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The use of silica rich SCMs influences the amount and kind of hydrates formed and thus the volume, the porosity
and finally the durability of these materials. At the levels of substitution normally used, major changes are the
lower Ca/Si ratio in the C–S–H phase and consumption of portlandite. Alumina-rich SCMs increase the Al-uptake
in C–S–H and the amounts of aluminate containing hydrates. In general the changes in phase assemblages are
well captured by thermodynamic modelling, although better knowledge of the C–S–H is needed.
At early ages, “filler” effects lead to an increased reaction of the clinker phases. Reaction of SCMs starts later and
is enhanced with pH and temperature. Composition, fineness and the amount of glassy phase play also an
important role. Due to the diverse range of SCM used, generic relations between composition, particle size,
exposure conditions as temperature or relative humidity become increasingly crucial.
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Table 1
Average chain length of Portland cement (PC) with metakaolin (MK).

Average chain length Al/Si

100% PC 2.62 0.043
80% PC+20% MK 4.38 0.103
70% PC+30% MK 7.24 0.149
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1. Introduction

Today supplementary cementitious materials (SCMs) are widely
used in concrete either in blended cements or added separately in the
concrete mixer. The use of SCMs such as blast-furnace slag, a
byproduct from pig iron production, or fly ash from coal combustion,
represents a viable solution to partially substitute Portland cement
(PC). The use of such materials, where no additional clinkering
process is involved, leads to a significant reduction in CO2 emissions
per ton of cementitious materials (grinding, mixing and transport of
concrete use very little energy compared to the clinkering process)
and is also a means to utilize by-products of industrial manufacturing
processes.

Most of the available studies on the properties of blended systems
focus on mechanical or durability aspects of a specific fly ash or slag.
Our knowledge about fundamental connections between the overall
composition and the hydrates formed as well as their impact on the
long-term development of such systems is insufficient. The main
processes taking place in the hydration of Portland cements (PC) are
well known (see e.g. the comprehensive book of Taylor [1]). The
clinker phases hydrate at various rates resulting mainly in the
formation of C–S–H, portlandite, ettringite and AFm phases. The
blending of SCMs with Portland cement leads to a more complicated
system where the hydration of the Portland cement and hydraulic
reaction of the SCM occur simultaneously and may also influence the
reactivity of each other. The reaction of most SCMs is slower than the
reaction of the clinker phases and difficult to follow as many SCMs
Fig. 1. A) CaO–Al2O3–SiO2 ternary diagram of cementitious materials, B) hydrate phases
in the CaO–Al2O3–SiO2 system. Note that in the absence of carbonate or sulfate, C3AH6

will be more stable than the AFm phases.
consist of X-ray amorphous glasses. The kinetics of the SCM reaction
depends on the chemical composition, the fineness, and on the
amount of reactive phases such as glass or zeolites of the SCM used as
well as on the composition of the interacting solution. Comparatively
little is known about the detailed effect of these parameters due to the
difficulty to measure the reaction of SCMs quantitatively in blended
systems.

In this paper the effects of SCMs on microstructure and hydration
kinetics are reviewed. Based on numerous papers on the subject an
attempt was made to identify underlying principles based on
chemistry and thermodynamics, including also new and unpublished
works from the authors, which illustrate these aspects.
2. Phase assemblages and thermodynamic modelling

The chemistry of supplementary cementitious materials is gener-
ally characterized (with the notable exception offine limestone,which
is not discussed further here) by lower calcium content than Portland
cement (Fig. 1A). Thus there are differences in the hydrates formed
during hydration, which influence strength and durability. Fig. 1B
shows schematically the hydrate phases formed in the CaO–SiO2–

Al2O3 system. One striking feature of this diagram is the large field of
compositions of the C–S–H phase, which is the most important phase
in cements. It is well established, that the C–S–H in systems containing
silica-rich SCMs is significantly different to C–S–H in Portland cements.
At Ca/Si ratios N1.5 C–S–H might be described by disordered jennite-
like units (CaO)1.5.–1.9SiO2·(H2O)x [2,3] or a tobermorite structurewith
calcium hydroxide-like regions.1 At lower Ca/Si ratios, a tobermorite-
like structure (CaO)0.83SiO2·(H2O)1.5) with defects in the silicate
“dreierketten” chains has been proposed [2,3]. For C–S–H incorporat-
ing aluminium, “C–A–S–H”, a tobermorite-like structure seems to be
maintained [4]. The incorporation of aluminium in C–S–H increases
with increasing aluminium concentration in the solution [4] and with
increasing Si/Ca ratio of the C–S–H [2]. The boundaries shown in Fig. 1
are only an approximation as the limits of the possible solid solutions
are notwell known, particularlywith respect to the amount of alumina
which can be incorporated.

Qualitatively it can be seen, that blending of PC with silica fume
(Fig. 1) will lead to a decrease of the amount of portlandite and the
formation of more C–S–Hwith a lower C/S ratio. Similarly, blending of
PC with fly ash will decrease the amount of portlandite, increase the
amount of C–S–Hwith a lower Ca/Si and the amount of AFm phases as
fly ash can contain high quantities of Al2O3. Blending with blast-
furnace slag has little effect on the amount of portlandite with respect
to clinker, until high level of substitution. However, more C–S–H with
a lower Ca/Si will be formed to accommodate the lower overall Ca/Si
ratio of the system.

Depending on the composition and the reactivity of the SCM, also
the amount of ettringite and the amount and kind of AFm phases such
as monosulfate, monocarbonate or strätlingite are affected. This is
illustrated below for silica fume, fly ash and slag composite cements.
1 There is considerable controversy as to whether high C/S ratio C–S–H is based on a
disordered jennite structure or a tobermorite-like structure with calcium hydroxide
type regions (or even something in between). It is beyond the scope of this paper to
enter into this debate. In this paper we use the expression “jennite-like” as this has
conventionally been used in thermodynamic modeling.



Fig. 2. Schematic representation of the average chain length and the Al-uptake by bridging tetrahedra.

Fig. 3. SEM-BSE from a 60% Portland cement–40% slag blend (B-S1) hydrated for 1 year.
From Kocaba [13].
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2.1. Characteristics of C–S–H in blended cements

The C–S–H present in Portland cement has a composition of
~1.5–1.9CaO·SiO2·nH2O. The number n of water molecules depends
on relative humidity and temperature. The addition of silica-rich SCMs
results in the formation of a C–S–H with lower C/S, which is generally
agreed to have a tobermorite-like structure ((CaO)0.83SiO2·(H2O)1.5)
but with many defects, mainly in positions of the bridging silicon
tetrahedron (see footnote 1). The fraction of such defects determines
the mean silica chain length, which is measurable e.g. by 29Si NMR
[5,6]. The average chain length increases as the C/S ratio decreases
[5,6].

The formation of C–S–Hwith a low C/S leads to an increased uptake
of aluminum [2] in the C–S–H: C–A–S–H. Aluminium enters C–S–H
mainly at the bridging sites in the silicate chains [2,7]. Table 1 illustrates
these points for mixes containing metakaolin from an unpublished
study byMinard [8]. Fig. 2 shows a graphic representation of the silicate
chains corresponding to these figures. In both cases of metakaolin
addition, the Al/Si ratio implies that roughly one in two of the bridging
sites are occupiedby aluminium. Similar or evenhigherAl/Si ratioswere
reported in the literature for other aluminium-rich SCMs, e.g. for 30% fly
ash blends hydrated at 55 °C by Girão et al. [9].

Many researchers speak about C–S–H from the hydration of
Portland cement and “pozzolanic” C–S–H from the reaction of blended
systems as though these are distinguishable products. However, the
evidence indicates that the composition of the C–S–H tends to even
out. Rims of different grey level, may be observed around the SCM
particles, but these differences are mainly due to high levels of
intermixing with other phase, such as aluminium-containing phases
[10] or, notably in the case of slag, with a hydrotalcite-like phase
containing magnesium and aluminium [10–12]. Particularly at low
degrees of reaction of the SCM it is still possible to distinguish the
“inner product” rims of dense, homogeneuous C–S–H around the
clinker grains from the more porous “outer” product between the
clinker and the SCM grains. For example Kocaba [13] found the
composition of C–S–H in blended Portland cement–slag systems was
relatively homogenous (Figs. 3 and 4). The dark rims around the slag
particles visible in Fig. 3 are due to the high amounts of hydrotalcite-
like phase concentrated within these rims due to the low mobility of
magnesium. Fig. 4 shows the average Ca/(Si+Al) values. After
28 days when about 30–40% of the slag has reacted, the average
Ca/(Si+Al) value had dropped from close to 2 for the reference pure
Portland cement to between 1.5 and 1.6. After one year, this ratio is
below 1.5. Then it is no longer possible to distinguish between inner
product around the cement grain and the outer products, Fig. 3.

2.2. PC–silica fume

Silica fume consists nearly exclusively of SiO2 of very fine particle
size and a relatively high pozzolanic activity. Thus the PC–silica fume
system is most appropriate to illustrate the effect of silica-rich
material on the phase assemblage in Portland composite cements
using thermodynamic calculations (Fig. 5; more details in Appendix
A). These calculations treat the high Ca/Si ratio “jennite” like C–S–H,
and lower Ca/Si ratio “tobermorite” like C–S–H as separate phases for
convenience, even though they cannot be distinguished microstruc-
turally as discussed above.

In a completely hydrated Portland cement containing calcite,
jennite-like C–S–H, portlandite, ettringite, monocarbonate and a
hydrotalcite-like phase are the main hydrates that form (e.g. [1,14],
left side of Fig. 5). According to the thermodynamic calculations, an
addition of moderate amounts of SiO2 leads to the consumption of
portlandite as visible in Fig. 5. If even more silica fume is added,
the surplus SiO2 reacts with the high calcium C–S–H (“jennite-like”
C–S–H: (CaO)1.67(SiO2)1·(H2O)2.1) to progressively more low calcium
C–S–H (“tobermorite-like” C–S–H: (CaO)0.83(SiO2)1·(H2O)1.3). Low
Ca/Si C–S–H can incorporate more aluminium in its structure than
high Ca/Si C–S–H [2,4]. For the calculations a constant Al/Si=0.05 for
jennite- and tobermorite-like C–S–H has been used.

The formation of low Ca/Si C–S–H with Al will lead to a decrease
of dissolved calcium and an increased uptake of alkalis [15,16], and
thus to a reduction of alkali concentration and pH in the pore
solution [17–20], with the latter resulting in the destabilization of
monocarbonate (Fig. 5). The calculations indicate that as soon as
the pH of the pore solution would fall below 10 due to further
replacement of PC by silica fume, also the ettringite would become
unstable.

The hydrate assemblage observed experimentally in SiO2–PC
blends agrees well with the modelling results shown in Fig. 5. It
consists of mainly C–S–H, ettringite, AFm phases [20–22] and a
reduced quantity of portlandite [22–25]. The blending of PC with
≥24 wt.% silica fume resulted after longer hydration times in the
entire consumption of portlandite with ettringite and C–S–H with a
reduced Ca/Si ratio as the only hydrate phase observed ([22,23,25,26],
Fig. 6). As the silica fume continued to react, the low pH values and the
absence of portlandite destabilized the monocarbonate with time
[26,27]. The calculations in Fig. 5 indicate, that upon further
replacement of PC by silica fume (or upon further reaction of the
silica fume), ettringite will become unstable. The dissolution of

image of Fig.�2
image of Fig.�3


Fig. 4. Ca/(Si+Al) ratio in Portland cement (B) and 60% Portland cement–40% slag blends (B-S1; B-S8) hydrated up to 1 year. The lines indicate the Ca/(Si+Al) ratio of the pure slags
(slags 1 and 8).
From Kocaba [13].
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ettringite has been observed in binary (60% Portland cement, 40%
silica fume) or ternary blends (37.5% Portland cement, 32.5% silica
fume and 30% fly ash) with high hydration degrees or under leached
conditions [20,28]. However, gypsumwas not observed to precipitate,
the sulphate ions remaining partly in the interstitial solution, and
partly sorbed onto C–S–H.

Fig. 5 illustrates an important aspect related to the partial
replacement of Portland cement with SCMs — the decrease in the
total volume of hydrates formed. This should mean that blended
pastes have higher total porosities than pure PC pastes. This seems
paradox as it is well established that PC–SCM blends can develop
higher strengths and lower permeabilities than plain PC pastes (e.g.
[29]). This poses the question as to whether the effective density, or
space filling capacity of C–S–H in blended pastes is the same as in
plain Portland pastes. Measurements indicate that blended systems
show often equal or even higher total porosities than pure PC pastes,
but a refined pore structure [30–33]. In particular, slag-PC pastes
have been observed to contain more fine pores and less coarse
capillary pores than PC pastes, resulting in a reduced permeability
[30,32].
Fig. 5.Modelled changes in hydrated Portland cement upon blending with SiO2, assuming co
Na2O 0.3, K2O 1.0, SO3 3.2, CO2 2 wt.%) and SiO2.
2.3. PC–fly ash

Fly ashes consist mainly of SiO2, but can contain also significant
quantities of Al2O3. The amount of CaO is limited but highly variable
depending on the origin of the fly ash (e.g. [1], Fig. 1). The ASTM C618
standard differentiates high calciumClass C-fly ashes and low-calcium
Class F ashes. As the latter are the most abundant, the following
discussion focuses on Class F fly ash. The blending of Portland cement
with fly ash results in the reduction of the total amount of portlandite
in the hydrated mixture, somewhat less pronounced than for silica
fume as (i) the reactivity of fly ash is very limited and (ii) as the CaO in
the fly ash is an additional source of calcium. Class F fly ashes contain
between 15 and 35% alumina, so the blending of PC with such fly ash
results in high amounts of Al-rich phases. As systematic information
about the Al-uptake by C–S–H are still missing (see also discussion in
Appendix A), the high aluminium content in the system, coupled with
a potentially high aluminium uptake in C–S–H introduces a consider-
able error in the thermodynamic calculations. For our calculations, a
constant Al/Si of 0.1 in C–S–Hwas assumed. The results indicate, in the
presence of moderate amounts of fly ash, the destabilization of
mplete reaction of the Portland cement (CaO 60, SiO2 22, Al2O3 4.6, Fe2O3 2.7, MgO 1.9,

image of Fig.�4
image of Fig.�5


Fig. 6. Phase composition observed by XRD in a hydrated Portland cement, a CEM III/B blended with 10% SiO2 and a CEM I blended with 40 wt.% SiO2 after one year of hydration.
Graph modified from [26].

Fig. 7.Modelled changes in hydrated Portland cement upon blending with fly ash, assuming complete reaction of the Portland cement (CaO 60, SiO2 22, Al2O3 4.6, Fe2O3 2.7, MgO 1.9,
Na2O 0.3, K2O 1.0, SO3 3.2, and CO2 3 wt.%) and 50% reaction of a low Ca fly ash (CaO 4.4, SiO2 54, Al2O3 31, Fe2O3 4.6, MgO 0.8, Na2O 0.6, K2O 0.8, and SO3 0.4 wt.%).
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portlandite and the formation of additional C–S–H with a decreased
Ca/Si ratio (Fig. 7). As fly ashes contain significant quantities of Al2O3

but little SO3,2 the blending of PC with fly ash results in a decrease of
ettringite and in an increase of AFm content. The addition of further
CaSO4 would increase the fraction of ettringite formed, resulting in a
higher total volumeof the hydrates. Above40% offly ash in the cement,
monocarbonate and eventually ettringite are calculated to become
unstable. Strätlingite may form if high quantities of Al-rich fly ash are
used (Fig. 7). The calculations indicate that the formationof strätlingite
depends on the reactivity of the fly ash, the amount of Al2O3 present in
the fly ash and on the uptake of Al in C–S–H.

The calculated phase changes in Fig. 7 agree with experimental
observations. For ≥60% replacement of Portland cement by fly ash,
the complete depletion of portlandite has been observed after
hydration times of 1 year and longer [34,35]. After 1 year and longer,
when a significant amount of the fly ash has reacted, a decrease of the
amount of ettringite (due to the high Al2O3 and low SO3 content of fly
ashes) and an increase of the amount of AFm phases like monosulfate
or monocarbonate [10,36–39] has been observed. Also the presence of
2 When SCMs are blended with clinker at the cement plant the SO3 content is
usually adjusted to optimise strength development. Such additions will clearly impact
the conclusions from thermodynamic calculation.
strätlingite [10,37,40] has been reported. The C–S–H formed in PC–FA
blends has a lower Ca/Si ratio and contains more Al [10,38,41–43].
However, in contrast to the thermodynamic modelling results, the
presence of strätlingite has been observed in systems where
portlandite is also present, e.g. by Escalante-Garcia and Sharp [10]
for a one year old 70–30 wt.% PC–FA blend suggesting that the
different hydrate assemblages calculated in Fig. 7 may be present at
the same time but in different places of the microstructure of PC–fly
ash blended cements.

2.4. PC–slag

Granulated blast-furnace slag (gbfs) contains more CaO but
significantly less Al2O3 than fly ash (Fig. 1). Calculations of the
influence of the stable phase assemblage of PC blended with gbfs give
results similar to silica fume and fly ash blended systems: destabi-
lization of portlandite but, due to the higher CaO content, only at high
replacement levels (Fig. 8), the formation of C–S–H with a lower C/S,
the disappearance of monocarbonate. Whether strätlingite is pre-
dicted or not depends on the Al-content of the gbfs and on the uptake
of Al in C–S–H. Gbfs contain typically 7–15 wt.% MgO; thus the
thermodynamic calculations predict the formation of more hydro-
talcite-like solids than for silica fume or fly ash systems.

image of Fig.�6
image of Fig.�7


Fig. 8.Modelled changes in hydrated Portland cement upon blendingwith blast furnace slag, assuming complete reaction of the Portland cement (CaO 60, SiO2 22, Al2O3 4.6, Fe2O3 2.7,
MgO 1.9, Na2O 0.3, K2O 1.0, SO3 3.2, and CO2 3 wt.%) and 75% reaction of a blast furnace slag (CaO 39, SiO2 38, Al2O3 11, Fe2O3 1, MgO 10, K2O 0.3, and S 1 wt.%). Al/Si in C–S–H=0.1.

Fig. 9. Hydration of 100% PC compared to 70% PC with 30% fine quartz filler. The rate of
heat evolution is normalised to the PC content [53]. The quartz, as it does not react
significantly, gives more space for hydration product of the PC so the acceleration
period is prolonged.
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Thermodynamic calculations published by Atkins et al. [44] for PC–
slag systems, assuming complete hydration of the slag and the PC,
gave comparable results; they predicted the absence of portlandite in
blended systems with a high percentage of blast furnace slag, the
formation of C–S–H with a lower C/S ratio, the presence of a
hydrotalcite-like phase and AFm phases including strätlingite. It
should be borne in mind that generally gbfs does not fully hydrate as
evidenced by residual slag grains found even in 20 years old cements
[12,38].

Published experimental investigations agree with the thermody-
namic modelling (Fig. 8). Experimentally the presence of portlandite,
C–S–H, ettringite, AFm (monosulfate and monocarbonate), and a
hydrotalcite-like phase has been observed in hydrated PC–slag
systems [10,12,13,20,21,35,38,42,45]. At longer hydration times less
portlandite than in pure Portland cements is found [12,13,20,38,42,
45,46]. High gbfs content have been observed to lead to presence of
less ettringite [12]. Even though blast furnace slags contain more
Al2O3 than PC, which could potentially lead to more AFm and AFt
phases in the PC— gbfs composites, generally less AFm and AFt phases
than in pure PC are observed [12,13,37,38], as more Al is bound in
the C–S–H [12,13,42,47,48]. The C–S–H formed in PC–slag blends has a
lower Ca/Si ratio and a higher Al/Si ratio than pure PC ([10,12,13,38,
42,47,48], Fig. 4).

3. Kinetics

The understanding of the reaction kinetics in blended systems is
complicated by the fact that the hydration of the clinker and SCMmay
interact and, more importantly, by the difficulty in measuring the
degree of reaction of these two components independently. For these
reasons there is little quantitative data available on the rate of
reaction of supplementary cementitious materials.

3.1. Filler effect

It has been realized for a long time, notably by Gutteridge [49,50],
that even inert materials blended with cement may have a significant
effect on the hydration of the clinker phases. This is usually referred to
as a filler effect. However, the reactivity of SCMs themselves is often
confused with this filler effect. The reactivity of most SCMs is highly
dependent on the alkalinity of the pore solution, which builds up over
the first few days. Consequently the amount of reaction of SCMs in the
first day or so is usually negligible and changes in hydration kinetics
are dominated by the filler effect. This is particularly evident in the
case of silica fume, which generally enhances mechanical properties
even at one day, despite the fact that 29Si NMR indicates almost no
reaction of silica fume at this stage [27,51,52].

There seem to be two principal mechanisms contributing to the
filler effect:

• Extra space: As the filler does not produce hydrates, at the same
water to solids ratio, the water to clinker ratio is higher and there is
more space for the hydration products of the clinker phases.

• Enhanced nucleation: Particularly for fine materials, the extra
surface provided by the SCMs acts as nucleation sites for the
hydration products of the clinker phases.

Recent results from Fernandez [53] and Kocaba [13] illustrate
these effects. Figs. 9 and 10 show the heat evolution curves for blends
with quartz filler and silica fume compared to reference cements. In
both cases the heat evolution is normalized to the amount of clinker
phases present. Quartz was chosen as a nominally inert material,
although there may be some reaction of an amorphized surface layer
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Fig. 10. a) 100% PC compared to 90% PC with 10% silica fume, the fine particles of silica
fume act as nucleation sites to give a steeper acceleration and higher maximum rate of
heat evolution [56]. Panel b shows simulation results inwhich the number of nucleation
sites increased by 30% [57].

Fig. 11. Heat evolution for PC blended with corundum, rutile or quartz. Fineness:
corundum 5.4 m2 g−1; rutile 9.1 m2 g−1; quartz 0.76 m2 g−1.
Adapted from [58].
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formed during grinding. In the case of quartz it is seen that there is
almost no impact on the slope of the heat evolution curve during the
acceleration period. However the acceleration period is extended,
with the maximum heat evolution occurring later. As discussed in
another paper in this volume [54] nucleation and growth control the
reaction kinetics well beyond the heat peak maximum and the
maximum corresponds to impingement of hydration products. In the
model of Bishnoi [55], where the filling of space can accounted for
explicitly, it seems the deceleration period starts when C–S–H
growing out from the cement grains in a diffuse manner, with low
packing density encounters products from a neighbouring grain. The
observations of the impact of inert fillers on the silicate reaction
shown in Fig. 9 support this hypothesis.

In the case of silica fume, Fig. 10A, there is clearly another effect.
The increase in heat evolution during the acceleration period is much
steeper. The heat maximum is much higher. This effect on the
acceleration and deceleration periods is consistent with an increase in
the number of nucleation sites as shown in the simulation in Fig. 10B.

It seems that nucleation effects may be even more marked in the
case of the hydration products of the aluminate phase, which
normally gives rise to a second or shoulder peak in calorimetry after
the main peak associated with the hydration of alite. Fig. 11 shows the
hydration of a cement alone and with the addition of various fillers,
none of which are expected to react [58]. Similar nucleation effects
have also been observed for carbon black particles [59]. The additions
of the fine materials; corundum and rutile, have a slight impact on the
silicate reaction as described above, but the impact on the aluminate
reaction is much more significant. The aluminate peak is sharpened,
becoming narrower and higher.

Similar effects on the aluminate peak have been reported for
Portland cement slag blends and several researchers have attributed
the more significant peak to an early reaction of the slag itself
[10,60,61]. Kocaba [13] used a technique of progressive additions of
gypsum and peak deconvolution to quantify the energy emitted in
this peak for plain Portland pastes and blends with slag. Within the
limits of the precision of the method it appears that the amount of
reaction (of the C3A phase) is the same in both cases. This suggests
that fillers and SCMs promote the nucleation of the hydrates forming
during this aluminate reaction, rather than react themselves.
Although filler effects have been widely noted, and are clearly
significant, there have not really been any systematic investigations
of the critical parameters, such a particle size, crystallography, etc. and
such work is clearly important in the future to better understand the
impact of supplementary cementitious materials.

3.2. Techniques to measure the reaction of SCMs

As already indicated, our understanding of the reaction kinetics of
SCMs is hampered by the difficulty in measuring independently the
degree of reaction of the SCMs and clinker phases, which is
complicated by the presence of the filler effects as described above.

The most widely used technique to assess the degree of reaction of
plain Portland cements is evaluation of the bound water content from
the weight loss of samples dried to 105° and then fired to 1000 °C.
Despite the various stochiometries of the reactions of the various
clinker phases, it is usually found that the average values of bound
water per gram of reacted material are similar for different Portland
cements. However, the situation becomes much more complicated
when SCMs are used and this method cannot be used to separate the
reaction of the SCM from the reaction of the clinker phases.

The technique which has been used most widely to try and
measure the reactions of SCMs in blended systems is selective
dissolution [62]. The intention of such methods is that the unreacted
clinker phases and the hydrates from the clinker and slag reaction are
dissolved, leaving only the unreacted slag or fly ash as a residue. Study
of residues by X-ray diffraction and SEM reveals that significant
amounts of clinker and hydrate phases remain after dissolution
[13,62–64]. It is claimed that the effects of incomplete dissolution can
be corrected for. However, recent independent work by two of the
authors of this paper [13,63–65] indicates that large, non-quantifiable
systematic errors remain as different assumptions lead to large
differences in the quantity of FA or slag reacted. This probably
explains why different authors report very different amounts of slag
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Fig. 12. Portlandite (CH) content and degree of fly ash (FA) reaction in a PC and a 65%
PC–35% FA paste.
Data from [69].

Fig. 13. Calorimetry methods to monitor the reaction of slag continuously in Portland
cement (B) and 60% Portland cement–40% slag or quartz blends (B-S1; B-Q). To
eliminate the filler effect, the paste of the cement plus slag is compared to a mixture of
the same cement with the same substitution of quartz filler ground to the same size as
the slag. A) Cumulative heat. B) Difference between the cumulative curves for the slag
blend and the filler blend (left y-axis) compared to measurements of degree of reaction
from image analysis (right y-axis).
From [13,65].
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reaction in similar systems. For example, Escalante et al. [46], find
degrees of reaction of about 20% after 3 months compared to values of
around 40% reported by Luke and Glasser [62] and Lumley et al. [66].

The reaction of fly ash and silica fume was often followed by
the decrease of the amount of portlandite in the mixture [22,23,25,
45,67,68]. This fast and easy method is well suited to assess that an
increasing fraction of the SCM reacts with time (Fig. 12). However,
quantitative determinations of the fraction of SCM reacted are not
possible as the reaction of the clinkers might be accelerated due to filler
effect and as the silica fume or fly ash reaction might lead, even in the
presence of portlandite, to the formation of lowCa/Si C–S–H. During the
first days of hydration more portlandite may be observed in a Portland
cement–fly ashpaste than inapure PC, if theCHcontent is normalised to
the amount of clinker (Fig. 12). Only after 28 days and longer less
portlandite is present indicating a reaction of the fly ash. In contrast, the
reaction of fly ash as determined by SEM-image analysis points out a
continuing reaction of the fly ash.

Image analysis of flat polished sections imaged with backscattered
electrons has proven to be a very useful technique to measure the
degree of reaction of clinker phases [70,71]. This has the advantage
that it can also be used to study the reaction of the clinker phases in
blended systems (Fig. 12). This method can also be developed to study
the degree of reaction of slag and even fly ash [13,63–65,69,72,73].
The close similarity in grey levels between some slags and calcium
hydroxide mean that this technique may require consideration of
images of elemental distributions for X-ray microanalysis. The main
drawback of this technique is that it is very time consuming and has
relatively low precision in the range of 2–4%.

A quantitative determination of the amount of silica fume reacted
can be obtained by using the broad Q4 peak characteristic for
amorphous SiO2 in 29Si MAS NMR [22,51,52,74–77]. 29Si MAS NMR
is also useful to follow the amount of silicate reacted from other SCMs.
29Si MAS NMR has been used to quantify the degree of slag reacted
[12,76,78,79] and very recently also of fly ash [76,77,79] in blended
systems. In some cases it had to be combinedwith selective extraction
techniques as the overlap of peaks of C–S–H and slag caused
deconvolution problems [78]. The use of NMR in PC–fly ash systems
is generally hindered by the line broadening caused by the too high
iron content of the fly ash. The main limitations of this technique are
the limited availability of the equipment, the need for specialists for
interpretation of the results and its time consuming nature (one 29Si
spectrum may take one day to acquire). Furthermore, if the SCMs
contain too much iron the technique may be unusable.

A promising technique, which allows continuous monitoring of an
SCM is comparison of the cumulative calorimetry or chemical
shrinkage curves for a blend of Portland cement with SCM, compared
to a blend of the same Portland cement with a quartz filler ground to a
similar particle size distribution to the SCM [13,65,69]. As shown in
Fig. 13 this gives results which correlate very well withmeasures from
image analysis. The current problem with this technique is the lack of
information on the specific heat evolution or chemical shrinkage to
relate the data obtained to degree of reaction. Clearly more work is
needed on calibration and optimisation of the filler materials, but,
nevertheless, the technique seems promising.

The measurement of the rate of reaction of SCMs in blended
systems is hampered by the lack of fast, reliable and precise methods.
Many values can be found in the literature for individual SCMs, but the
scatter of results and the diversity of methods and materials used
mean that only general trends can be identified as discussed below.
However a good quantitative understanding of the rate of reaction
and parameters affecting this is still needed.
3.3. Influence of different factors on reaction rate

3.3.1. Composition of the SCM
Each SCM has a different range of chemical compositions. For a

given pH and temperature, the solubility of the resulting glassy phases
will vary. In addition, high-calcium fly ashes typically also contain
reactive crystalline phases, such as tricalcium aluminate, di-calcium
silicate and free lime, which both accelerate and increase the
complexity of the hydration reactions.
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3.3.2. Replacement level
Due to different levels of reactivity of different types of SCMs, for

sufficient rates of reaction required to attain equivalent strengths,
replacement levels are different. For example, 20% low-calcium fly
ash, 35% slag, 4% silica fume and 10%metakaolin might be expected to
provide similar 28-day strengths in concrete cured at 20 °C (e.g.
[19,80]). While early-age strengths might be reduced, higher levels of
SCMmay be required to attain special performance, such as control of
alkali–silica reaction (ASR), increased chloride penetration resistance,
sulfate resistance (e.g. N65% gbfs for high SR), or lower heat of
hydration (e.g. N50% slag or N30% fly ash). Due to extremely high
surface areas, silica fume and metakaolin will increase rates of
reaction, in part due to nucleation effects (silica fume) and in part due
to pozzolanic reaction. However, at excessive replacement rates,
reaction rates are reduced due to reduced pH resulting from the rapid
early rates of reaction.
3.3.3. Solution pH
The solubility of amorphous silica is extremely sensitive to

increases in pH between 12 and 14. The higher the pH, the faster
the rate of reaction [81,82]. In Portland cement–SCM blends, the high
pH is provided by alkali hydroxides and calcium hydroxide, with pore
solution pH increasing rapidly in the first few hours of hydration as
sulfate ions are removed from pore solution due to reaction with
aluminates. To maintain electro-neutrality, hydroxyl ions replace the
sulfate ions in solution, and pH levels are usually maintained between
13 and 14 after about 24 h [83,84]. These hydroxyl ions allow the
secondary reactions to occur with the amorphous silica-rich phases in
SCMs. Provided that sufficient hydroxyl ions remain in solution to
maintain the pH of the pore solution, the SCM reactions will continue.
If the SCM replacement level is too high, the pHwill drop, reducing the
solubility of the amorphous silicates and thus slowing the rate of
reaction.
3.3.4. Temperature
Both pozzolanic and the latent hydraulic slag reaction rates are

typically more sensitive to temperature [22,34,52,85], reacting more
slowly than Portland cements at temperatures below about 15 °C but
rates are often accelerated at temperatures above 27 °C, usually
associated with hot-weather concreting. This temperature sensitivity
often limits practical cement replacement levels in cool weather, but
allows higher replacement levels in warm weather.
3.4. PC–silica fume

The reactivity of silica fume (SF) is generally larger than the one of
slag or fly ash [45] due to its small particle size. However,
measurements of the relative decrease of the amount of portlandite
due to the pozzolanic reaction and 29Si MAS NMR indicate a rather
slow reaction of the silica fume in blended systems continuing for
months [45,51,52,75,77]. 29Si NMR indicates relatively little reaction
(~5%) of silica fume during the first hours in PC–SF mixtures, while
afterwards the reaction rate is strongly increased, so that 20 to 80% of
the silica fume have reacted after 2 days or longer [27,51,77,86]. As
the pH in the pore solution of PC pastes increases strongly after
approx. 12 to 16 h (e.g. [83,84]), the reaction of the silica fume is then
accelerated. At later ages, the additional C–S–H formed by the reaction
of the silica fume takes up alkalis, decreasing the pH of the pore
solution [67,87] so that the further reaction of the silica fume slows
down. Similarly, high replacement of PC by silica fume decreases the
reaction of silica fume [21,52] as the pH of the pore solution decreases.
However, even in the absence of portlandite, silica fume continues to
react, but more slowly [22]. At higher temperatures the reaction of the
silica fume proceeds faster [22,52,85,88].
3.5. PC–fly ash

The reaction of fly ash is slow at ambient temperatures and only
after longer hydration times (≥1 week), the quantity of portlandite
relative to the amount of Portland cement is reduced [34,37,
89–92]. Initially, the amount of portlandite compared to pure PC,
increases slightly [34,45,89,90] (Fig. 12), as the hydration of the
clinker is accelerated due to the filler effect thus producing more
portlandite. This slow reaction of the fly ash is the reason that the
hydrate assemblage of Portland cement–fly ash blends is initially
identical to the pure Portland cement system: C–S–H, portlandite,
ettringite, and AFm phases like monocarbonate or monosulfate
[21,36,39]. High quantities of FA slow down the reaction [34,90],
while higher temperatures [34] accelerate the reaction of fly ash
considerably.

3.6. PC–slag

Generally, slags show a faster reaction than fly ashes. The fraction
of slag reacted after a specific time increases if less slag is present in
the blend [12]. As for other SiO2-rich materials the reactivity of slag
decreases with decreasing pH and thus with less PC present in the
blended system. During the first hours or days of hydration, however,
the amount of portlandite (relative to Portland cement) is in blended
PC–slag systems similar or even higher than in pure Portland cements
[13,45,46] due to faster reaction of the clinkers caused by the filler
effect. In the long term generally a small to moderate reduction of the
amount of portlandite (relative to Portland cement) is observed
[13,37,45,46].

4. Liquid phase

4.1. Changes in pore solution composition

The blending of Portland cement with silica fume lowers the
alkali and hydroxide concentrations in the pore solution significant-
ly [17,67,93]. Once portlandite is depleted, the calcium concentra-
tion is also reduced. The same effect can also be observed for
Portland systems blended with low-calcium fly ash [67,94–98]. High
calcium fly-ash systems have been observed to exhibit pH values in
the range of 12–13, with relatively low alkali concentration but
higher alumina concentrations than Portland cement systems [40].
However, some Class C fly ashes can have very high alkali contents
and thus increase the pH compared to PC [99]. The blending of PC
with SCM rich in silica and poor in alkalis, leads to a reduction of the
pH and the alkali concentrations in the pore solutions as (i) the
Portland cement is diluted, (ii) the portlandite is consumed by the
pozzolanic reaction leading to lower Ca concentration in the pore
solution and (iii) as C–S–H with a lower Ca/Si ratio and higher
alumina content leads to an increase in alkali uptake by C–S–H
[15,16]. The higher sorption of alkalis by low Ca/Si C–S–H is probably
caused by the negative charges due to the ionisation of silanol
groups, the partial substitution of Si(IV) by Al(III) and the lower
concentrations of calcium. The increased uptake of alkalis by the low
Ca/Si C–S–H leads to a reduction in pore solution alkalinity far in
excess of that resulting from simple dilution of the Portland cement
alkalis [40,67,87,95,96].

In Portland cements blended with slags, an additional effect lowers
thepHvalues of thepore solution.Not only thedilution of thePC and the
increased uptake of alkali by the low Ca/Si C–S–H, but also the high
concentrations of negatively charged soluble sulfur species lower the
pH. The reducing conditions in blast furnace slags lead to the presenceof
reduced sulfur species such as sulfide (HS−), sulfite (SO3

2−) and
thiosulfate (S2O3

2−) in the pore solutions [93,95,100–102]. High
concentrations of these negatively charged soluble sulfur species
lower the dissolved hydroxide concentrations and thus the pH in the
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pore solution significantly as the electroneutrality of the solution has to
be maintained.

4.2. Long-term alkalinity

The reduction of the alkali concentration and the pH of the pore
solution of blended cements is found to reduce alkali silica reaction
(ASR) and the resulting expansion. Whether blending merely delays
ASR or prevents it, depends on the long-termpore solution alkalinity. In
blends with silica fume, where no additional alumina is present in the
pozzolan, the alkalis are reduced due to initial hydration reactions, but
their concentrations slowly increase over time [67,87]. The reductions in
alkalinity remain stable (i.e. alkalis are not released over time) when
alumina-bearing SCMs such as fly ash are used [67,87], possibly due to
the formation of alumina-substituted C–A–S–H. These differences in
alkali concentration also lead to differences in long-term expansion, as
confirmed by the continuing expansion of silica fumeblended specimen
containing up to 10% of silica fume [18,103], while slag or fly ash blends
are more effective in reducing expansion also in the long term.

Fly ashes can have a wide variety of calcium and alkali contents,
and this has been found to influence their ability to reduce alkalinity
and to mitigate deleterious ASR expansions [18,98]. For fly ashes of
different compositions, the alkalis released from the PC–SCM system
increase as the calcium and alkali contents of the blends increased and
their silica content decrease [99]. Ternary blends containing silica
fume and fly ash also show superior performance in terms of binding
and retaining alkalis, even though silica fume on its own does not
retain alkalis in the C–S–H over time.

5. Summary and perspectives

The presence of SCMs influences the amount and kind of hydrates
formed in cementitious systems and thus the volume, the porosity and
finally the durability of such systems. At the levels of substitution
normally used, the major change is in the composition of the C–S–H
phase which moves to lower Ca/Si ratios, despite the fact that
portlandite is still present in most systems. For SCMs containing
alumina the C–S–H also incorporates a considerable amount of this
element. In addition to the changes in C–S–H, the amounts of aluminate-
containing hydrates may increase and when the SCM contain
magnesium, a hydrotalcite-like phase may appear. In general the
changes in phase assemblagesmay bewell captured by thermodynamic
modelling, although better knowledge of the limits of solid solution of
C–S–H (particularly with regard to the uptake of aluminium) is needed.

As a consequence of the changes in phase assemblages, and
particularly the changes in C–S–H, the pore solutions in blended systems
differ from those in pure Portland materials. The main tendency is to
lower levels of pH. This is very beneficial to avoid alkali silica reaction.

The effect of SCMs on reaction kinetics is complicated by the
interaction between the clinker phases and the SCMs. At early ages
“filler” effects dominate, leading to increased, and sometimes also
faster, reaction of the clinker phases, due more space relative to the
amount of clinker and increased nucleation rates. The hydration of the
aluminate phases, which occurs after the main silicate hydration peak
is often more sensitive to nucleation effects.

The reactions of SCMs themselves are difficult to measure,
although promising new methods are being developed. Because of
this, we do not at present have a detailed quantitative understanding
of the parameters affecting reaction rate. However general trends are
clear: The reaction of SCMs (including silica fume) only starts after the
first day or so, when the pH of the pore solution rises due to
consumption of sulfate and release of alkalis by reaction of the clinker
phases, however the lower Ca/Si ratio C–S–H may adsorb alkalis,
contributing to a reduction in reaction rate over time. The particle size
of the SCM is clearly important as the reaction takes place at the
surface, fine materials react faster. The composition of the glassy
materials also plays a role, but a good appreciation of this is lacking. A
very important parameter is also the temperature. Higher tempera-
tures greatly accelerate the rate of reaction of SCM. However, again,
although disparate information exists in the literature, we do not
currently have a good quantitative understanding of the effects of
temperature.

It is clear that the effects of SCMs on reaction kinetics is a field
where more systematic study is needed. The increasingly diverse
range of supplementary materials used (and proposed for use) in
cementitious materials highlights the need for generic, quantitative
relations between composition, particle size and other characteristics
on the one hand and exposure conditions such as temperature and
relative humidity on the other in order to predict the evolution of
phases assemblages and microstructure.
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Appendix A. Thermodynamic modelling

Thermodynamic modelling or also mass balance calculations can
be used to predict the stable phase assemblage based on the
composition of the starting materials. Changes in the overall chemical
composition of the anhydrous system affect the amount as well as the
kind of hydrates that will form. The simplest way to calculate the
composition of a hydrated cement is to do mass balance calculations
based on the chemical composition of the unhydrated cement
[104,105]. These calculations have the advantage that they can be
carried out simply with a calculator, but also the disadvantage that the
possible stable phase assemblage has to be known a priori. The use of
thermodynamic calculations allows the prediction of the hydrate
composition also in less well-known systems, easy and fast parameter
variations and thus the systematic study of the effects of changes
in the composition of the starting materials or in temperature
[14,106,107].
A.1. Basics of thermodynamic modelling

The thermodynamic calculations in this paper were carried out
using the Gibbs free energyminimization program GEMS [108]. GEMS
is a broad-purpose geochemical modelling code which computes
equilibrium phase assemblage and speciation in a complex chemical
system from its total bulk elemental composition. Chemical interac-
tions involving solids, solid solutions, and aqueous electrolyte are
considered simultaneously. The speciation of the dissolved species as
well as the kind and amount of solids precipitated are calculated. The
thermodynamic data for aqueous species, gaseous phases as well as
for many solids were taken from the PSI-GEMS thermodynamic
database [109,110]. Solubility products for cement minerals including
ettringite, different AFm phases, hydrogarnet, C–S–H and hydrotalcite
were taken from the cemdata07 compilation [106,111]. The formation
of siliceous hydrogarnet has been excluded due to its slow kinetic of
formation in all the calculations shown in this paper.



Fig. A1. Aqueous concentrations and mole fractions of the C–S–H solid solution end-members (jennite–tobermorite) as a function of the Ca/Si ratio. The presence of portlandite and
amorphous SiO2 is indicated by horizontal lines (out of scale). Modified from [84,106].
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A.2. C–S–H

Due to its variable composition, C–S–H shows an incongruent
solubility behaviour upon decalcification. Dissolved calcium and silicon
concentrations varywith the calcium to silica ratio (C/S) of the solid and
with pH. A number of experimental investigations studied the solubility
of synthetic C–S–H and give a dataset to describe the solubility of C–S–H
as a function of the Ca/Si ratio (see Fig. A1). In this paper, C–S–H phases
are modelled using the solid solution model originally developed by
Kulik andKersten [112,113] and later adaptedby Lothenbachet al. [106].
The C–S–H system is described by an ideal solid solution with the end-
members jennite (CaO)1.67(SiO2)1·(H2O)2.1 and tobermorite (CaO)0.83
(SiO2)1·(H2O)1.3. The uptake of aluminiumby theC–S–H is simply taken
into account using measured Al/Si ratios in C–S–H, as thermodynamic
models to calculate theAl-uptakebyC–S–Harenot available. Theuptake
of alkalis by C–S–H was approached by using an ideal solid solution
model between jennite-, tobermorite-like C–S–H, [(KOH)2.5SiO2H2O]0.2
and [(NaOH)2.5SiO2H2O]0.2 as proposed by Kulik et al. [114].

A.3. Thermodynamic modelling of hydrated systems

To predict the stable phase assemblage in a hydrated system,
assumptions on the degree of reaction of the anhydrous phases have
to be made, if possible based on measurements of the specific binders
or alternatively based on literature data. For the calculations
presented in this paper, where the influence of the presence of
different quantities of SiO2 or fly ash on the hydrate assemblage is
modelled, a complete reaction of the Portland cement has been
assumed. This assumption was made as we are interested in the long-
term composition and as more than 80% Portland cement clinker will
have reacted after 28 days or longer (e.g. [1]). For silica-rich SCMs,
however, such an assumption is maybe not valid as they react much
slower so that even after very long hydration at ambient temperature
only a fraction of the silica-rich material will have reacted (for a
detailed discussion of the different factors affecting the kinetic of
reaction, see above). At higher temperature, however, a higher degree
of reaction of the silica-rich material will be achieved.
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