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Most concrete produced today includes either chemical additions to the cement, chemical admixtures in the
concrete, or both. These chemicals alter a number of properties of cementitious systems, including hydration
behavior, and it has been long understood by practitioners that these systems can differ widely in response to
such chemicals.
In this paper the impact on hydration of several classes of chemicals is reviewed with an emphasis on the
current understanding of interactions with cement chemistry. These include setting retarders, accelerators,
and water reducing dispersants. The ability of the chemicals to alter the aluminate–sulfate balance of
cementitious systems is discussed with a focus on the impact on silicate hydration. As a key example of this
complex interaction, unusual behavior sometimes observed in systems containing high calcium fly ash is
highlighted.
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1. Introduction

Over the last two decades much progress had been made in
cement hydration modeling [1–11]. A majority of this work has
necessarily focused on simple systems, usually, but not exclusively,
without admixtures. Today, application of new experimental techni-
ques and insights are rapidly changing our conceptual understanding
of the critical early hydration behavior of cement, which the
mathematics of models must now capture. Recently, the strong
acceleratory effects of C–S–H seeds have been demonstrated [12], and
the exact timing of development of shells around hydrating alite
grains has been elucidated [13]. Further, advances have been made to
incorporate dissolution theory from geochemistry into early hydra-
tion models [14]. Taken together, these call into question many of the
past theories which depended on invoking a continuous protective
barrier during the induction period of silicate hydration. Also, a
number of workers have elucidated clearly the remarkable ability of
the AFm phase to intercalate many organic components of admixtures
[15–21], providing an alternative to simple surface adsorption on
aluminate hydration products. These findings help explain the
previously noted sensitivity to the time of chemical addition, and
should be accounted for in models to predict cement-admixture
system behaviors.

Admixtures have been used in the production of concrete for at
least twomillennia, but their application has accelerated greatly in the
last four decades. Today, admixtures commonly used in production
concrete can contain set retarding or set accelerating chemicals, which
obviously will directly impact kinetics. Most concrete made in
developed countries also uses at least a cement dispersing agent,
commonly called water reducing or plasticizing admixture. Those
water reducing admixtures that can exhibit a more powerful
dispersing capability, without significantly impacting setting behav-
ior, are called a high-range water reducing admixture or super-
plasticizer. By virtue of the resulting improved dispersion, these
materials both increase workability and reduce the amount of
agglomerated cement particles. These agglomerates can lead to low
w/c regions, which limits cement hydration in those areas, while
allowing other regions to be higher than nominal w/c. Thus water
reducing admixtures can often lead to improvement in strength and
permeability even at equal w/c. If a water reduction is also taken,
more substantial improvements in both are achieved. Water reducing
admixture compositions may also include materials that directly
impact hydration rates beyond the dispersion effects. Such admix-
tures frequently contain some combination of set retarding and
accelerating components. This is because many dispersing materials,
which meet required economic constraints, also retard hydration
somewhat, and adjustment of setting time is needed to meet both
industry standards and field requirements.

Other, less widely applied admixtures can inhibit corrosion of steel
in concrete, adjust complex rheological behavior, entrain air to impart
resistance to freezing and thawing, and provide many other
attributes. Some of these materials, while having a primary impact
on properties not related to hydration kinetics, may have secondary
effects on hydration which must be accounted for in concrete mixture
design. Therefore, understanding how hydration kinetics of cemen-
titious systems is affected by admixtures is essential, if kinetics is to be
applied for improved design and control of concrete production.
In most cases, despite the very large variety of cements,
admixtures, supplementary cementitious materials (SCM's) and
conditions encountered by concrete producers, predictable perfor-
mance can be achieved, otherwise the concrete industry would suffer
far more problems than it does. However, in some cases unexpected
slump loss, excessive fast or slow set, and/or poor or absent strength
development can occur. The concrete industry has had an on-going
challenge to minimize these unexpected events, which can cause
major disruptions of construction schedules.

As admixtures can have a very strong impact on the hydration
behavior of cementitious systems, the ruggedness of models can be
challenged by testing their ability to predict setting and strength
development with those admixtures. It is the purpose of this paper to
highlight the impact of various cement-admixture interactions on the
rate of cement hydration, with the expectation of advancing the
cement research community's ability to model hydration kinetics.
Providing a thorough review of this highly complex topic is beyond
the scope of this study. Rather, focus will be on selected cement-
admixture response questions, whose analysis is expected to help
contribute to a more comprehensive model of cement hydration
kinetics. These questions are:

• Importance of sulfate – What is the precise mechanism whereby
undersulfated cements, or C3S in the presence of C3A and
inadequate sulfate, fail to achieve normal silicate hydration? Why
do admixtures frequently exacerbate this situation?

• Impact of retarders and accelerators – What are the elementary
steps for acceleration and retardation? Why is cement response to
retarders so sensitive to exact chemical structure, including
stereoisomerism? Why is cement response to accelerators similarly
sensitive to composition, even at equimolar doses?

• Impact of water reducers and superplasticizers –Why are dispersing
power and retention of dispersing power optimized by different
structures of the water reducing agents? How do the dispersing
agents interact with the different compositions of the cementitious
matrix? How do water reducing dispersants compete with other
admixtures including sulfates, and which dominates? Why do most
water reducing admixtures provide improved responsewhen added
with a few minutes delay?

• High calcium fly ash interactions – Why do cementitious mixtures
containing high calcium fly ash show increased sensitivity to sulfate
level when admixtures are present? Why is this sensitivity
enhanced by higher temperatures?

These questions have been addressed on a practical basis for many
years, usually without explicit application of hydration models.
Recent advances have given us the opportunity to develop conceptual
models which can address these issues.

2. Importance of sulfate

As sulfate balance is important to most cement-admixture
response, we will briefly introduce this issue here, with specific
discussion in subsequent sections. During the last 50 years much
attention has been paid to the impact that admixtures have on the
requirement for the supply of sulfate by the cement. Typically, either
direct penetration resistance for setting and strength measurement
[22] or isothermal calorimetry [23,24] have been applied. Some early



Fig. 2. Data from Tenoutasse [27] showing silicate hydration suppression in undersulfated
conditions (0–3% gypsum) in the absence of C4AF. (Graph re-labeled for clarity.)
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work combined both [25]. The isothermal calorimeter has been very
useful, as it not only shows the rate of heat evolution from the main
hydration peak, but also since the work of Lerch [26] it has been
understood that the calorimeter shows the impact of sulfate phases on
control of the aluminate phase hydration. Calorimetry allows one to
detect the consumption of sulfate by the change in sulfate depletion
point at different levels of added sulfate, and thus can be used to
estimate required sulfate levels for “normal” hydration, with and
without admixtures. Lerch's work further showed the suppression of
silicate phase hydration when sulfate was inadequate, as depicted in
Fig. 1. This suppression has been shown to be independent of iron
content of the cement. Fig. 2 shows clearly that C3A alone was capable
of shutting off silicate hydration, and sulfate capable of restoring it
[27]. Interestingly, the sulfate depletion point prior to a secondary
exotherm, frequently ascribed to AFt conversion to AFm, was shown
using in-situ XRD to correspond to the point at which solid gypsum
was no longer available [24]; however, the production of ettringite in
fact continued to occur for a time afterward, with no increase in the
rate of consumption of C3A [24,28]. Using stirred suspensions of C3A,
Minard et al. [29] concluded that the rapid exotherm associated with
the consumption of the sulfate was due to the direct formation of
calcium hydroaluminates with later conversion to monosulfoalumi-
nates, coupled with a slow conversion of ettringite as the sulfate
source. Pourchet et al. [30], building on this understanding, evaluated
the difference between gypsum and hemihydrate as a sulfate source
and showed that the initial reaction of C3A was much greater with
gypsum, generating ~250 J/g C3A of heat and consuming up to 30% of
the total C3A. The reaction products formed were calcium hydro-
aluminates when gypsum alone was used. Partial or complete
replacement with hemihydrate removed this effect. They further
showed that when calcium hydroaluminates were formed, the later
hydration rate was reduced. They attributed the reduction in
hydration rates to the presence of calcium hydroaluminate hydration
products occluding the C3A surfaces from hydration. Gallucci et al.
[13] agreed that this peak represents direct reaction of C3A, but cite
desorption of the sulfate from the C–S–H phases after gypsum
depletion as the source of sulfate.

Understanding the interaction between aluminate and silicate
reactions is especially important because many workers [24,31–34]
have clearly demonstrated that problems with silicate phase
Fig. 1. Isothermal calorimetry curves generated by Lerch [26] showing suppression of silicat
hydration in the presence of admixtures can be traced to inadequate
control of the aluminate phase hydration by the cement sulfate. This
can be caused by the fact that there is simply inadequate sulfate
present, as in Lerch's original studies, or that the sulfate is in a form
that does not supply sulfate quickly enough to the actively hydrating
aluminate phases, either because its rate of availability is suppressed
by the presence of admixtures [20,35], the temperature range is such
that either the sulfate becomes more slowly available [36], or the
aluminate is made more active by the higher temperature [37].
However, the exactmechanismwhereby the aluminate reaction slows
down or shuts off silicate reaction has not been described, although
very recent work [38] does show the μicmodel capable of reproducing
the sulfate depletion point.

A tremendous amount of work has been done over the last decade
elegantly showing us that hydrating C3A and C4AF will form layered
intercalates spontaneously [15–19,39,40] in model systems. This was
recently thoroughly treated by Giraudeau et al. [18], so we will state
only the briefest of summary. Intercalation impact on superplastici-
zers will be treated separately.
e hydration in undersulfated condition on the left curves. (Graph re-labeled for clarity.)

image of Fig.�2
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At the simplest level these intercalates are metastable C3AH6 and
C4AH7–19, but the hydroxide can be replaced by sulfate, carbonate,
chloride and a whole host of organic materials. The essential point
here is that the structures spontaneously self-assemble, and that the
intercalating species are in competition. Sulfate is thermodynamically
favored; thus sulfate concentration controls whether other anions are
present, and, when it is deficient, uptake of organic materials is rapid.
While this uptake is reversible, the extended time-frame of several
hours renders this process to have no practical importance for
workability [18]. These effects are acknowledged to be potentially
important in explaining the variations in admixture performances
with dosage time, which has long been recognized to be related to
admixture sorption [41], and to explain at least in part the poorer
performance of admixtures in undersulfated systems [31,42]. How-
ever, it has yet to be demonstrated the extent to which these
intercalates form and remain stable in the complex and highly
sheared environment of real concrete. Accordingly wewill refer to the
general case of formation of reaction products between the aluminate
phases and organic admixtures, which abstract the organic material
and effectively lower its dosage, as organomineral phase (OMP)
formation, as used by Flatt and Youst [39].

The simple removal of admixtures by OMP formation does not
explain the extremes in behavior wherein C3S fails to hydrate. In some
cases with SCM's, the sulfate content of the cement is adequate to
control the aluminate reaction for the cement by itself and with the
admixture being used, but not for the combination with added
aluminate from the SCM. Also, aluminates can adsorb on the hydrating
silicate surface, but the exact nature of this adsorption and how it
influences silicate reactivity is unclear [43]. When we have a situation
where an added SCM increases the reactive aluminate content
without also supplying increased levels of available sulfate, the
system can become unstable [44], and normal hydration can be
severely delayed.

It would seem that the self-assembling nature of intercalation
products, the possible presence of very early formed calcium hydro-
aluminates, and their relative stabilities must be taken into consider-
ation in any theory which attempts to explain this strong retardation of
C3S seen in undersulfated systems. In the presence of admixtures which
may be intercalated through early aluminate reactions under conditions
of insufficient sulfate, the potential for such an intercalate, perhaps in
some manner incorporated on some specific crystal surfaces of the
silicates, needs to be considered. The presence of these could be
responsible for the cases of extreme set retardation.

Thus, the kinetics of sulfate dissolution, aluminate reaction, and
resulting silicate hydration all interact, and can individually and in
combination be affected by the presence of admixtures. For kinetic
models to be truly useful, theymust deal with all these interactions.We
will highlight some of the specific issues in the following discussions.

3. Impact of retarders and accelerators on the hydration of
Portland cement

Recent advances in understanding early hydration chemistry
require revision in our concepts of how accelerators and retarders
function, and direct us to some key experiments which can advance
models to deal with the impact of these admixtures:

• Makar et al. used differential isothermal calorimetry [45,46] and
high resolution cold field emission SEM [47] to show that just prior
to the onset of accelerated hydration, there was an exothermic
event of short duration, which they ascribed to “initial C–S–H
formation”, andwhich coincidedwith a rapid increase in visible etch
pits. However, their SEM images showed widely dispersed hydra-
tion products on the cement surface prior to this peak, and they
state: “... almost all C3S grains observed at 2.5 h of hydration had
smooth surfaces”. This suggests that the exotherm corresponds to
the time of re-initiation of rapid C–S–H formation, and not the
“initial” reaction, which clearly occurs earlier. Further, they have
shown that when admixtures are present that retard and diminish
the rate of heat evolution after the induction period, the energy of
this transient reaction is reduced. In a subsequent paper [48], SEM
images of several hydrating cements before, during, and after the
period of this peak, which they called the “termination peak”, were
presented and they concluded that these support the model of a
protective layer, despite the apparently clean surfaces, as the SEM
had insufficient resolution to preclude some very thin layer being
seen. In their opinion, since the continuous nucleation and growth
model does not explain the presence of an event at the time of the
termination peak, this model was not supported by data seen in this
SEM study. Further, explanations that ascribed the acceleratory
period to the beginning of calcium hydroxide nucleation were also
not supported, as calcium hydroxide was found to increase before
the “termination peak” at the end of the induction period. Finally,
mechanisms relying on osmotic pressure breakdown of a layer were
not supported as no such rupture was seen in the SEM images. Thus
the exact nature of this exothermic event remains unclear, but as it
appears to correspond to the time of re-initiation of C–S–H
formation, and is diminished in cases of extended retardation,
further investigation both experimentally and by modeling appears
warranted.

• Juilland et al. [14] summarized Makar's SEM work and other
findings by SEM and AFM, to show that in alite hydration, after the
early reactions and before the onset of rapid hydration, there is no
complete layer of hydration product formed that protects the alite
surface from continued hydration. (This period, once called the
dormant period, but now recognized merely to be a period of very
slow reaction, will be referred to in this paper as the induction
period). Rather, reactive sites at edges and dislocations exhibited
coverage by reaction products, and the lack of reaction of the rest of
the surface was ascribed to rapid buildup of ionic concentration in
solution, such that there was inadequate undersaturation to
overcome the free energy barrier to etch pitting. The dependence
on dislocations and undersaturation was clearly demonstrated by
the markedly greater etch pit formation with deionized water
versus a saturated lime solution, by the difference in pitting seen on
different crystal faces, and by the reduction of reactivity upon
annealing the alite. Despite this insight as to what causes the
induction period, Juilland et al. stated: “However, the exact process
which brings the induction period to an end is still unclear”.
Application of wide angle X-ray diffraction to C3S hydration with
and without several superplasticizers [49] has confirmed preferen-
tial hydration on two of the three crystal faces of C3S, and showed
that the relative growth rates on different faces were altered by
superplastizers. The authors concluded: “Furthermore, the peak at
15° due to dry C3S is still present in samples containing SPs…….The
results clearly suggest that the additives have a selective binding to
preferential crystal lattice directions of C3S”. This reinforces the
concept that sorption must take place on an essentially bare C3S
surface, as any amorphous C–S–H layer with a gap beneath it should
not allow such an specific adsorption effect. The sorption of
superplasticizers has also been shown to be competitive with
sulfate [50] and with retarders [51].

• Using dilute suspensions, Garrault et al. [52] have shown the
dependence of C3S hydration on Ca(OH)2 concentration. In line with
the etch pit theory, lower lime concentrations gave more C–S–H
nuclei, leading to shorter initial period. In the same work, AFM
studies combined with modeling showed that C–S–H growth is
largely parallel to the C3S surface, with the ratio of parallel to normal
growth dependent on lime concentration.

• In recentwork, Bullard andFlatt [53] used theHydratiCA [10,11]model
to explore the competing theories of a passivation layer of C–S–H
versus an etch pit/site deactivationmodel along the lines discussed by



Fig. 3. Chart from Peschard [66] showing extension of induction period by yellow
dextrin (YD) but normal rate of reaction afterward, contrasted to lack of extension of
the induction period by starch ether (SE), but with reduction in reaction rate. Cellulose
ether (CE) shows little effect as compared to the cement suspension made without
chemicals (C1).
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Juilland et al. [14], to explain the delay in C3S hydration. They
concluded that the site deactivationmodel predicts that suppressionof
Ca(OH)2 precipitation should lead to extended setting, while the older
passivation layermodel does not. Based on this predicted observation,
they propose experiments with materials which selectively absorb on
Ca(OH)2, while not affecting either C3S or C–S–H, to determine which
theory is supported. While such an additive was not identified, clearly
this frames the possible experiments needed to find the relationship
between retardation and the sorption of additives on Ca(OH)2.

• Galluccci, Mathur and Scrivener [13] using STEM showed the details
of formation of continuous shells around the hydrating cement
particles soon after the end of the induction period. While these
shells contained high levels of sulfur and very low levels of
aluminum, they were primarily densely packed C–S–H. Somehow
this layer was formed, not initially as previously thought, but at
about the time of the end of the induction period, and not as a sheaf
of wheat or other random form, but highly ordered parallel to the
original surface. The key question of exactly how it formed was not
resolved, but the high sulfur levels detected must be considered. Its
relation to the “termination peak” identified by Makar is also of
interest.

• C–S–H nucleation and growth has been shown to be strongly
accelerated by seeding, be it by silica fume [54], calcium carbonate,
slag and quartz [55], colloidal silica [12,56], C–S–H [12,57] or carbon
nanotubes [58]. 2% C–S–H seedswere shown by Thomas et al. [12] to
be capable of eliminating the retardation of a dose of sucrose
sufficient to retard C3S in excess of 336 h, when the seeds were
added initially, and to overcome most of the retardation when the
C–S–H seeds were added in a delayed fashion. Stark et al. [55]
showed that the seeding of C–S–H was controlled by surface area of
the seed and by both its chemistry and crystalline structure. Calcium
carbonate seeds were shown to result in much higher seeding rate
and a very ordered C–S–H structure at fixed orientation to the
carbonate surface. Carbon nanotubes [58], in contrast, resulted in an
extraordinarily fine deposition of C–S–H layers showing no
structure under very high magnification cold field SEM – the tubes
appear to thicken over time with a very dense layer of C–S–Hwhich
eventually appears to grow in the direction of the axis of the
nanotube to greater lengths than the starting nanotubes. Ultimately
a web-like network of C–S–H fibers is formed. It would appear that
C–S–H is not substrate-specific in its ability to nucleate and grow,
but that the substrate may alter its growth form, orientation, and
rate.

• In contrast to the behavior of the above-mentioned seedingmaterials,
addition of solid Ca(OH)2 has not been found to accelerate hydration
of C3S or a laboratory-prepared alite [59]. This brings into question
theories relying on rapid removal of calcium and hydroxyl ion by
precipitatedCa(OH)2 per se to account for the onset of rapidhydration
in systems without admixtures. However in the same work, addition
of Ca(OH)2 did accelerate hydration in production cements, which
may be related to the known retarding effect of Ca(OH)2 on C3A
hydration [59], reducing its potential negative impact on silicate
hydration. As pointed out by Bullard and Flatt [53], if the presence of
solid Ca(OH )2 limits oversaturation of Ca++, acceleration could occur.

With the above as background, we can now discuss the recent
findings with respect to set retarding and accelerating chemical
admixtures and their implications for the various issues, which future
models must be able to consider.

3.1. Impact of retarders on the hydration of Portland cement

The salts of lignosulfonic acid andhydroxylated carboxylic acids, and
carbohydrates such as sucrose, glucose, glucose polymers, and sodium
gluconate are among the chemical admixtures commonly used as set
retarders for Portland cement hydration. Many of these compounds are
also found in water reducer formulations. Citric acid, tartaric acid, and
various phosphorous compounds such as nitrilotris(methylene)tripho-
sphonate are frequently used for more specialized applications. Other
higher molecular weight polysaccharides are frequently used in
modifying rheology of cementitious systems, and their retarding
capacity needs to be considered in product formulations.

Literature over the last 50 years is replete with efforts to apply a
model for hydration retarders [60–63]. As summarized recently by
Bishop and Barron [64], proposed mechanisms of set retardation
generally fall into four regimes: (1) calcium complexation preventing
precipitation of portlandite, (2) formation of a semipermable layer
later brokendownbyosmotic pressure gradients, (3) surface adsorption
of retarders directly on anhydrous surface, and (4) nucleation and
growth poisoning of hydrates, including portlandite. The first two
are now generally considered unlikely – the first because very strong
chelaters can be moderate retarders while strong retarders can
be moderate chelaters [63] and the second because direct SEM
observation shows that during the induction period much of the C3S
surface remains bare of hydration product [14]. The special mechanism
of “dissolution–precipitation” proposed by Bishop and Barron [65] for
organic phosphonic acids would appear to be a special case of the third
mechanism.

3.1.1. Impact of retarders on silicates
Several complexities arise when we discuss retarder effectiveness.

First, retardation consists of two effects – the increase in the induction
period, and the reduction (or in some cases increase) of hydration rate
after hydration accelerates. This has been clearly demonstrated in a
study of various polysaccharides by Peschard et al. [66], where using
conductimetry in dilute cement suspensions (w/c=20), a cellulose
ether was shown to have no effect, a yellow dextrin delayed the
induction period by 10 h but had no effect on the rate once the
induction period was over, and a starch ether was shown not to affect
the timing of the induction period, but to significantly reduce the rate
of hydration afterwards (Fig. 3). On increasing to very high dilutions
of w/c 8000, the most powerful retarder, the yellow dextrin, was
shown not to retard significantly, even up to doses of twice the mass
of cement, which led to a concentration of dextrin in the water phase
equivalent to that in the w/c=20 experiments. If retardation
occurred solely by blocking at the anhydrous surface, this identical
dextrin concentration should have retarded similarly regardless of the
dilution. This result supports the concept that retardation by this
dextrin occurs due to inhibition of nucleation and growth of reaction
products, the formation of which would be affected by the dilution.

Sucrose is one of the most powerful set retarders for cement, and its
mechanisms and effects have been investigated for quite some time.
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Thomas and Birchall [63] showed sucrose to apparently increase the
solubility of silicate speciesdue to its ability to chelateCa2+ ions, thereby
increasing the availability of silicate ions in solution. Juenger and
Jennings [67] proposed that the adsorption of sugars onto C–S–H and
calcium hydroxide nuclei poison the growth of these hydrates, thus
promoting formation of more nuclei. Once all the sucrose has been
consumed, a period of heterogeneous growth follows, producing higher
surface areas due to the greater number of nuclei, and thereby inducing
the “delayed accelerator” behavior of the chemical. However, the exact
mechanism of interaction of sucrose with the ions and surfaces
produced during cement hydration, as well as the structure of the
complexes formed from this interaction, are still amatter of debate [64].

Peterson and Juenger [68,69] utilized the quasi elastic neutron
scattering technique (QENS) to demonstrate the impact of sucrose on
the hydration of C3S. The technique uses neutron radiation to
determine the mobility of hydrogen in the system, which can be
translated into either free (more mobile) or chemically-bound (less
mobile) hydrogen. The bound water index (BWI) is calculated as the
ratio of the less mobile to the total hydrogen in the system, which can
be read as the ratio between the chemically-bound and the total
water, as a function of time. When coupled with hydration models,
the method gives information on kinetic parameters of cement
hydration and the diffusion coefficient of the sample. Peterson and
Juenger added 0.01% and 0.05% sucrose (percentage of C3S weight) to
pastes with 0.4 water/C3S ratio. The results of the test as shown in
Fig. 4 confirmed that sucrose acted as a delayed accelerator, causing a
longer induction period but increased rate and extent of formation of
hydrated phases once hydration started, resulting in a higher degree
of hydration after this period. The addition of sucrose also resulted in a
higher diffusion coefficient [69], which they concluded to mean that
the C–S–H formedwas more permeable, with a higher specific surface
area.

In a study of citric acid retardation [70], the hydration rate after the
end of the induction period was shown to decrease proportionally to
the degree of induction period delay. Most citrate was removed from
solution within the first hour, and potassium concentration also
reduced, so that citrate retardation was attributed to the formation of
a potassium citrate complex on the anhydrous cement surface,
slowing dissolution rates. Similarly, Juenger and Jennings [67] showed
that at a very high (1% by weight of cement) dose of sucrose, the
exotherm of the main hydration peak dropped proportionally to the
extension of the induction period, yet eventually the degree of
hydration with sucrose exceeded that with water alone.

Perez [71] used conductimetry and solution analysis to investigate
sodium gluconate retardation as a function of dosage rate. Very high
rates of adsorption were found – around 75% of added sodium
Fig. 4. BWI (BoundWater Index) data from Peterson and Juenger [69] showing QENS for
C3S hydrated with water, 2 wt.% calcium chloride, 0.01 wt.% sucrose (low conc.), and
0.05 wt.% sucrose (high conc.).
gluconate was adsorbed in 5 min regardless of concentration in
solutions up to 0.4% – well above any normal dose rates used in
commercial applications and sufficient to delay setting for many days.
Since this adsorption takes place well before significant C–S–H
formation, direct adsorption of gluconate on the unreacted silicate
phases is inferred, as in the case of citrate. At a 0.15% sodium
gluconate dosage, higher SiO2 concentrations were found in solutions
after 5 min from contact with water, while 0.235% sodium gluconate
reduced the soluble SiO2 levels to below the reference, and the rate of
dissolution was noted to decrease by a factor of 10. With both cement
and C3S, changes in the slopes of the retardation and mortar
flowability versus dosage relationship were found. These break points
were ascribed to a saturation dosage level beyond which the
gluconate did not give additional fluidity, yet a stronger influence of
retardation was noted. Perez concluded that these saturation levels
corresponded to similar coverages, if alite were the only adsorbing
phase considered. He further calculated this coverage to represent an
adsorbed gluconate layer on the order of approximately 3 nm in
thickness. The presence of this layer of sodium gluconatewas believed
to be adequate to completely block the surface.

As shown recently in a study on sugar alcohols [72], stereoisomers
can exhibit significantly different levels of retardation. Adonitol,
arabitol and xylitol, stereochemically isomeric five carbon sugar
alcohols, having respectively 0, 1 and 2 threo hydroxyl group pairs,
retarded set (defined as time to 40% hydration of C3S) to three widely
different amounts – none, 1.5 days and about 20 days, respectively, at
concentrations inwater of 1.5, 2.0 and 4.0 mol%. In the same study, the
four carbon sugar alcohol threotol, with one threo hydroxyl group
pair, accelerated rather than retarded set, at both 2.0 and 4.0 mol% in
water. In contrast, the five carbon arabitol with the same number of
threo hydroxyl groups, retarded set 1.5 days at 2.0 mol%.

A study on the competitive adsorption between retarders and
superplasticizers on cement surfaces by Plank and Winter [51]
concluded that for similar sized molecules, the anionic charge density
primarily controls the competitive adsorption, with the molecule
having higher charge being favored.

It would thus appear that cement silicate surfaces, now known to
be largely free of reaction products during the induction period, are a
conflict zone, where all anionic species are competing for adsorption
based on anionic charge densities, molecular conformations, and
other factors not yet completely understood.

3.1.2. Interaction of retarders with aluminates
With regard to the impact of set retarders on C3A hydration, Bishop

and Barron [64] observed an acceleration of ettringite formationwhen
up to 1.5 wt.% of sucrose was added to a C3A/excess gypsum blend.
Meyer and Perenchio [25] observed similar behavior with Portland
cements, with markedly increased rates of sulfate consumption in the
presence of sucrose. They showed that the consumption of calcium
ions by sucrose from solution led to an acceleration of the dissolution
of calcium sulfate, and an increase in availability of sulfate ions. When
sucrose was used at an optimal dosage, an acceleration of calcium
sulfoaluminate hydrates was noted, due to more efficient conversion
of the hydrated calcium aluminates to ettringite. However, when
sucrose was used at above optimal dosages, for example at 0.2 and
0.3% of sucrose by weight of cement [25], a rapid stiffening behavior of
cement could result, due to the accelerated reactions of the
aluminate-containing phases.

The crystal form of C3A is strongly influenced by alkali availability
during clinkering, which in turn, is related to the amount of sulfur
present in the kiln relative to the alkali level [50]. In work first
reported in this paper (Fig. 5), the marked differences in the degree of
retardation sodium gluconate gives with the different crystal forms of
C3A are shown. First, the hydration of the orthorhombic C3A in
presence of sulfate at SO3:C3A mole ratio of 2.5 and excess calcium
hydroxide (at 13.7 g/l) occurred earlier and at a faster rate than that of
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Fig. 5. Calorimetry curves at 23 °C showing impact of different dosages of sodiumgluconate on (a) cubic-C3A:hemihydrate:Ca(OH)2:water and orthorhombic-C3A:hemihydrate:Ca(OH)2:
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the companion cubic C3A systems. The extent of retardation by
sodium gluconate was significantly less for the orthorhombic-C3A
system than for the cubic-C3A system. In the cubic-C3A systems with
sufficient sulfate content (SO3:C3A of 2.5 by mole), only one
exothermic peak occurred after the initial dissolution peak. The
retardation by sodium gluconate grew linearly with increasing dosage
up to 0.125%, after which the rate of retardation increase slowed down
from 0.125% to 0.25%. In the cubic-C3A systems with lower sulfate
content (SO3:C3A of 0.50 by mole), two exothermic peaks, at 1–20 h
and 30–80 h, occurred after the initial dissolution peak. The extent of
retardation for the cubic-C3A systems with low sulfate content
increased almost linearly from 0 to 0.25%. It was also observed that,
in the presence of sulfate and calcium hydroxide, exothermic
reactions of orthorhombic-C3A occurred significantly faster and
released 10 times more initial heat than that of the corresponding
cubic-C3A systems. The initial peak is believed to stem from rapid
hydrolysis of C3A, followed immediately by the formation of calcium
aluminate hydrates. The total energy released for the first 10 h was
about 6–8 times higher for the orthorhombic-C3A than for the cubic-
C3A blends, when both are made with a good supply of sulfate.
However, for under-sulfated blends, the total energy released from
the cubic system in the first 4 days was higher by about 50% than that
from the orthorhombic system, showing that the different crystal
forms are markedly different in response to the undersulfated
condition. This case presents a simple but illuminating example
where set retardation is impacted by the mineralogy of the C3A phase,
which is known to be altered by relatively minor changes in kiln
operation such as changes in sulfur level of fuel.

image of Fig.�5
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3.1.3. Requirements for modeling the impact of retarders
Thus, it would appear that there are multiple possible mechanisms

for retardation, and each chemical can have a different impact on the
extension of the induction phase and reaction rate after hydration
begins, depending on the various complexmechanisms. For models to
help unravel this complexity, theywill have to deal with the following
potential portions of the overall mechanism of retardation of the
silicate phases:

• initial chelation ability – the ability of set retarding admixtures to
more readily solubilize Ca2+ and therefore increase SiO4

− and sulfate
ion concentrations in solution, which can promote more C–S–H
nuclei. This is in contrast to the older theory of formation of chelates
directly preventing CH precipitation. In terms of the newer etch pit
theories, set retarders could continue etch pitting causing greater
levels of calcium dissolution. This could result in either set
accelerating or retarding behavior depending on the fate of the
dissolved species,

• ability of set retarding compounds to form directly bonded adhered
layers on the anhydrous silicate and aluminate surfaces, thereby
reducing their ability to dissolve. These adhered layers could be
divided into directly adsorbed species, or formation of a calcium or
potassium salt which precipitates and adheres onto the surfaces,

• ability to poison nucleation of CH
• ability to poison growth of CH
• ability to poison nucleation of C–S–H, and
• ability to poison growth of C–S–H.

Poisoning of nucleation and growth are unfortunately referred to
as one mechanism by some studies, but they must be separated, as
their impact on reaction rate after the induction period would be
expected to differ greatly depending on which effect dominates.

Aside from these mechanisms of action, the models will have to
deal with two possible methods of removal of retarders in hydrating
cementitious mixtures:

• alkaline hydrolysis, as shown by Previte [60], and
• removal by OMP formation, whichwill be strongly influenced by the
amounts and forms of calcium aluminate hydrates, the forms and
availability of sulfates, and as shown by Sandberg et al., Perez
[24,34] and others, by the chemical and dispersive impact of the set
retarder on the rate of reaction of the aluminate phases, especially in
the critical first few minutes.

Finally, the model must predict not only the delay in the end of the
induction period, but also the reaction rates subsequent to that. It
would be surprising if any one retarder impacted only one of these
parameters. Goodmodels need to be able to reflect how all aspects are
impacted by a particular material.

3.2. Impact of accelerators on the hydration of Portland cement

The most common accelerators are grouped as soluble inorganic
salts (chlorides, bromides, fluorides, carbonates, thiocyanates, nitrites,
nitrates, thiosulfates, silicates, aluminates, and alkali hydroxides), and
soluble organic compounds (such as triethanolamine (TEA) and
triisopropanolamine (TIPA). Other organic compounds are less
frequently encountered such as calcium formate, calcium acetate,
and other calcium salts, and admixtures for shotcrete (alkali silicates,
alkali aluminates, aluminum chloride, sodium fluoride fluorides, and
alkali-free accelerators, mainly based on acid solutions of aluminum
salts) whose primary acceleratory target is the aluminate phase,
normally resulting in rapid workability loss. In this review, we will
focus on the first two groups.

3.2.1. Impact of accelerators on silicates
Themechanisms of interaction between inorganic salt accelerators

and hydrating cement have been the subject of research for many
decades [73–77]. While most older explanations have focused on
disruption of barrier layers caused by faster nucleation of CH, changes
in the hydration reaction products have also been noted. For instance,
Ramachandran and Feldman noted in 1977 that the reaction products
of Portland cement with calcium chloride tend to be of lower density.

The shorter induction period in the presence of CaCl2 has also been
attributed to the smaller ionic size and higher diffusivity of the Cl−

relative to OH−, which would result in an early rupturing of a layer of
adsorbed ions on the surface of hydrating C3S particles [78]. The rate
of formation of hydrated phases and the degree of hydration at early
ages were observed to increase with the salt. In addition, the diffusion
coefficient was higher, indicating a more permeable C–S–H with
higher specific surface area. The authors believed that the more
permeable initial C–S–H layer was responsible for the faster hydration
of cements with calcium chloride [79].

As with retarders, acceleration is not a one-parameter effect. Both
the time to the end of the induction period and the hydration rate after
the onset of hydration are affected, and not necessarily in proportion.
Fewpapers dealingwith acceleration consistently separate these effects.
Edwards and Angstadt gave an early example in 1966 [74], using
isothermal calorimetry and equimolar doses of a variety of salts. CaCl2
accelerated the end of the induction period and sharply increased the
rate of hydration. In contrast, Ca(NO3)2 accelerated the induction period
approximately the same amount, but the rate of hydration afterward
was substantially less than with CaCl2, although greater than the
reference. Conversely, various chloride salts showed a consistent
relationship between the acceleration of the induction period and the
reaction rate thereafter. Any complete model for acceleration behavior
would have to deal with this discontinuity between effect on induction
period and effect on subsequent reaction rate. Furthermore, theutility of
equimolar doses was shown, and is to be recommended for any
experiments in support of model development; unfortunately, this has
not usually been the case with prior studies.

In their 1975 review of possible mechanisms of set accelerator
performance, Skalny and Maycock [75], citing work by Collepardi,
observed that divalent cations are stronger accelerators than
monovalent, and within each series, the smaller ionic radius species
are the more powerful accelerators. As with most prior studies, there
was no differentiation in the discussion between acceleration of
induction period and rate of hydration thereafter. However, the
authors further insightfully observed: “The chloride ion content of
fully hydrated C3S (b0.3%) could be quite misleading, particularly if
lattice defects in the C3S grain play a role in hydration. If defects do
play a role, it is the number and mobility which are important-.
Therefore, an increase in impurity content, possibly by the diffusion of
Cl− ions into the C3S lattice will increase the lattice defects”. The
potential for this model, essentially analogous to models of metal
corrosion, is especially intriguing in light of the recent understanding
of “bare” surfaces and etch-pit model outlined by Juilland et al. [14].

Modern techniques are allowing researchers to investigate the
interaction between accelerators and hydrating cement more closely.
Using quasielastic neutron scattering (QENS) Juenger et al. [68,69]
tracked the hydrogen in chemically-bound water – the bound water
index (BWI), compared the results to isothermal calorimetry, and
derived parameters describing nucleation and growth and diffusion
limited kinetic periods. Fig. 4 shows the results of BWI using QENS
obtained by Peterson and Juenger [68] when analyzing C3S pastes
with 2% calcium chloride by weight of C3S. As can be seen, calcium
chloride shortened both the induction period and the later rapid
reaction period. Using these results, Juenger et al. proposed that the
relative effect of the accelerator anions and cations generally followed
the Hofmeister series, and that acceleration of CaCl2 was due to its
ability to flocculate hydrophilic colloids, so that the C–S–H layer that
forms around the cement grains from the very early stages of
hydration would be more permeable, and therefore would allow a
faster diffusion of ions and water. As a consequence, the hydration



Fig. 6. Chart after data from Rosenberg et al. [73], showing abstraction of chloride from
liquid phase is proportional to the C3A and C4AF remaining beyond that which can be
reacted to AFt by the available SO3 content.
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reactions would be accelerated. With the new understanding that
much of the surface is not covered with reaction products, this model
can perhaps most easily be seen to account for the faster reaction rate
after the end of the induction period, when reaction products are
known to cover most of the surface. There remains the possibility that
such alterations in the reaction products at the widely distributed
points of reaction during the induction period may influence the rate
of supply of Ca2+ and SiO4

− through those points of reaction,
accounting for the earlier end of the induction period, but this
remains to be shown. Alternatively, a more open C–S–H morphology
may simply provide a greater number of growth surfaces, leading to
overall faster reaction. Also, the relationship of this effect to the
different growth direction of C–S–H as a function of Ca++ concen-
tration [52] needs exploration.

Jupe et al. [28] investigated calcium chloride acceleration in oilwell
cement slurries using in-situ synchrotron X-ray diffraction, and
showed marked difference between an API Class A cement (similar
to a normal ASTM Type I cement) and Class H cement (similar to an
ASTM Type V cement but at lower fineness). While the Class A cement
showed increased acceleration, in terms of thickening time, the Class
H cement reached a maximum acceleration at 2% CaCl2 by weight of
cement, and at 4% both thickening times and C3S depletion by XRD
showed a reduction in reaction rate. In addition, the C4AF consump-
tionwas found to be greater with the 4% CaCl2. As chloride is known to
solubilize iron and the class H cement contained very high levels of
C4AF, 15.3%, the potential for solubilized iron to be involved in the
reduction in set acceleration needs to be considered. The authors
postulated that production of an amorphous iron containing reaction
product may interact with the C3S and retard hydration.

3.2.2. Interaction of accelerators with aluminates
As early as 1964, Rosenberg [73] explored how abstraction of

chloride by reactions with aluminate could reduce the amount
available to accelerate the silicate phases. He showed using solution
analysis that chloride consumption is usually minimal, to well beyond
the time period of acceleration, and that the chloride eventually
consumed is proportional to the sum of the molar amounts of C3A and
C4AF, less 1/3 of the SO3 (Fig. 6). Tenoutasse [27] further elucidated
the mechanism that chloride is consumed by the aluminate phases in
the hydrating cement in a way similar to the sulfates; however, the
consumption of chlorides only starts after the sulfate has been
depleted. Associated with this mechanism, the chlorides keep AFt
phases stable in cement containing chlorides and sulfates. It is only
after the consumption of all chloride available in solution that there is
the conversion of AFt to AFm phases. Thus more chloride will remain
in solution during the acceleratory period in systems with sufficient
sulfate content (relative to the aluminate activity) to continue
ettringite formation until after the peak of the main hydration
exotherm. In cases where the sulfate is depleted prior to the main
silicate peak, due either to inadequate added sulfate or more active
aluminates, acceleration can be diminished. Thus, sulfate balance is
again a critical factor with respect to set acceleration by CaCl2.

The impact of sulfate balance is evenmore strongly seen with non-
chloride accelerators, which in some cases have been shown to
become retarders in severely undersulfated conditions. In such
cementitious mixtures, calorimetry shows that the accelerator is
inducing higher levels of aluminate reaction prior to silicate hydration,
and that the effect is more prevalent with alkali-modified orthorhom-
bic C3A. Sandberg et al. [24] used synchrotron XRD and calorimetry to
show that calcium nitrite, in contrast to calcium chloride, speeds
gypsum consumption and ettringite formation, which implies an
acceleration of C3A activity (Fig. 7). This would be expected to lead to
possible concerns with undersulfated cement systems.

In Fig. 8, isothermal calorimetry curves are seen for a Type V
cement with low sulfate and ASTM C 618 class F fly ash at 15% by
cement mass, with 0.2% SO3 as gypsum and 1.0% SO3 as plaster. The
admixtures used were a 250 ml/100 kg lignin-carbohydrate-trietha-
nolamine water reducer and 2000 ml/100 kg calcium nitrate-calcium
nitrite based accelerator. Dosages were on cement plus fly ash basis,
except where noted. X-ray diffraction indicated essentially no alkali-
modified C3A in this sample of cement. Only mild acceleration was
seen, but no anomalous C3A hydration.

In Fig. 9, similar results are reported for a companion cement from
the same plant, with similar levels of sulfate, 0.05% as gypsum and
1.4% as plaster, but with high levels of alkali modified C3A. Due to the
technical service nature of this work, exact composition of the cement
is not available. While the cement and ash without admixture
behaved normally, the combined water reducer and non-chloride
accelerator caused numerous early unidentified reaction peaks to
occur, but no significant main silicate reaction was seen until well
after that of the untreated samples. The initial heat flow was also
much more intense than with the other cement. Addition of sulfate as
plaster was shown to eliminate the problem, but the much higher
initial exotherm remained.

Neubauer et al. [80] used combined isothermal calorimetry andX-ray
diffraction to follow hydration with 2.5% calcium formate as well as 0.1%
triethanolamine. While the induction period was shortened, the specific
heat flowmaximum was reduced by the calcium formate, and the early
heatflowwasnot increasedaswouldbeexpected if thealuminatephases
were strongly accelerated.

Nevertheless, more ettringite was found at 0.07 h, right after
mixing – 11.1% with calcium formate, in comparison to 7.9% in the
reference without addition of chemicals. Also, the crystallite size of
ettringite was dramatically increased during the induction period,
relative to the reference. The reference crystal size measurement at
0.07 h was approximately 40 nm, growing to ~60 nm by 2.5 h, while
with the calcium formate the initial size was ~78 nm growing
to ~105 nm at 2.5 h. The implication of these observations to the



Fig. 7. Chart from Sandberg et al. [24] showing faster depletion of sulfate with increasing doses of calcium nitrite, with depletion points by isothermal calorimetry (solid markers)
corresponding to disappearance of gypsum by synchrotron XRD (hollow markers).
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acceleration behavior was not discussed, nor was the impact of
varying the sulfate level. However, the findings provide important
measureable results which can be used to test new models.

3.2.3. Impact of triethanolamine and triisopropanolamine
Tertiary alkanolamines, such as triethanolamine (TEA) and

triisopropanolamine (TIPA), have been used as cement grinding
additives and concrete admixtures to accelerate setting times and
strength development of cement. When used at the appropriate
dosages, TEA promotes set acceleration and early strength develop-
ment, while TIPA enhances development of later-age strengths [81].
When TEA is used at levels higher than 0.1%, the opposite effects of
set-retardation or flash-set and strength-loss have been noted.
Possible mechanisms of how TEA and TIPA influence the hydration
of Portland cement and how TIPA influences the hydration of
limestone blended cement at different dosage rates will be discussed.

3.2.3.1. Influence on strength developments and set times. The chemical
structures of TEA and TIPA are shown in Fig. 10. When the two amines
were used at dosage levels of 0.02% s/c, different strength enhance-
ment behaviors were noted as shown in Fig. 11. For this cement, 0.02%
of TEA promoted strength enhancement at 1 day, while 0.02% of TIPA
gave strength enhancements at 2 and 28 days. When TEA was used at
higher dosage levels ranging from 0.1 to 1.0%, Ramachandran [81]
Fig. 8. Effect of addition of water reducer alone and water reducer plus non chloride
accelerator to the isothermal calorimetry curves of undersulfated mixes with Type V
cement and fly ash, in which the cement's C3A is largely in the cubic form. Normal level
of acceleration is seen.
showed an increasing loss in strength both for paste and mortar
samples from 1 to 28 days.

On examination of the set behaviors induced by different dosages
of TEA, Dodson [82] showed TEA to be an accelerator at 0.02% and a
retarder at 0.25%. At 0.5%, TEA caused an early initial set, but final set
was not reached in 8 h. At 1%, TEA led to flash setting. See Fig. 12.

3.2.3.2. Mechanistic understanding of hydration of Portland cement with
TEA. Ramachandran [81,83,84] conducted studies to show the
influence of TEA on the hydration of tricalcium aluminate, tricalcium
silicate phases and OPC. He concluded that TEA, when added in
amounts of 0.1% or more, retarded the hydration of tricalcium silicate,
but accelerated the hydration of C3A and the formation of ettringite.
Neubauer et al. [80] showed that the size of the AFt for 0.1% TEA
started off at ~60 nm, but decreased to ~48 nm at 2.5 h. The reason as
to why TEA induced development of much smaller AFt crystals in
comparison to the blank and the accelerating 2.5% calcium formate is a
topic worthwhile to pursue.

Gartner and Myers [85] further pointed out that excessive
quantities of TEA could result in flash setting behavior where the
aluminate hydrates were formed rapidly, while retarding the silicate
phase hydration. Under these circumstances, the cement would
exhibit poor strength development. The poor strength development
reported by Ramachandran likewise seemed to be a result of excessive
Fig. 9. Isothermal calorimetry curves showing the effect of addition of water reducer and
non chloride accelerator to mixes of undersulfated Type V cement with fly ash, in which
the cement's C3A is largely in the alkali-modifiedorthorhombic form. Curves also show the
improvement in acceleration and hydration by adding extra sulfate (as plaster) to such
mixes.
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Fig. 12. Data from Dodson [82] showing the time of setting characteristics of concretes
treated with triethanolamine. (Graph re-labeled for clarity.)
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addition of TEA. In practice, TEA is typically used at levels of less than
0.03% by weight of cement or cementitious content.

The ability for TEA to enhance strength was ascribed to the
formation of amine-iron complexes under high pH conditions [86].
Gartner and Myers [85] and Perez et al. [87] observed an increase in
dissolution of iron at 10–14 h and saw earlier onset of the sulfate
depletion point when TEA was added at 0.24% and 0.54%. However,
one of the authors of the present article (Cheung) believes that the
mechanism observed at these dosage levels may not reflect the
hydration kinetics of TEA when used at the typical strength-
enhancing dosage of less than 0.03%, because an increase in
dissolution of iron was not seen by Cheung at 30 and 120 min at
this lower dosage level with a gray cement analyzed by QXRD to have
6.9% C4AF. Notable amount of soluble iron was observed only when
TEA was increased to 0.5%. In this case, 0.48 mM and 0.14 mM of iron
is seen at 30 min and 2 h, respectively. The detailed mechanisms on
how much, how quickly and why the low dose TEA (at 0.01 – 0.03%)
lead to acceleration should be studied to elucidate the observations
generally seen by the cement and concrete industries.
3.2.3.3. Mechanistic understanding of hydration of ordinary Portland
cement with TIPA. As demonstrated by Gartner and Myers [85], 0.01%
TIPA could produce remarkable strength increases in many OPCs. The
increase was demonstrated to result from an increase in the degree of
hydration, particularly for cements with a higher C4AF content.

Fig. 13 showed a comparative studymadewith 0.02% TEA and 0.02%
TIPA [88]. The results showed a much higher and prolonged dissolution
of iron with the TIPA sample. This phenomenon known as the
“facilitated iron-transport” mechanism was believed to be the main
driving force to explain the unexpected late-strength gain for cements
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treated with TIPA. In this case, TIPA helped dissolve the insoluble ferric
hydroxide “gel” formed around the silicate phases. Gartner and Myers
[85] noted that in order for the facilitated transport process to work
efficiently, thebinding constant of the iron-amine complexmustneither
be too high nor too low. “If it is too low, no significant increase in
dissolved iron will be observed, whereas, if it is too high, the complex
will form but will not break up to redeposit iron at the growth site”. The
main reasonwhyTIPAcan act as anefficient “facilitator” is said [85] to be
a result of TIPAnot being adsorbed by cementhydrates at the early stage
of hydration. Gartner [89] also postulated that an increase in rate of
ferrite phase reaction could lead to an increase in the rate of silicate
phase hydration as most cement grains are polymineralic. While these
postulates correlate well with the observed greater strength enhance-
ment of TIPA with higher iron and lower surface area cements, further
work will be required to fully understand why TIPA works better in
some clinkers and less with others.
3.2.3.4. Mechanistic understanding of hydration of limestone blended
cements with TIPA. As reported by Gartner [90], TIPA, when added in
industrial cement grinding mills, provided strength enhancement
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beyond three days, and is especially useful in blended cements made
with 5% or more of limestone. Mortar strength results reported by
Ichikawa et al. [91] using a cement made from a clinker with 9% C4AF
content and gypsum added to 2.0% SO3 level showed an increasingly
larger impact on 28-day strength enhancement with increasing
substitution of limestone, as shown in Fig. 14. X-ray diffraction
studies made with corresponding paste showed an acceleration of the
conversion of ettringite (AFt) to monosulfoaluminate (AFm) and also
an enhancement of the formation of the hemicarboaluminate and
monocarboaluminate phases with 0.01% TIPA. The results indicated
that TIPA and limestone participated in the late-age hydration and the
acceleration of the ferrite phase hydration promoted the AFt to AFm
conversion and carboaluminate hydration as shown by the following
schemes.

C3A • 3CS̄ • 32H þ 2C3A þ 4H2O→3½C3A •CS̄ •12H� ½1�

C3A þ CC̄ þ 11H→C3A•CC̄•11H ½2�

2C3A þ CC̄ þ CHþ 23H→ðC3AÞ2•CC̄•CH•23H ½3�

3½C3A•CS̄•12H� þ 2CC þ 18H→C3A•3CC̄•32H þ 2½C3A•CC̄•11H� ½4�
Another X-ray diffraction study conducted by Gartner et al. [89] to

understand the influence of 0.04% TEA and TIPA on rates of reaction of
C3A and C4AF with calcite under conditions typical of Portland cement
hydration showed:

• the addition of TEA or TIPA had little effect on the course of reaction
of C3A-calcite blends,

• the addition of TEA had no effect on reaction or kinetics of C4AF-
calcite blends,

• the addition of TIPA strongly impact the reaction kinetics of C4AF-
calcite blends and the following phenomena were observed:
o acceleration in the consumption of calcite,
o acceleration of C4AF hydration,
o increase in the formation of monocarboaluminate if sufficient

calcite was available, and
o increase in the formation of the hydrogarnet phase especially

when the alkali level was high and calcite level was not in excess.

Thus, while alkanolamines are common chemicals used for cement
grinding and in concrete admixtures, and differing behavior is known,
the basic mechanism of how the amines interact with the interstitial
phases and the subsequent effect on silicate hydration at realistic
dosages is a research topic to pursue, both by experimentalists and
modelers.
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3.2.4. Requirements for modeling the impact of accelerators
Therefore, with accelerators, we arrive at a set of requirements for

effective models analogous to what we described for retarders. To
completely describe the interaction of an accelerator with cement, the
models must separately deal with:

• direct acceleration of the pitting of the essentially bare (to SEM
micrographs) silicate surfaces seen during the induction period,

• acceleration of CH nucleation, which may control saturation levels
and influence etch pitting,

• acceleration of C–S–H nucleation leading to more growth sites
whichwill impact reaction rate after the end of the induction period,
and

• acceleration of C–S–H growth after nucleation, which may be due to
an increase in permeability of the reaction products promoting
faster reaction after the induction period.

Aside from these mechanisms of action, the models also have to
deal with the interaction of accelerators with the aluminate phases,
reflecting:

• the increase in silicate reaction brought about by increased
aluminate and aluminoferrite reactions through organic chelaters
such as TEA and TIPA, which expose silicate surfaces otherwise
occluded, and

• the decrease in silicate reaction caused by excessive aluminate
reaction induced by accelerators, which includes interaction with
the availability of sulfate and the crystallographic form of the C3A,
and the interaction of these with other anions such as carbonate
which may react with aluminate. The role of iron from accelerated
C4AF also needs to be considered here.

4. Impact ofwater reducers and superplasticizers on the hydration
of Portland cement

Normal and high range water reducing admixtures or super-
plasticizers (WR/HRWRA) are used quite extensively for the produc-
tion of both normal and high performance Portland cement concretes
[92,93]. The improved rheological performance of concrete mixtures
admixed with WR/ HRWR chemical admixtures is attributed to
dispersion of agglomerated cement and hydrating cement particles
[93]. Such agglomerates, formed during the initial mixing of Portland
cement with water, result from relatively large Van der Waals forces
of attraction, which operate at inter-particle distances in the range of
5 to 7 nm. Loosely entrapped quantities of water are associated with
the agglomerated network of particles. WR/HRWR admixtures have
the ability to overcome the Van der Waals attractive inter-particle
forces by imparting a stronger repulsive force at the surface-liquid
interface, freeing the entrapped water. This process was described by
Spiratos et al. to occur as follows [93]: (1) the mixing actions break
down the cement agglomerates and distribute the WR/HRWR agents,
fully miscible in the high ionic strength pore water, through the
cement slurry; (2) an attractive force between the WR/HRWR
admixtures, which usually bears a negative charge at the relatively
high pH of the porewater, and the positively charged cement surfaces,
causes fairly rapid adsorption of the WR/HRWR onto the cement
particles; and (3) the adsorbed compounds, forming a layer of a
certain thickness and conformation, produce some combination of
electrostatic and steric repulsive forces (i.e. “electrosteric”) that
prevent re-agglomeration of cement particles and liberate the water
trappedwithin the flocculated structure. This can be used to lower the
yield stress and viscosity of the cementitious mixture. Alternatively,
the mixture proportions can be redesigned with a lower water
content to increase strength or reduce permeability, while maintain-
ing approximately similar yield stress (related to slump) and plastic
viscosity. Due to the complexities of rheology, the exact relationship
between yield stress and plastic viscosity is likely to change, with
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plastic viscosities of samples with plasticizers remaining higher at
equal yield stress.

In conjunction with their cement dispersing function, WR/HRWR
admixtures almost invariably retard the rate of the cement hydration
process. Various accelerators are addedwhenneeded tokeep the setting
behavior within standards requirements. The influence on hydration
rate can be dependent on numerous factors including: (1) cement
fineness, chemistry, mineralogy, and degree of pre-hydration; (2) the
chemistry of the cement dispersing ingredient (especially where
modern chemical admixtures are rarely comprised of single compounds
or polymers); (3) the differences in behaviors of different dispersants
with respect to sulfate availability; (4) the time of addition relative to
the initiation of cement hydration; and (5) the addition rate. Further
complicating our understanding of the impact of these additives on
cement hydration are the complex interactions between the type of
additive and themajor andminor compounds andphases of the cement.
Specifics on the latter four factors will be described below.

4.1. Chemistries of the HRWRs

The structural features of polycarboxylate-polyether comb poly-
mer (PCE)-type superplasticizers such as charge density and side
chain length can significantly influence cement hydration kinetics
[19], depending on the extent of OMP formation versus surface
adsorption conducive for cement dispersion. The induction period
during early cement hydration can be prolonged with increasing
charge density, i.e. decreasing side chain length and increasing ratio of
carboxylate to PEO groups on the polymer backbone. Possible
hydration mechanisms may include [19,94] (1) reduced diffusion of
water and calcium ions at the cement surface because the adsorbed
polymers is hindering the process; (2) complex formation between
calcium ions and PCE in the pore solution; and (3) a change in the
growth kinetics and morphology of hydrated phases caused by the
dispersive action of the PCE. However, as Winnefeld et al. [19] further
stated “there is not much evidence from literature that calcium ions
form strong complexes with PCE-based superplasticizers. Thus, it can
be concluded that the retardation of cement hydration by PCEs is
mainly due to adsorption of the polymers on the surface of the cement
particles and due to growth kinetics and morphology of early
hydrates, which is supported by investigation of Ridi et al. and Rieger
et al.” [95,96]. Although it is noted that a PCE with more carboxylate
groups can give more retardation, the exact cause and mechanism for
retardation, in particular on how it is related to the molecular
structures of the water reducers, remain to be an area that requires
more research.

4.2. Interaction between water reducers/high range water reducers and
sulfates

The adsorption processes that occur with WR/HRWR during the
initial minutes of cement hydration have major consequences on
subsequent dispersion performance and hydration rate effects. The
fate of most, if not all, WR/HRWR admixtures depends most strongly
on the balance between the reactivity of the interstitial aluminate
phases of the cement and sulfate availability. The rate of availability of
soluble sulfate that can participate in the aluminate reactions can be
influenced by the form and fineness of the interground calcium
sulfate, soluble alkali (sulfate) content, adsorption of selected
admixtures on calcium sulfate altering sulfate solubility [20], and
temperature [22,23]. The critical role of this balance results from OMP
formation – the adsorption or intercalation of organic compounds by
aluminate hydrates [15–20,39,40,46,97–99], which can form when
any portion of the hydrating cement surface experiences an under-
sulfated condition. As this can be impacted not only by the dispersion
per se causing higher very early aluminate reactivity, but by the
various chemical effects imparted by the retarding and accelerating
components which may be present, the performance of a WR/HRWR
can only be understood in the context of knowing the degree of sulfate
availability of the cementitious system.

A number of recent studies have focused on the behaviour of
polycarboxylate-type (PCE) dispersants in the context of the rate of
sulfate availability and the reactivity of the aluminate phases in
Portland cement [39,50,97]. Three types of possible outcomes have
been proposed to describe the state of the PCE dispersant upon
addition to a cement slurry [39]: (1) When the very early available
sulfate is below a certain threshold sulfate concentration required for
normal AFt formation, and the PCE is already present, OMP formation
will dominate rendering some portion of the PCE inactive for
dispersion. (2) When adequate sulfate is available, the PCE is found
to adsorb onto particle surfaces to help disperse cement agglomerate.
(3) Conversely, an excess of sulfate can decrease the desired PCE
dispersing performance due to competitive adsorption and a reported
reduction of the hydrodynamic volume of the PCE. Several studies
[50,97,100] clearly showed that sulfate is adsorbed on the surface of
cement grains virtually immediately in competition to the polycar-
boxylate superplasticizer adsorption.

4.2.1. Formation of organo mineral phases (OMPs)
The uptake of water reducing agents such as NSFC and PCE with

aluminate phases has been verified by various analytical techniques
such as XRD, elemental analysis, IR spectroscopy, and TEM. Fernon et al.
[101] confirmed the formation of intercalated OMP during the
preparation of calcium aluminate hydrates with polynaphthalene
sulfonate. The proposed schematic view of is shown in Fig. 15. Fernon
et al. also noted that the FTIR spectroscopy corroborates the assumption
that sulfonate groups are chemically bound to the principal layers,
which represents the driving force for intercalation. In the presence of
sulfate, both ettringite and intercalated hydrocalumites are found and
their proportions are found tobedependent on the initialmolar ratios of
sulfonate levels from the NSFC to sulfate levels in solution [101].

Formation of intercalates has also been demonstrated for poly-
carboxylates by Planck et al. [16,17]. The intercalation of PCEs was
found to depend heavily on the amounts of calcium and sulfate in
contact with the hydrating aluminate phase, as well as the structure of
the PCE. With a very low sulfate concentration in the pore water, PCEs
can become rapidly intercalatedwithin the hydrocalumite layer of the
cement paste [18]. Conversely, at high sulfate levels such intercalates
do not form.

4.2.2. Uptake of NSFC by C3A, C4AF and C3S as a function of
interground sulfate

The uptake for an NSFC-type HRWR on individual cement
compounds interground with different forms of sulfate is illustrated
by Nawa et al. [102] in Fig. 16. Of note is the nearly 100 fold higher
uptake of the NSFC by the aluminate and ferrite phases versus the C3S
and the reduction in NSFC adsorption by the aluminates (unlike with
C3S) in the presence of added sulfate. The much higher uptake of NSFC
by the aluminate and ferrite phases when made without addition of
sulfate is most likely a consequence of the formation of intercalated
NSFC with the calcium hydroaluminates which would have high
specific surface areas. When sulfate is added, the amount of NSFC
uptake is reduced. However, the extent on how much of the NSFC
molecules exist as intercalates or chemisorbed on the different
phases, how the intercalated NSFC phases survive in real cementitious
system, and how these phases impart retardation should be studied to
help elucidate the mechanism.

4.2.3. Effect of polymer structure on the sulfate-PCE competition
Flatt et al. [103,104] have recently derived and confirmed

experimentally a relationship between the structures of PCEs and
their tendency to adsorb onto CSH surfaces as a function of sulfate
availability. They observed that the sulfate sensitivity of a PCE to



Fig. 15. Structural model proposed by Fernon et al. [101] for C4AHx with polynaphthalene sulfonate.

1302 J. Cheung et al. / Cement and Concrete Research 41 (2011) 1289–1309
increase with the length of the side chain of the PCE (a parameter
named “P”) and decrease with the grafting degree or the number of
monomers in the backbone per side chain or the carboxylic to ester
ratio (“N”). This sulfate sensitivity parameter (SSP) is defined as:

SSP≈ p4=5N3=5
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Fig. 16.Data fromNawa et al. [102] showing the uptake of polynaphthalene sulfonate as
a function of interground sulfate.
To the authors' knowledge, this is the first quantitative criterion
derived for evaluating the impact of sulfate adsorption competition on
yield stress. It should be noted that since this work was conducted on
equal mass dose basis, the various ratios and dosage of each moiety
are not mutually independent; thus as SSP changes with P, at equal N
and equal mass dose, the molar dose of carboxylate attaching groups
must decrease, which may account for the increased sulfate
sensitivity. Similar experiments on equimolar basis could further
elucidate these relationships.

4.3. Impact on the time of addition

Varying the time of addition for water reducing admixtures can
have a significant impact on the rheology and setting characteristics of
cementitious mixtures. Fig. 17 represents the mortar penetration data
for four mortar mixes obtained using a modified ASTM C359 Early
Stiffening of Mortar test. One mortar was prepared without any
admixture. The other mortars were prepared with a blend of
lignosulfonate-corn syrup-triethanolamine water reducer. In one
case, the admixture was added with the mixing water. For the other
mortars, the admixture was added 1 and 2 min after cement-water
contact. As shown in Fig. 17, the mortar without admixture exhibits
some early stiffening as a function of time as evidenced by the drop in
penetration results. When the water reducing admixture is intro-
duced with the mix water, early stiffening is actually increased
significantly. However, as the delay in admixture addition time is
increased up to 2 min, the dispersing benefit of the admixture can
begin to be realized by the elimination of all the early stiffening in the
mortar.
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Fig. 18 represents the isothermal calorimetry profiles of the same
C359 mortar mixtures. Note the significant delay in cement hydration
associated with the delay in the addition time of the admixture, as
well as a decrease in the very early exotherm. The greater initial
exotherm observed when the admixture was added to the mixing
water implies a higher early aluminate reaction. Thus, the extended
set times and lowered initial exotherm with the delayed addition of
admixture could be partially due to less admixture being chemisorbed
or intercalated by the aluminate phase, forming OMP, leaving higher
amounts of chemical in the solution to retard hydration.

It is proposed that the delayed addition of admixture allows the
normal sulfoaluminate phases to form thus minimizing OMP
formation. As a results of understanding how early C3A reactions
can decrease the effectiveness of water reducers, a number of
technical approaches [21,105] have been applied to give controlled
release of the materials, so that the early aluminate reactions will not
render them inactive.

4.4. Impact on addition rates

A relative indication of the impact that several normal and high
rangewater reducing agents can have on the rate of cement hydration
is illustrated in Fig. 19. The slump versus set time data were obtained
by dosing each additive over a range (0.03%–0.45%, dosage is
dependent on WR/HRWR used) to produce slump values from 100
to 225 mm in a concrete mixture with 300 kg/m3 of cement and
0.51 w/c. When the set times of the concrete mixture are normalized
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for slump, a dramatic difference in set time is evident among the
various dispersants, which results from a combination of dispersant
chemistry and amount adsorbed on the cement surface. Thus, while
the inherent retardation of water reducers is important, the critical
measure is retardation at a given water reduction. This example
suffices to show that dispersing ability and retardation are not directly
related in a linear manner.

4.5. Requirements for modeling the impact of water reducing dispersant

In light of the discussions above, it would appear that multi-
component models will be needed to describe the behaviors of the
hydration of cement containing water reducing dispersants. We
expect the results generated from molecular-scale simulations will
need to be parameterized as input for coarser-scale models to
describe the different systems. Some aspects for the models to show
are:

• how the molecular architectures of the water reducing dispersants
affect both the surface sorption behavior, the dispersing power and
the retention of that dispersing power. This is the first order
requirement tomodel and the recent work by Yamada et al. [97] and
Flatt et al. [103,104] and many others have shed much light on this
aspect,

• what type of competitive reactions are generated when water-
reducing dispersants with different chemistries and molecular
architectures are present (i.e. how much dispersants is abstracted –

forming either truly intercalated hydrocalumites or chemisorbed
on hydrating aluminates (both of which comprise OMP); how
much is adsorbed on the different surfaces of cement particles and
hydration products producing dispersion; how much are remains
dissolved in the pore solutions; and how these aspects are affected
when the dispersants are formulated with other, non-dispersant
components),

• how the above competitive reactions are impacted by the presence
of different amounts and forms of sulfates, and of other chemicals
present which can compete for the surfaces,

• how the above competitive reactions are impacted by the different
times of additions of the water-reducing dispersants,

• how the above competitive reactions are impacted by the different
dosages of the water reducing dispersants, and

• how the very early rates of hydration, and especially sulfate
demand, are impacted by dispersed cement particles versus
agglomerated cement particles.

image of Fig.�17
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Once the above can be understood, reduced to theories and to
mathematical formalisms, we can then put better predictive models
together. The effectiveness of these models must be tested using well-
characterized cements with different sulfate conditions and water-
reducing components (as single components and multiple mixed
systems) that are added at different addition rates and at different
times of additions.

5. High calcium fly ash interactions as a modeling opportunity

One of the more frequently encountered negative interactions
between cement, supplementary cementitious materials and admix-
tures occurs with high calcium fly ashes. These are classified as ASTM
C 618 Class C. These fly ashes are found mostly in the US, but they also
occur in other parts of the world. In this article, we will designate
them as “high calcium fly ash”while recognizing their behavior is due
to the fact they are truly high calcium aluminate fly ashes, as discussed
below. Due to their complexity of composition, high calcium ash
interaction with cement and admixtures affords a particularly
interesting challenge to model. These ashes typically contain
significant levels of calcium aluminates, both in crystalline and glassy
form. The crystalline forms typically include C3A, but at CaO contents
above 25% Klein's compound, Ca4(AlO2)6SO4, may also form
[106,107], when sufficient sulfate is available in the coal. The glassy
forms reflect various compositions, again depending on calcium
content [107]. The gross compositions are widely variable, while
generally falling into groups depending on the coal source [106,107].
However, since each ash particle is generated from an individual coal
particle entrained in the gas stream, they will have unique
composition; further these individual particles are heterogeneous
[107,108]. It is seen that many such ashes contain significant sulfate,
generally in the form of soluble anhydrite condensed from the gas
stream onto the surfaces of the particles and thus making the sulfate
readily available [107]. In others a significant amount of the sulfate
may be included in the glassy phases where the sulfate becomes
available only well after the initial hydration and setting [109].

The extra available aluminates and limited sulfate availability can
create a special case of the undersulfated conditions discussed earlier,
leading to rapid slump loss and severely reduced early strength.

Surprisingly, such problemsmay be especially prevalent when low
C3A cements are used. In these cases the low added sulfate levels
required for the cement alone limit any excess to be available for the
ash.

Even without admixtures, retardation of silicate hydration with
high calcium ash has been reported [110,111]. In some cases no slump
loss is seen; in some the loss of early strength is mild, in others severe.
This has been discussed in numerous papers [31,32,36,111], and it is
generally understood to be due to inadequate control of the total
aluminate phases, both from the cement and from the fly ash, leading
to the aluminate reaction preceding the silicate to the extent that the
silicates are suppressed, as originally shown possible by Lerch. In the
specific case with high calcium fly ash, it has been shown to be a
function of the composition of the materials, the ratios selected, and
the temperature. Generally the more ash used, or the more admixture
used, or the higher the temperature, the more likely the problem is to
occur. The better sulfated the cement is, that is the later the sulfate
depletion point on the calorimetry curve occurs relative to the main
peak maximum, the more robust the system is likely to be [42].

In cases when admixtures are used, poor performances can result
for a number of reasons. First, dispersion alone can cause negative
interaction to occur as a result of the extra aluminate surface available
for reaction in the critical first few minutes when the sulfate must
dissolve rapidly enough to control the aluminate reactions. Second, an
increase in C3A content brought on by the use of high calcium fly ash
compounded with the increased calcium chelating effects brought on
by retarders can cause unexpected excessive retardation. This effect
was reported by Hanehara and Yamada [50] who attributed the
excessive retardation to “..the initial hydration of C3A was not
controlled effectively because of the increase in the effective C3A
content brought about by the high replacement level of Class C ash
and the effect of retarders ‘capturing’ Ca++ ions from the solution
phase. With the lack of an adequate amount of sulfate and Ca++ ion
supply, C3A is thought to react with abnormally high activity and this
results in the delay of C3S hydration”. Taking the simplest case of a
cement with no admixtures, with adequate sulfate the surface would
be expected to have sulfate adsorbed on all available sites; with low
sulfate it would not. Despite the fact that C3S will hydrate normally in
water, Lerch showed 65 years ago that cement without adequate
sulfate will not. Thus, it can be inferred that adequate sulfate coating
on alite is critical to hydration, while in the presence of aluminate
phases. As expected from the role calcium ion plays in stabilizing
ettringite, problems with excessive reaction of the calcium aluminate
would also be expected to occur if insufficient calcium hydroxide is
released in the early reactions. Recent work in 50:50 cement high
calcium fly ash blends has shown the addition of 5% calcium
hydroxide to overcome excessive set retardation, which occurred
evenwith added sulfate. This confirms adequate calcium hydroxide to
be critical in at least some instances [112,113].

Fajun et al. [110] evaluated high calcium fly ash versus the same
ash leached in water, and found a reduction in retardation by leaching.
They ascribed this lesser retardation to a reduction in calcium
consumption by the leached fly ash due to lower available reactive
aluminate. Taken together, these would suggest a potential relation-
ship to calcium hydroxide supplied by alite hydration. Thus both low
C3S content and prehydration will be predicted to reduce initial flush
of Ca++ ions resulting in non-optimal set and strength development,
but we are unaware of any reported work exploring this relationship.

This sensitivity can lead to the very unusual circumstance of slight
increases in temperature causing increases in aluminate reaction,
either due to the temperature per se, or to the depression in sulfate
solution rate from plaster, which then leads to very strong
suppression of silicate reaction and reduction in strength, while set
and workability during placement appear normal [37,42,111,114].
This sequence of events can lead to markedly less reaction at higher
temperature, a deviation from normal Arrhenius behavior. Moreover,
when the materials and conditions favor the problem, the difference
between total failure and slow but acceptable strength gain can be as
little as 6 °C [37] or 0.2% early available sulfate. We will discuss these
in some detail to point out the issues seen in the field.

Such systems can be on a very fine edge. 20 years ago, one of the
authors (Roberts) encountered a field problem with such a combina-
tion, with an ASTM C 618 Class C ash, a 200 ml/100 kg dose of lignin-
corn syrup-triethanolamine water reducer and a Type II cement,
where concrete showed rapid slump loss and at one day had failed to
develop enough strength to allow demolding of the strength speci-
mens. On analysis the cement was found to have 2.3% SO3, which by
discussion with the cement producer was determined to consist of a
40% gypsum/60% anhydrite blend. The gypsum was largely dehy-
drated because of the heat experienced during the grinding process.
When the manufacturing SO3 set point was raised to 2.9%, the
problem disappeared. As this increase would contribute only 0.2%
readily-soluble SO3 as plaster, it is clear that minor changes in sulfate
level can have large effects.

This was recently dramatically demonstrated by Cost and Gardiner
[114] using semi-adiabatic calorimetry. At 32 °C with a ~520 ml/100 kg
doseof a corn syrup-amine typewater reducingadmixtureand15%high
calcium fly ash, several plant run cements were tested over a normal
range of SO3 production variation from 3.08 to 3.28%, having a standard
deviation of 0.09%, which is well within normal plant control. The 3.28%
cement showed a normal, but delayed exotherm and gave 12.5 MPa at
one day by ASTM C 109. 3.21% SO3 gave a diminished exotherm
and ~9.8 MPa, while 3.16, 3.08, and 3.06% SO3 all yielded a severely



Fig. 21. Isothemal calorimetry curves generated by Wang et al. [115], with added
indication of sulfate depletion, showing more serious suppression of silicate hydration
peak with 20% added class C fly ash in mildly undersulfated cement.
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truncated calorimetry pattern and less than 1 MPa at one day. For the
same cements, at the same temperature but a ~260 ml/kg dose of
chemical admixture, all calorimetry results showed normal main
hydration peak exotherms, with only a slightly increased delay at
3.06% SO3.

The technical and economic challenge here is clear. Especially in
the North American market, where the decisions about amounts of fly
ash to substitute are being made at the level of the Ready Mix quality
control department, it is very hard to avoid problems in a situation
where both cost and environmental considerations favor the use of
the maximum possible ash. Few are aware of the strong impact of
temperature, so that mixtures evaluated and found acceptable in
laboratory conditions of about 20 °C can fail totally at 30 °C.

From a practical mixture proportioning point of view, this means
that anymix selected for use should be challenged by testing at higher
temperatures. Since it is difficult to represent an increase in active
aluminate or a decrease in available sulfate, tests at higher doses both
of ash and admixture or higher temperatures can be used to
determine if the system is near to a problem. From the modeler's
point of view, the apparent non-Arrhenius behavior of this system
must be accommodated. Clearly aluminate reactivity and sulfate
availability are at the heart of the issues, but the exact mechanism
whereby the silicate reaction can be shut down so dramatically needs
to be elucidated as well.
5.1. Normal impact of differing materials

Wang et al. [115] showed the differences in response of two
different cements blended with a high calcium fly ash containing
30.5% CaO, at 20% addition on cement, with an unidentifiedmid-range
water reducer. The first cement, shown in Fig. 20, had a 0.48 SO3 to
C3A mass ratio, and the reduction of the main hydration calorimetry
peak height is only 7.5%. Note the sulfate depletion points represented
by the inflections in the curves remain at similar points in time, but
different in relation to the main hydration peak. With a different
cement at slightly lower SO3 to C3A mass ratio of 0.42, Fig. 21, the
sulfate depletion points are not obvious. With the high calcium ash
and admixture, depletion may be at the slight inflection seen near the
foot of the much more seriously retarded and suppressed main
hydration peak. The split peakwith the cement alonemay indicate the
depletion is at about 9 h, but as this shape can result from depletion
occurring before the silicate peak, this cannot be stated with
confidence. In both cases, tests with added sulfate would be able to
determine the actual depletion points. In any case, the sulfate is
depleted substantially earlier in relation to the silicate when
compared with the results in Fig. 20, and greater suppression of the
Fig. 20. Isothermal calorimetry curves fromWang et al. [115], with added indication of
sulfate depletion, showing moderate suppression of silicate hydration peak with 20%
added class C fly ash in a well-sulfated cement.
main hydration results. Effects as mild as this may or may not be
visible in the field.

5.2. Serious impact at higher high calcium fly ash dose

A more serious case of performance impact is seen in data from
Roberts and Taylor [42]. A section of pavement containing high calcium
fly ash and a lignin-triethanolamine water reducer at 325 ml/100 kg of
cementitious failed to set and was removed. The mix was designed at
the maximum ash replacement which was found acceptable in the
laboratory – 32%. A number of changes, both in cement – a minor
reduction in SO3 content in a new shipment, and in placement
conditions – a much higher temperature – led to the failure. Without
the water reducer, Fig. 22 shows the suppression of the hydration was
marked, but hydration still occurred. With the water reducer, an early
high reaction rate in the first 4 h was followed by no silicate hydration.
In this case, thewater reducer dispersed the cement andfly ash particles
which led to a condition where problem-causing calcium aluminate
hydrates were formed and the combination of the above condition also
resulted in the shutting down of the silicate hydration. When the
amount of this high calcium flyash was reduced to 20%, or when other
ashes or other cements were used, proper setting and hardening
performances were restored.

Various levels of sulfate were added to determine if the system
could be restored to proper performance. Fig. 23 shows the results
with 1.6%–2.1% SO3 added as plaster, and shows that, 1.6% and more
achieve full hydration. This is fully in line with what Lerch found
65 years ago –when there is enough sulfate –more does not help. The
Fig. 22. Isothermal calorimetry curves after Roberts and Taylor [42] showing complete
suppression of silicate hydration with 32% high calcium fly ash replacement and lignin-
triethanolamine water reducing admixture at 325 ml/100 kg cementitious dosage.

image of Fig.�20
image of Fig.�21


Fig. 23. Isothermal calorimetry curves after Roberts and Taylor [42] showing restitution
of silicate hydration by addition of 1.2% to 2.2% SO3 by cement mass (as plaster), with
32%high calcium fly ash replacement, lignin-triethanolamine water reducing admix-
ture at 325 mL/100 kg cementitious. Includes added data showing the impact of
reducing blend ratio to 80:20 (cement:fly ash ratio).
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initiation of hydration is nevertheless still delayed. Reduction of the
ash content to 20% plus added sulfate resulted in a normal hydration
exotherm and approximately 5 h faster hydration.
5.3. Extreme non-Arrhenius behavior with higher temperatures

The correlation of calorimetric response and strength measure-
ment for these systems was shown clearly by Cost [37]. In this work
on exploring the interaction of a carbohydrate-triethanolamine water
reducer admixture at 390 ml/100 kg cementitious with cement SO3

level and temperature, semi-adiabatic calorimetry and mortar
strength testing showed that the higher the temperature, the more
sulfate was needed to obtain normal hydration and achieve normal
strength. At lower sulfate levels high temperature was seen to
suppress not only 1 day, but also 3 day strengths. At the highest
temperature of 100 °F or 38 °C, even 28 day strength was reduced at
the lower sulfate levels. The data were re-plotted by Roberts and
Taylor [43], Fig. 24, to show the dramatic nature of this apparent non-
Arrhenius behavior. In another study Muhhopahyay et al. [111]
studied two admixtures – a so-called mid-range water reducer and a
water reducing retarder not further identified, at 10, 24 and 35 °C, and
showed that retardation was much greater with ASTM C 168 Class C
ash as compared to Class F ash. Also very strong excessive retardation
with almost complete suppression of the main hydration peak was
Fig. 24. Chart adapted fromRoberts andTaylor [42] analyzingdata fromCost [29], showing
extent of non-Arrhenius behavior and its sensitivity to SO3 content.N = Normal semi-
adiabatic calorimetry curve, R= Reduced calorimetry curve with evident silicate reaction
before 24 h, P = Poor curve with little evident silicate reaction before 24 h.
shown with only a double dose of the retarder, equivalent to 0.4% by
total cement binder weight.

Thus, the behavior of a number of high calcium fly ash mixtures is
well characterized and a number of different sensitivities are easily
reproduced. The materials are available, and those conversant with
the effect could supply material to researchers exploring ways to
model such systems.

5.4. Requirements for modeling the behavior of systems with high
calcium fly ash

The combination of admixtures with of high calcium fly ash and
cement at varying ratios affords modelers a system with known
extremes of behavior. If a model can accommodate these extremes, its
ruggedness will be shown. Materials are available for experimental
correlation with modeling, and the methodology for those experi-
ments is widely known and efficient.

Among the requirements would be that the model:

• show the sensitivity both to amount and availability of sulfate and
calcium in solution,

• be able to reproduce the mild and sometimes complete suppression
of hydration seen in the real systems,

• reproduce the non-Arrhenius behavior with temperature, and
• show the sharp, trigger like change at the critical sulfate ratio,
admixture dose, sulfate level or temperature typical of field results.

6. Closing the gaps: a road map for future research

Although better insights on the mechanisms of Portland cement
hydration in the presence of chemicals are being provided by modern
research, there are still many gaps in the knowledge that hinder the
development of hydration models. A number of the specific require-
ments needed to model the behaviors of retarders, accelerators, water
reducing dispersants and systems with high calcium fly ashes were
listed at the end of their respective sections. In the following, we will
present the more global issues that we see are important to address.
We will divide our discussion into three categories – experimental
condition issues, possible new experiments, andmodeling goals. None
of these lists are complete as we can only touch on some of the main
challenges facing us.

6.1. Experimental condition issues

• One of the gaps resides in the variety of experimental conditions
used by different researchers. The starting materials (OPC, C3S, C3A,
etc), the ratio between the compounds of the mix (cement, water,
chemical), and the mixing conditions, among others, are critical
factors that have enormous impact on the reaction behavior of the
mix. Even for the same type of starting materials, the characteristics
and therefore reactivity can differ depending on the raw materials
used for the synthesis, the thermal treatment, the particle size
distribution of the powder, and the presence of impurities. Often the
details are missing from the reported literature. As an example, the
recent etch pit theory emphasizes the effect of ionic concentration
on site deactivation, yet many experiments are carried out in highly
excessive w/c for instrument and other reasons, bringing into
question the applicability of the results of those experiments.
Another example is the large difference between C3A crystal form
reactivity and response to admixtures, necessitating thorough
characterization of any C3A used.

• Another experimental gap lies in the sulfate source used in
experiments. In most of the researches the full analysis is not
provided. This limits the ability for modelers to simulate these
systems.
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• In many research programs our understanding would be advanced
by deliberate addition of extra calcium sulfate to determine if the
system under investigation is in an undersulfated condition, and
what changes occur when corrected.

• The dosage of chemical admixtures used in mechanistic studies is
yet another issue that deserves attention. In many cases, very large
dosages of admixtures are used inmechanistic studies. Although the
probable intent is to promote ameasurable impact in the system,we
must note that the high dosage of chemicals used in these studies
may result in behavior markedly different from when realistic
dosages are used in the field, due to the almost exclusively non-
linear response of cementitious systems to admixture dose.

• In a number of studies on the impact of chemical structure on
performance, constant mass dosage is used. In many cases, better
information would be obtained if constant molar doses were used,
either alone or in addition to the constant mass doses. Then direct
impact of structural differences would be evident, which can be
masked by the fact that at constant mass, if one moiety is increased,
another must be decreased.

• Finally, it is important to have in mind that, in most systems, more
than one chemical productwill be present at the same time. It is well
known, from performance studies, that chemicals do interact in
synergistic or antagonistic fashion. Understanding the mechanisms
of such interactions, and modeling them in cementitious systems, is
yet another challenge.

6.2. Key experiments

There are a number of potentially useful experiments that to the
authors' knowledge have not been reported that would appear to
offer useful insights:

• AFM and SEM tracking studies similar to those reported by Juilland
[14] on C3S or alite surfaces hydrated in saturated limewater in the
presence of C3A, with deliberately varied levels of sulfate. Hydration
could be tracked by companion calorimetry studies. This would
reproduce the results of Tenoutasse [27], but let us see what
happens to the surface as sulfate availability changes and silicate
hydration is reduced.

• If the above yielded interesting results, addition of similar studies
including a typical water reducing chemical known to have issues
with undersulfated conditions would add extra knowledge about
changes in the alite surfaces as the system begins to exhibit
extended retardation.

• Further investigation into Makar's [45.48] observation of a transi-
tion peak at the beginning of rapid hydration, in conjunction with
varied doses of those admixtures known to have differing impact on
the relation of acceleration of induction period versus hydration rate
thereafter.

6.3. Modeling goals

Thus the goal is to develop models sufficiently flexible to give
predictions which reflect the several major impacts of admixtures.
Among the requirements would be to:

• model the various mechanisms of retardation separately, so that the
relative impact of any retarder on each potential mechanism type
can be reflected, yielding predictions which cannot only reproduce
the delay in the onset of hydration, but also the differing relative
reaction rates after the end of the retarding period,

• model the variousmechanisms of accelerators separately, which can
yield prediction of not only the acceleration of the end of the
induction period, but also the hydration thereafter. In particular,
model the interaction of non-chloride accelerators, wherein the
sensitivity to sulfate demand can lead to retardation by accelerators
when adequate sulfate is not available. The impact of different C3A
crystal form must be accommodated in this model,

• model the varying impact on strength development by alkanola-
mines of differing chelating capacity, including their impact on
sulfate demand and interaction with cement iron content,

• for dispersing admixtures, model the competition for cement
surface between dispersant, sulfate, accelerators and retarders
that can be added separately or together as components of the
dispersing admixtures, while taking into consideration the sulfate
effect on OMP formation,

• model differing tendencies to form OMP, which alter the admix-
ture's response to variation in dosage time, aluminate activity and
sulfate availability, in such a way that delineates true intercalation
from surface adsorption on reaction products,

• model the various effects dispersion can have on the hydrating
cement system, separating the potential very early higher sulfate
demand or OMP formation due to faster aluminate reaction from the
known fluidizing effects, and the later sometimes-encountered
strength and permeability improvements due to more even w/c on
the microscopic level,

• model the complex interactionswhich occurwhen aluminous SCM's
such as high calcium fly ash are added.
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