superplasticizers:
How They Work and Why
'l'hey ccasmlv 't

woa long fime, concrete was

{and still is in some places)

simply o mixlure ol cement,

waler, and aggregates, whose
workability was essentially controlled
by the amount of water added during
mixzing. The setting characterstics
were sometimes adjusted with an ac-
celerator (mainly calcium chloride), or
4 relarder (muinly sugar derivitives).
The importance of the water-cement
rafioc was rapidly recoenized as the
most  importunt luclor  goveming
sirength properties, but it was neces-
SOV 1D NSE eXCess Water i order 1o ob-
lain & workable mix,

Since the specified sirengths were
quite low, mixing waler was used in
abundance o oblain the desired work-
ahility. It neaded, the concree strength
could be enhanced by increasing its ce-
mentiious contenl. Tl was eventually
recognized, however, that concrete
consisting of o simple mixture of ce-
ment, waler. and ageregates could not
lust very long when submitted 1o se-
vere environmental conditions (e.g.,
fresze-thaw cycles, sca water). Forlu-
nutely, chemical udmixieres such as
air-entraining agants can dramatically
improve concrete durability.

To improve the workability of con-
crete at A given water-cementitions
materials ratio, several organic admix-
tures were inlroduced 1o the conerete
industry. Such admixtures, designared
us owiter reducers, could achieve re-
markable effects on concrete. They
could either increase the strength by
wllowang less water to be used, while
maintzining workability: or. they re-
duced quantities of both water and ce-
ment used w oblain 4 given strength
and workabiling

One particular type of water reducer
was shown W be extremely effective in
contrilling the workability of concrete.
These were water-soluble  organic

palymers  designated us  high-range
waler reducers, or superplasticizers. An
important class of these polvmers is
the polvaaphthalene sulfonasles which,
since 1938, have been known as ce-
ment-dispersing agents,! Thers was,
however. little interest in these com-
pounds,  since  concrete esign
strengths were low, and water contents
could readily be adjusted Lo achieve
the desired workability. Also, because
ol the relatively low cost of cemeant,
there was no economic incentive for
reducing the cement conlents.

The first polymeric water reducers
adopted by the concrete indusiry were
the polymeric dispersants derived from
lignin, the lignosulfonates. The lar-
ter, being a by-product of the pulp
and paper industry. were telatively
inexpensive, and their water reducing
properties could be exploited at mini-
mal cost. However, iU later bocame
apparcnt that the variance in compa-
sition of these by-products, especially
their sugar content, could induee sig-
nilicant problems in set retardation and
air entrainment,

The benefits of synthetie polymers
such as polynaphthialene  sulfonates
(PN5) were then re-examined and de-
veloped further, particularly in Japan
in the carly 1960s. Polymelamine sul-
lonates (PMS), another family of syi-
thetic polymers, were also developed
as concrete superplasticizers and pal-
ented in Germany.”

When superplasticizers made their
entry in the concrete industry, they
were used al moderate dosage, gener-
ally 1 to 3 T/m® (0.2 to 0.6 gal.fyd®)
— for admixtures at approximately
40 percent by weight of active mate-
rial — to Nuidily conerete just before
placing, A1 these moderate dosages,
very few problems were obscrved,
excepl perhaps when used with some
air-eniraining admixtures.
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Todiay, superplasticizers are ofien
vsed as high-range water reducers, o
make concrele stronger by lowering
the water-cemant ratio. To achieve
water reduction levels as high as 30
percent, superplustivizers have 1o he
usd at high dosages ranging betwesn
5 and 20 L/m’ (1 and 4 gal/vd'), As
the water-cemenlilious materials ratio
way deereased, unexpectad behavior
was sometimes experienced with par-
ticular cemeni-superplasticizer combi-
nations, despite Lhe (et that both com-
ponents  satisfied  their  respective
acceptaice requirements. With Lme,
these types o phenomena hecime
more fregquent. especially in the case of
very low water-cementitions materials
ratio concrele. Such phenomena are
usually referred to as cement-super-
plasticizer incompatibility,

This paper, prepured jointly by a
physical chemist, a materials enginesr,
and a structural engipeer, is intended
for pracitioners. Readers interested in
detsiled information on specific as-
pects of superplasticizers may consull
various treatises.”’  proccedings  of
dedicated conferences,” " or research
papers cited in the references,

The nature of
superplasticizers

Chemical composition

Muodified lignosulfonates. po-
lymelanme  sullonales  (PMS),  and
polynaphthulene sullonutes (PNS) are
the most commonly used superplasi-
cizers, alone, or in mixtures. Olher
compounds — polvacrylates and poly-
styrene sulfonstes, for example — also
exhibit water-reducing and concrete
fluidifying properties and can be used
as superplasticizers. As noted earlier,
lignosulfonates are obtained as a by-
product of the pulp-and-paper Industey.
The modified lignosulfonates ane lig-
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Fig. 1 — Molecular weight charactarization of a PNS
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Fig. 2 — Schematic reprasentation of flocs of
cemeant particles,

nosulfonstes  from  which  sogars,
which cause excessive retardation.
have been removed. Olher super-
plasticizers are  synthetic  products,
produced divectly from pure compo-
nents, The general schemes for Lhe
synthesis of PNS and PMS super-
plasticizers are presented by Rixom
and Mailvaganam.’

Characterization and
specification

Commercially availuble superplasticiz-
ers are wsually sopplied with  the
chemical analysis data required 1o cal-
culate dosares (e.p.. pereent by weight
of active material for a liquid or per-
cent by weight of moisture for a solid).
or o ensure complianee with specific
application requirements (e.g., type of
salt: pH wvalue: sulfate. chloride. and
lormuldehyde contents). While thess
daty are cssential to allow proper utili-
zation of the superplasticizers, they do
not provide any clue o the perform-
ance of the product. The viscosity of
the concentrated superplasticizer so-
lution is also usually specified. To
some cxlent, the viscosity reflects the
pversge  molecular  weight of the
polvimers, a property that greatly in-
fluences product performance.

Tor assess the performance of super-
plasticizers, extensive product charuc-
Lerization must be pursued, hath in the
intrnsic propenics of the polymers and
in their functional properties. While
the detailed description of such charac-
lerization is beyond the scope of this
paper, it may be noted that the relevant
intrinsic properties of the polyvimers in-
clude: percentage of sulfonation, aver-
age molecular weight, distribution of
molecular weights, and polymer con-
fipuration  (linear, branched, cross-
linked), The average molecular weight

and the distribulion o molecular
wieighls are particularly important with
respect o the fuidification of cementi-
tious systems. Maolecular weight duta
oblaimed by ultrafiltration for a typical,
efficient polynaphthalene sulfonate are
shown in Fig. 1. The relevanl func-
Lional propertics o be characterized in-
clude dispersion and fluidification in-
dices. Some of these propertics and
examiples are discussed below.

Standards
Superplasticizers are known in the in-
dustry  under many  different names
{high-range water reducers, plasticiz-
ers. [uidifiers, polynaphthalene sul-
fonates, polymelamine sulfonates,
et ). This, together with the added
complexity of many propriclary-mixed
formulations, has tended to create a
lavel of confusion that may be a deter-
rent for practitioners. To help minimize
such complications, recall that super-
plusticizers are chemical admixmres
that can be used either as high-range
water reducers in the production of
comerele with normul consistency or ns
plasticizers in the production of flow-
ing concrete. The characleristics ol
these 1wo apphications are defined,
respectively. in ASTM C 494 and C
1017 standard specifications, Up-
dated guidelines for their usc are pre-
sented  in the ACT
Concreie Practice,'
The fact that all superplasticizers
meet standurd specificotions for appli-
cation in ¢oncreie doss not mean that
they are all equivalent. The vanous su-
pemplasticizers available on the market
are clearly not equivalent. neither in
their chemical parameters. nor in their
functiona] propertics. Standard specifi-
cutions define minimum or maximum
values for some parametess so that o
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specifie superplasticizer may meet the
minimom of the standard. while an-
other may exceed this minimum speci-
fication by o large margin,

How superplasticizers
work in concrete

Deflocculation

Portland cement particles have a strong
tendency 1o flocculate when mixed
with water,” This endency is the resull
of several lvpes of imteractions: wvan
der Whaals interactions between pari-
cles; electrostatic inleractions between
siles  beanng  opposite charges: and
stromg interactions {or bridging) in-
volving water molecules or hydrates."”

The flocculation process leads (o the
formation ol an open network of pati-
cles depicted schematically in Fig. 2a.
The network voids can trap par ol the
waler, which 15 then unavailable for
surface hydration of the cement parmi-
cles and for fuoidification of the mix,
These effects resull in a stiffening., or
increase in apparent viscosity, of ths
cementitions svstem, To achieve a ho-
mogencous disinbubion of the water
anel the optimal watgr-cement contact,
the cement particles must 1) be prop-
erly deflocculated and 2) be kepl in a
state of |!1'::-',|3| |_|1':\|ﬁ|,:r.-.1'|.rl1 1]:ig. h).

The flocculation of cement particles
in water and the dispersing influence
ol superplusticizers can eusily be dem-
onstratad through a simple sedimenta-
tion experiment. A lxed gquantity ol
cement is vigorously mixed with water
and the suspension transferred in a 1-L
groduated  cyvlinder, Upon  standing,
within less than twenly minutes. all the
cement particles will have floceulated
and settled to the bottom of the ¢vlin-
der. Their apparent volume is larser
thun that occupicd by the same amount
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Fig. 3 — Sedimentation of coment
particles in water and in the presanca
of a superplasticizer.

of dry cement (Fig. 3). However, when
the same guanlity of cement is mixed
in the presence of o small amount of
dispersing admixture. it is obscrved
that. aller twenty minuees, very few ce-
ment particles have settled (only the
coarse ones). as shown in Fig. 3. Il
miy Lake 24 wo 48 howrs for the cement
particles to seitle. in which case they
form a dense laver occupying almost
the same volume as the dry cement.
This experiment clearly shows that the
superplasticizer is highly ellective in
deflocculating and dispersing cement
particles. This approach has been pro-
posed fo evaluate the reguired super-
plasticizer dosage.”

Other aspects
In high solids-content slurries, such as
low waler-cement ratie concretes, the
deflocculating and dispersing action of
superplasticizers described ubove in
dilute suspensioms must still play an
impartant tole in the fluidification el-
fect. [lowever, other phenomens are
also likely to be present and different
authors have proposed a variety of ef-
fects, or mechanisms, to explain the
combined dispersion-fluidification
propertics ol superplasticizers in con-
crele. These explanations invoke one
or mare of the following: ™
s reduction of the surface wension
of waler;
s induced electrostatic  repulsion
between parlicles;

s lubricating lilm hetween cement
particles;

= dispersion of cement grains, re-
leasing water trapped within ce-
ment Toos;

= inhibition of the surface hydra-
tion reaction of the cement parti-

cles. leaving more water 1o

Cluidify the mix;
= change in the morphology ol the

hydration products; and
* induced steric hinderunce prevent-

ing particle-to-particle contact.

It is likely that many of these phenom-
enu contribute to the fuidilying cflect
of superplasticizers in fresh concrers,
bul some elfects are currently better
documented than others. For cxample,
superplasticizers do not generilly re-
duce the mucroscopic surface tension
of water. On the other hand. air-cn-
wraming agents. which clliciently. re-
duce the surface tension of water, are
not  considered  superplasticizers, st
least at the conceotration normally
used (their ability 1o increase the fluid-
ity of concrete is generally atiibuted
to the entrapped air bubbles which act
as [ine agrreeasies). Hence, the lower-
ing of (he surfoce tension of water is
prebably of little or no importance n
the fuidifying mechanism of super-
plasticizers,

There 15, on the other hand, broad
agreement that the superplasticizer
molecules adsorb strongly  onto the
surface of the cement grains.'™™ The
adsorption of charged polymers con-
veys a high surface charge (zeta poten-
tal) o all cement particles. These
charges contribute imporlant repulsive
forces between the particles and most
cerlainly pluy a role in deflocculating
and dispersing cement particles in
wiater. This cilect can be observed in
slurries of many different types of par-
ticulate materials for which important
changes in zets polentisl can be mens-
vred and comeluted with rheological
properties 2

With regard to the influcnce ol su-
perplasticizers on the morphology of
the hydrstion  prodiects,  saveral
authors™ ' have shown that the mor-
phology of emringite produced during
the hydration ol cement is aliered in
the presence of superplasticizers, In-
stead of being needle-shaped. the crvs-
tals formed are very small, neprly cu-
bic. The latter are expecred 1o be much
less detrimental 1o the fluidity ol the
hydrating paste. This  morphology
change can certainly contribute o the
Muidificiion mechanism, but it is yet
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unclear w what  exlent.  since
superplasticizers are plso efficient in
Muidifying fresh concrete prepared and
parially hydrated in the ubsence of a
superplaslicizer.

Given the current knowledge of the
made of action of superplasticizers and
the level of detail relevant here. the
concrete  fluidifying  effects can be
summarized as follows,

The flocculation of cement particles
15 mainly provoked by two kinds of a-
lraclive forces: van der Waals forces
und electrostatic forces. The adsorplion
of a charged polymer on the particle
creales  particle-to-particle  repulsive
forces which overcome the altraclive
forces, This will disperse the particles
and prevent their re-agglomeration.
This action will last as long as sufli-
cient superplasticizer molecules are
available ar the puniclefsolution inter-
luce; thal 3s, the quantity of available
superplasticizer will progressively de-
crease as the polvmers hecome en-
trapped in hydration products.

In addition 1o the electrosiatic effeer
specific effects, such us the adsorption
of PNS on the surface of the ChA
phase, lend o additional benefits. The
sulfonate -50:- group cun substitule
for the sullite group (S0.7) in the CA
adsomtion process, but the PNS then
aliers the course of the hydration resac-
lions and modilies the hydration prod-
ucts as noted above. The lamer effects
retard the surface hvdration reactions
and should be especiully impoartant in
preventing slump loss.

Superplasticizer efficiency
The workability (slump and slump
loss) of o fresh concrete mix depends,
to some extent. on the chamcleristics
of the superplasticizer wsed. However,
the mix composition, the varability in
cement composition or propertics. wnd
other faclors, such as the mixing pro-
cedure and equipment, often play an
impaortant role,

Superplasticizer parameters

1 1s now well established thar the aver-
age moleculkir mass of the superplasti-
vizer is of prims importance for is
efficiency in reducing wuter in port-
land cement mixes, The higher the mo-
lecular mass, the higher the efliciency.
This relationship has been estublished
for naphthalenc-bused superplasticiz-
ers™ as well ns for melamine-based su-
perplasticizers.”™ The increase in
molecular mass influcnces both the
dispersion properties™ and the mor-
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phology of the C.A hydration prod-
uct,” It should be noted, however, thal
there 1s 4 maximom value of molecolar
mass bevond which the dispersion ef-
fect is expected to decrease, and this
has indeed been observed ™

The chemical nature of the super-
plasticizer. whether naphthalene-based
or meloming-based, can alsp have an
effect on the theological hehavior of a
concrete mix. However, no definite
trend could Be identilied [rom a litera-
lre survey lor properties like slump
andd slump loss, retardation, air entrain-
ment. ete. This clearly indicates 1hal
several intrinsic propertics ol the su-
perplasticizer muy influence its per-
formance, The chemical feamres of the
other components of the mix can also
play an importunt role. Henee, to en-
able valid comparative studies, an ade-
quate characterization ol both the su-
perplasticizer and  the  other  mix
constituents is essential.

The cement

Portland cement is a comples mixlure
ol inorganic compounds — mainly cal-
cium silicates, calcium aluminate, cal-
civm  ferropluminate, and  calcium
sullate — grownd topether at varying
degrees of fingness (many of thesa
compounds can exist in different crvs-
talline [ommx). Some cements also con-
tain filler (limestone) or pozzolanic
material (slag, fly ash). Chemical ad-
miix lures psed a3 prinding aids can also
remain present in the cement.

The influence of cement finensss on
the amount of superplasticizer needed
W reach o certain level of workability
in the case of concretes (or of fluidity
in the case of grouts) has been clearly
established.” The Ainer the cement, the
higher the superplasticizer dosage re-
quired to achieve a given workability.

Due to the wide varahility in the
chemical and physical properies of ce-
ments, it may be expecied that diller-
ent cements will behave in different
ways in the presence of the same su-
perplasticizer. To rationalize this be-
havior, many stodies have been made
wilh cemenls of controlled composi-
tion. Among the cement chemical pa-
rameters which have been found 1o ex-
erl a major influence on the propertics
of superplasticized cement mixas ara
the C:A content,™ the morphology of
the C:A, the alkali content.” and the
form ol calcium sullute added w the
clinker.® The critical mle of sulfates
on the rheclogy of portland cement
shurries has been shown: il is not the

total amount of SO; in cement thal is
important, bul rather the availability, or
the rate of dissolution of S0.2- ions.
that must be balanced with the chemi-
cal reactivity of the CAS

External factors

The action of a suparplasticizer on a
particular cement depends also on fac-
tars that are not related o the physico
chemical propertics of the cement and
the superplasticizer, but in the way
these are blended or mixed. For cxam-
ple. the Lype of mixing equipment af-
feets the concrete workabiliey, Tt s
very frequently observed that the same
workability of concrete prepared in a
large industrial mixer can be obtained
with 1 to 3 L/m’ (0.2 10 0.6 galdyd’)
less superplusiicizer than in a smuall
lahoratory mixer.

It has been advocated thar muliiple
additions of the superplasticizer, when
possible, result in a redoetion of the -
tal amount of superplasticizer neaded
to achieve a given workability. This
lechnigue consists of introducing from
ome-half to two-thirds of the total
amonnt of the superplasticizer al the
Beginning of the mixing, wnd delaying
the imtroduction of the remaining
quantity of the superplasticizer until
the end of the mixing sequence or in
the field. This rechnique has been
shown to work well in the laboratory,
but is nol casily implemented in prac-
tice. The typical mixing period in in-
custiial preparations is from one to
two minutes. Thes it is difficull 1o rac-
tionale the infroduction of the super-
platicizer in 50 short a period of time.
O the other hand, the delayed addi-
tion of purt of the superplusticizer w
the delivery site can offer significant
advantages. Instead ol transporting a
very high slump conerete that can spill
from the truck (upon emargency brak-
ing), or that can destabilize the truck,
drivers prefer o transport a 104 mm (4
in.) slump econerete and o foidifty i

Just hefore placement in the forms.

Superplasticizer dosage

Ultimastely, the performance of a super-
plasticized concrere mix is established
in [eld trials, However, many smuoll-
scale tests have been developed on ce-
ment pastes or on mortars 1o rapidly

get information on the performance of

varous cemenl-superplasticizer  com-
binations and 1o determine the optimal
superplasticizer concentration.

On mortar, the percentage ol waler
reduction can be determined rapidly

Flg. 4 — The mini-slump test.

for various experimental conditions by
the Mow table method described in the
ASTM C 109 standard specification,
In this method, the quantity of water of
the superplasticized morlar is reduced
toy obtain the same consistency as tha
of a control moytar,

For cement pastes. the mini-slump
tesl deseribed by Kantro™ allows a
rupid comparson of the fluidity of
various cemeant-superplasticizer mix-
mres. As shown in Uig. 4, Lthis test s
very similar w the lamiliar concrete
slump fest; the dimensions of the cone
are changed, but the proportions re-
main the same. Alier removing the
mini-cone, the spread of the pasie is
measured and the results given as the
average of the spread area measured on
two perpendicular diameters, One ad-
vantage of this test is that it requires a
minimal amount of cement.

Another way 10 compare the behav-
ior of variows cement-superplasticizer
mixtures is by using » Muarsh cone
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Fig. 5 — The Marsh cone test.

{Fig. 3). Marsh cones of different
sizes and openings are already used
in the cement und petralewn industry

to measure or compare the floidity of

grouts not necessarily made ol port-
land cement. Aflter thoroughly blend-
ing the cement, water, and superplas-
ticizer mixture, the time it takes for
given volume of grout w  pass
through the opening is measvred.
This time is called the Marsh Mow
time, and it is directly related to the
viscosity of the grout,

If the apparent viscosity of a slurry
of a given water-cement ratio is meus-
ured with a Mursh cone®™™ and plotted
as a function of the superplasticizer
dosage as shown in Fip, 6, it is oh-
served that the viscosity decreases ns
the superplasticizer dosaze increases
until u certain superplasticizer dosage
is reached, after which any addition of
superplasticizer does nol significantly
reduce the viscosity of the slurry, This
point has been called the saturation
puint (Fig. 6).

There is no henefit o using moge
superplasticizer than the dosage comrc-
sponding to the suturation point. In
fact, it could be detrimental to use a
higher dosage: with excessive amounts
of superplasticizer, the aggregates and
cemenl particles start to segregate.

The saturation point varies from one
cement to another, when using the
same superplasiicizer, and Irom one
superplasticizer 1o another, when using
the same cement. The viscosity and su-
perplasticizer dosage ar the saturstion
point depends on the waler-cement ra-
tio of the grout, the fineness of the ce-
ment, the toml amount of C A, the re-
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activity of the C,A, the sulfate content,
and the rte of dissolution of the sul-
lutes, The efficieney of the mixing sys-
tem used Lo prepare the grout also in-
fluences the value of the saturation
point and mix rheology, but these ef-
fects ave readily minimized by follow-
ing rigurous testing procedures.

With so many factors influencing the
behavior of superplasticizers in the
presence of u given cement, it is read-
ily understood that a single "recom-
mended” superplasticizer dosage for a
given brand of cuperplasticizer makes
little sense. For each cement-super-
plusticizer combination and mix de-
sign, there will be one optimal super-
plasticizer dosage.

Potential problems

The introduction of an additive w [Tesh
concrete sometimes leads tw problems
during wilization. For cxample, with
lignosulfonates, a strong retardalion
and the entrainment of an cxcessive
amount of large air bubbles have been
observed at high dosuges, These wd-
verse effects are mainly due w the sug-
ars and other conmaminants presant in
commercial  lignosullonates,  since
these compounds are difficult w re-
muve completely, Some incompatibil-
ity problems berween cement and
lignosullonates have zlso been re-
porled. ™ Such problems were mostly
related to an unusually rapid stiffening
of the concrete, The cements wsed
complicd with the required $0: con-
lenl and the particular water-reducing
admixtures met their acceplance stand-
ards. To explain this incompatibility.
Ranc supggested that the admixture can

exert an influence on the availability of
sulfate and calcium ions, and sug-
gested various possible situations lead-
ing to loss of concrete fluidity.™

With some superplusticizer-ce-
ment combinations, various prob-
lems have been reporred, such as
low fluidification effect, rapid
slump loss, severc segregation.
overretardation, loss of eotrained
ait, and a particular phenomenon
known as "hubbling concrere.” or
the "champagne effect”. Aguin,
these problems may originate in
variations in cement composition
and properties, logether with
changes in the characteristics of
superplasticizers.

Rheological problems

As long as polynaphthalene and po-
lymelamine sulfonares wene used ar
moderate dosages 1o fuidify nonmal-
strenglh concrete, very few cement-su-
perplasticizer  compatibility  problems
were reported in the literalure. But, as
the usc of superplasticizers at higher
dosages developed in concretes  with
lower and lower warer-cemcent ratios, it
became evidenr that some cement-super-
plasticizer combinutions were incomp-
ihle. In some instances, il was not
possible 1o control the slump of concrete
long cnough to place it comrectly.™ Tt
has also been ohserved in a fow cases
that further increasing the superplasti-
cizer dospge could worsen the situation.
This cement-superplasticizer compatibil-
ity is so crtical when inaking high-per-
lormance concrele that some cements
have to be rejected, not because it is im-
possible Lo achieve the desired strength.
but because it is impossible 1o maintain
Lhe warkability Tong enough 1o pluce the
concrete comectly.”

The degree of cement-superplasii-
cizer compatibility must thus be deter-
mined by measuring the concrele
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slump and the loss ol slump as a fune-
tion of time, Relighle indications of the
degree of compatibility botween a ce-
ment and 2 superplasticizer can also be
obtained from cement grouts using the
Marsh cona rest or the mini-slump test.

When measuring the flow lime ol a
superplasticized grout with a Marsh
conge, it is interesting w follow the
chunge in [low time during the [lirst
hour that [ollows the mixing of the
slurry, These results provide an indi-
cation of the behavior ol the cement-
superplasticizer combination during
the ecritical period when concrete i3
rransported and pluced. The mini-
slump method can als d for the
SAIME PHITSC.

During this one-hour ohservation pz-
riod, Tour Lypes of behavior cun be ob-
served. Fig. Tz illustraies the case of a
highly compmible cement-superplas-
ticizer combination for which il is casy
o have full control of the viscosity and
slump during one hour. Fig. 7b depicts
a case of poor compatihilily between a
cement and a superplasticizer. The
saluration point cormesponds (o a very
high dosage of superplasticizer (1.3
percent). Despite this high dosage of
superplasticizer, the viscosity of the
grout remalns quite high and rapidly
increases with lime, Figs, 7¢ and 7d
represant intermediale cases. Fig. Je
represents o case in which Lhe initial
viscosily and saturation point come-
spond o that of 2 compatible combina-
tion, but in which the viscosity in-
creases with tme so that, at one hour,
the cement-superplasticizer combing:
tion is no longer compatible. Fig. 7d
represents a case in which the initial
computibility is not so good, but does
not evolve with bme.

When facing an  incompatibility
probleny, a practical upproach is Lo try
to idenlily whether the problem is pri-
marily due to the high reactivity of the

cement or to the poor performance of

the admixture, by cross-testing with
other superplasticizers and other ce-
ment samples. If no aliernative ce-
ments or superplasticizers are available
to alleviale the incompatibility, low
levels of retanding admixtures may be
tentatively incomporuted, 15 retarding
agenis do not help, supplementary ce-
mentitious  materials (slag, 11y ash)
may be blended in."™ If none of these
approaches can be successfully imple-
mented, the water-cement ratio moy
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then be increased progressively, while  Owverretardation

varying the dosase of \-upﬁrplﬂww’:l?s.r
(o uchicve the desired workability,™
while ensuring that the concrete sl
mieets the strength specilications.

Segregation

Adter the mtroduction of un excessive
dospge of supcrplasticizer, the cement
paste may become oo [Tuid and no
longer maintain the coarse or even he
fine aggrcgusle in SUSPERSiON, Causing
severe segregation (some researchers,
however, contend thit such a concrete
could have been underdosed in aggre-
gate and are PIOPUSELE 4 new way of
mixing concrete called the slumy
method). This seprapation phenome-
non is always related o a superplust-
cizer overdosaze heyond the saturation
paint.

In some cases, the hardened samples
are covercd with a white Javer com-
posed mainly of lime, calcium sulfate,
and some calcium carbonate. In such
cases, there is more than simple physi-
cal segregation, lhere is also somc
chemical-phase segregation. 'To correct
this problem, additonal quantitics of
cement may he added to the mix, il
possible, This will decrease the warer-
cement ratio and consume the excess
superplusticizer. both effects ending 1o
restone adequate consisiency.

The retardation period of a superplasti-
cized concrete is closely related to the
Blaine surface arsa and to the chemical
composition ol the cement used to pro-
duce it (mainly the CyA content). It is
also dependent wpon the superplasti-
cizer dosage™ and temperature.

LExcessive retardition problems may
arise il the superplasticizer 15 acciden-
tally overdosed or il the cemeant com-
position has changed significantly after
the mix proportions have heen estab-
lished through trial mixtures.” The ro-
tardation effect duc o the superplasti-
cizer may last from minwtes W0 many
hours, However, when setting sturts, il
oceurs rapidly, as evidenced by the
lime dependence of the heat ol reac-
tion." A possible solution to an overre-
tardation problem in concrate that has
wlready been placed is o increase the
temperatore of the conerele.

Air-entraining admixture
compatibility

In order o inprove the Iteczng and
thawing resistance of conerete, air
yoids-of proper dimension and spacing
huve w0 be presemt in the grout,
whether or not it confains 4 superplas-
ticizer. When superplasticizers are uscd
without an air-enlraining agent, very
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[ew air voids are ereated in concrete.
However, a proper quantity of wir is
gasily entrained in superplasticized
comerete when using a high-quality ajr-
entraining admixture. This has been
verified with naphthalene- an{i mela-
mine-hased superplusticizers. ™

When superplasticizers are  used
with air-entruining agents in concrete,
an increase of the spucing factor is
sometimes observed. compared to the
sume mix without superplasticizer, ™"
This is duc to the coalescence of part
of the small air voids. In such cases,
the dosage of the airentmining agemt
should be adjusted to compensate for
this eflect, For superplasticized con-
creles with  low  water-cementitious
materials ratios, the air-veid spuacing
factor has, in some cases, been re-
poried 1o be less eritical for the freese-
thuw resistance ol concrete® How-
ever, Il temains good practice to
conform to code specilicadons for air
content and spacing factor.

In some instances, a loss of en-
trained air has been reporied when us-
ing superplasticizers.™ These prablems
further emphasize the need w check
the superplasticizer/alr-entraining
agent compatibility during mix design.

Bubbling concrete

In some cases, non-uir-entrained con-
cretes with low  waer-cementitions
materials rutios exhibit an unusual be-
havior that has been referred Lo as
"bubbling,” or the "champagne elfeet,”
when some polynaphthalene superplas-
tctzers have been  overdosed (the
uuthors have no experience with po-
Ivmelamine sulfonates in this regard).
During mixing, many large air bubbles
are Tormed and iomentarily entrapped
m the fresh concrete. They rupidly
spackle oul like champagne bubbles,
but seem to be regeneraled just as rap-
idly by the mixer paddies,

At such low water-cementitions ma-
terials rativs. the concrate mistures are
rather sticky. so that some large air
bubbles can remain trapped in the
hurdening comcrete. even afler cxten-
sive vibration, resulting in u Swiss-
cheesc-type concrete,

Blended superplasticizers
Polynaphthalene  and  polymelamine
sullonates can be wsed alone or
blended with Tignosulfonates, Very few
atempls o mixing polynaphthalene
and - polymelamine  sulfonates  have
heen published.™

Blending  polynaphthalene or  po-
lymelumine sulfonates with lignosulfon-
dtes presents two advantages when su-
perplm:r:m.n are sed ol low dosages
(1105 L/m* [0.2 w1 galfvd’] of con-
crete). The first advantase for the admix-
ture manuliwlurer is economicul: ligna-
sulfonutes  are  less costly  than
polynaphthalese or polymelamine sil-
fomates, The secomd advantage is chemi-
cal: the sugars presant in lignosulfonate
i most cases slightly returd semting, so
that concrete keeps its  workability
longer. However, a8 discussed earliar,
with some cements, the elleet of the lig-
nosulfonaie can be the opposite.

Despite the fuct that the simulizneous
e of polmaphthalenc  and  po-
Iymelamine  sulfosates has not been
widely smudied, the suthors are convinced
that both  polynaphthalene and  po-
lymelamine sulfonates can be used in the
same congrete. For example, when mak-
ing hish-perlormance concretes at very
fow water-cementitious mulenials ratios,
polynaphthalene sulfonates could be uscd
at the mixing plant, while polymelamine
would be used at the job silc to produce
the desired level of workability. Such a
combination would secem adequate for
concreles i which polynaphthalene sul-
fondles induce a prealer retandaton 1han
polymelamine sullonates,

Conclusion

Superplasticizers are highly cificient
dispersing admixtures when they are
properly used. For the first time in
concrete history, it is possible w 1) in-
crease comcrete workability ar will
without any addition of water; 23 dis-
perse efficiently cement particles so
that concretes can be made using less
waler than needed for full hyvdration ol
cement particles; 3) produce hydraed
cement paste stible and dense enough
io bond very strongly to aggregates
umd reinforcing sweel in order w pro-
duce a very sirong composite material;
and 4) muke concrete so dense thart it
can be stronger and more durable than
many natural rocks.

Huowever, it must be realized that the
imroduction of superplasticizers  in
concrere nvolves a new  chemical
component in g complex  hydraulic
binder system that already contains
several added chemicals: a grinding
aid that may have been used during ce-
ment grinding, a water reducer, an air-
cotraining agent, and sometimes, a re-
Ltarder or accelerator. Tt should not he
surprising that, in such complex sys-
tems, in which each component has

been individuslly optimized. incom-
patibility problems may develop.

Due to the variety of proprietary ad-
mixfure formulations, it is dillicult 1o
provide the conerere industry with sim-
ple rules specifving the proper use of
superplusticizess in the presence of
other types ol admixwures. It is like-
wise unrealistic w ban the use of su-
perplasticizers because some other ad-
mixture eniering into the composition
of concrete is not compatible with a
particular  cement-superplasticizer
combination. A better approach would
he to investiguie the origin ol the in-
companbility problems and eventually
determing how o contral or avoid
them, while siill tuking full advantage
of the benelits of superplasticizers in
developing cancreles,
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