulshizer - Employed by United Engineers & 
Constructors, Inc. (UE&C) since 1961, Supervising Engineer for 
the Seabrook Nuclear Station. 

Joseph J. Ucciferro - Project Manager for UE&C. Formerly 
Assistant Chief Structural Engineer. 

George E. Gray - Manager Field Projects for UE&C. Formerly 
Manager International Construction Operations. 

GENERAL PRTRODBCTION 

Two tunnels, excavated to produce inverted siphons, 99 m 
below land and sea, 6.7 m in diameter and 10.2 km in total 
length, required long transportation and handling time to place 
the concrete lining, but conversely needed 14 hour strip time to 
facilitate the 5 day per week continuous concrete placement 
method employed. Three brands of superplasticizers were 
evaluated to obtain the performance needed. An in-tunnel test 
program was utilized to confirm handling and strength gain 
performance prior to initiating production placing of the lining 
of the tunnels. The information and confidence established in 
the tunnel program led to the eventual use of superplasticizer 
throughout the project's safety-related structures, which was 
the first known use of its kind in the U.S.A. nuclear industry, 

A scaled down nuclear containment building, 6.7 m in 
diameter, utilized 2 to 3 m3 placements in constructing the 25 
cm thick concrete shell under difficult access and consolidation 
conditions. These placements required flowable concrete in the 
20 to 25 cm slump range which could be pumped through a 50 mm 
diameter hose line. The remote location of the model 
construction site added further difficulties to securing the 
needed concrete placement qualities while still meeting the 
design criteria. A combination of trial mixes and dry runs 
utilizing a mock-up of the actual shell placement was successful 
i n  developing a superplasticized mix and re-dose criteria that 
enabled the model to be constructed as required. 

The concrete tunnel lining work was f o r  the Seabrook 
Station, a nuclear powered electric generating station, located 
at Seabrook, New Hampshire, about 65 km north of Boston, 
Massachusetts, USA. 'Phe use of the Atlantic Ocean as a water 
supply enabled the use of a once-through cooling system, 
involving two independent tunnels to obtain cooling water 
through one, and to discharge the heated water through the 
other, A diagrameitis sketch of the tunnel system is shown in 
Fig. 1. A scaled profile and typical tunnel section is shown in 
Fig' 2, 
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Geological conditions necessitated a deep tunnel to obtain 
sound rock for excavation and tunnel roof support. Marine 
environmental considerations dictated the location of the intake 
and discharge ports over 1.6 km off the shore line. Vertical 
shafts were used on each end of the tunnels to connect the 
offshore water ports and the plant cooling water system, 
creating a deep inverted siphon 7 9  m below the surface on the 
land end and 46 m below the ocean surface on the offshore end. 
information relative to the sinking of the land and ocean 
shafts, tunnel excavation and geological investigation can be 
found elsewhere (1-4) a 

Although much of the tunnel was located in sound, massive 
rock, sufficient lengths of less stable rock demanded a concrete 
lining to insure continued service of the tunnels. To assure 
risk-free operation and for practical construction reasons, the 
concrete lining was placed along the entire length of both 
tunnels. The lining has a nominal construction thickness of 46 
cm with a minimum design thickness of 38 cm and a final inside 
tunnel diameter of 5.8 m. The concrete lining is reinforced on 
both faces to additionally resist forces associated with 
temperature transients created by the cooling water thermal 
cycling. The cooling water system is indispensable to the 
operation of the $5.5 billion plant and, therefore, it is 
imperative that it perform maintenance free for the 40 year 
plant design life. The durable quality of the tunnel concrete 
lining is a vital element in achieving the uninterrupted supply 
of plant cooling water. 

Supenplasticizer Introduction and Consideration 

Considerable efforts were initially made to develop a 28 
MPa, 38 day cylinder strength concrete mix with the specified 
cement (Table i) which would produce 12 to 18 hour strengths in 
the range of 7 MPa and still be placeable with a nominal 100 mm 
slump up to 3 hours after batching. A number of admixtures were 
tried at the project's test laboratory and at manufacturers' 
testing facilities. None of the mixes tested would produce both 
early strength and the 3 hour workable duration. 

Superplasticizers had, as of then, been untried at Seabrook 
but their basic claims to improve both strength and workability 
were of obvious interest. 

While superplasticizers's concrete strength and workability 
claims were of interest, the reported short effective life in 
the range of one-half t o  one hour were a major concern due to 
the .need for much longer handling times. A s  part of the 
evaluation into the use of superplasticizers, various schemes 
were investigated to have the superplasticizer introduced into 
the concrete mix along the route or near the placement area to 

- accommodate the reported short duration superplasticizing 

Full document details: ACI SP-119-89

http://avadocuments2026.com/doc/aci-sp-119-89
http://avadocuments2026.com/doc/aci-sp-119-89


44 Hulshizer, Ucciferro, and Gray 

e f f e c t .  Bue t o  the  l o g i s t i c s  involved with t r a n s f e r r i n g  the  
concrete  t o  t h e  tunnel  l e v e l  and ou t  t o  the  placement zone, 
f e a s i b l e  arrangements f o r  t h i s  i n t r o d u c t i o n  could not  be made. 
The c l o s e  confines  of t he  tunnel  diameter and the  e x i s t i n g  
concrete  a g i t a t i o n  tunnel  t r a n s f e r  c a r s ,  f u r t h e r  r e s t r i c t e d  the  
a b i l i t y  t o  add and mix a s u p e r p l a s t i c i z e r  ou t  i n  the  tunnel  
proper. The f i n a l  conc'lusion was t h a t  a s u p e r p l a s t i c i z e r  must 
be added t o  the  conc re t e  e i t h e r  i n  the  o r i g i n a l  mixing a t  t he  
on - s i t e  batch p l a n t  ( t h e  most d e s i r a b l e  in t roduc t ion )  o r  a t  t he  
su r face  i n t o  t h e  t ruck  mixers by e i t h e r  t ruck  d i spense r s  o r  a 
l a r g e  tank Set-up with a metering s t a t i o n .  A t  t h i s  po in t  of 
planning, t he  a b i l i t y  t o  p r a c t i c a l l y  implement the  use of a 
s u p e r p l a s t i c i z e r  i n  the  tunnel  conc re t e  mix was doubtful  even i f  
t he  t e c h n i c a l  requirements of t h e  mix were achieved and f o r  a 
s h o r t  time, c o n s i d e r a t i o n  f o r  i t s  use was abandoned. 

Because of t he  continued need, t he  purported promise of 
improved conc re t e  placing c h a r a c t e r i s t i c s  spurred f u r t h e r  
t e s t i n g  t o  q u a l i f y  s u p e r p l a s t i c i z e d  concrete  f o r  o the r  work i n  
the  nuc lea r  s t a t i o n  s t r u c t u r e s .  

The complete Seabrook t e s t  program covered over nine months 
of work and involved more than 380 m3 of placed and l abora to ry  
t e s t e d  conc re t e  i n t e g r a t i n g  the  e f f o r t s  of cons t ruc t ion  and 
engineer ing personnel.  The o b j e c t  of t he  t e s t  program was n o t  
only t o  a s s u r e  compliance with the  standard t echn ica l  
requirements b u t  t o  a i s 0  eva lua te  f i e l d  a s soc ia t ed  parameters 
which u l t i m a t e l y  a f f e c t  c o n s t r u c t i o n  performance and c o s t .  Test  
samples were, t h e r e f o r e ,  a l s o  taken from l a r g e  tes t  placements 
t o  supplement l abora to ry  work with r e l e v a n t  f i e l d  data monitored 
t o  f u l l y  e v a l u a t e  s u p e r p l a s t i c i z e d  concrete  f o r  t he  Seabrook 
p r o j e c t ,  

The b a s i c  t e c h n i c a l  requirements f o r  concrete  admixtures a r e  
given i n  ASTM C494, "Chemical Admixtures f o r  Concrete" (Ref. 8). 
This s tandard imposes a s e r i e s  of t y p i c a l  concrete  eva lua to r s  
(slump, a i r  con ten t ,  s e t t i n g  t i m e ,  s t r e n g t h  and freeze-thaw 
r e s i s t a n c e )  t o  examine t h e  e f f e c t s  of admixtures on f r e s h  and 
hardened concrete .  Because of t he  reported e f f e c t  of 
s u p e r p l a s t i c i z e r s  t o  reduce the  f i n a l  a i r  content  of conc re t e  (5  
and 6 ) )  p a r t i c u l a r  a t t e n t i o n  was given t o  ASTI1 C666, "Test f o r  
Resis tance of Concrete t o  Rapid Freezing and Thawing". 

Tes t s  were a l s o  c a r r i e d  o u t  t o  confirm the  p a i n t a b i l i t y  of 
s u p e r p l a s t i c i z e d  concrete .  Although i n i t i a l l y  conducted t o  
q u a l i f y  conc re t e  mixes f o r  nuc lea r  s a fe ty - r e l a t ed  s t r u c t u r e s ,  
t he  s u c c e s s f u l  r e s u l t s  d id  prove t o  be of. use t o  confirm the  
s u i t a b i l i t y  of coa t ings  a p p l i c a t i o n  i n  c e r t a i n  remedial tunnel  
l i n i n g  r e p a i r s .  
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