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Introduction
Portland cement is probably the most important construction material in todays society
with an annual world-wide production of more that 2.5 billion tons. Despite the widespread use of this material, the fundamental micro- and nanoscale mechanisms, which
determine the macroscopic performance of cementitious materials, are poorly understood.
Traditionally, progress has been based largely on empirical knowledge and has a tendency
to be incremental in nature. Since no company or academic institution alone can devote the
resources needed to change this situation, NANOCEM – a European industrial/academic
partnership for fundamental research on cementitious materials – was established in 2004.
Currently, NANOCEM comprises 23 academic and 14 industrial partners.
The traditional use of Portland cement as the binder in concrete constructions is
being increasingly replaced by blended cements, where part of the cement is substituted by
supplementary cementitious materials (SCMs) such as blastfurnace slag, microsilica
(“SiO2”), natural pozzolans or fly ash from coal-fired power stations. This replacement is
very important for increasing the sustainability of the cement production by reducing the
consumption of raw materials, the energy demands, and the CO2 emission. However, the
level of substitution is limited by the ability to predict the physical and chemical
performance of these blends, in particular when the reactivity of the SCM has not been
characterized in detail.
The present PhD project is funded by NANOCEM and focuses on methodologies to
follow the reaction of Portland cements blended with SCMs. Generally, the complexity of
theses materials requires the use of complementary techniques such as powder X-ray
diffraction (XRD), solid-state NMR spectroscopy, electron microscopy and thermal
analysis. This PhD project is mainly focused on solid-state NMR studies, whereas
investigations by powder XRD, electron microscopy and thermal analysis of the same
materials has been conducted by another PhD student also funded by NANOCEM. The
studied materials include 12 Portland cements, 9 blastfurnace slags, 3 fly ashes, 1
microsilica and 1 natural pozzolan (“volcanic rock”). The anhydrous Portland cements
have been studied in detail with the aim of obtaining an improved 29Si MAS NMR method
for quantification of the alite and belite phases in Portland cements. This method has
subsequently been employed in the studies of hydrated cement blends. The primary goal of
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the project has been the development 29Si and 27Al MAS NMR methods for measuring the
degree of reaction for the different phases in cement blends including the SCMs.
The main part of the thesis is divided into eight chapters with Chapter 1 giving a
general introduction to Portland cement and its four main constituents, alite, belite,
tricalcium aluminate, and ferrite. The most commonly used types of SCMs are presented in
Chapter 2 and the motivational background for partially replacing Portland cement by
SCMs in construction materials is treated here as well. In Chapter 3 the hydration of
Portland cements, with and without SCMs, is introduced along with a description of the
main hydration products and the development of microstructure in a hydrating cement
paste. A range of the most commonly applied analytical tools in cement research is
described in Chapter 4 with an emphasis on techniques that have been employed in
connection with this project. The first part of Chapter 5 gives a brief introduction to solidstate NMR with particular focus on 29Si and 27Al MAS NMR, while the second part deals
with the application of 29Si and

27

Al MAS NMR in cement science. Chapter 6 introduces

the selection of materials that has been studied in the project by presentation of results
from XRD investigations with Rietveld analysis, solid-state NMR spectroscopy, and other
analytical techniques. Results from

29

Si inversion-recovery MAS NMR studies of

anhydrous materials are the main focus of Chapter 7, while the last chapter describes the
use of 29Si and 27Al MAS NMR for measuring the degree of reaction in hydrated cement –
SCMs blends.
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Chapter 1
Introduction to Portland cement
1.1 Definitions and historical aspects
Portland cement is a fine-grained material with hydraulic properties, i.e., it sets and
hardens when mixed with water. It is produced by heating limestone, clay or other similar
materials with the same reactivity to partial fusion, resulting in the formation of roughly
spherical clinker nodules with a composition of approximately 67% CaO, 22% SiO2, 5.5%
Al2O3, 3% Fe2O3 and 3% of other components [1]. The nodules are principally composed
of four major phases: alite, belite, aluminate and ferrite. A small amount of gypsum
(typically 2 – 5 wt%) is interground with the clinker as the final step of the cement
manufacture. The gypsum acts as a controlling agent on the rate of setting.
The literature provides several shorthand definitions of Portland cement (and
clinker). For example, the renowned book Lea’s Chemistry of Cement and Concrete [2]
gives the following definition:
“Portland cement is a synthetic mixture of calcium silicates formed in a
molten matrix from a suitably proportioned and homogenously
prepared mixture of calcareous and argillaceous components”.

The Prestandard ENV 197-1 [3], a standard for common cements collectively developed
by a large group of European countries, offers another definition of Portland cement
clinker:
“[…] a hydraulic material which shall consist of at least two-thirds by
mass of calcium silicates ((CaO)3⋅SiO2 and (CaO)2⋅SiO2), the reminder
containing aluminium oxide (Al2O3), iron oxide (Fe2O3) and other
oxides. The ratio by mass (CaO/SiO2) shall be no less than 2.0. The
content of magnesium oxide (MgO) shall not exceed 5.0 per cent by
mass.”

The evolutionary road leading to our modern day Portland cement is long and may be
traced back to the early civilizations of the Assyrians and Babylonians who used clay to
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cement together building materials such as burnt bricks or slabs of alabaster [4]. The
Egyptians developed lime and gypsum mortars which were employed as binding agents in
the construction of such structures as the Pyramids. Further improvements were made by
the Greeks and later the Romans who mixed slaked lime with volcanic ash, thus producing
a type of cement capable of hardening under water.
John Smeaton [5] made an important contribution to the development of cement
when he was commissioned to erect a new lighthouse on the Eddystone Rock, Falkland
Islands in 1756. From his search for the optimum material to use for the construction work,
he concluded that mortars made from slaked limestone containing a considerable amount
of clay resulted in the strongest material. This was the first systematic investigation
concerning the influence of clay content on the “hydraulicity” of the lime. In 1811 Edgar
Dobbs [6] patented a type of cement prepared by calcining an intimate mixture of
limestone (chalk) and clay which was ground together in a wet mill. This was a precursor
of the method employed nowadays to manufacture Portland cement.
Joseph Aspdin coined the name ‘Portland cement’ in his 1824 patent [7] on a
certain type of hydraulic cement. He attributed the name to the material’s resemblance to a
limestone from Dorset in Southern England called ‘Portland’. However, the cement was
very unlike the Portland cement we know today, primarily due to a much lower burning
temperature which resulted in a completely different mineralogy. In the mid-1840s
Joseph’s son, William Aspdin, made the crucial discovery that clinkered (“overburnt”) raw
materials substantially increased the strength of his cement. He had accidentally
synthesized the calcium silicates alite and belite [8].
An important technical breakthrough in the manufacture of Portland cement was
the introduction of the rotary kiln at the beginning of the twentieth century [4]. Up to that
time static dome-like kilns had been used which only facilitated a batch production
process. The rotary kiln, on the other hand, allowed a cement production carried out in
continuous mode.
In 1887 Le Chatelier [9] published his theories on setting and hardening of Portland
cement which represent a major advance in the study of Portland cement from a scientific
point of view. He also used optical microscopy to conclude that the essential component of
Portland cement was Ca3SiO5 as one of four kinds of crystals [10]. A few years later
Törnebohm [11] also identified four types of crystals which he named alite, belite, celite,
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and felite. In 1915 Rankin and Wright [12] published the results of their pioneering
research on the ternary system CaO-Al2O3-SiO2 which formed the basis for numerous later
studies on clinker formation.
1.2 Manufacture of Portland cement
Portland cement is basically manufactured in a four step process: (1) quarrying of raw
materials, (2) preparation of raw materials, (3) clinkering, (4) cement milling [1,13,14].
The individual steps are outlined in detail below.
1.2.1 Quarrying of raw materials
In order to produce Portland cement two kinds of raw materials are required: a calcareous
material (e.g., limestone, chalk, or another type of CaCO3-rich rock) making up roughly
80% of the raw materials and a lesser amount of an argillaceous material such as clay, sand
or shale. The argillaceous matter acts as the source of SiO2, Al2O3 and Fe2O3. Cement
plants are usually located in close proximity to natural occurrences of these raw materials,
thus minimizing the transport distance from the site of quarrying to the factory. One of the
main reasons for the widespread use of Portland cement as a construction material is the
plentiful abundance in Earth’s continental crust of the main metal oxides constituting
Portland cement [15] (Fig. 1.1).

Fig. 1.1 Distribution of SiO2, Al2O3,
Fe2O3 and CaO in Earth’s upper
continental crust (blue bars) [15] and in
normal Portland cement (grey bars) [1].

1.2.2 Preparation of raw materials
Once the raw materials have been quarried and transported to the cement production plant,
further preparation is necessary before the actual formation of the cement clinker can take
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place. The following steps depend on whether the wet or dry process is chosen. In the wet
process the clay is mixed with water in a washmill resulting in a paste. Crushed limestone
is subsequently added and the whole mixture is ground until a fine-grained slurry (the socalled raw meal) has been obtained. Initially the dry process involves separate crushing of
the quarried limestone and clay in a dry state until nothing larger than a tennis ball
remains. The limestone and clay is then fed together into a mill where the material is
ground until more than 85% of the particles are < 90 μm in diameter. The resulting
material is called the raw meal.

1.2.3 Clinkering
During this production step the raw meal is basically dried, heated (to partial fusion) and
finally cooled down again. If the raw meal has been prepared using the dry process the
fine-grained powder does not contain much moisture. This enables the use of a preheater
tower. As the raw meal falls through the tower it is heated to approx. 800 °C which causes
evaporation of the moisture. In addition, 90% of the limestone decarbonation (loss of CO2)
occurs in the preheater tower by reaction (1.1).
CaCO3(s) → CaO(s) + CO2(g)

(1.1)

The slurry resulting from the wet process contains too much moisture to be successfully
dried in a preheater tower. Instead the raw meal is fed directly into the kiln which
essentially is a long steel tube with an inside lining consisting of heat-resistant bricks. The
kiln is inclined a few degrees to ensure the downward movement of the raw meal. The
slurry is transformed into dry balls by the heat and rotation of the kiln and the wet process
kilns are normally longer than the ones employed for dry process raw meals.
The kiln is usually heated by injecting pulverised coal dust into the discharge end
where it ignites spontaneously due to the very high temperature. A number of reactions
occur as the raw meal is gradually heated during the passage through the kiln. In the
temperature range from 800 – 1000 °C the most important reactions are the decarbonation
of limestone (1.1) and the formation of tricalcium aluminate (Ca3Al2O6). As the
temperature rises to 1100 – 1300 °C belite (Ca2SiO4) begins to form by the reaction of
silica (SiO2) with lime (CaO) (1.2):
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(1.2)

Partial fusion (sintering) occurs as the temperature increases above 1300 °C which
ultimately results in the formation of alite (Ca3SiO5) and ferrite (Ca4Al2Fe2O10) by reaction
Eq. (1.3) and Eq. (1.4). Usually, the highest temperature reached in the kiln is
approximately 1450 °C.
Ca2SiO4(s) + CaO(s) → Ca3SiO5(s)
Ca3Al2O6 (s) + CaO (s) + Fe2O3 (s) → Ca4Al2Fe2O10 (s)

(1.3)
(1.4)

The material leaving the kiln consists of roughly spherical nodules (typically 1 – 3 cm in
diameter) which are referred to as clinkers. A cooling system follows directly after the kiln
where the clinker is cooled by the means of air or, more rarely, by water.

1.2.4 Cement milling
To complete the manufacture of Portland cement the clinker nodules are ground in large
tube mills with steel balls as grinding agents. During this production step a small amount
of gypsum (CaSO4⋅2H2O) is interground with the cement clinker. The gypsum acts as a set
retarder when the Portland cement is mixed with water, thus preventing an undesired
phenomenon known as ‘flash setting’.
1.3 Main constituents of Portland cement
Portland cement clinkers are essentially composed of four phases, i.e., alite, belite,
tricalcium aluminate, and ferrite. The chemistry and structure of these phases are
introduced below. It is noted that other phases such as lime (CaO), periclase (MgO), quartz
(SiO2), etc., may be present in Portland clinkers as well, though rarely in quantities
exceeding 1 wt%.
1.3.1 Alite
The alite phase accounts for 50 – 70 wt% of normal Portland cement clinkers [1]. It is an
impure form of tricalcium silicate (Ca3SiO5 or C3S 1) where 3 – 4 wt% of impurity oxides
1

The following nomenclature is normally applied in the cement literature: C = CaO; S = SiO2; A = Al2O3;
F = Fe2O3; S = SO3; H = H2O. In this thesis the cement nomenclature is only used for the C-S-H phase and
the four main clinker phases in their pure forms: C3S, C2S, C3A, and C4AF.
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are incorporated into the crystal structure during the burning of the clinker in the kiln. It
reacts rather quickly with water and in ordinary Portland cement it is the principal
component for strength development; when considering ages up to 28 days, it is
undoubtedly the most important phase.
Seven polymorphs of C3S have been identified and upon heating/cooling pure
C3S undergoes a series of reversible phase transformations, which have been observed by a
combination of high-temperature X-ray diffraction, high-temperature light microscopy and
differential thermal analysis [16-23]:

T1

980°C

920°C

620°C

T2

T3

990°C

MI

1060°C

MII

1070°C

MIII

R

T = triclinic, M = monoclinic, R = rhombohedral.

However, ionic substitution may stabilize some of the high-temperature polymorphs at
room-temperature. Normal Portland cement clinkers usually contain alite in the monoclinic
MI or MIII form, or a mixture of both [24]. A typical chemical composition of the alite
phase in Portland cement clinker is presented in Table 1.1 along with representative phase
compositions for belite, aluminate and ferrite.
The structure of the C3S polymorphs are built from Ca2+ cations, O2- anions and
SiO4 tetrahedra with the position of Ca2+ and O2- ions and Si atoms essentially being the
same for the different polymorphs, but with marked variations in the orientation of the
tetrahedra, which exhibit different degrees of disorder [25]. Fig. 1.2 depicts the crystal
structure for the triclinic T1 C3S polymorph [26]. The coordination of the Ca2+ ions to the
O atoms in the SiO4 units is affected by the structural differences between the polymorphs
and several distinct crystallographic Ca2+ sites, having different coordination numbers, are
present for each polymorph. Therefore, the mean coordination number of Ca2+ cations
changes from 5.66 for the rhombohedral R-polymorph, to 6.15 and 6.21 for the monoclinic
MIII and triclinic T1 polymorphs, respectively [21].
Whether the MI or MIII polymorph occurs in Portland cement is especially
dependent on the contents of MgO and SO3 [24]. A high content of MgO favours the
formation of small crystals that invert to MIII, while high SO3 concentrations promote the
formation of large crystals that invert further to MI. The cooling rate is also an important
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factor, since a slow cooling will favour the transformation to MI. If the cooling rate is
particularly slow further transformation to the triclinic T1 C3S may occur, although this is
only expected to take place if the alite phase is unusually low in substituent ions [24].

Fig. 1.2 Crystal structure of the triclinic T1 polymorph of Ca3SiO5. SiO4 units are displayed as blue
tetrahedra, whereas the oxygen and calcium ions are shown as red and grey spheres, respectively. The figure
is based on the crystal data by Golovastikov et al. [26].

The most important impurity oxides in alite are Al2O3, Fe2O3, MgO, SO3, Na2O,
K2O, and P2O5. The limit of substitution in C3S of MgO, Al2O3 and Fe2O3, alone or in
combination, was examined by Hahn et al. [27]. They found that Ca2+ could be partly
replaced by Mg2+ and that Al3+ and Fe3+ could partly replace both Ca2+ and Si4+. The limit
of MgO incorporation into the C3S structure was 2.0 wt% at 1550 °C and 1.5 wt% at 1420
°C, while the maximum contents of Al2O3 and Fe2O3 was reached at 1.0 wt% and 1.1 wt%,
respectively. However, since Al3+ and Fe3+ compete for the same sites the limit of
substitution for each was lowered if the other was also present. The substitution of Al3+ for
Ca2+ was later queried by a

27

Al MAS NMR study [28], which showed that Al3+ was

present almost entirely in tetrahedral sites, i.e., a substitution of Si4+ by Al3+ ions.
Woermann et al. [29] found that up to 1.4 wt% of either Na2O or K2O could be
incorporated into C3S at 1500 °C, however, observed contents of Na2O and K2O are much
lower in alite of ordinary production clinkers. In a study on the influence of phosphorus on
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the formation of C3S, a limit of 1.1 wt% was detected by Gutt [30] for P2O5 inclusion in
C3S solid solution and it was suggested that P5+ was built into the C3S structure by
replacing Si4+. To summarize, the most significant substitutions in the alite phase of
Portland clinker are Na+, K+, Mg2+ and Fe3+ for Ca2+ and of Al3+, P5+ and S6+ for Si4+.
Besides affecting the structure of C3S the presence of guest-ions in the crystal
lattice also has an influence on the physical properties of the alite phase, e.g., colour and
grindability (measure of the ease with which a material can be ground). For instance,
doping of C3S with Fe3+ and Al3+ will decrease the grindability of C3S [31]. Furthermore,
the presence of guest ions can also affect the reactivity of the alite phase in a hydrating
cement paste [32].

1.3.2 Belite
Belite is an impure form of dicalcium silicate (Ca2SiO4 or C2S) and constitutes 5 – 30 wt%
of ordinary Portland cement clinkers [1]. The belite phase is less important than alite when
considering the strength development of Portland cement during the first 7 days of
hydration, since belite reacts much slower with water than alite. However, belite
contributes notably to the strength development at later stages. Ca2SiO4 also occurs
naturally under the mineral name larnite [33]. Five polymorphs exist of pure C2S [22,3436]: one hexagonal (α), one monoclinic (β), and three orthorhombic (α’H, α’L, γ) forms.
The transition temperatures between the different polymorphs are outlined below.
γ

<500°

β

630-680°C

α’L

1160°

α’H

1425°

α

The crystal structures of the C2S polymorphs are built from strings of alternating
Ca

2+

cations and isolated SiO4 tetrahedra with the arrangement of these ions being very

similar in the α, α’H, α’L and β forms (Fig. 1.3). The structure of γ-C2S differs from that of
the four other polymorphs in being much less dense. Normally, the high-temperature
polymorphs cannot be preserved on cooling to room temperature if the C2S structure is not
stabilized by the incorporation of guest ions in the crystal lattice, but in all modern
Portland cement clinkers the belite phase contains enough guest ions to prevent the
transformation from β- to the γ-form of belite.

Table 1.1 Typical chemical compositions of the four constituent phases of Portland cement clinkers (wt%) [1].

1

CaO

SiO2

Al2O3

Fe2O3

MgO

Na2O

K2O

SO3

P2O5

Mn2O3

TiO2

Alite1

71.6

25.2

1.0

0.7

1.1

0.1

0.1

0.1

0.1

0.0

0.0

Belite1

63.5

31.5

2.1

0.9

0.5

0.1

0.9

0.2

0.1

0.0

0.2

Aluminate (cubic)1

56.6

3.7

31.3

5.1

1.4

1.0

0.7

0.0

0.0

0.0

0.2

Ferrite1

47.5

3.6

21.9

21.4

3.0

0.1

0.2

0.0

0.0

0.7

1.6

Aluminate (orthorhombic)2

53.9

4.3

28.9

6.6

1.2

0.6

4.0

0.0

0.0

0.0

0.5

Aluminate (low Fe)3

58.1

4.6

33.8

1.0

1.0

0.4

0.5

0.0

0.0

0.0

0.6

Ferrite (low Al)4

47.8

5.0

16.2

25.4

3.7

0.4

0.2

0.3

0.0

1.0

0.6

Typical phase compositions for an ordinary Portland cement clinker with 1.65 wt% MgO and 3.1 wt% Fe2O3, and molar
SO3/(K2O + Na2O) < 1.0 wt%.
2
Orthorhombic (or pseudotetragonal) polymorphs are sometimes present in clinkers high in alkalis.
3
Typical composition for the aluminate phase in white cement clinkers.
4
Composition for the ferrite phase in a typical sulphate-resistant clinker.
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This phase transformation can cause the undesired phenomenon known as ‘dusting’ where
crystals of β-belite crack and falls to a fine and more voluminous powdered material upon
too slow cooling. Usually, belite is present in Portland cement clinker only as the βpolymorph, although the presence of some additional α and α’L have been reported
[17,22,23].
Typically, belite contains 4 – 6 wt% of substituent oxides, mostly Al2O3 and Fe2O3
[1]. A

27

Al MAS NMR study [28] has shown that Al3+ is located at the tetrahedral sites,

i.e., Al3+ substitutes for Si4+. Belite, as compared to the alite phase, preferentially
incorporates K2O and SO3 and Chan et al. [37] has reported an upper limit of K2O
substitution in belite of ~1.2 wt%. A typical belite composition is given in Table 1.1.

Fig. 1.3 Crystal structure of monoclinic βCaSiO4. Calcium and oxygen atoms are
displayed as grey and red spheres,
respectively. The blue polyhedra represent
SiO4 tetrahedra. The figure is based on the
crystal data by Jost et al. [36].

1.3.3 Tricalcium aluminate
The tricalcium aluminate phase (Ca3Al2O6 or C3A) constitutes 5 – 10 % of normal Portland
cement clinkers [1]. It reacts very rapidly when mixed with water, and can thus cause
undesired fast setting of the cement. Therefore, a set-controlling agent, such as gypsum
(CaSO4⋅2H2O), is added to the clinker which retards the setting. In its pure form C3A
crystallizes in the cubic system and does not exhibit polymorphism [38]. The crystal
structure is built from Ca2+ ions and rings consisting of six connected AlO4 tetrahedra.
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However, in the aluminate phase of production clinker extensive ionic substitution occurs,
e.g., replacement of Al3+ by Fe3+ or Si4+, and Ca2+ by Na+. Such modifications in
composition can occasionally lead to changes in structure [39,40]. If the content of
included Na2O is below approximately 2.4 wt% the structure will remain cubic, but higher
degrees of Na2O incorporation leads to orthorhombic (2.4 – 4.6 wt%) or monoclinic
structures (4.6 – 5.7 wt%) [39]. Lee et al. [41] reported ~2 wt% SiO2 and ~3 – 4 wt%
Fe2O3 as upper limits for Al3+ replacement. The total content of substituent oxides in the
aluminate phase can be as high as ~13 wt% and ~20 wt% in the cubic and orthorhombic
forms, respectively. For typical phase compositions of tricalcium aluminate in cement
clinkers see Table 1.1.
In Portland clinkers the aluminate phase can occur either in the cubic or the
orthorhombic modification, but mixtures of the two are seen as well. The monoclinic form
has not been observed in production clinkers. Cubic aluminate is often finely grained and
closely intermixed with dendritic (branched) ferrite crystals. Larger cubic aluminate
crystals tend to be equidimensional while the orthorhombic form often exhibits a prismatic
crystal habitus [42].

1.3.4 Calcium alumino-ferrite
The quantity of calcium alumino-ferrite (Ca2AlxFe2-xO5, 0 ≤ x ≤ 2, or C4AF for x = 1),
commonly referred to simply as ferrite, is below 15 wt% and usually between 5 – 10 wt%
in normal Portland cement clinkers [1]. The grey color of ordinary Portland cement is due
to the presence of this iron-rich phase. Thus, the production of white Portland cement
necessitates a minimization of the ferrite content in the clinkers. The hydration rate of
ferrite is fairly variable, but considerably slower than the corresponding hydration rate of
pure tricalcium aluminate [43].
C4AF crystallizes in the orthorhombic system with each Ca2+ cation having seven
oxygen neighbours [44]. The aluminium and iron atoms are both distributed between
octahedral and tetrahedral sites, but with the greatest portion of the aluminium located at
tetrahedral rather than octahedral sites. The typical composition of ferrite found in clinkers
differs considerably from pure C4AF (Table 1.1). Normally ferrite contains roughly 10
wt% of substituent oxides and has a composition close to Ca2AlFe0.6Mg0.2Si0.15Ti0.05O5.
The Ca2+ cations exhibit very limited or no substitution, but Mg2+ can replace Fe3+ if the
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substitution is accompanied by another Fe3+ being replaced by Si4+ or Ti4+ to maintain
charge neutrality [45]. Mn3+ is capable of replacing all of the Fe3+ and 60 % of the Al3+ in
pure C4AF [46], which explains that small amounts of Mn2O3 are always present in clinker
ferrite.
The composition of ferrite in sulphate-resistant cement clinkers differs somewhat
from that observed in normal Portland clinkers. For instance, the ratio of Fe to Al is higher
and there is a substantial substitution of Al3+ cations besides the replacement of Fe3+.
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Chapter 2
Supplementary cementitious materials
and types of cement
This chapter is primarily devoted to the introduction of the so-called supplementary
cementitious materials (SCMs) as they form an essential part of the present PhD project. In
particular, attention is paid to the types of SCM which are employed in the hydration
experiments presented in Chapter 8. Furthermore, a classification scheme for cements is
presented, and a few specialized types of cement not included in the classification are
briefly described as well.

2.1 Introduction
During the last six decades the global demand for Portland cement has exhibited a
continued growth. This is illustrated in Fig. 2.1 which plots the world production of
Portland cement from 1926 to 2007 [47]. The accelerated growth since the beginning of
the 1990s is mainly attributable to a dramatically increased demand for cement in the
developing countries. Humphreys and Mahasenan [48] have forecasted a 115 – 180 %
increase from 1990 levels in global cement demand by 2020, with a four-fold increase by
2050 being likely.
Climate change is now widely recognized as one of the greatest challenges facing
humanity and the discussion regarding its origin is a matter of considerable controversy.
However, much scientific evidence links global warming to increased emissions of green
house gasses (GHGs) of which carbon dioxide (CO2) accounts for 82 % [49]. On average,
the manufacture of 1 kg of Portland cement generates 0.87 kg of CO2, but almost no other
GHGs, and it is estimated that the cement industry produces approximately 5 % of the
global manmade CO2 emissions [48]. Portland cement manufacturing accounts for ~3 % of
the global emission if all GHGs originating from human activities are considered as a
whole.
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Fig. 2.1 World production of
Portland cement from 1926 to
2007 [47].

Over the past decades the cement industry has taken an active part in seeking ways
to cut back the CO2 outlet associated with its activities. Essentially, the CO2 emissions
from Portland clinker production falls into two categories: those arising from the decarbonation (calcination) of CaCO3 in the raw material (Eq. (1.1)) and those derived from
the burning of fuel in the kiln. The most commonly employed approaches to achieve CO2
reductions include improvement of the thermal efficiency of kiln and cooler systems,
replacement of conventional carbon based fuels by alternative fuels, use of alternative raw
materials with high contents of calcium in a non-carbonated form, and partial replacement
of clinker in cement by other inorganic materials such as SCMs.
Of all kiln fuels used in Europe, the alternative fuels account for 14 % based on
calorific value and include materials like meat and bone meal, used tyres, solvents,
plastics, paper, saw dust and a whole range of other waste materials [50]. However, not all
of these alternative fuels are approved as carbon neutral, i.e., fuels with no net release of
CO2. Materials such as animal waste, paper waste and biodegradable municipal waste may
be regarded as carbon neutral since the CO2 released by combustion and the amount
absorbed by photosynthesis are at equilibrium, but waste material originating from fossil
fuels, such as plastics, solvents and the rubber in used tyres, etc., are not approved as
carbon neutral. The use of these non-carbon neutral waste materials as kiln fuels is,
nevertheless, associated with a significant reduction in CO2 emissions as the incineration
plants, where the waste materials would otherwise be burned, are not as efficient in terms
of energy recovery as the cement kiln. An additional advantage of using waste materials as

Chapter 2: Supplementary cementitious materials and types of cement

17

alternative fuels in the cement kiln is that no residues are produced, as all of the ash is
incorporated in the cement clinker. Although improving kiln efficiency and using
alternative fuels and raw materials can lead to substantial reductions in the CO2 emission,
the replacement of clinker in the cement by other suitable materials is probably the most
effective approach for achieving CO2 reductions. In the following, a group of such
materials is introduced.

2.2 Supplementary cementitious materials (SCMs)
SCMs refer to a rather broad group of materials including ground granulated blastfurnace
slags, fly ashes, microsilica (silica fume), natural and artificial pozzolans, calcined
shales/clays, and rice husk ash. Before the individual SCMs types are considered, the terms
‘pozzolanic’ and ‘latent hydraulic’ are defined as they are crucial for the characterization
of SCMs:
•

A ‘pozzolanic’ material will harden in water when mixed with calcium
hydroxide Ca(OH)2, or with other materials that can release calcium hydroxide
(e.g., hydrating Portland cement clinker), by formation of calcium silicate
hydrates. If the content of Al2O3 is high in the pozzolanic material calcium
aluminate hydrates or aluminium silicate hydrates can form as well. Examples
of pozzolanic materials include low-calcium fly ashes, microsilica, and natural
pozzolans.

•

‘Latent hydraulic’ materials set and harden when mixed water, but only if a
minimal amount of an activator/catalyst such as Ca(OH)2 or alkali is present.
They have chemical compositions roughly intermediate between those of
pozzolanic materials and Portland cement. Blastfurnace slag is an example of a
latent hydraulic material.

Collectively, SCMs can be described as finely grained inorganic materials with pozzolanic
and/or latent hydraulic properties. As mentioned above, SCMs are often used to partially
replace Portland clinker, thus producing what is often identified as ‘blended cements’. The
SCM can be mixed/interground with the Portland clinker at the cement production plant or
added directly to the concrete mix as a separate material at the construction site. The
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former approach is most commonly applied in Europe, as reflected by the European
prestandard [3] (see Section 2.3.1), whereas the latter is the most commonly used approach
in USA. When designing blended cements the proportion of a latent hydraulic material can
be higher than that of a pozzolanic material. The addition of SCMs can have a positive
effect on the properties of concrete, for instance, improved workability of the freshly
mixed concrete and reduced heat generation from hydration which minimizes the potential
risk of thermally induced cracking in construction elements. Furthermore, SCMs can
contribute substantially to the strength development of concrete.

2.2.1 Blastfurnace slag
Blastfurnace slag is a by-product from the manufacture of pig iron and consists essentially
of calcium- and alumino-silicates [51]. In the blastfurnace the iron oxide ore is reduced by
the means of coke into metallic iron, while the silica and alumina constituents combine
with lime and magnesia to form a molten slag which collects on top of the molten iron at
the bottom of the furnace. The slag melt is exposed to rapid cooling from about 1350 –
1550 °C to a temperature below 800 °C, whereby a largely glassy material with latent
hydraulic properties is formed. Often the cooling is achieved by spraying droplets of the
liquid slag with a high-pressure jet of water, thus resulting in a wet and sandy material
which is denoted ground granulated blastfurnace slag (GGBS) after it has been dried and
ground. The typical glass content is above 95 % and the glassy nature of the slags is a
necessity for its use as SCM in blended cements. If the molten slag is cooled more
gradually it will crystallize and result in a material with practically no cementing properties
[52].
Typical compositional ranges of the major metal oxides in slags are: CaO, 30 – 50
wt%; SiO2, 27 – 42 wt%; Al2O3, 5 – 33 wt%; MgO, 0 – 21 wt% [53]. These substantial
variations are primarily caused by differences in the chemical composition of the ore used
for the iron production which vary between plants. On the other hand, the composition of a
slag from one particular plant is not expected to vary much, unless the ore is changed.
GGBS are basically supercooled liquid silicates. The structure of the silicate glass
is built from isolated or polymerised silica tetrahedra sharing oxygen atoms, while cations
like Ca2+ and Mg2+ are located in the cavities of the network, thus neutralising the
negatively charged anionic groups of silica tetrahedra [54]. Besides the glassy matrix, the
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most commonly observed crystalline phases are merwinite (Ca3Mg[SiO4]2), melilite
((Ca,Na)2[(Mg,Fe2+,Al,Si)3O7]), calcite (CaCO3), and quartz (SiO2) [52].
When mixed with water Portland cement – slag blends give principally similar
hydration products as the hydration of pure Portland cement [55], although the amount of
Ca(OH)2 is generally lower [56,57]. The literature provides widely differing data regarding
the rate of slag reaction in Portland cement – slag pastes. Lumley et al. [58] reported that
30 – 55 wt% of the slag had reacted after 28 days in pastes of Portland cement blended
with varying amounts of slag. After 1 – 2 years 45 – 75 wt% of the slag was consumed.

2.2.2 Pulverised fly ash
Fly ash is a by-product from the burning of pulverised coal at power plants and it is
collected from the combustion gas by special mechanical devices or electrostatic
precipitators [59]. The fly ash is formed when the mineral components of the coal melts
and subsequently solidifies as small glassy droplets. The resulting material is highly
dependent on which type of coal is burnt. The American Society for Testing and Materials
(ASTM) classification distinguishes between four classes/ranks of coal – anthracite,
bituminous, subbituminous and lignite – based on the content of fixed carbon and heating
value [60]. Nowadays, anthracite is practically not used as fuel at power plants as it is too
expensive for this application. The use of bituminous coal results in low-calcium fly ashes
(corresponding roughly to Class F fly ash of the ASTM classification), whereas fly ashes
with high calcium contents originate from the burning of subbituminious or lignite coal
(also known as brown coal). The high-calcium fly ashes normally correspond to Class C
fly ash of the ASTM system (i.e., SiO2 + Al2O3 + Fe2O3 < 70 wt%). However, this is not a
general rule since lignite coal occasionally can be low in calcium. The fly ash particles are
typically spherical and their sizes vary from < 1 μm to > 150 μm. Other particle shapes
may be observed as well, depending on the burning process.
The bulk chemical composition of low-Ca fly ashes are dominated by silica and
alumina, much like natural pozzolans, typically with 40 – 60 wt% SiO2 and 20 – 30 wt%
Al2O2. The content of Fe2O3 varies quite widely and the amount of CaO is low (2 – 5
wt%). Besides the prevailing glassy matrix only few crystalline phases are observed. In
general, the only phases present in any appreciable amount are quartz (SiO2), mullite
(3Al2O3⋅2SiO2), hematite (Fe2O3), and magnetite (Fe3O4) [61].
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High-Ca fly ashes show more variable chemical compositions than low-Ca ones.
The higher calcium content is attributable to a significant quantity of limestone present in
the coal gangue. The range of crystalline phases that can be observed is much broader in
high-Ca than in low-Ca fly ashes as a consequence of the more variable bulk chemistry.
Commonly observed phases include quartz, alkali sulfates, hematite, mullite, free lime
(CaO), periclase (MgO), anhydrite (CaSO4), ferrite (Ca2AlFeO5), spinel (MgAl2O4),
merwinite, melilite, and sodalite (Na8[Al6Si6O24]Cl2) [56].
The presence of fly ash affects the strength development in concrete. Compared to
concrete made solely with Portland cement as the binding agent, the ones containing fly
ash usually show a reduced early strength, but improved long-term strength [59]. The
workability of fresh concrete is also enhanced by the addition of fly ash, an effect largely
caused by the smoothness and spherical shape of the fly ash particles [62]. Several authors
have studied the effect of fly ash on the hydration of Portland cement, but widely differing
results have been obtained. Takemoto and Uchikawa [63] found that the presence of fly
ash accelerates the reaction of alite at early stages, while Taylor and Mohan [64] observed
accelerated alite reaction at all stages. In contrast, fly ash was found to retard the early
hydration of alite in a number of other studies [65-68]. A quantitative X-ray diffraction
study has demonstrated a faster reaction of the aluminate and ferrite phases in the presence
of fly ash [69]. Generally, the hydration of blended cements containing fly ash is
characterised by a lower Ca(OH)2 content than observed for the hydration of pure Portland
cement [55]. Quantitative studies on the rate of consumption of the fly ash itself are few
and show rather inconsistent results.

2.2.3 Microsilica (silica fume)
Microsilica (also known as ‘silica fume’ or ‘condensed silica fume’) is a by-product from
the silicon and ferrosilicon smelting industries and it is formed when high-purity quartz is
reduced to produce silicon or ferrosilicon alloys [70]. The quartz is heated to 2000 °C with
coal, coke or woodchips in an electric arc furnace, a process involving the formation of
SiO vapour. In the upper part of the furnace the vapour oxidises and condenses to very
small spheres of amorphous silica. It is an extremely fine-grained material with a mean
particle size of 0.1 – 0.2 μm and very high specific surface area (15 – 20 m2/g). The colour
varies from nearly white to almost black.
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Microsilica is composed of 94 – 98 wt% SiO2 if it originates from the production of
elementary silicon, whereas the content of SiO2 typically is in the range 86 – 90 wt% if
ferrosilicon alloys are manufactured [71]. Other components present in appreciable
amounts (though rarely above 2 wt%) include MgO, K2O, Na2O, Fe2O3, and elementary
carbon.
Microsilica exhibits a considerable pozzolanic activity when mixed with Portland
cement due to its high content of reactive SiO2 [72], and several authors have observed an
accelerating effect of microsilica on the early reaction of the clinker phases [67,73-76].
Sun and Young [77] have reported degrees of reaction for microsilica in ultra-high strength
cement pastes made from cement blends containing 18 – 48 wt% microsilica. Using solidstate 29Si MAS NMR they found that 9 – 15 % had reacted after 1 day, increasing to 55 –
59 % at 180 days. In concrete mixes microsilica increases the water demand and results in
reduced permeability of the hardened material by densifying the matrix of the concrete.
The presence of microsilica can also increase the strength of concrete significantly [78].

2.2.4 Natural pozzolans
The term ‘pozzolan’ (or ‘pozzolana’) is derived from the name of the Italian city Pozzuoli
which is located in an area rich in occurrences of largely glassy volcanic rocks [5]. The
ancient Romans discovered the hydraulic properties of this material when it was mixed
with burnt lime. Nowadays ‘pozzolan’ rather refers to a much broader range of inorganic
materials, all having the common property of being able to harden in water when mixed
with calcium hydroxide (Ca(OH)2) or with a material that can release Ca(OH)2 such as
Portland cement. Pozzolans are classified as being of either natural or artificial origin,
although the distinction between the two categories is not always clear. For instance, the
diatomaceous earth from Denmark called ‘moler’ is composed essentially of a mixture of
clay (montmorillonite) and amorphous SiO2 (opal). While the amorphous SiO2 exhibits
pozzolanic properties without further treatment of the material, the clay will not show a
clear pozzolanic character unless it is thermally activated.
The natural pozzolans can roughly be divided into two main categories based on
the geological origin of the material: (1) pozzolans of volcanic or (2) sedimentary origin.
The first group consists of so-called pyroclastic rocks resulting from explosive volcanic
eruptions where liquid magma is ejected into the atmosphere thus causing the formation of
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a glassy material by rapid quenching. The material can occur as incoherent deposits or
appear as coherent, compact rocks (tuffs). A considerable variation of the chemical
composition is observed for such materials, since the initial magma can be derived from a
wide range of different sources, but generally the bulk chemistry of natural pozzolans of
volcanic origin is dominated by SiO2 (~50 – 70 wt%), Al2O3 (~10 – 20 wt%), CaO (~3 –
10 wt%), and Fe2O3 (~ 1 – 10 wt%). In addition to the glassy matrix these rocks normally
contain a small amount of crystalline phases, the most commonly observed being quartz,
feldspars, pyroxenes, and micas. Due to chemical weathering the volcanic pozzolans
sometime show severe degrees of zeolitisation, i.e., transformation of the glassy pozzolan
into zeolitic minerals such as clinoptilolite ((Na,K,Ca)2-3Al3(Al,Si)2Si13O36⋅12H2O) or
analcime (NaAlSi2O6⋅H2O). Such an alteration of the volcanic material can improve the
pozzolanic properties. The natural pozzolans of sedimentary origin include a group of socalled diatomaceous earths which are soft, chalk-like materials consisting of the fossilized
skeletons/shells of microorganisms collectively known as diatoms. Typical chemical
compositions of the major oxides range from 60 – 85 wt% SiO2, 2 – 16 wt% Al2O3, 2 – 7
wt% Fe2O3, 1 – 2 wt% CaO, and 1 – 2 wt% MgO.
When pozzolans, artificial or natural, are mixed with Portland cement and water
they react with the Ca(OH)2 formed by the hydration of the calcium silicates (alite and
belite) in the cement clinker and form C-S-H. Therefore, the content of portlandite is
always lower in the hydration products as compared to that found by the hydration of pure
Portland cements [59]. Studies on the heat evolutions from hydration of C3S blended with
natural pozzolans have demonstrated an accelerating effect of the latter on the C3S reaction
[79]. Massazza and Testolin [80] reported that in pastes of C3S with natural pozzolan, 16 –
29 % of the pozzolan had been consumed after 180 days.

2.2.5 Other SCMs and mineral additions
The burning of rice husks results in a strongly pozzolanic ash, if performed under
controlled conditions, a material which has received much attention for its potential as a
SCM [81,82]. It is characterised by a high content of amorphous SiO2 and a high specific
surface area. Khan et al. [83] have studied the hydration of pastes of C3S blended with rice
husk ash and found that C-S-H was formed with a mean Ca/Si ratio of 1.3. The content of
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Ca(OH)2 reached a maximum of ~3 wt% after 3 days of hydration and after 28 days only 1
wt% was left.
Artificial pozzolans can be produced by heating shale or clay to a temperature in
the order of 600 – 900 °C [59]. The thermal treatment removes the chemically combined
water and causes the crystalline network of the clay minerals to collapse which results in a
largely amorphous material with pozzolanic properties. The chemistry is dominated by
silica and alumina. Wild et al. [84] have investigated the effect of thermally activated clay
(metakaolin) on the hydration of Portland cement in concrete and concluded that the
reaction of the clinker phases in the cement was accelerated by the presence of metakaolin.
A small amount of limestone is often interground with the Portland cement clinker
as it is a relatively inexpensive material compared to the clinker. However, it has only a
little effect on the performance of hardened concrete if added in small amounts (0 – 5 wt%)
[85]. Normally, limestone is not regarded as a true SCM, since it is lacking pozzolanic or
latent hydraulic properties, but is instead referred to as a mineral addition. The limestone
(essentially CaCO3) does not merely act as a filler, but reacts chemically. For most cements
the maximum quantity of CaCO3 that can react seems to be ~2 – 3 wt%. It is well-known
that

the

presence

of

limestone

favours

the

formation

of

monocarbonate

(4CaO⋅Al2O3⋅CaCO3⋅11H2O) rather than monosulphate (3CaO⋅Al2O3⋅CaSO4⋅12H2O) in
hydrating Portland cement [85-88]. Furthermore, the reaction of alite and the aluminate
phase is accelerated by limestone as it is the case with many other fine-grained materials
such as silica fume and fly ash.

2.3 Types of cement
2.3.1 Standardized common cements
EN 197-1 is a harmonized European prestandard [3] which classifies cements made for
general purposes, i.e., cements with special properties, such as sulphate-resistant or
calcium aluminate cements, are not included in the classification. A few of the most
important types of these specialized cements are treated separately (see Sections 2.3.22.3.4). The EN 197-1 standard distinguishes between five different main types of cement:
CEM I:

Portland cement

CEM II (A/B):

Portland-composite cement
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CEM III (A/B/C):

Blastfurnace cement

CEM IV (A/B):

Pozzolanic cement

CEM V (A/B):

Composite cement
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The classification operates with ten different constituents (Table 2.1) and the cements are
classified as either CEM I, II, II, IV or V depending on the proportion of the individual
constituents in the final anhydrous cement mix. Letters in the parentheses of Table 2.1 are
abbreviations taken from the EN 197-1 standard. ‘P’ refers to natural pozzolans, whereas
‘Q’ denotes artificial pozzolans, i.e., thermally activated clays and shales, and air-cooled
slags from the extraction of elementary Pb, Cu and Zn. Fly ashes are subdivided into two
categories: ‘V’ and ‘W’ are used for low- and high-calcium fly ashes, respectively.
Constituents 1 to 7 are referred to as the ‘main constituents’.
Table 2.1 Constituents of common cements in the EN 197-1 prestandard [3].
1. Portland cement clinker
2. Granulated blastfurnace slag
3. Pozzolanic material (P, Q)
4. Fly ash (V, W)
5. Burnt shale
6. Limestone
7. Silica fume (D)
8. Minor additional constituents
9. Calcium sulphate
10. Additives

CEM I is a Portland cement containing ≥ 95 wt% of clinker. CEM II’s are all blended
cements which contain 6 – 35 wt% of one or more main constituents besides clinker. CEM
II cements are subdivided into the categories A or B indicating 6 – 20 and 21 – 35 wt% of
clinker replacement, respectively. However, the content of silica fume is limited to 10
wt%. The category CEM III encompasses three types of blastfurnace slag cements with
slag contents of 36 – 65 (A), 66 – 80 (B), and 81 – 95 wt% (C). CEM IV are pozzolanic
cements with pozzolan (D, P, Q, or V) contents of 11 – 35 (A) or 36 – 55 wt% (B). In
order to be classified as CEM IV, these cement blends must pass a specific pozzolanicity
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test. CEM V’s (A and B) are composite cements. Besides 40 – 64 wt% clinker, type A
contains 18 – 30 wt% slag in addition to 18 – 30 of pozzolan (P, Q, V), while type B is a
mixture of 20 – 39 wt% clinker, 31 – 50 wt% slag, and 31 – 50 wt% pozzolan (P, Q, V).
The widespread use of SCM as clinker replacements in cements is illustrated in Fig.
2.2 which shows the marked share of the five common cement types in the EU. The
blended cements (CEM II-V) account roughly for two thirds of all common cements sold
in the EU [89].

Fig. 2.2 The market share (%)
of the different cement types in
EU in 2003 [89].

2.3.2 Sulphate-resistant cement
Sulphate-resistant cement is a specialized type of cement to be used for concrete structures
placed in environments where increased resistance to sulphate attack is required (e.g., from
sodium and magnesium sulphate in ground water). This type of cement has a reduced
content of calcium aluminate (C3A), typically less than 3 wt%, as this is the phase which
specifically reacts with the sulphates ions. Cements with improved sulphate resistance can
also be produced by replacing a high proportion of CEM I Portland cement by an
appropriate amount of blastfurnace slag, thus resulting in a CEM III type cement.

2.3.3 Low alkali-cement
The American Standard ASTM 150-72 defines a low alkali-cement as one containing ≤ 0.6
wt% alkalis calculated as the Na2O equivalent (Na2O + 0.658⋅K2O). This type of cement is
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used in the production of concrete which is exposed to moist atmospheric conditions and
contains aggregates with alkali-reactive constituents. The low content of alkalis prevents
alkali-silica reaction (ASR), which can occur when hydroxide ions in the pore solution
react with silica in the aggregates [1]. ASR can cause undesired expansion and cracking of
the concrete.

2.3.4 Calcium aluminate cement
Calcium aluminate cements (CACs) refer to a range of cements with the common
characteristic that the reactive phases and hydrates formed are calcium aluminates [90].
Compared to Portland cement the annual production of CACs is very limited, but due to
several unique properties CACs are important in a number of applications where Portland
cement does not suffice. These properties include rapid strength development, resistance to
a wide range of chemically aggressive environments, and resistance to high temperatures.
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Chapter 3
Hydration of plain and
blended Portland cements

3.1 Introduction
This chapter introduces the hydration of Portland cement. First, a brief general description
of Portland cement hydration is given, which is followed by a presentation of the structure
and composition of the individual main hydration products. The subsequent section is
devoted to the microstructural development of a hydrating cement paste, while the final
part of the chapter discusses the hydration of cements blended with different types SCMs.

3.2 Portland cement hydration
Once water is mixed with Portland cement, several chemical processes and physical
changes set off. Collectively, these changes are covered by the term ‘hydration’. Taylor [1]
defines ‘hydration’ as:
“The totality of the changes that occur when an anhydrous cement, or one
of its constituent phases, is mixed with water”.

A mixture of water and Portland cement, in which setting and hardening occur, is called a
‘cement paste’. This term also applies to the hardened material. Fig. 3.1 gives a schematic
presentation of the hydration of the four principal clinker phases. The main products from
hydration of alite and belite are the calcium silicate hydrate phase (C-S-H) and portlandite
(Ca(OH)2). C-S-H normally constitutes ~60 % of the hydration products and is by far the
most important phase for strength development. It is an amorphous or poorly crystalline
phase, which can exhibit a fairly wide range in composition as indicated by the dashes in
the abbreviation C-S-H. The hydration of C3S and C2S can be formally represented by the
following reactions:
Ca3SiO5 + (3 – x + y)H2O

tricalcium silicate

water

CaxSi(H2O)y + (3 – x)Ca(OH)2
C-S-H

portlandite

(4.1)

Chapter 3: Hydration of plain and blended Portland cements

Ca2SiO4 + (2 – x + y)H2O

dicalcium silicate
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CaxSi(H2O)y + (2 – x)Ca(OH)2

water

C-S-H

portlandite

(4.2)

In Eq. (4.1) and Eq. (4.2) x is often assumed to have a value of 1.7. The hydration of
tricalcium aluminate (Ca3Al2O6), calcium alumino-ferrite (Ca2AlxFe2-xO5, 0 ≤ x ≤ 2) and
gypsum (CaSO4·2H2O) results in the remaining ~20% of the hydration products. These
include a variety of calcium sulpho-aluminate and calcium sulpho-ferrite hydrates, with
ettringite (Ca6[Al(OH)6]2(SO4)3·26H2O) and monosulphate (Ca4[Al(OH)6]2SO4·6H2O), and
their respective iron(III) analogues, as the main products [1].

Alite

fast

C-S-H

Belite

slow
fast
but retarded
by gypsum

TCA
Ferrite
Gypsum

Portlandite
Ca-Fe-Al-S
hydrates

Fig. 3.1 Schematic representation of the hydration of the anhydrous components in Portland cement and the
resulting hydration products. The areas of the boxes correspond roughly to the normal volume proportions of
the phases as reported in Ref. [1]. TCA = tricalcium aluminate.

Hydrogarnet (Ca3[Al(OH)6]2) may also form if a sufficient amount of gypsum is not added
to the cement clinker. The formation of ettringite and monosulphate can be described by
the following formal equations.
Ca3Al2O6 + 3 CaSO4·2H2O + 26 H2O
tricalcium aluminate

gypsum

water

[Ca3Al(OH)6·12H2O]2· (SO4)3·2H2O
ettringite

(4.3)
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Ca3Al2O6 + [Ca3Al(OH)6·12H2O]2·(SO4)3·2H2O + 4 H2O
tricalcium aluminate

ettringite

water

3 Ca4[Al(OH)6]2SO4·6H2O

(4.4)

monosulphate

3.3 Hydration products
3.3.1 Calcium silicate hydrate (C-S-H)
The most important product of Portland cement hydration is a calcium silicate hydrate,
normally referred to simply as C-S-H. In cement pastes C-S-H occurs as an essentially
amorphous phases, but more structurally ordered C-S-H may be formed in relatively pure
systems. It is well-known that the C-S-H phase incorporates considerable quantities of
alumina, sulphate, iron, alkalis, and possibly other species present in a cement paste, as
guest ions [91-93]. Copeland and Kantro [92] have estimated that up to 50 % of the total
amount of sulphate, alumina and iron in a cement paste eventually end up in the C-S-H.
SEM [94,95] and TEM [96,97] studies combined with microanalysis have demonstrated a
notable variability in composition of the C-S-H from one paste to another, but also from
one reacted cement grain to the next within the same paste. Typically reported
compositional ratios are [93]: Ca/Si = 1.7-2.1, Ca/Al = 20-30, Ca/S = ~25, which gives the
C-S-H the approximate composition C1.7-2.1S(A0.04 S 0.04)Hx.
The structure of C-S-H is a topic which has been, and still is, actively debated.
Several structural models have been proposed over the years, but there seems to be some
consensus that the C-S-H phase contains structural elements of both the minerals 14 Å
tobermorite and jennite [98-100]. From chemical analysis [101] and
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Si MAS NMR

studies [102,103] it is known that the silica in C-S-H is organized in linear chains of
silicate tetrahedra (SiO4) of variable length, which represent fragments of so-called
‘dreierketten’ wherein bridging tetrahedra are randomly omitted (see Section 5.3.1 for
further discussion). Richardson and Groves [103] have proposed a generalized formula for
the composition of C-S-H: [CaxSi(3n-1)O(9n-2)H(6n-2x)]·zCa(OH)2·mH2O. The part of the
formula in square brackets represents silicate chain fragments which are attached to a
central Ca-O sheet, while the Ca(OH)2 component can be interpreted as representing the
occurrence of degenerate jennite elements, or solid solution with amorphous or
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cryptocrystalline Ca(OH)2. The ‘amorphous Ca(OH)2’ may be regarded as regions in the
C-S-H structure that are very low in silica.
3.3.2 Portlandite
Ca(OH)2 exhibits a layered structure with two sheets of hydroxyl groups (OH-) parallel to
the basal plane and with a sheet of Ca2+ ions between them (Fig. 3.2). Calcium and oxygen
are in octahedral and tetrahedral coordination, respectively [104]. The phase is generally
identified by its mineral name, portlandite, and accounts for about 20 % of the hydration
products in Portland cement pastes [1]. Ca(OH)2 will grow as euhedral hexagonal crystals
under ideal conditions of crystallization, but in pastes it often occurs as massive deposits.

Fig. 3.2 Schematic representation of the layered crystal structure of portlandite (Ca(OH)2). Each calcium ion
is coordinated to six hydroxyl groups. The figure is adapted from Fig. 2 in Ref. [105].

3.3.3 AFm phases
The abbreviation ‘AFm’ (Al2O3-Fe2O3-mono) encompasses a group of phases all sharing
the general formula [Ca2(Al,Fe)(OH)6]·X·xH2O [1]. Here X represents one formula unit of
a single charged anion, or half a formula unit of a double charged anion. In Portland
cement pastes these anions are most often OH-, SO42-, or CO32-. More than one species of
X can occur in the same AFm phase, e.g., Kuzel’s salt (3CaO·Al2O3·0.5CaCl2·0.5CaSO4·10H2O) [106,107].
The AFm phases have layered structures that can be derived from that of Ca(OH)2
by ordered replacement of one third of the Ca2+ ions by Al3+ or Fe3+. These principal layers
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are alternating with interlayers containing the X anions and H2O molecules. Since the Ca2+
ions are partially replaced by the smaller Al3+ or Fe3+ ions the structure is slightly distorted.
Normally the AFm phases form platy, hexagonal crystals, but in cement pastes AFm can
also occur in a poorly crystalline state where it is intimately mixed with the C-S-H phase
[1,108].

3.3.4 AFt phases
‘AFt’ (Al2O3–Fe2O3-tri) denotes a group of phases all having the general formula
[Ca3(Al,Fe)(OH)6·12H2O]2·X3·xH2O, where x ≤ 2 and X is either one formula unit of a
doubly charged anion, or two formula units of a single charged anion. AFt phases form
hexagonal prismatic or needle-shaped crystals. In Portland cement pastes the most
important AFt phase is ettringite: [Ca3Al(OH)6·12H2O]2·(SO4)3·2H2O.

3.3.5 Hydrogarnet
Hydrogarnet, Ca3[Al(OH)6]2, sometimes occurs as a minor hydration product in blended
cement pastes, and in a poorly crystalline state in older Portland cement pastes. However,
modern Portland cements, probably with exception of sulphate-resistant cement types
[109], do normally not contain quantities of hydrogarnet detectable by XRD.
3.3.6 Brucite
Brucite (Mg(OH)2), a phase with a layered structure similar to that of Ca(OH)2 [33] (see
Section 3.3.2), is sometimes formed in concrete that has been attacked by Mg salts [1]. It
can also form in minor quantities by hydration of Portland cements high in MgO.

3.3.7 Hydrotalcite and related phases
Hydrotalcite occurs naturally as a mineral with composition [Mg0.75Al0.25(OH)2](CO3)0.125(H2O)0.5. Numerous other phases of this type are known, as the Mg2+ and/or Al3+
can be replaced by other ions of similar size [110,111]. The CO32- may also be substituted
by other anions. These phases have layered structures which are related to that of brucite,
i.e., some of the Mg2+ ions in brucite are replaced by tripositive ions, such as Al3+ or Fe3+,
and charge neutrality is maintained by anions sited in the interlayer along with H2O
molecules. Such hydrotalcite-type phases are sometimes referred to as Mg-Al layered
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double hydroxides and have been observed in hydrated cement – slag blends [112,113], but
they may also form as a minor hydration product in Portland cement pastes [1].

3.4 Microstructural development in Portland cement paste
The following description of the microstructural development in hydrating Portland cement
is largely based on Ref. [114] and the process is divided into three main stages, namely an
early (0 to 3 h), middle (3 to 24 h) and late (> 24 h) period of hydration.
3.4.1 Early period of hydration (0 – 3 h)
As evidenced by high-voltage TEM, a thin gel layer or membrane forms on the surface of
the cement grains soon after mixing with water [115,116]. This amorphous material has a
composition which varies with that of the underlying surface, and is generally believed to
be rich in alumina and silica, but significant amounts of calcium and sulphate are also
present. Short rods of AFt phases, roughly 0.25 μm long and 0.1 μm thick, are observed
within the first 10 min of hydration [117]. They occur both on the surface of the cement
grains and at some distance away from these.
3.4.2 Middle period of hydration (3 – 24 h)
The middle period of hydration is characterized by a rapid formation of C-S-H and
Ca(OH)2 and is associated with a strong evolution of heat; roughly 30 % of the cement
reacts during this period. The C-S-H forms a thickening shell around the cement grains
which surrounds the AFt rods, and at ~12 h adjacent shells (about 0.5 – 1.0 μm thick) are
beginning to merge. This is known as the cohesion point and corresponds to the
completion of the setting. The morphology of the C-S-H phase is dependent on the space
available for growth. If space is rather restricted honeycombs or networks of reticular C-SH forms whereas fibres of C-S-H develop if space is freely available.
In the originally water-filled capillary pores between the cement grains portlandite
forms massive crystals which may grow to enclose some of the smaller cement grains.
Spaces filled with a highly concentrated solution develops between the inside wall of the
shells and the anhydrous material which is approximately 0.5 μm wide at 12 h. The shells
are sufficiently porous at this stage for ions to migrate readily through them. The existence
of these spaces shows that reaction proceeds by dissolution and precipitation processes.

Chapter 3: Hydration of plain and blended Portland cements

33

A renewed growth of the AFt phase is observed towards the end of this middle
period. However, the AFt crystals are much longer (normally 1 – 2 μm, and sometimes up
to 10 μm) than the ones formed in the early period. This growth is associated with a
shoulder on the heat evolution curve (see Fig. 4.2).
3.4.3. Late period of hydration (> 24 h)
As the permeability of the shells decreases C-S-H begins to deposit on their inside surfaces
and the space between the shells and the anhydrous core is gradually filled up. The
deposition of C-S-H is proceeding at a faster rate than the dissolution of the anhydrous
cores, and after about seven days the spaces have disappeared and the shells have a typical
thickness of approximately 8 μm. Cement grains smaller than 5 μm have normally reacted
completely before this period. Once the space between shell and core have filled up
reaction is slow and probably occur by a topochemical mechanism [118].
In old cement pastes three different regions of C-S-H can be observed in the relicts
of larger fully reacted cement grains: (1) an outer layer (~1 μm thick) that formed through
solution in the originally water-filled space between cement grains, (2) a middle layer
roughly 8 μm thick that was deposited on the inside of the shells, and (3) a central core that
has transformed into C-S-H through a topochemical reaction. The terms “inner product”
and “outer product” are often used to distinguish the types C-S-H that forms within the
cement grains and in the water-filled space between the grains, respectively [119].

3.5 Hydration of blended cements
3.5.1 Portland cement – slag blends
The hydration of cement blends containing blastfurnace slag results in products essentially
similar to those of plain Portland cements. However, magnesium from the slag enters a
hydrolatcite-type phase [120-122]. Besides containing a smaller amount of portlandite, the
microstructures of cement – slag blends are also fairly similar to those observed for plain
Portland cement pastes. Layers/rims of gradually inward thickening hydration products
form at the boundaries of the slag grains, as with the cement grains. Richardson and
Groves [122] concluded from a TEM study that the C-S-H formed in the originally waterfilled space between the anhydrous cement and slag grains show progressively less fibrillar
and more foil-like morphologies as the content of slag increases in cement – slag blends. In
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general, lower Ca/Si ratios are observed in the C-S-H phases of cement – slag pastes that in
those of plain Portland cements [122-124]. Furthermore, the Ca/Si ratio has been reported
to decrease with increasing proportion of slag in the blend [122]. A hydration product
called strätlingite (Ca2Al2SiO2(OH)10·2.25H2O) may form if the slag, or the blend as a
whole, has a very high content of Al2O3 [121].
3.5.2 Portland cement – fly ash blends
Broadly similar hydration products form upon hydration of cement – fly ash blends and of
Portland cement, but lower amounts of Ca(OH)2 are formed in the former case. The
presence of fly ash also results in C-S-H with lower Ca/Si and higher Al/Si ratios [1], and
the content of alkalis is normally higher if fly ash is present [55,125]. Cement – fly ash
pastes develop microstructures roughly similar to those of plain Portland cement [55,126].
In sufficiently old pastes reaction rims may be observed around the fly ash particles [1].
According to Mohan and Taylor [127] the polymerization of silicate tetrahedra in the C-SH phase occurs at a quicker rate in C3S pastes containing fly ash than in pure C3S paste.
3.5.3 Portland cement – natural pozzolan blends
These blends give roughly the same products upon hydration as plain Portland cement, but
since the overall composition of the cements blended with natural pozzolan are different
from that of Portland cement, the hydration products occur in different percentages, i.e.,
less Ca(OH)2 and more C-H-S is formed in the cement – natural pozzolan blends [128].
The C-S-H phase generally has a lower Ca/Si ratio and higher alumina content than in
plain Portland cement pastes. Depending on the composition of the natural pozzolan
formation of additional minor hydration products like strätlingite, hydrogarnet or different
C4AHx phases may occur [1]. The microstructure of hydrated cement – natural pozzolan
blends does not differ significantly from that of Portland cement besides the lack of large
Ca(OH)2 crystals.
3.5.4 Portland cement – microsilica blends
As with the other SCMs the hydration products generated from cement – microsilica
blends are similar to those of plain Portland cements, but again the formed C-S-H has a
lower mean Ca/Si ratio. Furthermore, a higher degree of polymerization is observed for the
chains of silicate tetrahedra in the C-S-H structure [75,76].
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Chapter 4
Analytical techniques commonly
used in cement research
4.1 Introduction
A wide range of analytical techniques have been used for the characterization of
cementitious materials and concrete throughout the years. An attempt to treat them all is
beyond the scope of the present thesis. Therefore, this chapter mainly concentrates on
introducing techniques that have been employed during data acquisition in this project.
Particular focus is addressed on how these techniques can be utilized to obtain quantitative
information about the constituent phases of the studied systems, as this forms the basis for
determining degrees of hydrations for the clinker phases and SCMs, which is a principal
objective of the present project. An introduction to solid-state NMR and its application in
cement research is given separately in Chapter 5.

4.2 X-ray diffraction analysis
Powder X-ray diffraction (XRD) is one of the most important techniques used in the
characterization of cementitious materials [129]. It has been utilized for many years to
identify and quantify the crystalline phases in Portland cement. XRD-based quantifications
of the main constituents of cements have not always been successful, though. This is due to
several well-recognized problems, some of which are briefly outline below.
Portland cements are multiphase systems and overlapping of peaks from different
phases occurs in the XRD pattern. Especially the predominant alite phase tends to swamp
the peaks of the other phases. For example, all the strong peaks from belite are overlapping
to some extend with ones deriving from alite [1]. Another problem is the variability of the
XRD peaks from Portland cements. Such effects are due to both compositional variations
and peak broadening. In real Portland cement clinker C3S, C2S, C3A and C4AF do not exist
as pure phases, but with a substantial amount of guest ions incorporated in their crystal
lattices. Depending on which raw materials are used in the cement manufacture the amount
of these guest ions will vary from one cement plant to another. For example, one plant may
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use a raw feed particularly high in Mn, and a significant amount of the Mn may end up in
the ferrite phase [130], which effectively will introduce changes the XRD pattern.
Crystals diffract X-rays and the amount of diffraction is dependent on the
crystallinity. Amorphous materials are lacking the long-range order in the arrangement of
its constituent atoms as compared to the high degree of order observed in well-crystallized
substances. As a consequence, amorphous materials give rise to very diffuse and weak
diffraction peaks, sometime referred to as ‘amorphous humps’. This problem is
encountered with the nearly amorphous C-S-H phase in hydrated cement pastes, as well as
with many of the most commonly used SCMs in blended cements (e.g., fly ash, slag, and
microsilica). Broadening of the XRD peaks can also occur due to overgrinding, or
compositional zoning of crystals.
The possible presence of amorphous matter is often an overlooked issue in XRD
based determinations of the relative amounts of the constituent phases in anhydrous
Portland cements, as the material has traditionally been believed to consist completely of
crystalline phases [1]. However, this notion has been challenged by several authors. The
combination of XRD with Rietveld analysis allows the content of amorphous material to
be determined by the use of either an internal or external crystalline standard (e.g., rutile
(TiO2)) [131-133]. In the internal standard method a defined quantity of crystalline
standard material is mixed with the sample, which makes it possible to determine the ratio
of crystalline material in the sample to crystalline standard and thus calculate the amount
of amorphous material [134]. In the external standard method the XRD data are obtained
separately (under identical conditions) for the sample and the standard, thereby avoiding
complications that may be caused by grinding and mixing the sample with an internal
standard [133].
Yang [135] determined the amorphous content in a number of synthesized clinker
minerals and hydration products. He found 12 wt% in alite, 1 – 15 wt% in β-C2S, 12 wt%
in C4AF, 7 wt% in C3A, 25 – 35 wt% in ettringite, and 14 % in portlandite. A number of
cement clinkers were studied by Suherman et al. [132] who reported total contents of
amorphous materials varying between 6 wt% and 15 wt%, while De La Torre et al. found 7
wt% [136] and 19 wt% [137] of amorphous content in a cement clinker and a sample of
monoclinic C3S, respectively. If not taken into account, the presence of such significant
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amounts of amorphous matter in the cement phases can lead to serious errors in the phase
quantification.
Problems associated with preferred orientation can arise during loading of the
specimen holder if platy or needle-shaped crystals are present in the powder under
investigation. This phenomenon of particle packing in a preferred orientation can affect the
peak intensities in the XRD pattern. In cementitious materials such effects are sometime
seen with the alite and portlandite phases, and especially with the sulphate minerals
gypsum, anhydrite and hemihydrate due to their characteristic cleavage and relative
softness [138]. The problem with preferred orientation can practically be eliminated by
grinding the sample material to a fineness < 1 μm and by using the so-called back-filling
method when loading the sample holder [129].
Absorption contrast, also known as microabsorption, is a consequence of crystals
variable ability to absorb X-rays. It is a phenomenon which causes reduced diffraction of
the high absorbers relative to the low absorbers. The effect is diminished if sufficient
grinding is carried out during sample preparation, ideally to a grain size below 1 μm. In
Portland cements the phases all have fairly similar absorption coefficients except for the
ferrite phase in which case the effect can be significant.

4.2.1 XRD with Rietveld analysis
In the late 1980s, XRD combined with Rietveld analysis was introduced as a method for
quantifying the phase contents in anhydrous Portland cement and the approach has since
become increasingly popular due to its speed and perceived simplicity [129,139-142]. The
principle of the Rietveld analysis [143] is to iteratively minimize a function M, which
represents the difference between an observed (experimental) XRD pattern and a pattern
simulated (calculated) from crystal parameters and equipment parameters for a mixture of
known phases. The accuracy of phase quantification by XRD with Rietveld analysis has
improved considerably in recent years due to work on the input files (“control files”) for
the crystal structures used in the Rietveld refinement [131,144,145]. Maximum errors for
the determination of major and minor phases in typical cementitious materials have been
reported by Walenta et al. [145] and are presented in Table 4.1.
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Table 4.1 Typical contents of the major and some minor phases in
Portland cement along with accuracies for the phase quantification by
XRD with Rietveld analysis [145].
Phase

Typical content (wt%)

Accuracy (± wt%)

Alite

60

2

Belite

15

1.5

Aluminate

4

0.6

Ferrite

4

0.6

Free lime

1

0.3

Gypsum

2

0.3

Calcite

1

0.3

In a Rietveld analysis the sum of the phases present in the sample is normalised to 100 %.
Consequently, crystal data for all phases expected to be present must be entered into the
analysis, which ultimately requires knowledge of the crystal structures of the cement
phases. The presence of amorphous or unknown phases will result in too high estimates for
the quantity of the crystalline phases. Such overestimations may be circumvented by
adding a known amount of an internal standard to the sample [146], e.g., rutile (TiO2) or
corundum (Al2O3). The phase quantities from the Rietveld analysis may then be corrected
by dividing the overestimated values by the ratio of the measured to true amount of
internal standard. The amorphous content can be calculated by subtracting the total of the
corrected quantities of phases from 100 %.
Recently, the application of XRD with Rietveld analysis has been extended from
anhydrous to hydrated cements. Scrivener et al. [147] followed the hydration of a typical
Portland cement quantitatively using the Rietveld method and found a good agreement
between the obtained results and independent measures for the same material from analysis
of back-scattered electron images (BSE/IA). During the last decade the development of the
Rietveld method for phase quantification has reached a level of such sophistication and
speed that cement plants are beginning to implement this technique as a means for
automated on-line quality control of the clinker production [138,148,149]. A XRD
measurement can be performed in roughly 10 min which is very fast compared to, for
example, phase quantification by SEM where a minimum of 5 hours is needed for sample
polishing and the actual analysis [147].
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4.3 Light microscopy
The use of light microscopy can provide information about the microstructure of clinkers
and thereby on the conditions prevailing at different stages of the clinker formation [150].
The technique is therefore often used as a mean to find the cause of unsatisfactory clinker
quality. Other applications include quantitative determination of phase composition [151]
and prediction of strength development [152]. Most often polished or etched sections are
examined in reflected light, but valuable information can also be obtained by studying thin
sections in transmitted light. It is very important to work on a representative sample when
using light microscopy. Otherwise, misleading conclusions about the investigated material
can easily be drawn.
The combination of point counting and light microscopy can be utilized to quantify
the phases in cement clinker. The determination is based on the principle that the areas of
the phases on the polished section are proportional to their volumes in the sample. Sources
of error include imperfect sampling, incorrect phase identification by the operator and the
presence of inclusions too small to be observed. Errors can also arise from counting
statistics, which depends on the number of points and the grain sizes of the phases.
Hofmänner [151] has specified that quantifications based on 4000 points normally gives a
reasonable precision. Another problem regularly encountered with light microscopy is
difficulty in distinguishing tricalcium aluminate from ferrite since these phases tend to be
mixed on a scale of a few micrometers with the ferrite forming dendrites or needles in a
matrix of aluminate.

4.4 Scanning electron microscopy
Information essentially similar to that given by light microscopy can be obtained from
backscattered electron (BSE) imaging acquired in a scanning electron microscope (SEM)
[114,153-156]. In addition, the SEM often provides the possibility to attain chemical
analyses of the phases on the micrometer scale by so-called energy dispersive X-ray
spectroscopy (EDS). Another advantage is the opportunity to store the images
electronically for various subsequent analyses.
Grey levels in the BSE images can be used to distinguish between the clinker
phases as the intensity of the electron backscattered from a certain region of the sample
depends approximately on the average atomic number of the material in that region [157].
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Image analysis makes it possible to quantify the BSE image and thus determine the relative
proportions of the anhydrous clinker phases by using the abovementioned grey level
discrimination. The subjectivity of a quantification based on light microscopy is eliminated
with this technique.
It is also possible to distinguish between the anhydrous (unreacted) clinker phases
and the hydration products in a cement paste on the basis of grey levels [126,156,158],
which allows a determination of the total degree of hydration (αSEM) as defined by:

α SEM =

t =0
t
− Vanhydrous
Vanhydrous
t =0
Vanhydrous

(4.5)

where the total volume fraction (V) of the anhydrous phases of the cement paste before (t =
0) and after a certain time (t) of hydration are used for the calculation. The grey level
differences between the various hydration products (C-S-H, ettringite, monosulphate, etc.)
are too small for these to be distinguished individually, though [156]. Fig. 4.1 gives an
example of a BSE image of a Portland cement paste.

Fig. 4.1 Backscattered electron image of a white Portland cement paste (w/c =
0.4), aged three days. The brightest areas are of unreacted cement grains while
the hydration products appear darker. The image was acquired at Laboratory
of Construction Materials, EPFL, Switzerland using SEM and was kindly
provided by Vanessa Kocaba. The sample is cement A of this project.
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In recent years, this type of analysis has also been applied to blended cement
pastes. Feng et al. [159] employed SEM combined with point-counting to study the
hydration of cement blends containing either fly ash or blastfurnace slag. Besides the
degree of cement hydration they were also able to determine the degree of reaction for the
fly ash and slag.
Despite the fact that analysis of BSE images can provide valuable quantitative data
a number of limitations are associated with this analytical technique [119]. These are
mainly concerned with sample preparation and the position of different phases’ thresholds
on the grey scale. For example, transmission electron microscopy studies have shown that
the hydrated remains of relatively small particles of Portland cement, fly ash or slag
contain a less dense product, surrounded by a zone of denser C-S-H [119]. This denser
zone can make it difficult for the resin used during the preparation of the specimen for BSE
to penetrate the less dense interior. During the subsequent polishing this interior material
may be removed. In the resulting BSE image such small grains will appear as isolated
pores.

4.5 Transmission electron microscopy
Transmission electron microscopy (TEM) is a powerful tool for examining microstructural
features of cement clinker and their hydration products [119]. Normally either dispersed or
ion-beam-thinned specimens are studied with TEM. If equipped with an energy dispersive
spectrometer (EDS), a major advantage of TEM is the possibility to combine the
microstructural studies of images with analytical X-ray spectroscopy performed on very
small sample regions. This allows an identification of phases and the chemical analysis
obtained from the EDS is free from interfering contributions from neighbouring phases.
TEM has been used in numerous studies on the morphology and chemical composition of
the C-S-H phase [160-163], also in cement pastes containing different types of SCMs
[97,164,165]. Various attempts to perform high-resolution TEM imaging have been
unsuccessful due to thermal and irradiation damage of the specimens [119].

4.6 Isothermal calorimetry and thermal analysis (DTA/TGA)
The hydration of cement is an exothermic process and variations in the heat generation
reflect the hydration reactions taking place. A typical heat evolution curve from isothermal
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calorimetry is shown in Fig. 4.2. The degree of cement hydration α(t) at time t is often
approximated with the amount of heat (Q(t)) liberated until that time:

α(t) =

Q(t)
Q tot

(4.6)

The total heat of hydration (Qtot) liberated after complete hydration is estimated from the
chemical composition of the cement using the Bogue calculation and the heat of hydration
of the individual cement phases [166]. It is not possible to deduce the degree of hydration
for the individual clinker phases using this approach.

Fig. 4.2 Schematic rate of heat evolution curve illustrating the hydration of a typical Portland cement. The
evolution is divided into four stages: (1) Pre-induction stage, (2) dormant stage, (3) acceleration stage, and
(4) post-acceleration stage. Renewed formation of AFt and the conversion of AFt to AFm give the shoulders
at I and II, respectively.

When considering blended cements the influence of the added SCM on the hydration can
be followed by isothermal calorimetry [167]. For instance, the curve shape in Fig. 4.2 will
change substantially if blastfurnace slag is added to the system [122,168] indicating the
impact of the slag on heat liberation and thus on the hydration process. Pozzolanic reaction
is known to occur in blended cement pastes also at later stages of the hydration process
where the heat generation is low [166,167,169]. Consequently, isothermal calorimetry is
not well-suited for hydration studies at later stages. Differential thermal analysis (DTA)
combined with thermogravimetric analysis (TGA) is more appropriate for this purpose.
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TGA/DTA have been employed in the study of cementitious materials for various
purposes, e.g., to study the hydration reactions in Portland cement pastes [170], for
identification of phases formed upon hydration [171], and to investigate the effects of
mineral additives (such as SCMs) on hydration [172], and to determine the content of
Ca(OH)2 in cement pastes.
Recently, Pane and Hansen [173] have quantified the overall degree of hydration
for blended cements containing either fly ash, blastfurnace slag or microsilica by using a
combination of DTA and TGA together with a so-called three-parameter hydration
equation (TPE). Furthermore, they also quantified the degree of hydration for the
individual SCMs by a method based on measurements of decomposition of Ca(OH)2
combined with the abovementioned TPE.

4.7 Bogue calculations

The bulk chemical composition of a Portland cement clinker (e.g., from a wet-chemical or
X-ray Fluorescence (XRF) analysis) can be converted into a hypothetical quantitative
phase composition by the Bogue equations [1,174]. For the calculation it is assumed that
(i) the four major phases exist in their pure forms, i.e., as C3S, C2S, C3A and C4AF, (ii) all
Fe2O3 is allocated to C4AF, (iii) the remaining Al2O3 occurs as C3A, (iv) the amounts of
CaO attributable to C4AF, C3A and free lime is subtracted from the total CaO content, and
two simultaneous equations are solved to obtain the amounts of C3S and C2S. This gives
the following four equations, in which the quantities of the components are given as weight
percentages (wt%) and it is assumed that the CaO content has been corrected for free lime.
C3S

= 4.0710⋅CaO – 7.6024⋅SiO2 – 6.7178⋅Al2O3 – 1.4297⋅Fe2O3

C2S

= -3.0710⋅CaO + 8.6024⋅SiO2 + 5.0683⋅Al2O3 + 1.0785⋅Fe2O3

C3A

(4.7)

= 2.8675⋅SiO2 – 0.7544⋅C3S

(4.8)

= 2.6504⋅Al2O3 – 1.6920⋅Fe2O3

(4.9)

C4AF = 3.0432⋅Fe2O3

(4.10)

The calculation can be applied for cements as well as clinkers if the CaO content is further
corrected by the amount attributable to the calcium sulphate phase (0.7⋅SO3). Minor oxide
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components like Na2O, K2O and P2O5 are ignored in the calculation, where it is also
assumed that all Mg2+ occurs as periclase (MgO).
Nowadays, it is commonly agreed that the standard Bogue calculation gives rather
unrealistic phase compositions. In comparison with other experimental quantification
techniques, such as XRD or optical microscopy, the Bogue approach tends to under- and
overestimate the alite and belite contents, respectively. The two main sources of error in
the calculation are (i) the assumption that thermodynamic equilibrium is maintained during
cooling of the clinker and (ii) that the chemical composition of the phases differs markedly
from those of the pure phases.
Taylor has proposed a modified Bogue calculation which takes into account the
significant incorporation of substituent ions observed in the major phases of industrially
manufactured cement clinkers [1,175]. The compositions employed in such a Taylormodified Bouge calculation are given in Table 1.1. If converted to stoichiometric formulas,
Taylor compositions for alite and belite are Ca2.91Si0.96Mg0.06Al0.04Fe0.02Na0.01O5 and
Ca1.94Si0.9Al0.07K0.03Fe0.02Mg0.02-Na0.01S0.01O3.93, respectively. These compositions should
be valid for Al2O3/Fe2O3 ratios (by weight) in the range 1.5 to 3.0. Compared to the
standard Bogue calculation much more realistic quantities of the phases are estimated
using Taylor’s modified calculation.
Alternatively, chemical compositions obtained from SEM/EDS analysis of the
individual phases can be used in a modified Bogue calculation, thus employing the actual
compositions of the phases rather than the approximated ones of the Taylor-modified
Bogue calculation.

4.8 Selective dissolution methods

Numerous dissolution methods have been proposed as means to physically separate the
phases in Portland cement clinker. Such approaches are often combined with other
analytical techniques, e.g., XRD, microscopy or solid-state NMR, for phase identification
and quantification. Takashima [176] introduced an effective method in which a solution of
salicylic acid in methanol (SAM) is utilized to dissolve the silicate phases thus leaving a
residue consisting of aluminate, ferrite and additional minor phases. The SAM reagent
dissolves free lime, alite and belite at rates decreasing in that order and the composition of
the reagent can be adjusted to dissolve all of the alite and belite, or to remove much of the
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alite, to give a residue suitable for studies of the belite phase [177]. The silicate phases can
also be dissolved by a solution of maleic acid in methanol [178]. This method is quicker
than the SAM dissolution, but may involve problems with ettringite formation if the
methanol contains water [179]. Gutteridge [180] has devised a method for separating the
silicate phases by dissolution of the interstitial aluminate and ferrite phases. The extraction
is achieved by using a solution of sucrose in aqueous potassium hydroxide, also known as
KOSH reagent. A sample consisting mainly of belite can be obtained if the SAM and
KOSH procedures are used in combination.
Various selective dissolution methods have been used to determine the amount of
unreacted blastfurnace slag in hydrating cement – slag blends. Luke and Glasser [112,181]
made comparative studies of such methods and concluded that the most satisfactory results
were obtained by using a modified version of Demoulian et al.’s method [182], in which
an alkaline solution of ethylenediaminetetraacetic acid (EDTA) in aqueous triethanolamine
dissolves all constituents other than the unreacted slag. They also reported that this
technique was less suitable for determining the content of unreacted fly ash in pastes of
cement blends containing fly ash. In more recent studies, Lumley [58] and Escalante [183]
used further modified versions of the method of Demoulian et al. with the purpose of
measuring the degree of reaction for slag in cement – slag pastes, while Dyson et al. [113]
used a combination of selective dissolution and

29

Si MAS NMR to quantify the slag

reaction in a cement – slag blend. Coole [184] used HCl to dissolve all phases, except fly
ash, in hydrated cement – fly ash blends to determine the amount of unreacted fly ash.
Taylor et al. [125] used a similar approach, but exposed samples to salicylic acid in
methanol in addition to HCl.

4.9 Chemical shrinkage

The reaction between cement and water in a hydrating cement paste is associated with a
reduction in volume, since the hydration products occupy a smaller volume than the
starting materials (anhydrous cement + water), a phenomenon known as chemical
shrinkage. The hydration rate can be quantified in a convenient and rather inexpensive
manner by measuring the chemical shrinkage of a hydrating paste [185]. The chemical
shrinkage is directly proportional to the degree of hydration of the cement at early curing
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ages [186]. However, this technique does not allow quantification of hydration degrees for
the individual components of the hydrating cement.
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Chapter 5
Introduction to solid-state NMR and
its application in cement research
5.1 Introduction

Since the advent of high-resolution solid-state NMR spectroscopy in the early 1980s
(facilitated by improvements in the magic angle spinning (MAS) technique), numerous
applications of this analytical technique have been established the studies of anhydrous
cementitious materials and their reaction products [187-190]. A range of different NMR
nuclei can be used as probes with 1H,

27

Al, and

29

Si being the most frequently used in

cement research, but other nuclei have been employed as well, e.g. 17O, 2D, 23Na and 35Cl.
The NMR technique is most sensitive to the local ordering and structure around the
observed NMR nucleus as opposed to X-ray diffraction measurements where the longrange ordering of crystalline materials is detected. Solid-state NMR is therefore well-suited
for investigations of both crystalline and amorphous/poorly crystalline materials such as
the C-S-H phase formed by cement hydration and different SCMs types characterised by a
high content of largely amorphous matter. Furthermore, NMR makes it possible to study
different phases separately by utilizing specific NMR active nuclei, for example for
selective studies of the aluminate phases or of the calcium silicates by employment of the
27

Al and 29Si nuclei, respectively.
The first part of this chapter gives a general introduction to solid-state NMR and a

few of the most widely used experimental NMR techniques in cement research.
Subsequently, the application of solid-state NMR in the study of cementitious materials is
presented with the main emphasis on 29Si and 27Al NMR.

5.2 Solid-state NMR
5.2.1 Spin interactions and magic angle spinning (MAS)

Static-powder solid-state NMR spectra normally suffer from severe line broadening of
resonances caused by various interactions between the spin nuclei, such as homo- and
heteronuclear dipolar and indirect (J-coupling) spin-spin couplings, the chemical shielding
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interaction, and for spin nuclei with I > ½ , the quadrupole interaction. For these
interactions the first-order Hamiltonian contains the geometric factor (3cos2θ – 1), where θ
is the angle between a specific molecule-fixed vector and the static magnetic field. This
geometric factor is averaged to zero in liquids by rapid molecular tumbling and the socalled magic-angle spinning (MAS) technique can be employed in solid-state NMR to
mimic this molecular tumbling by rotating the sample around a fixed axis relative to the
static magnetic field. If the rotation is performed around an axis that is inclined 54.736°
(the ‘magic’ angle) relative to the static magnetic field the term (3cos2θ – 1) become equal
to zero and the anisotropic interactions are thus eliminated or reduced significantly. This
technique improves the resolution in the NMR spectra by narrowing the resonance lines.
For a complete elimination of the line broadening effects, originating from the anisotropic
interactions, the spinning speed needs (νR) to be larger than the width of the resonance in a
static-powder experiment. A pattern of spinning sidebands will appear in the spectrum if
this requirement is not fulfilled.
The dipolar and chemical shielding anisotropy (CSA) interactions can, in many
cases, be eliminated completely by MAS with spinning speeds in the range 5 – 35 kHz
[189]. Another experimental/technical means to improve the resolution of solid-state NMR
spectra is the use high-power 1H decoupling to remove the strong dipolar coupling between
1

H and the spin nucleus under detection.

5.2.2 Chemical shielding anisotropy (CSA)

The Hamiltonian for the chemical shielding and its anisotropy is given by H σ = I ⋅ σ ⋅ B ,
where σ is the CSA tensor describing the coupling of the spin ( I ) with the external

magnetic field B = (0, 0, B0). In its principal axis system the CSA tensor takes the
following form:

⎛ σ xx
⎜
σ=⎜ 0
⎜ 0
⎝

0
σ yy
0

δ
⎞
⎛
0
0
⎟
⎜ σ iso − σ (1 + η σ )
2
0 ⎞ ⎜
⎟
⎟ ⎜
δσ
⎟
(1 - η σ )
0 ⎟=
0
σ iso −
0
⎟
⎜
2
σ zz ⎟⎠ ⎜
⎟
0
0
σ iso + δ σ ⎟
⎜
⎠
⎝

(5.1)
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where the principal elements are defined according to |σzz – σiso| ≥ |σxx – σiso| ≥ |σyy – σiso|
[191]. The trace of the tensor is the isotropic chemical shift: δiso = - σiso = -1/3(σxx + σyy +
σzz). At slow spinning speeds the intensity distribution in the pattern of spinning sidebands
resembles the line profile of the corresponding static-powder NMR spectrum and the
principal elements of the

29

Si CSA tensor can be determined from simulations of the

spinning sideband intensities [192]. Hansen et al. [193] used such an approach for the
determination of CSA parameters for a number of synthetic calcium silicates and calcium
silicate hydrates from simulated spinning sidebands in

29

Si MAS NMR spectra recorded

using slow-speed spinning (i.e., νR ≤ 1000 Hz) at a relatively high magnetic field (14.1 T).

5.2.3 Cross-Polarization

Solid-state NMR spectra of dilute spin-½ nuclei (e.g., 29Si or 13C) obtained using a singlepulse experiment frequently suffer from inherently low sensitivity and from the fact that
very long recycle delays are often required due to long spin-lattice relaxation times (T1).
Application of the so-called Cross-Polarization (CP) technique can partly overcome these
shortcomings [194].
If we assume we have a system with dipolar coupled spin pairs of I and S, where I
is an abundant (or highly sensitive, i.e., high gyromagnetic ratio γ) nucleus and S is a
diluted spin (low natural abundance) then the principle of the CP technique is to transfer
magnetization from the abundant to dilute nucleus to obtain a signal enhancement. The CP
pulse sequence is schematically outlined in Fig. 5.1 for a
experiment, i.e., where I = 1H and S =

29

29

Si{1H} CP/MAS NMR

Si. In the CP experiment the I spins are first

excited by a (90°)x pulse. Subsequently, the I magnetization is locked by a long I y-phase
pulse. The S rf channel is switched on at this moment and the amplitude of this field (B1S)
is adjusted to meet the so-called Hartmann-Hahn matching condition (γIB2I = γSB1S) [195].
During the CP contact time (τCP) magnetization is transferred from I to S for spins that are
dipolar coupled. The maximum signal enhancement obtainable from such a CP
magnetization transfer is theoretically given by the ratio of the gyromagnetic ratios for the
two spins. In the example with 1H and 29Si this ratio is γH/γSi ≈ 5. However, in practice the
factor of signal enhancement is usually somewhat lower. Besides the gain in signal
intensity, the CP technique may also have the advantage of shortening the recycle delay
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significantly, as this delay is determined by the spin-lattice relaxation time (T1) of the
abundant spin, which is often much shorter than T1 for the dilute spin.
A third advantage is the ability to use the CP experiment as a sort of ‘1H filter’,
since only dilute species (e.g.,

29

Si) having 1H atoms in their nearest surroundings are

observed, whereas dilute spins without protons in their close vicinity do not appear in the
CP spectrum.

Fig. 5.1 The Cross-Polarization (CP) rf pulse sequence. τCP is the cross-polarization contact time and pw is
the pulse width. During acquisition of the FID the 1H atoms are decoupled. 1H is the abundant spin (I) and
29

Si is the dilute spin (S).

5.2.4 29Si MAS NMR

Static-powder

29

Si NMR spectra of solid silicates give direct information regarding the

anisotropy of the 29Si chemical shift [196]. However, such spectra suffer from very broad
and often overlapping resonances. The line broadening is mainly due to chemical shielding
anisotropy, which can be removed by implementation of the MAS technique. MAS also
provides the advantage of removing weak heteronuclear dipolar couplings to distant 1H
atoms or other NMR-active nuclei (e.g., 27Al). Stronger dipolar interactions of 29Si with 1H
atoms in closer vicinity may be eliminated by the use of high-power 1H decoupling.
For

29

Si (I = ½) the chemical shielding anisotropy (CSA) represents the dominant

internal interaction, when dipolar couplings to 1H are removed by 1H high-power
decoupling and/or MAS. Solid-state

29

Si MAS NMR offers the possibility to probe the
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local structure around Si atoms in a very sensitive manner. Therefore, the technique is a
valuable complement to X-ray and neutron diffraction techniques which give information
concerning the long-range order of crystalline materials. 29Si MAS NMR has also proven
to be very useful in the study of amorphous or highly disordered solids, where the
application of X-ray diffraction techniques is less informative [196].
Due to a low natural abundance (4.7 %) the acquisition of

29

Si NMR spectra are

rather time consuming. Furthermore, long spin-lattice relaxation times T1 of

29

Si (up to

several thousand seconds) often necessitate long recycle delays. As mentioned above, the
employment of the CP technique can significantly shorten the recycle delay between the
individual scans, since the magnetization recovery is governed by the spin-lattice
relaxation time T1H rather than T1Si, the former being generally much shorter. The CP
technique can also be utilized to distinguish between

29

Si species having protons in their

nearest surroundings and those without. In this manner, distinction between hydrated and
anhydrous calcium-silicate phases in cementitious systems is possible (Fig. 5.2).

Fig. 5.2 Top spectrum: Single-pulse
29
Si MAS NMR spectrum of a
Portland cement (cement C of this
project) paste after two weeks of
hydration. Both anhydrous and
hydrated phases containing 29Si
species are observed. Bottom
spectrum: 29Si{1H} CP/MAS NMR
of the same sample. Only
resonances from 29Si in the hydrated
phases appear in the spectrum.

29

Si MAS NMR spectroscopy has proven to be a valuable tool in the study of

silicate structures [197]. This is due to the fact that the

29

Si isotropic chemical shift

(δ(29Si)) of silicates mainly depends on the condensation (n) of SiO4 tetrahedra (Qn, n = 0 –
4). Increasing the degree of condensation has the effect of increasing the diamagnetic
shielding of the

29

Si nucleus which leads to a shift of the resonances. A shift of

approximately 10 ppm to lower frequency is generally observed for each newly formed Si-
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O-Si connectivity in a given Qn environment. On the other hand, each replacement of Si
with Al in a Qn(mAl) environment induces a shift of about 5 ppm towards higher frequency
[198]. Here m equals the number of Al connected to a SiO4 group via oxygen bridges. The
29

Si chemical shift is also very sensitive to the coordination number of the Si atom, since

significant shifts towards lower resonance frequencies are observed on going from four- to
five- to six-fold Si coordination to oxygen [199]. However, the majority of silicates contain
fourfold coordinated Si, while the occurrence of five- and six-fold coordinated Si in
silicates rarely is observed. Octahedral SiO6 coordination has been reported for thaumasite
(CaSiO3·CaCO3·CaSO4·15H2O) and in a number of different high pressure silicate
minerals (e.g., the SiO2 polymorph stishovite) [200], while five-coordinated SiO5 has been
found in quenched high-pressure alkali silicate glasses and crystalline CaSiO3 samples
[201].

5.2.5 27Al MAS NMR
27

Al (I = 5/2, 100 % natural abundance) results in much more complicated NMR spectra as

compared to for example

29

Si (I = ½), since

27

Al has six non-degenerate spin-quantum

energy levels (m = -5/2, -3/2 … 5/2). The transition with the highest probability is denoted
the central transition (m = 1/2 ↔ m = -1/2), while transitions between the other energy
levels are the so-called inner (m = ± 1/2 ↔ m = ±3/2) and outer satellite transitions (m =
±3/2 ↔ m = ± 5/2). The central transition is not affected by the first-order quadrupolar
interaction (HQ(1)), which dominates for the satellite transitions. The effect of this firstorder quadrupolar interaction can principally be removed by the employment of MAS
NMR, however, the second-order quadrupolar interaction (HQ(2)) governing the central
transition cannot be removed in this manner. 27Al MAS NMR spectra are dominated by the
quadrupole coupling interaction between the electric quadrupole moment (eQ) of the
nucleus and the electric-field gradients (EFGs) at the site of the nucleus. The quadrupole
interaction can be described by the Hamiltonian, H Q = I ⋅ Q ⋅ I , where Q is a second rank
tensor which in its principal axis system may be expressed as:
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(4.2)

employing the convention |Vzz| ≥ |Vxx| ≥ |Vyy| for the traceless tensor (i.e., Vxx + Vyy + Vzz
= 0) [191]. The quadrupole interaction, which causes a severe anisotropic line broadening
of the resonance, can be quantified by the quadrupolar coupling constant CQ = (eQ⋅Vzz/h)
and the EFG asymmetry parameter, ηQ = (Vyy – Vxx)/Vzz ; 0 ≤ ηQ ≤ 1. CQ and ηQ are
sensitive structural probes and can be determined from the pattern of spinning side bands
originating from the satellite transitions [202] (for small quadrupole couplings) or from a
simulation of the second-order quadrupolar lineshape observed for the central transition
[203]. Besides the line broadening effect, the quadrupole interaction also causes a shift for
the resonances of the central and satellite transitions, which complicates a precise
determination of the isotropic chemical shift (δiso).
The chemical shift of

27

Al is a reflection of the Al coordination state [204]. For

aluminates resonances from tetrahedrally coordinated Al are observed in the region from
55 to 80 ppm, while Al in octahedral coordination results in chemical shifts from -5 to 20
ppm. The acquisition of 27Al NMR spectra is generally much less time consuming than for
example
27

29

Si spectra, primarily as a consequence of efficient spin-lattice relaxation and

Al having a natural abundance of 100 %.

5.2.6 Multiple-quantum MAS

The so-called multiple-quantum (MQ) MAS NMR experiment can be utilized to resolve
overlapping resonances in NMR spectra of half-integer quadrupolar nuclei [205,206]. The
experiment is a two-dimensional (2D) technique giving spectra with one dimension
(isotropic) in which the line broadening effect from the second-order quadrupolar
interaction has been removed, and an anisotropic dimension where the effect of this
interaction still remains. The basic two-pulse sequence applied in the MQ MAS
experiment is shown in Fig. 5.3. Triple-quantum coherences are created by the first rf pulse
(P1(β1)) while the second rf pulse (P2(β2)) converts the triple-quantum coherences into
observable single-quantum coherences by using appropriate phase cycling of the rf pulses
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and the receiver. The temporal evolution of this single-quantum coherence will after a
certain time (t2) result in an echo signal, in which the effects from the second-order
quadrupolar interaction have been refocused. The delay between the two pulses (t1) is
incremented and the free induction decay (FID) for each of the increments are accumulated
to give a correlation spectrum (after 2D Fourier transformation) with an isotropic and an
anisotropic dimension.

Fig. 5.3 Pulse sequence for the two-pulse triple-quantum MQ MAS NMR experiment. A six-step phase cycle
of the two pulses (P1 and P2) and of the receiver (βR) is used: β1 = 0°, 60°, 120°, 180°, 240°, 300°; β2 = 0°; βR
= 0°, 180°. After a certain time (t2 = kt1, where k depends on the spin-I quantum number) the evolution of
single-quantum coherences results in an echo signal, where the effects from the second-order quadrupolar
interaction have been refocused.

5.3 Application of solid-state NMR in the study of cementitious materials

In 1948, shortly after NMR had been discovered, Pake [207] studied the 1H-1H dipolar
coupling in the water molecules of gypsum and thereby illustrated the potential of NMR as
a research tool for studies of cementing minerals. He found that information regarding the
distances between 1H atoms may be derived from either 1H single-crystals or powder NMR
spectra.
During the following three decades NMR studies of cementitious materials were
rather few. A number of researchers studied the reactions/kinetics of cement hydration by
measuring variations in 1H spin-lattice and spin-spin relaxation times [208-211]. The
beginning of the 1980s marks a breakthrough in the application of solid-state NMR in the
study of cementitious materials. This was facilitated by the new developments of high-field
superconducting magnets in combination with instrumental improvements of MAS, which
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made it possible to obtain high-resolution NMR spectra of spin nuclides such as
27

29

Si and

Al (see Sections 5.3.1 and 5.3.2).
Grimmer and Rosenberger [212,213] have measured 1H isotropic shifts in hydrous

silicates by using a combination of MAS and multi-pulse decoupling sequences to reduce
the line broadening from 1H-1H dipolar couplings in 1H NMR spectra. Subsequently, these
results have been utilized to distinguish between different 1H species in the C-S-H phase
formed by Portland cement hydration.
Special NMR probes have been designed to facilitate high-temperature studies of
clinker reactions and of the structure and dynamics of liquid silicates and calcium
aluminates [214]. More recently, research groups at Ecole Polytechnique, France and
University of Surrey, United Kingdom have used advanced 1H NMR relaxation analysis to
characterize water dynamics in the pore structure of cement pastes [215-217].
5.3.1 29Si MAS NMR applied to cementitious materials

Lippmaa et al. [218] carried out pioneering work on the application of

29

Si MAS NMR

spectroscopy in the study of cementitious materials. They found that it was possible to
follow the process of C-S-H formation, both qualitatively and semi-quantitatively, using
29

Si MAS NMR spectroscopy. This is based on the dependence of the 29Si chemical shift

(δ(29Si)) on the condensation of the SiO4 tetrahedra (Fig. 5.4). With increasing
condensation the chemical shift is displaced about 5 – 10 ppm to lower frequency for each
successive degree of condensation [219-222].
The anhydrous calcium silicates of Portland cements contain isolated SiO4
tetrahedra, which have 29Si chemical shifts in the spectral region from -65 to -75 ppm. The
29

Si MAS NMR spectrum of pure C3S in the triclinic form exhibits nine distinct resonances

[222-224] (Fig. 5.5) in agreement with the nine distinct Si sites reported in the asymmetric
unit for this phase [26]. The resonance lines appear in the range from -68.9 to -74.3 ppm
and the small variation in chemical shifts between the individual resonances can be
explained by minor differences in the mean Si-O bond lengths of the SiO4 tetrahedra [223].
The

29

Si MAS NMR spectrum of β-C2S, on the other hand, exhibits only one resonance,

since all the Si atoms in the structure occupy equivalent crystallographic sites. However,
there are small differences between the 29Si chemical shifts of the αL-, β- and γ-polymorphs
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of C2S [221,223] caused by small variations in the geometry of the SiO4 tetrahedra in these
polymorphs [223].
Q0
SiO4-tetrahedron

Q2
Q1

Q1

Q4

Q0

Q2
Q1

Q4
Q3

Fig. 5.4 29Si MAS NMR spectrum (9.4 T, νR = 12.0 kHz) of a Portland cement (cement C) after 28 days of
hydration. Below the spectrum is shown the chemical shift regions for the different types of condensation of
SiO4 tetrahedra. Q represents the SiO4 tetrahedron and the superscript gives the number of oxygen atoms in
the tetrahedron involved in Si-O-Si bonding. The signal in the Q0 region originates from 29Si species in alite
and belite in unreacted cement grains while the resonances in the Q1 + Q2 region originate from the C-S-H
phase.

Fig. 5.5 29Si MAS NMR spectrum of
triclinic C3S acquired at 7.1 T using a
spinning speed (νR) of 6.5 kHz. Nine
resonances are included in the spectrum.
The rather broad peak at -69 ppm
includes two resonances (δiso = -68.93
ppm and δiso = 69.04 ppm) and the peak
at δiso = 44.34 ppm exhibits two times
the intensity relative to the other
resonances.

The alite phase of industrially produced cement clinkers always occurs with a significant
amount of guest ions incorporated into the crystal lattice, which stabilizes either the
monoclinic MI or MIII forms of alite, or a mixture of the two [24]. The presence of these
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impurity ions causes a slight distortion of the local environment of the SiO4 tetrahedra
which in effect broadens the individual resonances in the

29

Si MAS NMR spectrum.

Therefore, MI and MIII alite of production clinkers show complex line shapes in the

29

Si

MAS NMR spectrum consisting of overlapping resonances. Nevertheless, Skibsted et al.
[223] have shown that the MI and MIII forms of alite can be distinguished on the basis of
their characteristic 29Si MAS NMR lineshapes, as illustrated by the 29Si MAS NMR spectra
of MI and MIII alite in Fig. 5.6.

Fig. 5.6
of

29

Si MAS NMR spectra

synthetic

alite

in

the

monoclinic MIII (a) and MI (b)
forms. The spectra were recorded
at 7.1 T using a spinning speed
(νR) of 7000 Hz.

29

Si MAS NMR spectroscopy has also been demonstrated as a valuable tool for the

quantification of alite and belite in Portland cements [225]. As both alite and belite include
isolated SiO4 tetrahedra (i.e., Q0 units), the resonances from these phases occur as
overlapping resonances in a

29

Si MAS NMR spectrum of an anhydrous cement. The

determination of the alite and belite contents involves computer deconvolution of the 29Si
MAS NMR spectrum which gives the molar belite/alite ratio [225]. This ratio is
subsequently combined with the bulk quantity of SiO2 determined from an elemental
analysis (X-ray fluorescence), thereby allowing a determination of the quantities of alite
and belite. A modified version of this approach has been developed in this PhD project for
quantification of alite and belite contents in various anhydrous Portland cements (see
Section 6.3.2 and Paper I for further details).
As mentioned earlier,

29

Si MAS NMR provides a powerful analytical tool for

studying the hydration of Portland cement, since the anhydrous phases (alite and belite)
give resonances in the spectral region for Q0 units, while the C-S-H formed upon hydration
show resonances in the region for Q1 (δ ≈ -79 ppm) and Q2 units (δ ≈ -85 ppm). Q3 and
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Q4 units are not observed in C-S-H formed at ambient temperatures and pressures, which
indicate that the silica in C-S-H occurs in SiO4 tetrahedra forming either dimers (Q1 units)
or longer chains of tetrahedra where dimers have been linked together by so-called
bridging tetrahedra. The incorporation of an AlO4 tetrahedron in the silicate chain results in
a separate resonance (δ ≈ -82 ppm) arising from SiO4 tetrahedra bonded to the AlO4
tetrahedron and a second SiO4 unit, corresponding to a Q2(1Al) site [226]. A determination
of the relative intensities observed for the Q1, Q2(0Al) and Q2(1Al) sites allows an
estimation of the mean chain length of tetrahedra in the C-S-H as well as the Al/Si ratio for
the C-S-H phase.
Solid-state

29

Si MAS NMR have also been used in many studies of different

crystalline silicate hydrates. For example, Cong and Kirkpatrick [227] have investigated
tobermorites and jennites using this technique. Blended cement systems containing slag,
fly ash, microsilica, or other types of pozzolans can also be studied by 29Si MAS NMR, as
they all contain a significant amount of silicon. In the case with slag-containing blends
quantitative evaluation of the spectra is normally complicated by the fact that the slag gives
rise to a very broad and featureless resonance (due to its partly glassy nature), which
overlaps severely with both the anhydrous silicate phases in the cement and with the C-S-H
formed upon hydration [113]. High contents of iron in fly ashes can cause significant loss
of signal intensities and broadening of resonances due to the presence of paramagnetic ions
(Fe3+), but generally the problems with overlapping signals that are encountered for cement
– slag blends are less pronounced with fly ashes. The hydration of cement blends
containing microsilica have successfully been investigated using 29Si MAS NMR [75,76].
The broad signal from the amorphous microsilica is conveniently found in the

29

Si

chemical shift region for Q4 units, and thus well separated from the resonances originating
from the anhydrous cement phases and from the C-S-H phase. Consequently, the extraction
of quantitative information about microsilica (e.g., degree of hydration) is more straightforward from such spectra in comparison with the spectra obtained from slag and fly ash
containing blends.
5.3.2 27Al MAS NMR applied to cementitious materials

Despite a typical content below 5 wt% Al2O3 in a Portland cement, 27Al MAS NMR can be
utilized to extract important information about both anhydrous and hydrated cements. For
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Al MAS NMR allows the hydration of tricalcium aluminate (C3A) to be

followed. This is mainly due to the fact that the reaction with water is accompanied by a
transformation of Al in tetrahedral coordination into Al in octahedral coordination, which
is manifested by a change in chemical shift of 27Al [228].
The alite and belite phases in Portland cement clinkers invariably contain a
significant amount of Al as guest ions. Skibsted et al. [28] reported that these Al species
are observable and can be quantified even at rather low levels by

27

Al MAS NMR.

Furthermore, they also demonstrated that Al only occupies tetrahedral sites in synthetic
samples of C3S and C2S doped with Al, and in the calcium silicates of Portland cement, by
replacement of Si4+.
The ferrite phase (C4AF), on the other hand, is generally not observed in Portland
cements by 27Al MAS NMR, since nuclear-electron dipolar couplings between 27Al and the
unpaired electron of the Fe3+ ions causes a severe line broadening of the

27

Al resonances

[229].
27

Al MAS NMR spectra have been reported for a wide range of crystalline

aluminate hydrates including phases such as ettringite, monosulphate, Fridel’s salt and
hydrotalcite. Quadrupole coupling parameters (CQ and ηQ) and

27

Al isotropic chemical

shifts have been determined for most of these phases from analysis of either the
quadrupolar lineshape for the central transition, or the manifold of spinning sidebands
originating from the satellite transitions. The extraction of these parameters has been
valuable for the identification and quantification of ettringite and monosulphate in
hydrated Portland cements [228,230].

5.3.3 Other NMR active nuclei applied to cementitious materials

NMR spectra of rare isotopes, that are practically unobservable under normal
circumstances, can be made observable by isotopic enrichment. Examples include Klur et
al.’s [231] use of the 43Ca nucleus in a study of the structural evolution of C-S-H and Cong

and Kirkpatrick’s [227] use of 17O in a structural study of some crystalline calcium silicate
hydrates.
Potentially interesting NMR active nuclei in the study of cementitious materials,
such as 2D, 7Li,

11

B,

13

C,

19

F and

31

P, have received a rather limited attention so far.

However, in the present PhD project

31

P MAS NMR has been utilized to obtain
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information about the incorporation of small amounts of phosphorus species in both
anhydrous and hydrated cement phases (see Paper II).
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Chapter 6
Characterization of anhydrous materials
6.1 Introduction

This chapter introduces the selection of materials studied in the project by presentation of
results from XRF analysis, XRD investigations with Rietveld analysis, BSE images form
SEM, granulometry, and solid-state NMR spectroscopy. The first part of the chapter
concentrates on the utilization of preliminary data for choosing which materials to use for
the subsequent SCM reactivity study, while the second part focuses on characterization of
the anhydrous materials by 29Si and 27Al MAS NMR.

6.2 Preliminary investigations of anhydrous materials

An initial collection of materials (12 cements, 9 blastfurnace slags, 3 fly ashes, one natural
pozzolan, and one microsilica) was considered with the purpose of selecting which
cements and SCMs that should be investigated in detail in the study of SCM reactivity in
blended cements. The materials were provided by different industrial manufacturers and
were initially received in rather small quantities. Preliminary characterization of the
materials by XRF analysis, XRD with Rietveld analysis, SEM and granulometry was
mainly carried out by Vanessa Kocaba at École Polytechnique Fédérale Lausanne (EPFL),
Lausanne, Switzerland. To avoid duplication of similar materials various parameters were
used to choose among the initial range of cements, specifically the median grain size (d50)
and the contents of alite, tricalcium aluminate and alkalis (Na2O + K2O), as these
parameters are all known to influence the reactivity of cements or SCM in cement – SCM
blends. The choice of SCMs was based on criteria such as bulk chemical composition (e.g.,
low content of Fe2O3), content of amorphous matter in the samples, and median grain size.
The group of materials that was selected for the comprehensive series of hydration
experiments was subsequently supplied in much larger quantities (approx. 1 tonne of each
selected material) by the manufacturers.
The cements of the initial selection are denoted as cement 1 – 12, whereas the
cements chosen for further investigations are identified by a capital letter rather than the
original number, since the selected cements received in large quantities did not exhibit the
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exact same bulk chemical and phase compositions as the initially received samples.
Cements A, B and D correspond to cements 2, 5 and 11, respectively. Cement C was not
included in the initial selection of materials, but added later to replace cement D, as this
cement showed a significantly different phase composition in the large batch as compared
to the originally received sample, i.e., the content of tricalcium aluminate was much lower
in the large batch. It is noted, that cements A and 2 are white Portland cements, while
cement 8 is a sulphate-resistant cement.

6.2.1 XRF analysis

Bulk chemical compositions obtained by XRF analysis are presented for cements and
SCMs in Table 6.1 and 6.2, respectively. The cements displays the following ranges in
chemical composition for the main oxides (wt%): 57.7 – 69.2 CaO, 19.6 – 24.7 SiO2, 2.1 –
5.6 Al2O3 and 0.3 – 4.6 Fe2O3, while the slags exhibit the ranges (wt%): 32.5 – 43.6 CaO,
31.9 – 40.5 SiO2, 7.0 – 20.0 Al2O3, and 5.7 – 11.3 MgO. The three fly ash samples are
dominated by SiO2 (51.7 – 72.2 wt%) and Al2O3 (24.3 – 25.6 wt%), while the contents of
CaO are low (0.1 – 5.7 wt%). These compositions corresponds to Class F fly ashes
according to the ASTM classification (i.e., SiO2 + Al2O3 + Fe2O3 > 70 wt%). The natural
pozzolan is also dominated by SiO2 (64.2 wt%) and Al2O3 (13.5 wt%), while the
microsilica sample is almost pure SiO2 (98.5 wt%).
A high content of iron in a sample material can reduce the resolution and affect the
quantitative reliability of the NMR spectra, as a result of strong dipolar interactions
between the NMR-active nucleus under observation and the unpaired electrons of
paramagnetic ions (i.e., Fe3+). Therefore, materials with low Fe2O3 contents are normally
preferred from an NMR point of view. In this regard, fly ash 1, fly ash 3, and cement 8
immediately stands out with Fe2O3 contents of 4.6 wt%, 5.7 wt% , 8.3 wt%, respectively.
This issue is discussed further in Section 6.3.1 and 6.3.4.

6.2.2 Laser granulometry

Particle-size distributions of the samples were obtained by laser granulometry. In Table 6.1
and 6.2 the median grain size (d50) is displayed for cements and SCMs. d50 is the grain size
at which 50 % of sample is finer. The cements can roughly be divided into two groups with
cements A, D, 2, 9, and 10 having d50 < 14 μm and the remaining ones having d50 > 14 μm.

Table 6.1 Bulk chemical compositions of the Portland cements from XRF analysis (wt%) and median grain size d50
(μm) from laser granulometry.
CaO

MgO

SO3

K2O

Na2O

TiO2

MnO

P2O5

LOI1

d502

0.4

68.7

0.6

1.8

0.1

0.2

0.1

0.01

0.5

1.0

9

5.1

3.3

61.3

2.8

2.8

1.4

0.2

0.2

0.05

0.4

1.9

14

21.0

4.6

2.6

64.2

1.8

2.8

0.9

0.2

0.1

0.03

0.4

1.3

20

D

21.0

5.0

2.5

63.5

2.1

3.0

1.0

0.3

0.2

0.04

0.1

1.3

11

1

21.6

5.0

2.8

65.9

1.7

0.8

0.9

0.1

0.3

0.055

0.4

2.7

~15

23

24.5

2.1

0.3

69.2

0.6

2.2

0.2

0.1

-

-

-

-

~9

3

19.6

5.6

2.8

62.6

2.4

2.82

1.3

0.13

-

-

-

2.9

~15

4

19.4

4.5

2.9

64.1

1.2

2.7

0.8

0.1

-

-

-

3.4

~15

5

20.6

5.2

3.1

62.0

2.6

2.9

1.4

0.3

-

-

-

-

~15

6

19.6

5.5

3.3

62.5

1.6

3.1

1.4

0.2

-

-

-

2.7

~15

7

22.8

5.4

3.5

65.6

-

0.4

0.7

0.2

-

-

-

-

~15

-

1.0

~15

Cement

SiO2

A3

24.7

2.1

B

20.5

C

4

8

21.8

4.0

4.6

63.0

1.5

2.3

0.7

0.2

0.2

0.07

9

20.0

4.6

2.9

62.9

1.9

3.0

0.9

0.3

0.3

0.08

0.1

-

~9

0.3

5

0.1

-

~9

5

0.1

0.1

-

~15

-

0.2

-

~15

10

1
4

Al2O3 Fe2O3

21.8

5.3

2.9

57.7

2.0

2.1

1.0

0.3

11

20.7

4.7

2.3

62.5

2.6

3.2

1.0

0.3

0.2

12

20.1

4.3

2.5

60.9

1.4

3.1

0.9

0.1

0.3

2

5

0.1

3

LOI = loss on ignition. d50 refers to the grain size at which 50 % of sample is finer. White Portland cement.
Sulphate-resisting cement. 5 The quantity corresponds to Mn2O3 rather than MnO.

Table 6.2 Bulk chemical compositions from XRF analysis (wt%), amorphous content (wt%) from XRD and median grain size d50 (μm)

from laser granulometry for the SCMs.
Sample

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

K2O

Na2O

TiO2

MnO

P2O5

Amorph.1

d502

slag 1

36.6

12.2

0.9

41.6

7.2

0.6

0.3

0.2

0.04

0.14

0.01

99.5 %

19

slag 2

36.6

12.2

0.9

41.6

7.2

0.6

0.3

0.2

0.04

0.14

0.01

99.5 %

8

slag 3

40.5

7.0

0.7

39.5

8.2

1.6

0.7

0.5

0.3

0.86

-

83 %

15

slag 4

40.5

7.0

0.7

39.5

8.2

1.6

0.7

0.5

0.3

0.86

-

83 %

10

slag 5

31.9

16.5

0.9

35.8

10.8

-

0.5

0.2

1.1

0.4

-

-

-

slag 6

34.9

12.2

0.6

37.1

11.3

-

0.3

0.1

0.5

0.2

-

-

-

slag 7

38.0

7.4

1.4

43.6

5.7

-

0.4

0.5

0.3

0.3

-

-

-

slag 8

34.6

20.0

0.5

32.5

9.2

2.0

0.8

0.2

0.67

0.06

0.01

94.2 %

15

slag 9

36.9

9.8

2.2

37.7

9.3

2.0

0.3

0.6

0.3

0.46

-

95 %

20

FA 13

51.7

25.5

5.7

3.1

2.7

0.8

4.1

1.3

0.9

0.16

0.2

-

10

3

72.2

24.3

0.4

0.1

0.1

0.1

0.3

0.1

1.4

-

FA 2

3

FA 3

25.6

8.3

5.7

-

1.1

-

0.5

64.2

13.5

2.6

3.0

1.1

-

-

0.1

5

98.5

0.3

0.1

0.3

0.1

-

-

-

NP

MS
1

53.5

4

Content of amorphous material in sample estimated by XRD with Rietveld analysis.

finer. 3 FA = fly ash. 4 NP = natural pozzolan. 5 MS = microsilica.

6

1.5

2

0.1

-

7

6

-

-

19

6

1.5

-

0.1

-

-

9

-

-

-

-

0.25

d50 is the grain size at which 50 % of sample is

The quantity corresponds to Mn2O3 rather than MnO.
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The slags and fly ashes display d50-values in the ranges 8 – 20 μm and 7 – 19 μm,
respectively, while the microsilica has a considerably smaller grain size (d50 = 0.25 μm).
The natural pozzolan has d50 = 9 μm.

6.2.3 XRD with Rietveld analysis

Crystalline phases in the Portland cements have been identified and quantified using
powder XRD in combination with Rietveld analysis (Table 6.3). This includes the
following phases: alite, belite, tricalcium aluminate, ferrite, lime (CaO), periclase,
sulphates (gypsum, hemihydrate, and anhydrite), quartz, calcite and portlandite.
Table 6.3 Phase contents (wt%) of the Portland cements determined by XRD with Rietveld analysis.
Sample

Alite

Belite

C3A1

Ferrite

Lime

MgO2

Sulphates3

Quartz

Calcite

CH4

A5

68.9

23.4

3.9

-

-

-

3.2

-

-

0.6

B

49.0

23.7

5.6

12.6

1.4

1.9

2.7

-

0.6

-

C

61.8

16.9

6.8

9.5

-

-

2.8

-

-

0.4

D

66.2

14.1

3.7

10.6

-

0.7

2.8

-

-

-

1

66.9

10.3

4.5

8.8

-

0.5

4.2

-

4.9

-

25

67.3

23.3

3.6

0.4

0.6

-

4.3

-

-

0.5

3

58.9

14.9

9.7

7.0

0.7

1.6

4.6

0.4

2.3

-

4

65.4

8.5

7.0

7.8

0.4

0.4

4.6

0.4

5.2

0.4

5

51.1

22.2

8.1

9.2

1.8

2.3

3.8

-

1.0

0.6

6

65.1

8.7

5.9

9.9

0.6

0.6

5.7

-

3.2

0.3

7

50.9

22.9

7.7

10.8

-

-

4.1

1.7

-

1.9

6

58.7

17.9

2.3

16.0

-

0.5

2.1

-

0.7

-

9

66.2

10.3

6.6

6.9

0.9

1.0

3.9

0.4

3.9

-

10

58.6

7.9

5.8

5.8

-

0.7

4.4

2.6

14.3

-

11

70.1

8.0

7.9

6.4

-

1.3

5.2

-

1.2

-

12

70.0

14.3

3.7

9.2

-

0.5

2.5

-

-

-

SD7

2.23

1.41

0.74

0.95

0.4

0.32

0.58-0.81

0.4

0.5

0.4

8

1

C3A = tricalcium aluminate. 2 MgO = periclase. 3 Gypsum + hemihydrate + anhydrite. 4 CH = Ca(OH)2.
White Portland cement. 6 Sulphate-resisting cement. 7 Standard deviations calculated from the analysis
of cements A, B, C, D, and 8.
5

As expected, the samples are dominated by alite and belite, and to a lesser extent by
tricalcium aluminate, ferrite, and sulphates. Some of the cements contain a small amount of
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free lime which is a sign of insufficient burning of the clinker in the kiln during the
manufacture. Half of the cements contains a small amount of portlandite which indicates
that these samples have been exposed to a small degree of pre-hydration. However, the
Ca(OH)2 contents are ≤ 0.6 wt% for all cements except for cement 7 and therefore
considered to be rather insignificant.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6.1 Representative backscattered electron images of anhydrous samples of slag 1 (a), fly ash 1
(b), fly ash 2 (c), fly ash 3 (d), natural pozzolan (e), and cement A (f). The images were obtained at
EPFL, Switzerland using SEM.

A few of the cements also contain minor quantities of quartz. All the cements are classified
as CEM I according to the European pre-standard for common cements [3], with the

Chapter 6: Characterization of anhydrous materials

67

exception of cement 10, which is classified as CEM II due to the presence of
approximately 15 wt% of limestone filler (calcite).
XRD have also been used to qualitatively identify phases in some of the SCMs.
The phase melilite ((Ca,Na)2[(Mg,Fe2+,Al,Si)3O7]) was identified in slag 8, and in the
natural pozzolan clinoptilolite ((Na,K)6[Al6Si30O72]24H2O), albite (Na[AlSi3O8]), sanidine
((K,Na)[AlSi3O8]), magnetite (Fe3O4) and silica were observed. The following phases
were found in the fly ashes: mullite (3Al2O3⋅2SiO2), belite, anhydrite (CaSO4) and
hematite (Fe2O3) in fly ash 1; mullite, silica, anhydrite and hematite in fly ash 2; mullite
and silica in fly ash 3. Crystalline phases were not detected in the microsilica sample.
6.2.4 Backscattered electron images from SEM

Backscattered electron (BSE) imaging from SEM in combination with EDS has been
utilized to support the identification of phases present in the cements and SCMs. The BSE
images also reveal the shapes and size distribution of the particles. Examples are given in
Fig. 6.1 for some anhydrous SCMs and cement A. The images clearly demonstrate the
spherical shape of the fly ash particles as compared to the angular slag fragments.
6.2.5 Characteristics of selected materials

Table 6.4 summarizes the selection of materials that was chosen for the subsequent
hydration experiments involving cements blended with SCMs. The main characteristics on
the basis of which the individual materials were chosen are outlined as well.
Table 6.4 Characteristics of selected materials
Sample

Characteristics

cement A

high alite content, low aluminate content, low bulk contents of alkalis and
Fe2O3, d50 = 9 μm

cement B

low alite content, medium aluminate content, d50 = 14 μm

cement C

high alite content, medium aluminate content, d50 = 20 μm

slag 1

99.5 % amorphous material, typical bulk chemical composition for slags

slag 8

94.2 % amorphous material, high content of Al2O3

fly ash 2

low bulk contents of CaO and Fe2O3

natural
pozzolan

high bulk contents of SiO2 and Al2O3,
low bulk content of CaO, d50 = 9 μm

microsilica

almost pure SiO2, d50 = 0.25 μm

Chapter 6: Characterization of anhydrous materials

68

6.3 Characterization of anhydrous materials by solid-state NMR
6.3.1 29Si MAS NMR of anhydrous cements

Fig. 6.2 presents 29Si MAS NMR spectra of all the 16 anhydrous cements studied in Core
Project 4. The spectra were recorded at 9.4 T with a relatively high speed spinning (νR =
13.0 kHz). The acquisition of these spectra were rather time consuming, since typically
1000 – 2500 scans were required to obtain a satisfactory signal-to-noise ratio due to the
low natural abundance of 29Si (4.7 %). Furthermore, a recycle delay of 30 s was employed
to insure full relaxation of the

29

Si spins between the individual scans, and consequently

the total acquisition time for each spectrum was typically in the order of 24 h. Further
details regarding the experimental conditions employed for acquisition of the spectra are
given in Appendix I. All the 29Si MAS NMR spectra in Fig 6.2 show overlapping signals
from the two calcium silicates alite and belite. The rather narrow resonance at -71.3 ppm
originates from β-C2S (belite) in agreement with its crystal structure, where all Si atoms
are in equivalent positions in the asymmetric unit [36]. On the other hand, alite exhibits
broadened peaks which include a number of overlapping resonances in the spectral region
from -66 to -78 ppm. This is a consequence of the large number of different SiO4
tetrahedra in the monoclinic structures (MI or MIII) of alite. Nishi et al. [232] have reported
18 different Si sites for the MIII form. It appears from a comparison of the overall lineshape
of the alite peaks in Fig. 6.2 with the 29Si MAS NMR spectra of synthetic samples of the
MI and MIII forms of alite (Fig. 5.6) that the studied cements are all dominated by alite in
its monoclinic MIII form with the exception of cement 12, in which case alite appears to
occur in the MI form. These observations are in full accord with independent XRD
investigations of the same cements performed by Vanessa Kocaba at EPFL.
The alite and belite contents have been quantified by deconvolution of the

29

Si

MAS NMR spectra (see Section 6.3.2) utilizing that the relative quantities of alite and
belite in the cements are clearly reflected by the overall lineshapes of the spectra. For
example, the belite content of 20.0 wt% for cement A is reflected by the high intensity of
the peak observed at -71.3 ppm, which is superimposed on the broadened resonances from
alite. Correspondingly, the small belite peak observed for cement 6 reflects a very low
belite content (4.9 wt%). The content of iron in the cements influences the overall
lineshape of the 29Si MAS NMR spectra. Cements 7 and 8 contain 3.5 and 4.6 wt% Fe2O3,
respectively, which are the two highest iron contents among the studies samples. In the
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spectra of these cements the distinction between the belite and alite resonances becomes
less pronounced, because of linebroadening caused by interactions of the
3+

the unpaired electrons of the Fe

29

Si spins with

ions. This additional linebroadening tends to blur the

spectra, thereby resulting in larger uncertainties on the ratio of alite and belite determined
from computer deconvolution of the 29Si MAS NMR spectra.

Fig. 6.2 29Si MAS NMR spectra (9.4 T, νR = 13 kHz) of anhydrous Portland cements A – D and 1 – 12. The
spectra display a notable variation in signal intensity from the alite and belite phases. The intensity scale is
identical for all the spectra except for cement A and 2 where the scale has been multiplied by a factor of ¾
relative to that for the others. The spectra were recorded with a 30 s relaxation delay and typically 1000 –
2500 scans.
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The spectrum of cement 5 includes low-intensity Q1 and Q2 resonances ranging from
approximately -78 to -85 ppm, which indicates a small degree of prehydration for this
cement. Impurities of quartz and another silicate phase have been observed in cement 10
by a resonance at -107.4 ppm and a broad peak ranging from approx. -92 to -100 ppm (not
seen in the spectral region displayed in Fig. 6.2). This is consistent with XRD
investigations of this cement, which show a quartz content of 2.6 wt%. The broad peak
probably originates from a clay mineral (i.e., a phase containing Q3 units).
6.3.2 Quantification of alite and belite from 29Si MAS NMR

The contents of alite and belite have been determined for all anhydrous cements from the
29

Si MAS NMR spectra in Fig. 6.2 by employment of a procedure described in Paper I

[233], which is a modified version of the procedure originally described in Ref. [225]. The
main features of the refined quantification approach are briefly outlined in the following.
The determination involves computer deconvolution of the 29Si MAS NMR spectra
which gives the molar belite/alite ratio. Initially, a sub-spectrum of alite is created by
deconvolution of the

29

Si MAS NMR spectra of the MI or MIII forms of alite by the

addition of a number of Gaussian and/or Lorentzian shaped peaks. Subsequently, a single
peak corresponding to the isotropic chemical shift for belite is added, and finally the peaks
from both alite and belite are optimized to the experimental spectrum by least-squares
fitting (Fig. 6.3). In the fitting procedure the relative intensities of the peaks constituting
the alite resonances are kept fixed and only manually scaled to fit the experimental
spectrum. On the other hand, the intensity and linewidth of the single belite peak are
allowed to vary freely in the fitting procedure. The molar ratio of belite/alite can
subsequently be calculated from the resulting peak intensities, and combining this ratio
with the total content of SiO2 (determined from XRF analysis) allows calculation of the
quantities of alite and belite in the stoichiometric forms C3S and C2S. It is assumed in this
approach that all the SiO2 present in the cement occurs only in the alite and belite phases.
Taylor [175] has proposed more realistic compositions of the major phases in
construction industry cements which take into account the incorporation of different guest
ions (see Section 4.7). These Taylor compositions have been employed along with the
belite/alite molar ratios from the 29Si MAS NMR spectra to give more realistic quantities
of alite and belite. Table 6.5 presents the result of the 29Si MAS NMR based quantification
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along with the corresponding results from the XRD/Rietveld quantification. Generally,
NMR gives slightly higher contents of alite than XRD whereas belite contents are
consistently somewhat lower in the NMR quantification as compared to belite contents
from XRD. This discrepancy between the NMR and XRD experiments is discussed in
some detail in Paper I [233].

Fig.

6.3

Illustration

of

the

deconvolution

procedure employed for quantification of alite and
belite from

29

Si MAS NMR spectra, here

exemplified for cement A. (a) Experimental

29

Si

MAS NMR spectrum of cement A (9.4 T, νR = 13
kHz). (b) Optimized simulation of

29

Si MAS

NMR spectrum in (a). (c) Deconvolved belite
sub-spectrum for the simulated spectrum in (b).
(d) Deconvolved MIII alite sub-spectrum for the
simulated spectrum in (b).

Besides using the abovementioned Taylor compositions in the quantification of alite and
belite from 29Si MAS NMR spectra, compositions obtained from EDS analyses (Table 6.6)
have also been used for seven cements (A, B, C, D, 1, 4, and 8), thus employing the actual
composition of the phases and taking into account the small amount of SiO2 present in
phases other than alite and belite. When comparing the results derived using the Taylor and
EDS compositions, the differences in alite and belite content appear insignificant (Table
6.7). This reflects the fact that the EDS compositions for alite and belite are very close to
those reported by Taylor and that the aluminate and ferrite phases only include very small
amounts of the total SiO2 content. Accordingly, these results justify the use of the Taylor
compositions in the quantification procedure for alite and belite from the 29Si MAS NMR
spectra.
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6.3.3 27Al MAS NMR of anhydrous cements
27

Al MAS NMR spectra have been recorded for six (A, B, C, D, 1, and 4) of the 16

anhydrous cements. Two representative spectra of cement A and C are shown in Fig. 6.4
which exhibit similar spectral features. The two overlapping peaks at ~81 and ~86 ppm
originate from aluminium incorporated as guest ions in tetrahedral sites of the alite and
belite phase, respectively. The broad resonance ranging from approx. 40 to 100 ppm, on
which the two overlapping peaks are superimposed, originates from Al in tricalcium
aluminate.
Table 6.5 Contents (wt%) of alite and belite in anhydrous cements from 29Si MAS NMR and XRD
with Rietveld analysis.
29

Si MAS NMR1

XRD with Rietveld analysis

Cement
I(belite)/I(alite)

alite

belite

alite

belite

A2

0.3449

72.4

20.0

68.9

23.4

B

0.3676

59.1

17.4

49.0

23.7

C

0.3286

62.4

16.4

61.8

16.9

D

0.1805

70.3

10.2

66.2

14.1

1

0.1226

75.7

7.4

66.9

10.3

2

0.3335

72.5

19.4

67.3

23.3

3

0.2559

60.1

12.3

58.9

14.9

4

0.0885

68.6

4.9

65.4

8.5

5

0.3376

60.7

16.5

51.1

22.2

6

0.0857

71.2

4.9

65.1

8.7

7

0.2918

64.4

15.1

50.9

22.9

83

0.2540

67.7

13.7

58.7

17.9

9

0.1388

68.2

7.6

66.2

10.3

10

0.1427

66.6

7.6

58.6

7.9

11

0.0907

74.8

5.4

70.1

8.0

12

0.1907

66.6

10.2

70.0

14.3

2

1

The quantification of alite and belite is based on deconvolution of the

29

Si MAS NMR spectra

recorded at 9.4 T with a spinning speed of νR = 13.0 kHz. Compositions proposed by Taylor [175]
are assumed for the alite and belite quantities determined from the 29Si MAS NMR spectra. 2 White
Portland cement. 2 Sulphate-resistant cement.
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Tabel 6.6 Compositions of alite and belite in seven Portland cements obtained by SEM combined with
EDS analysis1.
cement

alite

belite

A

Ca2.92Mg0.04Al0.07Fe0.02Si0.95O5

Ca1.99Al0.08Fe0.01Si0.92O4

B

Ca2.84Mg0.08Al0.09Fe0.04Si0.93O5

Ca1.98Mg0.02Al0.07Fe0.03Si0.92O4

C

Ca2.93Mg0.05Al0.06Fe0.04Si0.93O5

Ca2.00Al0.05Fe0.03Si0.91O4

D

Ca2.89Mg0.08Al0.09Fe0.03Si0.93O5

Ca1.98Mg0.02Al0.07Fe0.02Si0.91O4

1

Ca2.92Mg0.05Al0.05Fe0.03Si0.95O5

Ca2.00Mg0.01Al0.06Fe0.02Si0.93O4

4

Ca2.90Mg0.04Al0.06Fe0.03Si0.97O5

Ca1.97Mg0.01Al0.05Fe0.02Si0.95O4

8

Ca2.88Mg0.06Al0.06Fe0.03Si0.96O5

Ca1.97Mg0.01Al0.06Fe0.03Si0.93O4

Taylor2

Ca2.90Mg0.06Al0.04Fe0.03Si0.95P0.01Na0.01O5

Ca1.94Mg0.02Al0.07Fe0.02Si0.9P0.01Na0.01K0.03O3.93

1

Metal ions corresponding to a molar content below 0.01 are not included in the formulas.

2

Compositions proposed by Taylor [175]. Note that oxygen vacancies are included in belite.

Table 6.7 Content of the calcium silicate phases in seven Portland cements determined
from 29Si MAS NMR spectra (9.4 T, νR = 13.0 kHz). (Taylor) and (EDS) refer to the
phase composition proposed by Taylor [175] and the compositions derived from EDS
analysis, respectively, in the quantification procedure.

1

Cement

alite (Taylor)

belite (Taylor)

alite (EDS)

belite (EDS)

A1

72.4

20.0

72.5

19.5

B

59.1

17.4

58.8

16.7

C

62.4

16.4

62.8

15.9

D

70.3

10.2

70.2

9.8

1

75.7

7.4

74.9

7.1

4

68.6

4.9

66.1

4.5

82

67.1

13.7

65.6

13.1

2

White Portland cement. Sulphate-resistant cement.

These assignments are based on an earlier study by Skibsted et al. [28] of aluminium guest
ions in the silicate phases of cements. Well-defined quadrupolar lineshapes have been
reported for the two non-equivalent AlIV sites in synthetic Ca3Al2O6 [228,234] which is in
contrast to the rather featureless resonance observed for tricalcium aluminate in the

27

Al

MAS NMR spectra of cements A and C. This difference is ascribed to the presence of
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impurity ions in the crystal lattice of tricalcium aluminate in Portland cements which
distort the local environment of the AlO4 tetrahedra and thereby blur the distinct features of
the quadrupolar lineshapes [28]. A visual comparison of the

27

Al MAS NMR spectra for

cement A and C suggests that cement A has a higher content of tricalcium aluminate than
cement C, since the intensity of the peak originating from this phase is higher for cement A
than cement C. However, XRD investigations show that cement A and cement C contain
3.9 wt% and 6.8 wt% of tricalcium aluminate, respectively, which may seem to contradict
the observations in the

27

Al MAS NMR. The lower intensity of the tricalcium aluminate

peak in the spectra for cement C is probably a consequence of a significantly higher
content of Fe2O3 (2.6 wt%) for this cement as compared to cement A (0.4 wt%), since
strong dipolar interactions between the 27Al spins and unpaired electrons of Fe3+ ions cause
a broadening of resonances and distribution of a higher fraction of the intensity into the
spinning sidebands, thus resulting in reduced intensity of the centerband. The aluminium in
the ferrite phase is not observed in the 27Al MAS NMR spectra of cement A and C due to
effects of the abovementioned nucleus-electron dipolar interaction [229].

Fig. 6.4 Representative

*

*

27

Al

MAS NMR spectra (14.1 T, νR
= 13 kHz) of cement A (a) and
cement

C

(b).

The

peaks

indicated with asterisks (*) are

*

*

spinning sidebands. The spectra
a plotted on the same intensity
scale.

6.3.4 29Si MAS NMR of SCMs
29

Si MAS NMR spectra of the five SCMs selected for the hydration experiments (see Table

6.4) are displayed in Fig. 6.5. A spectrum of cement A is included as well for comparison.
The

29

Si MAS NMR spectrum of microsilica exhibits a broad resonance ranging from

approx. -100 to -125 ppm in agreement with the amorphous nature of this material. The
resonance is in the spectral region for fully condensed SiO4 tetrahedra, i.e., Q4 sites.
Similar silicate species as those observed for microsilica are also present in fly ash 2.
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However, the

29

75

Si MAS NMR spectrum of the fly ash also contains low-intensity

resonances from -90 to -102, which are assigned to

29

Si species in mullite based on the

observation of this phase by XRD and on previously reported

29

Si chemical shifts for

synthetic samples of mullite [235]. Four overlapping resonances are observed at -95, -101,
-108 and -113 ppm in the 29Si MAS NMR spectrum of the natural pozzolan in addition to a
broadened low-intensity peak ranging from -85 to -95 ppm. As mentioned in Section 6.2.3,
XRD investigations show that the natural pozzolan contains a mixture of the phases albite,
clinoptilolite, sanidine, magnetite and silica. Based on

29

Si MAS NMR chemical shifts

reported for these phases in the literature [236,237] and comparison with an earlier

29

Si

MAS NMR study of similar natural pozzolans [238], the high-intensity peak at -101 ppm is
assigned to contributions from silica, clinoptilolite, and albite, while the shoulder at -113
ppm is attributed to Q4(0Al) sites in clinoptilolite.

Fig. 6.5

29

Si MAS NMR

spectra (9.4 T, νR = 12 kHz)
of microsilica (b), fly ash 2
(c), natural pozzolan (d), slag
1 (e), and slag 8 (f). The 29Si
MAS

NMR

spectrum

of

cement A (a) is included for
comparison.

Chapter 6: Characterization of anhydrous materials

76

The peak at -101 ppm, as well as the low-intensity shoulder at -95 ppm, can be ascribed to
a mixture of signals from albite, sanidine and clinoptilolite. The 29Si MAS NMR spectra of
slag 1 and slag 8 show very similar broad and featureless peaks ranging from approx. -65
to -95 ppm. Similar

29

Si MAS NMR spectra of slags have been reported earlier in the

literature [239,240] and assigned to an amorphous glass-like phase containing a range of
different Q0-3 species with different degrees of Al incorporation in the second-coordination
sphere.
The strong influence of high iron contents on the acquisition of NMR spectra is
illustrated in Fig. 6.7 where 29Si MAS NMR spectra for fly ashes 1 – 3 are compared on a
spectral width which includes the set of spinning sidebands occurring on the low- and
high-frequency sides of the centerband at ~ -112 ppm. Evaluation of these spectra has
given the data in Table 6.8.

Fig. 6.6 29Si MAS NMR spectra (9.4 T, νR
= 12 kHz) of fly ash 1 – 3. The spectra of
fly ash 1 and 2 are shown on the same
normalized intensity scale, whereas the
intensity is reduced by a factor of 4 for fly
ash 2. Contents of Fe2O3 are 0.43 wt% in
fly ash 2, 5.72 wt% in fly ash 1, and 8.3
wt% in fly ash 3.
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The spectrum of fly ash 2, which contains 0.4 wt% of Fe2O3, exhibits a much lower
fraction of the total intensity in the spinning sidebands as compared to the spectra of the
more iron-rich samples of fly ash 1 (5.7 wt% Fe2O3) and fly ash 3 (8.3 wt% Fe2O3) where a
significant fraction of the total intensity occurs in the spinning sidebands. If Itot is the
combined intensity of the centerband and the spinning sidebands normalized by weight and
m(SiO2) is the mass of SiO2 in the sample, then the measure “Itot/m(SiO2)” should be equal

for the three fly ashes, if Fe2O3 did not affect the detection of the 29Si resonances. This is
not the case, however, since Itot/m(SiO2) is significantly lower for the iron-rich samples
than for fly ash 2. Roughly 20 % of the 29Si spins are not observed for fly ash 1 and 3 due
to the strong interaction between the

29

Si nuclear spins and the unpaired electrons of the

Fe3+ ions. Therefore, fly ashes low in iron are much preferred for the NMR studies.
Table 6.8 Bulk chemical contents (wt%) of SiO2 and Fe2O3 from XRF analysis
for fly ashes 1 – 3 and total signal intensities from centerband and spinning
sidebands obtained from the evaluation of

29

Si MAS NMR spectra (9.4 T, νR =

12 kHz).
Fly ash 1

Fly ash 2

Fly ash 3

SiO2

51.7

72.2

53.5

Fe2O3

5.72

0.43

8.30

Itot (normalized by weight)

0.729

1.281

0.756

Itot/m(SiO2)

1.41

1.77

1.42

6.3.5 27Al MAS NMR of SCMs

Fig. 6.7 presents

27

Al MAS NMR spectra of the SCMs selected for the hydration

experiments with the exception of the microsilica, since this material contains only 0.3
wt% of Al2O3. The

27

Al MAS NMR spectrum of fly ash 2 displays a broad asymmetric

peak ranging approx. from 36 to 78 ppm and a narrower peak at ~2 ppm. A previous 27Al
MAS NMR investigation of synthetic mullite revealed the presences of three distinct Al
resonances originating from octahedral, tetrahedral, and distorted tetrahedral sites [235].
Mullite is the only Al-containing crystalline phase observed in fly ash 2 by XRD, and
therefore, at least part of the intensity in the broad peak from 36 to 78 ppm is assigned to
Al in tetrahedral or distorted tetrahedral sites of mullite, whereas octahedrally coordinated
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Al in mullite most likely contributes to the resonance at ~2 ppm. In the

27

Al MAS NMR

spectrum of the natural pozzolan a rather narrow line is observed at 55.9 ppm with a
shoulder at 60.0 ppm. These two peaks are ascribed to tetrahedral Al sites in the phases
clinoptilolite, albite, and sanidine. A limited amount of 6-fold coordinated Al is indicated
as well by the low-intensity peak at ~4 ppm. The spectra of slag 1 and 8 are very similar,
both exhibiting a broad asymmetric peak ranging from ~25 to ~85 ppm, which imply the
presence of tetrahedrally, and possibly, a minor amount of penta-coordinated Al. A peak of
very low intensity is observed around 11 ppm in the spectrum of slag 8 as well, thus
indicating the presence of a small amount of octahedrally coordinated aluminium.

*

*

*

*

*

Fig. 6.7

*

*

27

Al MAS NMR

spectra (14.1 T, νR = 13 kHz) of
fly ash 2 (a), natural pozzolan
(b), slag 1 (c), and slag 8 (d).

*

*

Peaks indicated with asterisks
(*) are spinning sidebands.
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Chapter 7
29

Si inversion-recovery and other MAS NMR
experiments applied to anhydrous materials

7.1 Introduction

The determination of spin-lattice relaxation times for

29

Si spins in the alite and belite

phases from 29Si inversion-recovery MAS NMR is presented in this chapter, as well as the
employment of the same technique as an alternative quantification tool for alite and belite
in anhydrous Portland cements. Furthermore, NMR investigations of the synthetic
reference material Si5O(PO4)6 are presented. The final part of the chapter discusses the use
of very short relaxation delays during acquisition of

29

Si MAS NMR spectra of Portland

cements.
7.2 29Si inversion-recovery MAS NMR of anhydrous cements
29

Si MAS NMR based quantification of the alite and belite phases in Portland cements

achieved using the deconvolution procedure outlined in Section 6.3.2 requires fully relaxed
spectra in order to obtain reliable results. The belite phase generally exhibits much longer
29

Si spin-lattice relaxation times (T1) than the alite phase. If sufficiently long relaxation

delays (D1) are not employed between the individual scans of the single-pulse

29

Si MAS

NMR experiments, the dissimilarity in T1’s for alite and belite will result in a quantitatively
incorrect belite/alite intensity ratio. To ensure full relaxation between scans a relaxation
delay of D1 > 5·T1 is generally required for the different 29Si spins in the cement sample (if
a 90° excitation pulse is applied in a single-pulse experiment). Therefore, it is important to
know the T1-values for the

29

Si spins in alite and belite to guarantee a fulfilment of this

requirement. Determination of T1 for alite and belite can be achieved by employment of the
inversion-recovery (IR) rf pulse experiment with the following pulse sequence: 180°x – t –
90°x – FID – D1 (Fig. 7.1). The recovery time (t) between the 180°x and 90°x pulses is
incremented which results in a series of partially relaxed 29Si IR MAS NMR spectra (Fig.
7.2(a)). By using the deconvolution procedure described in Section 6.3.2 for each of the IR
spectra, a series of intensities for alite and belite as a function of the recovery time (t) can
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be obtained. These intensities allow the determination of T1 for alite and belite by leastsquares fitting (three-parameter fit: T1, M0 and α) to the well-known equation describing
the relationship between the observed intensity (Mz(t)) and the recovery time (t) [241]:
Mz(t) = M0[1 – (1 + α)exp(-t /T1)]

(7.1)

Here, M0 is the equilibrium longitudinal magnetization (i.e., for t = ∞) and α is a constant
related to pulse imperfections. In the ideal case α = 1 for a perfect 180º pulse.

Fig. 7.1 Outline of the rf pulse sequence for the inversion-recovery (IR) MAS NMR experiment. The
recovery time between the 180 and 90º pulses is incremented in order to obtain a series of partially relaxed IR
MAS NMR spectra. FID (Free Induction Decay) is the recorded NMR signal. To ensure full relaxation
between individual experiments a relaxation delay (D1) is inserted in the pulse sequence.

Alternatively, the series of intensities from the IR spectra can be fitted to an equation
describing the relationship between Mz(t) and t as a “stretched exponential” rather than the
single-exponential relationship in Eq. (7.1):
Mz(t) = M0[1 – (1 + α) exp(–(t/ T1′ )½)]

(7.2)

where the time constant for the spin-lattice relaxation is denoted T1′ instead of T1. The
stretched exponential relationship has previously been effectively applied in

29

Si MAS

NMR studies of silicates containing small amounts of iron (e.g., 0.1 – 5.0 wt% Fe2O3)
[242,243] and was originally derived for spin relaxation (without spin diffusion) caused by
the presence of paramagnetic impurities [244].

29

Si IR MAS NMR spectra have been

recorded and deconvolved for eight of the anhydrous cements (A, B, C, D, 1, 3, 4, and 8)
in order to determine the 29Si spin-lattice relaxation time constants for alite and belite. As
reported in the enclosed Paper I [233], the best fits to the series of intensities for alite and
belite from the IR spectra are achieved by employing Eq. (7.2) rather than Eq. (7.1). The
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presence of paramagnetic ions (e.g., Fe3+ in Fe2O3) can reduce the spin-lattice relaxation
significantly for

29

Si species in cements [245-247]. Consequently, the longest relaxation

times are expected for cements with a low content of Fe2O3, e.g., white Portland cements.
This is indeed confirmed by our

29

Si IR MAS NMR investigations which are presented

thoroughly in Paper I. Furthermore, this study demonstrates that the relaxation of the 29Si
spins in alite and belite is overwhelmingly dominated by the Fe3+ ions incorporated as
guest ions in these phases rather than by the Fe3+ sites in the ferrite phase as suggested by
Edwards et al. [247] in a recent study.

Fig. 7.2 (a) Series of

29

Si IR MAS

NMR spectra (9.4 T, νR = 12.0 kHz) of
cement A displayed in “3D” style. The
recovery time employed in the IR
experiments increases from 0.001 s for
the first spectrum in the “3D” row to
30 s for the spectrum displayed as the
last in the row. Two additional 29Si IR
MAS NMR spectra were recorded
using recovery times close to the zerocrossings (t0) for alite and belite,
respectively: 0.14 s (b) and 2.5 s (c).

29

Si IR MAS NMR has also been utilized in the present project as an alternative

tool for quantifying the calcium silicates in Portland cements. Fig. 7.2(a) shows a series of
18

29

Si IR MAS NMR spectra for cement A (white Portland cement) recorded at 9.4 T

using recovery times (t) ranging from 0.001 s to 30 s. It is observed that the 29Si nuclei in
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alite relax much faster than the ones in belite, i.e., as the recovery time increases, the
intensity of the alite resonances (approx. -66 to -77 ppm) increase at a faster rate than the
intensity of the belite peak (-71.3 ppm).
The two additional

29

Si IR MAS NMR spectra of cement A, displayed in Fig.

7.2(b) and (c), have been recorded using t-values close to the zero-crossings (t0) for alite
and belite, respectively. Consequently, Fig. 7.2(b) and (c) must represent sub-spectra for
the belite and alite phases in cement A, respectively, utilizing the difference in

29

Si spin-

lattice relaxation times for these phases. By fitting the alite and belite intensities from the
IR spectra to Eq. (7.2), the relaxation time constants T1′ = 0.24 s and T1′ = 8.2 s are
obtained for alite and belite, respectively, in cement A. The fitting procedure also gives the
M0-values for alite and belite on the same arbitrary intensity scale: M0(alite) = 27.142 and
M0(belite) = 10.479, giving the ratio M0(belite)/M0(alite) = 0.3861, which corresponds to

the molar belite/alite ratio. Quantification of the alite and belite is thus possible by
combining this ratio with the bulk content of SiO2 from XRF analysis.
Alternatively, the recovery times (t) for the

29

Si IR MAS NMR spectra in Fig.

7.2(b) and (c) can be employed to calculate M0 (on another arbitrary intensity scale) for
alite and belite according to Eq. (7.2):
Alite:

Mz(2.5 s) = M0[1 – 1.95·exp(-(2.5 s/0.24 s)½]

=> M0(alite) = 27.523

Belite:

Mz(0.14 s) = M0[1 – 1.71·exp(-(0.14 s/8.2 s)½]

=> M0(belite) = 11.309

resulting in the ratio M0(belite)/M0(alite) = 0.4108. This ratio is close to
M0(belite)/M0(alite) = 0.3861 from the results of the fitting to Eq. (7.2) for cement A, thus

confirming the assumption that the recovery times (t) for the IR spectra in Fig. 7.2(b) and
(c) are good approximations of zero-crossing times (t0) for alite and belite.
The alite and belite contents determined on the basis of M0(belite)/M0(alite) ratios
obtained from 29Si IR MAS NMR spectra by the fitting of alite and belite intensities to Eq.
(7.2) are presented in Table 7.1 for eight cements (A, B, C, D, 1, 3, 4, and 8). For
comparison, the corresponding results obtained from the single-pulse

29

Si MAS NMR

spectra are also given. A very good agreement is observed between the quantities of alite
and belite derived by the two approaches for cements C, 1, 3, 4, while the agreement is
considered fairly good for cements A and B. However, for cement D, and especially
cement 8, the agreement is poor. In the case of cement 8 this may be due to the fact that

Chapter 7: 29Si inversion-recovery and other MAS NMR experiments…

83

this cement has the highest content of Fe2O3 (4.6 wt%) among the studied samples, which
makes the distinction between the alite and belite resonances less clear, thus inducing a
greater uncertainty on the derivation of the alite/belite intensity ratio from the
deconvolution.
Table 7.1 Contents (wt%) of alite and belite in eight Portland cements determined from single-pulse
29

Si MAS NMR spectra (9.4 T, νR = 13.0 kHz) and 29Si inversion-recovery MAS NMR spectra (9.4 T,

νR = 12.0 kHz), respectively. Compositions proposed by Taylor [175] are assumed for alite and belite.
Single-pulse 29Si MAS NMR

29

Si IR MAS NMR

Cement
I(belite)/I(alite)

alite

belite

M0(belite)/M0(alite)

alite

belite

A

0.3449

72.4

20.0

0.3861

70.2

21.8

B

0.3676

59.1

17.4

0.3187

61.3

15.7

C

0.3286

62.4

16.4

0.3174

62.9

16.0

D

0.1805

70.3

10.2

0.1100

74.7

6.6

1

0.1226

75.7

7.4

0.1109

76.5

6.8

3

0.2559

60.1

12.3

0.2796

59.0

13.2

4

0.0885

68.6

4.9

0.0798

69.1

4.4

8

0.2540

67.7

13.7

0.4467

58.1

20.8

7.3 NMR investigation of synthetic Si5O(PO4)6

The PhD project has involved an investigation of the incorporation of small amounts of
phosphorus guest ions in the anhydrous cement phases and their hydration product using
31

P MAS NMR techniques. The results of this study are presented in the enclosed Paper II.

As reference materials for this study samples of synthetic Si5O(PO4)6 were prepared from
an earlier reported procedure [248] using a mixture of TEOS (Si(OCH2CH3)4), ethanol,
distilled water (TEOS:EtOH:H2O = 1:4:3) and the phosphorus precursor H3PO4 (85%)
(Si/P = 1:1). The mixtures were stirred at 25 °C for 2 hours resulting in greenish wet gels.
After a heat treatment at 1000 °C for 2 hours the final powders were obtained. In one
sample 1% (molar ratio) of the paramagnetic complex NiCl2·6H2O was added with the
purpose of shortening NMR relaxation times. The structure of Si5O(PO4)6 (trigonal, R3 , a
= 7.869 Å, c = 24.138 Å, JCPDS: 70-2071) is built of SiO6 and SiO4 groups linked by PO4
tetrahedra and contains one unique P site and three inequivalent Si sites (one 4-fold
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coordinated atom (SiIV) and two 6-fold coordinated atoms (SiVI)) [249]. Each [PO4]
tetrahedron is surrounded by three SiVI atoms and one SiIV atom.
Fig. 7.3 presents a
NiCl2⋅6H2O) and a

29

29

Si MAS NMR spectrum of synthetic Si5O(PO4)6 (with

Si{31P} cross-polarization (CP) MAS NMR spectrum of the same

sample. The 29Si MAS NMR spectrum contains three distinct resonances at -119.8, -213.9
and -217.6 ppm, corresponding to the tetrahedrally coordinated Si site (Si(1)) and the two
octahedrally coordinated Si sites (Si(2) and Si(3)), respectively. A broad resonance
centered at approx. -115 ppm, originating from some amorphous silica (Q4 sites) in the
sample, is observed as well. The 29Si{31P} CP/MAS NMR spectrum was recorded using a
triple-tuned Doty probe at 9.4 T, employing the pulse scheme shown in Fig. 7.4 (see
Appendix I for further details). Only
detected by the

29

29

Si nuclei in close vicinity to the

31

P species are

31

Si{ P} CP/MAS NMR experiment, and therefore, the broad resonance

from the amorphous SiO2 is not observed in the recorded spectrum. On the other hand, the
29

Si resonances for Si(1), Si(2) and Si(3) appear in the spectrum, since these Si-sites all

have a phosphorus atom in their second coordination sphere. The spectra in Fig. 7.3 are in
excellent agreement with previously reported

29

Si MAS NMR and

29

Si{31P} CP/MAS

NMR studies of synthetic Si5O(PO4)6 [248,250] and demonstrate the ability of the
29

Si{31P} CP technique to obtain direct proof for the presence of 31P species in silicates. It

is the intention to utilize

29

Si{31P} CP/MAS NMR to investigate the incorporation of

phosphorus guest ions in the calcium silicates of Portland cements and work on this issue
is currently being carried out in our laboratory.
The synthetic Si5O(PO4)6 samples has also been used to study the effect of the
paramagnetic complex NiCl2·6H2O (Ni2+ is paramagnetic) on the relaxation of the

29

Si

29

spins. Initially, a series of six Si MAS NMR spectra, in which the relaxation delay (D1)
was incremented, was recorded for the Si5O(PO4)6 sample prepared without the
paramagnetic addition (Fig. 7.5(a)). The shortest D1-value was 30 s and the longest 360 s.
Very low signal intensities are observed in all the spectra due to partial signal saturation,
and the intensities do not seem to level off towards the longest D1 of 360 s, thus indicating
very long relaxation times for the 29Si species in this sample. A similar series of 29Si MAS
NMR spectra was also acquired for the sample containing the paramagnetic complex (Fig.
7.5(b)). In this case, 10 spectra were recorded with D1 values ranging from 2 s to 120 s.
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29

Fig. 7.3 (a)

Si MAS NMR

spectrum of synthetic Si5O(PO4)6
recorded at 7.1 T with νR = 7.0 kHz.
Three

distinct

resonances

are

observed corresponding to the three
Si sites S(1), S(2), and Si(3). The
broadened resonance overlapping
with the Si(1) peak is due to the
presence of amorphous SiO2 in the
sample.

29

Si{31P}

(b)

CP/MAS

NMR spectrum of the same sample
(9.4 T, νR = 7.0 kHz)

recorded

using the pulse scheme outlined in
Fig. 7.4 (see Appendix I for
experimental details).

Fig. 7.4 Pulse scheme used for the
31

P

29

→

Si

transfer. On the

CP

magnetization

31

P channel a ramp

scheme is applied (VACP) [274]
and no

31

P decoupling is employed

during the

29

Si acquisition. D1 is a

relaxation delay and τCP is the
contact time.

The 29Si resonances exhibit much higher intensities in these spectra (on the same arbitrary
intensity scale as in Fig. 7.5(a)) compared to the spectra of the sample without the
paramagnetic complex. Also, the increase in signal intensities with increasing values of D1
seems to level of as D1 = 120 s is approached, indicating that quantitatively reliable 29Si
MAS NMR spectra of Si5O(PO4)6 (with the paramagnetic complex) can be acquired using
a relaxation delay of ~120 s. These results demonstrate how significant reductions in 29Si
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relaxation times can be achieved by addition of a paramagnetic material to the sample. The
shortening of the 29Si relaxation times is caused by the dipolar interaction of the unpaired
electrons of the paramagnetic Ni2+ ions with the

29

Si nuclei. Similar reductions in

29

Si

relaxation times, although caused by the presence of another paramagnetic ion (Fe3+), have
been reported for cementitious materials as well [247,251].

(a)

(b)

Fig. 7.5

29

Si MAS NMR spectra (7.1 T, νR = 7.0 kHz) of synthetic Si5O(PO4)6 recorded using different

relaxation delays (D1). The employed D1-values (in seconds) are indicated above each spectrum. The spectra
in (a) are of “pure” Si5O(PO4)6, while the spectra in (b) are obtained for Si5O(PO4)6 with a small amount of
the paramagnetic complex NiCl2·6H2O added.

In Fig. 7.6 a series of

29

Si IR MAS NMR spectra of Si5O(PO4)6 (with the paramagnetic

complex) are displayed. Each of these spectra have been deconvolved to obtain three series
of intensities, one series for each of the Si(1), Si(2), and Si(3) resonances. The
deconvolution procedure involved three Gaussian shaped lines and was carried out using
VNMR software. These resulting intensities were initially fitted to Eq. (7.1), which
describes the relationship between the observed intensity (Mz(t)) and the recovery time (t)
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as a single-exponential process. However, much better fitting results were achieved using
the equation for a stretched exponential relaxation process (Eq. (7.2)). This is illustrated in
Fig. 7.7 by the plots of [1 – Mz(t)/M0] versus t and

t for the three Si-sites. The fitting

procedure gives the 29Si spin-lattice relaxation time constants ( T1′ ) presented in Table 7.2.
As mentioned in the previous section, the stretched exponential relationship is also better
suited for describing the spin-lattice relaxation of

29

Si spin in the (Fe3+-containing)

Portland cements than the single-exponential relationship and has previously been applied
with success in

29

Si MAS NMR studies of silicates containing small amounts of

paramagnetic of iron [242,243]. Therefore, the results presented here from the

29

Si IR

MAS NMR studies of Portland cements and synthetic Si5O(PO4)6 with a small amount of
Ni2+ imply that

29

Si spin-lattice relaxation governed by a stretch exponential process is

favoured in the presence paramagnetic species.

Fig. 7.6 29Si IR MAS NMR spectra (7.1 T, νR = 7.0 kHz) of synthetic Si5O(PO4)6 containing a small amount
of the paramagnetic complex NiCl2·6H2O. The 15 spectra were recorded using a relaxation delay of 120 s
and the recovery time (t) between the 180° and 90° pulses of the IR pulse sequence was ranging from 0.01 s
(“nearest” spectrum in the “3D” row) to 120 s (most “distant” spectrum of the row ).
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(b)

Si(1)

Si(1)

Si(2)

Si(2)

Si(3)

Si(3)

Fig. 7.7 Semilog plots of [1 – Mz(t)/M0] as a function of the recovery time, t (left column (a)) and

t (right

column (b)). Data for the Si(1), Si(2) and Si(3) sites of Si5O(PO4)6 obtained from 29Si IR MAS NMR spectra
are plotted as blue, green and red circles, respectively. The plots in (a) would be linear if the spin-lattice
relaxation was a single-exponential process. The convincing fitting to the straight lines in (b) demonstrates
that the 29Si spins follow a stretched exponential relaxation process.
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Table 7.2 Time constants for the

89

Si spin-lattice relaxation ( T1′ ) obtained from

29

29

Si IR

MAS NMR for the three distinct silicon sites in synthetic Si5O(PO4)6 prepared with the
addition of 1% (molar ratio) of the paramagnetic complex NiCl2⋅6H2O. The correlation
coefficient R for the fit of experimental intensities to the “stretched exponential” equation
Mz(t) = M0[1 – (1 + α) exp(–(t/ T1′ )½)] for the relaxation process is included as well.
Si(1)

Si(3)

Si(3)

T1´ (s)

3.419 ± 0.065

3.088 ± 0.059

3.7545 ± 0.182

R

0.9989

0.9999

0.9929

7.4 Employment of very short relaxation delays for the acquisition of 29Si MAS NMR
spectra of anhydrous Portland cement

Edwards et al. [247] have recently proposed the use of very short relaxation delays (D1) in
the acquisition of

29

Si MAS NMR spectra of Portland cements, which is facilitated by a

suggested reduction in spin-lattice relaxation times for 29Si spins in alite and belite caused
by the intimate mixture with the Fe3+-rich ferrite phase. This supposed effect of the ferrite
phases is challenged by the 29Si IR MAS NMR studies presented in Paper I, which strongly
suggest that the spin-lattice relaxation of the

29

Si spins is overwhelmingly dominated by

Fe3+ guest ions incorporated in the alite and belite phases, rather than Fe3+ ions in the
ferrite phase. This was demonstrated by analysis of

29

Si IR MAS NMR spectra acquired

before and after subjecting a sample of cement B to a selective dissolution method [180]
where the ferrite and tricalcium aluminate phases are removed from the sample (Fig. 7.8).

Fig. 7.8 The exposure of cement B to selective
dissolution (KOSH) was accompanied by a
noticeable change in colour caused by removal
of the ferrite phase. The brighter sample on the
left has been exposed to KOSH selective
dissolution, whereas the darker sample on the
right is the original cement.
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The spin-lattice relaxation times for 29Si spins in the alite and belite phases obtained from
the IR spectra were nearly identical for the samples before and after selective dissolution,
thus confirming that the

29

Si spin-lattice relaxation is dominated by relaxation from Fe3+

ions incorporated in alite and belite as guest ions.
The use of very short relaxation delays for the acquisition of

29

Si MAS NMR

spectra of Portland cements have been investigated for cement A and cement B (Fig. 7.9).
Spectra were recorded with D1 = 50 ms, 100 ms and 1.0 s for both cements, as well as 30 s
for cement A and 10 s for cement B, and the spectra illustrate how the intensity of the alite
and belite signals for both cements are reduced significantly due to partial signal
saturation, when the short relaxation delays are employed (D1 < 10 s).

Fig. 7.9

29

Si MAS NMR spectra (7.1 T, νR = 7.0 kHz) of anhydrous samples of cement A and B. The

different relaxation delays employed for the acquisitions are indicated for each spectrum. The intensities of
the belite and alite signals are reduced in the spectra recorded with a relaxation delay < 10 s due to
insufficient relaxation of

29

Si species between individual scans. It is noted that the intensity of the belite

resonance ( -71.3 ppm) is reduced to a higher degree than that of the alite peak (approx. -66 to -77 ppm).

It is also noticed that the reduction of the intensity is more pronounced for belite than alite
due to a much shorter 29Si spin-lattice relaxation time for the latter phase. The spectra in
Fig. 7.9 clearly demonstrate that quantitatively reliable belite/alite intensity ratios can not
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be obtained using the short relaxation delays, not even for cement B, which contains a
relatively high amount of iron (3.3 wt% Fe2O3, 12 wt% ferrite). However, the total
acquisition time for the individual spectra obtained using relaxation delays of 50 or 100 ms
between the scans (~10,000) were approx. 15 min or less. In contrast, the spectrum of
cement A (~4000 scans) had a total acquisition time of about 24 h. These spectra show that
a satisfactory signal to noise ratio can be achieved within 15 min or less, if the quantitative
reliability of the 29Si MAS NMR spectra is not an issue.
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Chapter 8
Reactivity of SCMs in Portland cement blends
investigated by 29Si and 27Al MAS NMR
8.1 Introduction

The main goal of this work is the quantification of SCM reaction in hydrating Portland
cement blends by the application of solid-state NMR. This chapter presents the
methodologies used to extract such data from either 29Si or 27Al MAS NMR spectra. The
reactivity of SCMs have been studied in Portland cement blends with microsilica, fly ash,
natural pozzolan and slag, and the degrees of hydration for SCMs and the calcium silicates
of the cements have been determined from

29

Si MAS NMR spectra for the blends

containing microsilica, fly ash, or natural pozzolan. Quantitative information about the
Al/Si ratio and average chain length of alumino-silicate tetrahedra in the C-S-H phase has
also been obtained from these spectra. The degree of hydration for slags cannot be
determined directly from the 29Si MAS NMR spectra due to severe overlap of the slag peak
with the resonances from alite, belite, and the C-S-H phase of the hydrating cement.
Therefore, a new method based on

27

Al MAS NMR has been used to obtain quantitative

estimates for the degree of slag hydration. Results are presented and discussed for each
type of cement blend separately, but a section of the chapter is also devoted to the
comparison of results obtained for the different types of blends. Finally, the estimates for
slag reaction derived from 27Al MAS NMR are compared with similar results obtained for
the same cement – slag blends using a SEM-BSE based quantification. The enclosed Paper
III also discusses the use of 29Si and 27Al MAS NMR for measuring the degree of reaction
in Portland cement blends with SCMs.

8.2 Studied cement systems

The different cement systems subjected to hydration experiments are listed in Table 8.1
along with the weight proportions of cement and SCM in the anhydrous blends, as well as
the water/binder and water/cement ratios used in the pastes. The paste mixes are designed
to keep the ratios by volume of water to binder at a constant value (Vwater/Vbinder = 0.4) for
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all systems. The procedures employed for paste mixing, curing and stopping of hydration
are given in Appendix II, while the experimental conditions employed for the acquisition
of 29Si and 27Al MAS NMR spectra are found in Appendix I.
Table 8.1 Studied cement systems and their main characteristics in the mixed pastes1.

1

Materials

Substitution ratio in paste

water/binder2

water/cement2

cement A

100 %

0.40

0.40

cement C

100 %

0.40

0.40

cement A – microsilica

90 %-10 %

0.41

0.45

cement C – microsilica

90 %-10 %

0.41

0.45

cement A – fly ash 2

70 %-30 %

0.45

0.64

cement C – fly ash 2

70 %-30 %

0.43

0.61

cement A – natural pozzolan

70 %-30 %

0.43

0.61

cement C – natural pozzolan

70 %-30 %

0.43

0.61

cement A – slag 1

60 %-40 %

0.41

0.69

cement C – slag 1

60 %-40 %

0.42

0.69

cement A – slag 8

60 %-40 %

0.42

0.69

cement C – slag 8

60 %-40 %

0.42

0.70

It is noted that cement A is a white Portland cement.

2

The ratios water/binder and

water/cement are by weight.

8.3 Hydration of pure cements

The hydration of pure pastes of cement A and cement C have been studied as reference
systems and the result obtained for these two systems will be compared with similar results
for the blended systems. The hydration was stopped after 1, 2, 3, 7, 14, 28, 90, 180, and
360 days. Fig. 8.1 illustrates the hydration of cement A and C followed by

29

Si MAS

NMR. The spectra of the anhydrous cements (top spectra in Fig. 8.1(a) and (b)) only
display the overlapping resonances from the alite and belite phases (Q0 units) in the range
from approx. -66 to -77 ppm. After one day of hydration new signals appear in the
chemical shift range from -77 to -88 ppm, corresponding to Q1 and Q2 units. This is due to
formation of the C-S-H phase from the reaction of the anhydrous calcium silicates with
water. As the hydration proceeds, the intensity of the resonances from the C-S-H phase
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increases while the intensities of the alite and belite signals are correspondingly reduced. It
is evident from visual inspection of the spectra that the intensity of the broad peak from
alite decreases at a faster rate compared to the narrow signal from belite (-71.3 ppm), thus
demonstrating the difference in reaction rate for alite and belite. It also appears from the
spectra, that a substantial amount of belite is still present in the pastes of both cement A
and cement C even after 360 days of hydration.
The degrees of hydration (H) for alite and belite have been determined at each step
of the hydration process by computer deconvolution of the 29Si MAS NMR spectra. This is
performed in much the same way as described in Section 6.3.2 for the deconvolution of
29

Si MAS NMR spectra of anhydrous cements, but with the additional employment of Q1

and Q2 resonances originating from the C-S-H phase. This is exemplified in Fig. 8.2 for the
29

Si MAS NMR spectrum of cement C hydrated for 14 days. Fig. 8.3 gives a schematic

two dimensional representation of the C-S-H structure (14 Å tobermorite). A principal
layer of composition CaO2 is located between two silicate chains, with the upper part of the
figure displaying an octameric silicate chain containing two bridging SiO4 tetrahedra
( Q 2B ), four paired SiO4 sites ( Q 2P ), and two SiO4 chain-end groups (Q1). Resonances from
the SiO4 Q1 sites are observed at δiso = -78 ppm in the experimental spectrum of cement C
hydrated for 14 days (Fig. 8.2 (a)). The Q 2B and Q 2P SiO4 sites give rise to the peak
observed at δiso = -84.5 ppm. Due to linebroadening it is not possible to distinguish
between the resonances originating from the Q 2B and Q 2P SiO4 sites in the C-S-H formed
in hydrated Portland cements. However, these sites may be distinguished in

29

Si MAS

NMR spectra of synthesized samples of C-S-H [252]. The assignment of the Q1, Q 2B , and
Q 2P resonances are based on the early studies of solid silicates by Lippmaa and Mägi
[219,253], which showed that the 29Si isotropic chemical shift is mainly dependent on the
degree of condensation of SiO4 tetrahedra, and on later

29

Si MAS NMR studies of

cementitious materials [76,188,254,255]. The incorporation of Al into a bridging site is
illustrated in the lower part of Fig. 8.3. The electronic environments of the two neighboring
SiO4 sites (Q2(1Al)) are slightly changed due to the presence of Al which results in a shift
of the 29Si resonances to higher frequency.
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anhydrous
1 day
2 days
7 days
28 days
90 days
180 days
360 days

Fig. 8.1 29Si MAS NMR spectra (9.4 T, νR = 12.0 kHz) of (a) cement A and (b) cement C hydrated for 1, 2,
7, 28, 90, 180, and 360 days. Spectra of the anhydrous cements are also displayed for comparison.

A similar effect has been observed earlier for zeolites where the

29

Si chemical shift is

changed by the incorporation of Al in tetrahedral Si sites [219,256]. In Fig. 8.2(a) the
Q2(1Al) resonance appears at δiso = -81.5 ppm between the peaks of Q1 and Q2. This
assignment is originally based on the 29Si and 27Al MAS NMR and EELS investigations of
a hydrated synthetic glass by Richardson et al. [226], an assignment which has later been
supported by

29

Si and

27

Al MAS NMR studies by Andersen et al. [257] on the C-S-H

formed in white Portland cement pastes. In the deconvolution of the Q1, Q2(1Al), Q2 sites,
the individual peaks are simulated using only one line for each site with the linewidths of
the Q1 and Q2 resonances being allowed to vary freely, while the Lorentzian/Gaussian
lineshape fraction is fixed at 0.5. For some of the samples, typically the ones hydrated for
more than 7 days, the addition of an extra line at -77.0 ppm and -85.7 ppm is required for
the simulation of the Q1 and the Q2 peaks, respectively. The linewidth of the Q2(1Al)
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resonance and the Lorentzian/Gaussian lineshape fraction is fixed at 200 Hz and 0.5,
respectively, in accordance a with previous reported deconvolution procedure used for
similar hydrated Portland cements [258].

Fig. 8.2 Deconvolution of the

29

Si MAS

NMR spectrum for cement C hydrated for

belite

14 days. (a) Experimental 29Si MAS NMR

alite

spectrum (9.4 T, νR = 12.0 kHz). (b)
Optimized simulation of
C-S-H

29

Si MAS NMR

spectrum in (a). (c) Deconvolved alite and
belite

sub-spectra

for

the

simulated

spectrum in (b). (d) Deconvolved C-S-H
Q1

Q

2

sub-spectrum for the simulated spectrum in
(b). Part (e) and (f) illustrate the simulated
resonances for Q1, Q2, and Q2(1Al) sites in

Q2(1Al)

the C-S-H phase.

The type of information that can be extracted from the deconvolution of 29Si MAS NMR
spectra is the degrees of hydration for alite and belite, the average chain length of aluminosilicate tetrahedra in the C-S-H, and the Al/Si ratio for the C-S-H. The degree of hydration
(H) for alite is calculated as:
hydrated
⎛
I alite
H (alite) = ⎜⎜1 − anhydrous
I alite
⎝

⎞
⎟⎟ × 100 %
⎠

(8.1)

hydrated
where I alite
is the normalised signal intensity originating from the unreacted alite in the

29

anhydrous
Si MAS NMR spectrum of a hydrated sample, and I alite
is the normalised intensity
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from alite in the corresponding anhydrous sample. The degree of hydration for belite is
calculated using an analogous equation:
hydrated
⎛
I belite
H (belite) = ⎜⎜1 − anhydrous
I belite
⎝

⎞
⎟⎟ × 100 %
⎠

(8.2)

It is noted that the measures obtained from Eq. (8.1.) and (8.2) are independent of the
chemical composition of the alite and belite phases. The deconvolution of the

29

Si MAS

NMR spectra of the hydrated cements gives the intensity of the different Qn-species as a
function of hydration time. This information can be utilized to calculate the average silicate
chain length in the structure of C-S-H (Fig. 8.3). The average length of chains containing
both SiO4 and AlO4 tetrahedra ( CL ) and of chains consisting purely of SiO4 tetrahedra
( CL Si ) is derived by employment of the equations below, where the signal intensities of
the different Qn units in 29Si MAS NMR spectra are used [259,260]:

CL =

CL Si

I (Q1 ) + I (Q 2 ) +

3
I (Q 2 (1Al))
2

1
I (Q1 )
2

I (Q1 ) + I (Q 2 ) + I (Q 2 (1Al))
=
1
I (Q1 + Q 2 (1Al))
2

(8.3)

(8.4)

Furthermore, the AlIV/Si ratio for the C-S-H phase can be obtained by [259]:
1
I (Q 2 (1Al))
2
Al IV /Si =
I (Q1 ) + I (Q 2 ) + I (Q 2 (1Al))
where AlIV is aluminium in tetrahedral coordination.

(8.5)
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Fig. 8.3 Two dimensional schematic depiction of the main structural features of C-S-H in which a layer of
composition CaO2 is located between two silicate chains. The upper part shows an octameric chain with the
characteristic features of the “dreierketten”-based models for the C-S-H phase. The incorporation of Al in a
bridging site is illustrated in the lower part where a defect site (*) is also present, thus resulting in a
pentameric chain and a dimer of SiO4 tetrahedra. Interlayer Ca2+ ions and H2O molecules are not included in
this representation.

The results obtained from deconvolution of the 29Si MAS NMR spectra of cement A and
cement C are presented in Table 8.2 and Fig. 8.4. After one day of hydration roughly 40
wt% of the alite has reacted in both pastes, increasing to 91.9 wt% and 86.8 wt% for
cement A and C, respectively, after 360 days. The belite is reacting at a much slower rate.
For cement A the belite does not appear to react before at least 7 days of hydration, while
approx. 10 wt% of the belite has reacted at 7 days for cement C. After 360 day some 30
wt% of unreacted belite still remains in both pastes. XRD investigations of the pure pastes
of cement A and C [261] showed trends for the reaction of alite and belite similar to those
derived here from NMR. The evolution of the average chain lengths in the C-S-H phase
( CL and CL Si ) with hydration time follows the same trend for cement A and cement C.
The chains increase in length as the hydration proceeds, which is in good agreement with
previously reported results from an 29Si MAS NMR investigation of white Portland cement
hydration [257]. In general, the chain lengths are rather similar for the two systems.
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Table 8.2 Degrees of hydration (H) for alite and belite, as well as average chain lengths of
alumino-silicate ( CL ) and SiO4 tetrahedra ( CL Si ) and Al/Si ratios for the C-S-H phase for
pure pastes of cement A and cement C 1.
Hydration time
(days)

H(alite)

H(belite)

CL

CL Si

Al/Si ratio

1

39.2

0.0

3.55

2.48

0.095

2

58.7

0.0

3.73

2.46

0.109

3

65.3

0.0

3.74

2.46

0.110

7

75.2

0.0

3.69

2.45

0.108

14

80.9

16.8

3.85

2.78

0.079

28

84.6

24.1

4.02

2.86

0.080

90

91.1

44.0

4.35

3.01

0.083

180

91.7

61.1

4.35

3.07

0.078

360

91.9

69.5

4.70

3.21

0.081

Hydration time
(days)

1

cement A

cement C
H(alite)

H(belite)

CL

CL Si

Al/Si ratio

1

38.5

4.5

3.53

2.59

0.081

2

54.1

0.0

3.83

2.55

0.103

3

58.1

3.3

3.75

2.60

0.093

7

63.4

9.7

3.85

2.62

0.096

14

69.6

11.3

3.85

2.70

0.088

28

74.9

22.9

4.08

2.93

0.077

90

84.3

31.8

4.07

3.10

0.062

180

84.8

57.0

4.06

3.03

0.068

360

86.8

67.2

4.14

3.10

0.065

29

Data were obtained from Si MAS NMR spectra (9.4 T, νR = 12.0 kHz) acquired after nine

different hydration times.
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Fig. 8.4 Degrees of hydration (H) for alite and belite and average chain lengths and Al/Si ratios in the C-S-H
phase for hydrated samples of cement A and cement C. Data were obtained from 29Si MAS NMR spectra (9.4
T, νR = 12.0 kHz) and are found in Table 8.2.

8.4 Hydration of cement – microsilica blends

The hydration of cement A and cement C in blends with microsilica have been studied for
hydration times up to 180 days. The mixing procedure for these pastes differs somewhat
from the procedure employed for all other systems, as microsilica is added to the mix not
as a dry powder, but in the form of a slurry (see Appendix II for details). This was done to
secure a good dispersion of the very fine-grained microsilica in the paste. Representative
29

Si MAS NMR spectra for the two hydration series involving microsilica are displayed in

Fig. 8.5. These spectra appear very similar to the ones recorded of the pure pastes of
cement A and C, but with the addition of a broad peak ranging from approx. -100 to -125
ppm, which is due to the presence of the amorphous microsilica. The intensity of this peak
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gradually decreases as microsilica reacts and contributes to the formation of the C-S-H
phase.

anhydrous

1 day

7 days

28 days

90 days

180 days

Fig. 8.5 29Si MAS NMR spectra (9.4 T, νR = 12.0 kHz) of (a) cement A – microsilica and (b) cement C –
microsilica hydrated for 1, 7, 28, 90, and 180 days. Spectra of the anhydrous blends are displayed as well for
comparison.

The broad signal from microsilica is conveniently separated from the other resonances in
the spectra, which makes the deconvolution procedure rather straight-forward. The only
difference to the procedure used for the pure Portland cement pastes is the addition of two
resonances (-107.5 ppm and -112.0 ppm) for the simulation of the peak originating from
microsilica. In the deconvolution of the 29Si MAS NMR spectra the linewidth was fixed at
650 and 750 Hz for these two resonances, respectively, and the Lorentzian/Gaussian
lineshape factor was fixed at 0.5. Fig. 8.6 gives an example of the simulated spectrum of
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cement A – microsilica hydrated for 7 days. The results obtained from the deconvolution
of the 29Si MAS NMR spectra are listed in Table 8.3.

Fig. 8.6 (a) Experimental
29

Si MAS NMR spectrum

(9.4 T, νR = 12.0 kHz) of
cement A blended with
microsilica after 7 days of
hydration. (b) Optimized
simulation of the spectrum
in part (a).

The degree of hydration for the microsilica is lower in the blend with cement A as
compared to the cement C blend after 1 and 2 days of hydration (Fig. 8.7). Hereafter, the
situation is reversed with microsilica in the blend with cement A exhibiting the highest
degree of hydration. At 180 days about 85 % of the microsilica has reacted in both
systems.

29

Si MAS NMR has previously been utilized to follow the hydration of cement

blends containing various proportions of microsilica [75,76]. For instance, Sun and Young
[77] have reported degrees of reaction for microsilica in ultra-high strength cement pastes.
They found that 9 – 15 % of the microsilica had reacted after 1 day, increasing to 55 – 59
% at 180 days. These results differ somewhat from the ones presented in Table 8.3, where
less than 5 % of the microsilica has reacted after one day, and more than 84 % has reacted
after 180 days. However, this discrepancy may be due to the fact that the cement pastes
studied by Sun and Young contained 18 – 48 wt% of microsilica, whereas the ones
investigated in this work contained only 10 wt%. The degrees of hydration for alite and
belite, and the chain lengths and Al/Si ratio in C-S-H will be compared with similar results
from the other cement systems ± SCMs in Section 8.7.
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Table 8.3. Degrees of hydration (H) for alite, belite, and microsilica, as well as average chain
lengths of alumino-silicate ( CL ) and SiO4 tetrahedra ( CL Si ) and Al/Si ratios for the C-S-H
phase for hydrated mixtures of cement A and cement C with microsilica1.
Hydration time
(days)

H(alite)

H(belite)

H(MS)

CL

CL Si

Al/Si ratio

1

51.27

6.09

1.09

3.65

2.58

0.089

2

67.78

11.87

2.93

3.80

2.64

0.091

3

71.68

12.96

14.31

3.93

2.74

0.088

7

79.93

18.25

24.04

4.19

2.86

0.089

14

83.24

25.26

39.31

4.43

3.00

0.088

28

88.37

28.69

58.40

4.51

3.12

0.081

90

90.68

32.95

78.68

5.11

3.28

0.091

180

91.97

38.21

84.08

5.19

3.26

0.096

Hydration time
(days)

1

cement A – microsilica

cement C – microsilica

H(alite)

H(belite)

H(MS)

CL

CL Si

Al/Si ratio

1

36.12

1.73

4.30

3.72

2.52

0.101

2

41.86

4.45

8.81

3.71

2.51

0.102

3

47.60

9.80

4.46

3.65

2.54

0.094

7

56.96

30.94

12.09

4.10

2.68

0.104

14

61.02

33.08

29.01

4.09

2.78

0.093

28

67.42

33.99

48.17

4.20

2.99

0.078

90

73.21

41.49

80.31

5.44

3.37

0.095

180

75.82

47.20

86.01

5.66

3.36

0.103

Data obtained from deconvolved 29Si MAS NMR spectra (9.4 T, νR = 12.0 kHz) acquired after

eight different hydration times for cement A and cement C in blends with microsilica (MS)

Fig. 8.7 Degrees of hydration (H) for
microsilica in mixtures of cement A and
cement C with microsilica. Data were
obtained from

29

Si MAS NMR spectra

acquired at 9.4 T using a spinning speed of
νR = 12.0 kHz.
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8.5 Hydration of cement – fly ash blends

The hydration of cement A and C blended with fly ash 2 has been studied for ages ranging
from 1 to 180 days. Representative 29Si MAS NMR spectra are given in Fig. 8.8, where the
fly ash gives a broad asymmetric peak in the chemical shift region from -85 to -125 ppm.
There is no overlap of resonances from the fly ash with the ones originating from the
anhydrous calcium silicates in the anhydrous spectra, but as the hydration proceeds the
peak from Q2 sites in the C-S-H phase overlaps slightly with the low-intensity shoulder
from the fly ash around -85 ppm. Visual inspection of the 29Si MAS NMR spectra of the
hydrated fly ash blends indicates that the overall lineshape of the fly ash peak do not
change as the hydration proceeds. Therefore, it is assumed that no preferential hydration of
parts of the fly ash material takes place during hydration. It also appears that the fly ash is
almost non-reactive during the first 28 days of hydration in both systems.

anhydrous
1 day
7 days
28 days
90 days
180 days

Fig. 8.8 29Si MAS NMR spectra (9.4 T, νR = 12.0 kHz) of (a) cement A – fly ash 2 and (b) cement C – fly
ash 2 hydrated for 1, 7, 28, 90, 180 days. The top spectrum in each column is the 29Si MAS NMR spectrum
of the anhydrous blend.

For deconvolution of the 29Si MAS NMR spectra of hydrated samples a sub-spectrum for
the anhydrous fly ash 2 was initially created using nine lines with widths ranging from 300
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to 575 Hz and Lorentzian/Gaussian lineshape fractions varying between 0 and 1. This fly
ash sub-spectrum was subsequently employed as a fixed sub-spectrum in the devolution
procedure, i.e., intensities of the fly ash resonances were manually scaled to fit the
experimental spectrum, while the relative intensities of the fly ash resonances were kept at
a constant ratio. Fig. 8.9 illustrates the deconvolution of the

29

Si MAS NMR spectrum of

cement C – fly ash 2 hydrated for 14 days.

Fig. 8.9 Deconvolution of the

29

Si MAS

NMR spectrum for cement C blended with
fly ash 2 hydrated for 14 days. (a)
Experimental

29

Si MAS NMR spectrum

(9.4 T, νR = 12.0 kHz) of the anhydrous
blend, which was used for creating the subspectrum for the fly ash. (b) Experimental
29

Si MAS NMR spectrum (9.4 T, νR = 12.0

kHz) of cement C – fly ash 2 hydrated for
14 days. (c) Optimized simulation of the
29

Si MAS NMR spectrum in part (b). Part

(d)

and

(e)

illustrate
1

2

the

simulated

2

resonances for Q , Q , and Q (1Al) sites in
the C-S-H phase, while the deconvolved
sub-spectra for alite, belite and the fly ash
are shown in part (f).

Table 8.4 presents the results obtained from deconvolutions of the 29Si MAS NMR spectra.
The fly ash in the cement A blend exhibits a notably low reactivity, at least for the first 28
days where less than 1 % of the fly ash has reacted, which is probably within the
uncertainty of the determination. However, after 180 days of hydration ~20 % of the fly
ash has reacted in this blend. The trend is the same for the blend with cement C where the
degree of hydration is as low as 3.9 % after 28 day, rising to 26.7 % after 180 days. These
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low degrees of fly ash reaction agree reasonably well with values reported earlier by Lam
et al. [262]. They found, using a selective dissolution method, that after 7 days of

hydration only 6 % of the fly ash had reacted in pastes containing 45 – 55 wt% fly ash, and
that more than 80 % of the fly ash still remained unreacted after 90 days of hydration.
Similarly, Feldman et al. [263] have reported that considerable amounts of fly ash
remained as unreacted particles in cement – fly ash pastes after 91 days of hydration. This
was based on electron microscopy and the content of unreacted fly ash was not quantified.
Degrees of hydration for alite and belite as well as average chain lengths and Al/Si ratios
for the C-S-H phase are discussed in Section 8.8.
Table 8.4 Degrees of hydration (H) for alite, belite, and fly ash as well as average chain lengths of
alumino-silicate ( CL ) and SiO4 tetrahedra ( CL Si ) and Al/Si ratios for the C-S-H phase for hydrated
mixtures of cement A and cement C with fly ash 2 1.
Hydration time
(days)

H(alite)

H(belite)

H(FA2)

CL

CL Si

Al/Si ratio

1

39.3

0.0

0.0

4.04

2.58

0.113

2

57.8

0.0

0.0

3.67

2.51

0.099

3

69.2

1.8

0.0

3.89

2.75

0.086

7

80.0

4.0

0.0

3.97

2.76

0.088

14

85.4

12.3

0.5

4.08

2.84

0.086

28

86.8

26.4

0.7

4.43

2.97

0.091

90

94.1

37.8

18.6

5.21

3.12

0.108

180

98.1

43.1

20.2

6.41

3.31

0.126

Hydration time
(days)

1

cement A – fly ash 2

cement C – fly ash 2

H(alite)

H(belite)

H(FA2)

CL

CL Si

Al/Si ratio

1

44.9

0.1

1.2

4.75

2.90

0.111

2

53.7

0.0

0.5

4.61

2.89

0.106

3

58.2

1.1

0.0

4.78

2.94

0.108

7

72.0

1.1

0.0

4.77

2.95

0.107

14

77.2

4.5

2.7

4.68

2.95

0.103

28

81.8

22.8

3.9

4.88

3.05

0.102

90

86.5

49.7

18.6

5.89

3.12

0.129

180

87.9

63.3

26.7

6.82

3.42

0.127

29

Data obtained from deconvolved Si MAS NMR spectra (9.4 T, νR = 12.0 kHz) acquired after

eight different hydration times for cement A and cement C in blends with fly ash 2 (FA2).
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8.6 Hydration of cement – natural pozzolan blends

The hydration of cement A and cement C in blends with the natural pozzolan has been
studied for ages of 1, 2, 3, 7, 14 and 28 days. In Fig. 8.10 representative 29Si MAS NMR
spectra for these hydration series are presented. The anhydrous spectra display resonances
from alite and belite (-66 to -77 ppm) and from a number of overlapping peaks originating
from the different components in the natural pozzolan (approx. -85 to -114 ppm). The
intensity of the resonances from the alite and belite phases, as well as the natural pozzolan,
decrease as the hydration proceeds with a corresponding increase of the intensity from the
produced C-S-H. Around -85 ppm, part of the low-intensity shoulder of the natural
pozzolan lineshape overlaps with the peak from the Q2 sites of the C-S-H, which must be
addressed in the deconvolution of the spectra. A sub-spectrum was initially created from
the anhydrous 29Si MAS NMR spectrum of the natural pozzolan, which involved six lines
(-87, -90, -95, -101, -108, and -113 ppm) using linewidths of 200 Hz, 200 Hz, 350 Hz, 400
Hz, 365 Hz, and 400 Hz, respectively. The Lorentzian/Gaussian lineshape fraction varied
between 0 and 0.5.

anhydrous
1 day
7 days
28 days

Fig. 8.10 29Si MAS NMR spectra (9.4 T, νR = 12.0 kHz) of (a) cement A – natural pozzolan and (b) cement
C – natural pozzolan hydrated for 1, 7, and 28 days. The top spectrum in each column is the 29Si MAS NMR
spectrum of the anhydrous blend.
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The overall lineshape of the overlapping resonances from the natural pozzolan appears
almost constant in the different

29

Si MAS NMR spectra of the hydrated samples, which

indicate roughly similar reaction rates for the different components in the pozzolan.
Therefore, fixed relative intensities for the six resonances were used to simulate the
lineshape of the pozzolan in the deconvolution of the spectra.
The deconvolution of the 29Si MAS NMR spectra is illustrated in Fig. 8.11 for the
cement A – natural pozzolan blend hydrated for 2 days and results from the deconvolutions
are listed in Table 8.5. The degree of hydration is generally low for the pozzolan in both
systems during the first three days of hydration (< 5 %). After 28 days ~35 % and ~31 %
of the pozzolan have reacted in the blends with cement A and cement C, respectively. Low
reactivity has previous been reported for natural pozzolan in pastes of C3S. Massazza and
Testolin [80] found that 16 – 29 % of the pozzolan had been consumed after 180 days.

Fig. 8.11 Deconvolution of the

29

Si

MAS NMR spectrum for the cement C
– natural pozzolan blend hydrated for
2 days. (a) Experimental

29

Si MAS

NMR spectrum (9.4 T, νR = 12.0 kHz).
(b) Optimized simulation of the

29

Si

MAS NMR spectrum in part (a). (c)
Sub-spectrum containing contributions
from alite, belite, and the C-S-H
phase. (d) Deconvolved sub-spectrum
for the natural pozzolan.
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Table 8.5 Degrees of hydration (H) for alite, belite, and natural pozzolan (NP), as well as average
chain lengths of alumino-silicate ( CL ) and SiO4 tetrahedra ( CL Si ) and Al/Si ratios for the C-S-H
phase for cement A and cement C in blends with natural pozzolan 1.
Hydration time
(days)

H(alite)

H(belite)

H(NP)

CL

CL Si

Al/Si ratio

1

62.0

10.0

0.0

4.55

2.89

0.104

2

74.4

13.4

0.0

4.44

2.98

0.090

3

76.4

21.9

4.3

4.17

2.94

0.081

7

77.3

37.3

7.5

4.84

3.18

0.090

14

81.8

33.6

21.4

4.79

3.15

0.089

28

83.5

37.5

34.9

5.21

3.26

0.096

Hydration time
(days)

1

cement A – natural pozzolan

cement C – natural pozzolan

H(alite)

H(belite)

H(NP)

CL

CL Si

Al/Si ratio

1

43.9

0.0

0.8

4.47

2.72

0.117

2

53.5

0.0

0.9

4.13

2.59

0.115

3

56.5

0.0

2.8

3.61

2.44

0.103

7

60.6

0.0

13.3

4.49

2.77

0.113

14

68.1

4.5

23.6

4.22

2.80

0.098

28

80.4

11.1

31.4

4.85

3.08

0.099

Data were obtained from deconvolved

29

Si MAS NMR spectra (9.4 T, νR = 12.0 kHz) recorded

after 6 different hydration times.

8.7 Comparison of data obtained from 29Si MAS NMR

The degree of hydration for alite, belite and SCMs (microsilica, fly ash 2, natural
pozzolan) in the blends with cement A and cement C are compared in Fig. 8.12. Data for
the pure pastes of cement A and C are included for comparison. The degree of hydration
for alite is generally higher in the cement A – SCM blends than in the paste of pure cement
A, especially during the first 7 days of hydration. At later ages the difference levels off.
The accelerating effect of the SCM on the alite reaction is most pronounced for the blends
with natural pozzolan and microsilica, e.g., more than 60 % of the alite has reacted after 1
day for the cement A – natural pozzolan blend as compared to slightly less than 40 % in
the pure paste. After 180 days more than 90 % of alite has reacted in the pastes (blends
with natural pozzolan have not been studied beyond 28 days, as the hydration experiments
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are still in progress). The acceleration of the alite reaction in less obvious for the cement C
– SCM blends. The degree of hydration for alite in the blend with natural pozzolan is
roughly similar to that of pure cement C, though slightly more alite has reacted after 1 day
and 28 days for the blend. The fly ash containing blend generally exhibits accelerated alite
reaction as compared to pure cement C, but the blend with microsilica shows a consistently
lower degree of alite hydration. Such a retardation of the alite reaction is quite surprising
and a similar behaviour in cement – microsilica blends has not been reported previously (to
the author’s knowledge). Therefore, additional investigations are planned for the cement C
– microsilica blend. In general, the degree of hydration for alite is somewhat lower for the
blends with cement C than for the corresponding blends with cement A, which may reflect
the finer grain size of this cement (d50 = 9.4 μm) as compared to the coarser cement C (d50
= 20.1 μm). A possible explanation for the higher reactivity of alite in some of the SCM
blends is the acting of the SCM particles as nucleation sites for C-S-H formation. Krøyer et
al. [264] have previously proposed such a mechanism for the accelerated alite reaction in

mixtures of Portland cement and kaolinite (clay mineral).
It is well-known that belite contributes less to the early strength development than
alite. This is clearly reflected in Fig. 8.12 by the lower reactivity of belite as compared to
that of alite. A very small amount of belite reacts in the pure pastes during the first 7 days,
but hereafter the reactivity of belite increases. After 360 days ~70 % of the belite phase has
reacted in both pastes. In the blends of cement A with microsilica and natural pozzolan the
belite reaction is accelerated, at least during the first 28 days of hydration. The degree of
hydration for belite is roughly the same in pure cement A and the blend containing fly ash.
In the blend of cement C with microsilica the belite reaction is clearly accelerated as
compared to pure cement C, whereas the reactivity of belite is very similar for the fly ash
blend and the pure paste. The belite reaction seems to be slightly retarded in the cement C
– natural pozzolan blend. The increased reactivity of belite in the blends containing
microsilica (and the cement A – natural pozzolan blend) may be due to the consumption of
the SCMs themselves, since the amount of available Ca2+ ions may be reduced by the
reaction of the SCMs, thus leading to an increased dissolution of the belite phase.
The degree of hydration for the SCMs exhibits very similar trends in the blends
with cement A and C. Microsilica is generally the most reactive SCM, reaching reaction
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degrees of ~85 % at 180 days of hydration, which is corresponding well with previous 29Si
MAS NMR investigations of cement – microsilica blends [76,230], and with the fact that
this SCM is characterized by having a markedly finer average grain size (d50 = 0.25 μm)
than the other types of SCMs (d50 = 7 – 9 μm). The higher reactivity of microsilica may
also reflect that only 10 wt% of microsilica was included in the blends as compared to 30
wt% for the fly ash and the natural pozzolan. It also appears from Fig. 8.12, that the fly ash
reacts to a very limited degree during the first 28 days, and after 180 days only about 20 –
27 % of the fly ash has reacted, which is in good agreement with degrees of hydration for
fly ash in high-volume (45 – 55 %) fly ash – cement pastes reported by Lam et al. [262].
The natural pozzolan generally shows degrees of hydration between those of microsilica
and the fly ash.
The average chain lengths of SiO4 + AlO4 tetrahedra ( CL ) and pure SiO4 tetrahedra
( CL Si ), as well as the Al/Si ratios for the C-S-H phase are compared for the blends of
cement A and C with microsilica, fly ash 2 and natural pozzolan in Fig. 8.13. Data for the
pure cement pastes are also included. The average chain lengths are higher for the blends
as compared to the pure cements, and CL (and to a lesser extent CL Si ) generally increases
for all systems as the hydration proceeds. Pure cement A exhibits CL ranging from 3.6
after 1 day to 4.7 after 360 days. By comparison, the C-S-H in the cement A – natural
pozzolan blend shows CL of 4.6 after 1 day, rising to 5.2 after 28 days of hydration. CL is
somewhat lower for pure cement C than cement A, with values increasing from 3.5 at 1
day to 4.1 after 360 days. The fly ash has the highest CL of the blends with cement C,
reaching almost 7.0 after 180 days. The average chain lengths ( CL ) determined for the
pure cements in this work is somewhat higher than CL values reported by Roger et al.
[265] for a paste of ordinary Portland cement. They observed an increase of CL from 2.0
to 3.1 over 12 months of hydration. In a 29Si MAS NMR study of white Portland cement
pastes, Andersen et al. [260] also obtained slightly shorter chain lengths for the C-S-H,
with CL ranging from 2.7 – 3.9 over two years of hydration. However, the generally
longer CL observed for C-S-H in the blended cements as compared the pure pastes is in
accord with previously reported CL for pastes of Portland cement blended with different
types of SCMs. For a paste of Portland cement blended with more than 50 wt% of
microsilica, which had hydrated for 3 months at 40 °C, Groves et al. [266] have reported a
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CL value of 8.5. Using 29Si MAS NMR, Richardson and Groves [259] determined CL for

C-S-H in pastes of white Portland cement in blends with different amounts of blastfurnace
slag. For a water-activated blend with cement and slag in equal proportions they found a
CL value of 4.05 after three weeks of hydration. They also demonstrated that CL

increases with the proportion of slag added to the blend, thus giving CL = 6.45 for a
mixture of 90 % slag and 10 % cement after three weeks of hydration.
The Al/Si ratio for pure cement A is almost constant (~0.11) during the first week,
and then it drops to roughly 0.08 is observed for the remaining hydration times. The blends
of cement A with microsilica and natural pozzolan exhibit nearly constant Al/Si ratios of
~0.09, which is also the case for the blend with fly ash until 180 days of hydration, where
the Al/Si ratio has increased to ~0.13. A similar trend is observed for the fly ash blended
with cement C. The Al/Si ratio of the C-S-H in pure cement C shows an essentially
constant value (~0.09) during the first two weeks and then decreases to ~0.065 at later
ages. The cement – SCM blends all display roughly constant Al/Si ratios at ~0.11, but with
the fly ash blend showing an increase to ~0.13 at 90 and 180 days, a phenomenon also
observed for the cement A – fly ash blend. This increase of Al/Si at later ages for the fly
ash blends may reflect that the fly ash only reacts after prolonged hydration. The Al/Si
ratio for the pure pastes is somewhat higher than the Al/Si ratios reported by Andersen et
al. [260] for a white Portland cement paste. Using

29

Si MAS NMR they obtained Al/Si

ratios showing an almost constant value of ~0.046 for hydration times ranging from 12 h to
two years. However, a different preparation scheme (e.g., water/cement = 0.5) and
different curing conditions were applied, which may explain the difference in Al/Si ratios.
Moreover, Andersen et al. [258] also reported an error limit of ±0.04 on the determination
of the Al/Si ratio from the

29

Si MAS NMR spectra, which may also explain some of the

discrepancy. The Al/Si ratios of this project agrees better with values reported by Famy et
al. [267]. By the application of EDS analysis they found Al/Si ratios of 0.129 and 0.095 for

an ordinary Portland cement paste after 20 and 300 days of hydration, respectively. It is
noted however, that the EDS analysis does not distinguish between Al in tetrahedral, 5fold, or octahedral coordination whereas the NMR approach includes only Al in tetrahedral
coordination.
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Fig. 8.12 Degrees of hydration (H) for alite, belite and SCMs (MS, FA2, NP) as a function of hydration time
(logarithmic scale). The data (Tables 8.2 – 8.5) are obtained from deconvolved 29Si MAS NMR spectra (9.4
T, νR = 12.0 kHz). MS = microsilica, FA2 = fly ash 2, NP = natural pozzolan.
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Fig. 8.13 Average chain lengths of alumino-silicate tetrahedra ( CL ), pure silicate tetrahedra ( CL Si ) and
Al/Si ratios for the C-S-H phase. The data (Tables 8.2 – 8.5) are obtained from deconvolved 29Si MAS NMR
spectra (9.4 T, νR = 12.0 kHz). MS = microsilica, FA2 = fly ash 2, NP = natural pozzolan.
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8.8 Hydration of cement – slag blends
8.8.1 29Si MAS NMR

Two types of slags have been used for the hydration experiments of Portland cement – slag
blends, specifically, slag 1 with a bulk chemical composition typical for blastfurnace slags
used in cement blends, and slag 8 with a very high content of Al2O3 (20.0 wt%). The
hydration has been followed by 29Si MAS NMR for the four studied systems: cement A –
slag 1, cement C – slag 1, cement A – slag 8, and cement C – slag 8. Representative 29Si
MAS NMR spectra are displayed in Fig. 8.14 and Fig. 8.15. A general feature for all
spectra is the overlap of the resonances from alite and belite (-66 to -77 ppm) with the
broad featureless peak originating from the amorphous slag (approx. -64 to -92 ppm), as
illustrated in Fig. 8.16. Furthermore, the signals from Si in the C-S-H formed upon
hydration of the cement phases and slag also overlap with the slag peak.

anhydrous

1 day
7 days

28 days

90 days

360 days

Fig. 8.14 29Si MAS NMR spectra (9.4 T, νR = 12.0 kHz) of (a) cement A – slag 1 and (b) cement C – slag 1
hydrated for 1, 7, 28, 90, 360 days. The top spectrum of each column is of the anhydrous blend.
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These overlaps of resonances complicate the deconvolution of the 29Si MAS NMR spectra
of the hydrated cement – slag pastes. For instance, the overall lineshape for the slag peak
may change during hydration due to a preferential reaction of certain constituents in the
slag material, a phenomenon which cannot be deduced from the

29

Si MAS NMR spectra

because of the severe overlaps of resonances. Consequently, the amount that the slag
contributes to the intensity of a resonance, e.g., the resonance for Q1 sites in the C-S-H (-78
ppm), cannot be directly quantified by a deconvolution as the lineshape of the partly
hydrated slag is unknown.

anhydrous

1 day
7 days

28 days

90 days

360 days

Fig. 8.15 29Si MAS NMR spectra (9.4 T, νR = 12.0 kHz) of (a) cement A – slag 8 and (b) cement C – slag 8
hydrated for 1, 7, 28, 90, 360 days. The top spectrum of each column is of the anhydrous blend.

The hydration can, however, be followed in a qualitative manner by the

29

Si MAS NMR

spectra. Common for all four blends is the gradual decrease of the alite and belite
intensities as the hydration proceeds with corresponding increase of the signals from the
different Qn sites in the C-S-H phase. Generally, the intensity of the Q2(1Al) resonance (81 ppm) relative to the resonance for the Q1 and Q2 sites is significantly higher for the slag
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blends as compared to the pastes of pure cement A and cement C (see Fig. 8.1), especially
after prolonged hydration. It is also noted that a considerable amount of belite (-71.3 ppm)
is still present in the pastes even after 360 days of hydration.

Fig. 8.16 29Si MAS NMR spectra
(9.4 T, νR = 12.0 kHz) of the
anhydrous cement A – slag 8
blend (a), anhydrous cement A
(b), and anhydrous slag 8 (c),
illustrating the severe overlap of
resonances from the alite and
belite phases in the cement with
the broad peak from the slag.

8.8.2 27Al MAS NMR

The hydration of the cement – slag blends have also been studied using 27Al MAS NMR.
Resonances from aluminium in tetrahedral coordination (AlIV) to oxygen atoms are
generally observed in the range from 50 to 80 ppm, while those in octahedral coordination
(AlVI) are found in the range -10 to 20 ppm. Penta-coordinated aluminium (AlV) displays
chemical shifts between those of AlIV and AlVI. Fig. 8.17 display representative 27Al MAS
NMR spectra following the hydration of pure cement A and cement A blended with slag 8
(60:40 wt%). In the spectrum of anhydrous cement A overlapping resonances from AlIV
incorporated as guest ions in the alite and belite phases are observed at ~81 and ~86 ppm,
respectively, and a broad peak originating from AlIV in the tricalcium aluminate phase
ranges from approximately 40 to 80 ppm [28]. The spectra of hydrated cement A reveal a
gradual decrease of the intensities for Al in alite and belite corresponding to the continued
reaction of alite and belite in the hydrating paste. The peak from the fast reacting
tricalcium aluminate phase is strongly diminished after 1 day and has disappeared after 7
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days of hydration in accord with XDR/Rietveld analysis carried out for the same hydration
series of cement A [261]. The incorporation of AlIV in the C-S-H phase is observed by the
rather broad peak centred at ~72 ppm. As the hydration begins, three overlapping peaks at
approx. 13, 9, and 5 ppm appear in the chemical shift region for octahedrally coordinated
aluminium. These peaks are assigned to an AFt phase [228], an AFm phase [228] and a
phase denoted the ‘third aluminate hydrate’ (TAH) [268], respectively. The TAH phase
was characterized by Andersen et al. [268] using

27

Al and

29

Si MAS NMR and they

described the phase as an amorphous/disordered aluminate hydroxide or a calcium
aluminate hydroxide, which forms as a separate phase or as a surface precipitate on the CS-H phase. The presence of a small amount of penta-coordinated Al in the C-S-H phase is
indicated by the low-intensity resonance at ~38 ppm [269].

*

*

*

*

*

*

Fig. 8.17 27Al MAS NMR spectra (14.1 T, νR = 13.0 kHz) of pure cement A (left column) and cement A –
slag 8 (right column) hydrated for 1, 7, 28, and 90 days. Spectra of the anhydrous samples are included as
well. Peaks indicated by asterisks (*) are spinning sidebands. The spectra are all plotted on the same intensity
scale.
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Al MAS NMR spectrum of the anhydrous cement A – slag 8 blend is strongly

dominated by a broad asymmetric peak centred at ~64 ppm, originating from 4-fold, and
possibly 5-fold, coordinated aluminium in the amorphous slag, which overlaps with the
resonances from AlIV in alite and belite. The dominating appearance of the slag peak is due
to the fact that this SCM contains 20.0 wt% Al2O3 compared to the much lower content of
Al2O3 in the cement (2.1 wt%). It is noted that the spectra in Fig. 8.17 are plotted on the
same intensity scale for both hydration series. In Fig. 8.18 the assignment of resonances in
the spectra of hydrated samples is illustrated for cement A – slag 8 after 1 day of hydration.
The higher intensity of the peaks in the chemical shift region for octahedrally coordinated
Al in the spectra for the cement – slag blend is due to the higher content of Al2O3 in this
system as compared to the pure cement. The peak at 13 ppm is assigned to an AFt phase
[28], the presence of which was been confirmed by XRD [261]. TEM investigations
carried out by Li and Richardson at University of Leeds have revealed that a Mg-Al
layered double hydroxide (LDH) phase (hydrotalcite-type phase) occurs in the hydrated
blend of cement A and slag 8. This type of phase has also been observed in earlier studies
of Portland cement – slag pastes [112,113].

Slag/AlIV in C-S-H

AFm/hydratalcite
AlIV in
alite/belite

AlV

AFt
TAH

*

Fig. 8.18 27Al MAS NMR spectrum (14.1 T, νR = 13.0 kHz) of cement A – slag 8 hydrated for 1 day. The
low-intensity peak at 98 ppm indicated with an asterisk (*) is a spinning sideband.

Aramendia et al. [111] and Takehira et al. [270] have reported chemical shifts close to 9
ppm for different hydrotalcite-type phases based on

27

Al MAS NMR spectra acquired at
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9.4 T. As illustrated in Fig. 8.19, a similar chemical shift has been observed for a synthetic
Mg-Al hydrotalcite (hycite® 713 from Süd-Chemie AG: [Mg1-xAlx](CO3)x/2·nH2O (0.25 < x
< 0.33)) in our laboratory.

Fig. 8.19 27Al MAS NMR spectrum (9.4
T, νR = 12.0 kHz) of a synthetic Mg-Al
hydrotalcite

([Mg1-xAlx](CO3)x/2·nH2O

(0.25 < x < 0.33). A single resonance is
observed with a centre of gravity at 9.1
ppm.

Therefore, it seems probable that the peak at 9 ppm in the

27

Al MAS NMR spectra of

hydrated cement A – slag 8 contains contributions from a Mg-Al LDH phase as well as
from an AFm phase. The presence of AFm was confirmed by XRD/Rietveld analysis
[261]. The peak at 5 ppm is attributed to the TAH phase [268], while the presence of a
small amount of penta-coordinated Al in the C-S-H phase is indicated by the resonance
centred at ~38 ppm. In contrast to the spectra of pure cement A paste, the peak originating
from AlIV incorporated in the C-S-H phase completely overlaps with the slag resonance in
the spectra of the cement – slag blend, which complicates a clear distinction between the
two signals.
As mentioned above, the extraction of degrees of hydration for the slags from
deconvolution of

29

Si MAS NMR spectra is hindered by severe resonance overlaps.

Instead, 27Al MAS NMR spectra have been employed to quantify the slag reaction. In this
approach it is assumed that no preferential hydration occurs for specific Al sites in the slag.
This assumption is supported by SEM investigations of cement – slag pastes that reveal a
clear boundary between the reacting slag grains and the formed hydration products [261].
Before acquisition of the 27Al MAS NMR spectra the sample materials packed in the NMR
rotors were weighed, both the samples of anhydrous cement – slag blends and the
corresponding hydrated samples. The

27

Al MAS NMR based approach involves

subtraction of the spectrum of the anhydrous blend from the spectrum of hydrated cement.
The subtraction is carried out before baseline correction and is performed in an interactive
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manner where the difference between the two spectra is displayed. The intensity of the
spectrum for the anhydrous samples is thus manually scaled to precisely eliminate the
contribution from the slag in the spectrum of the partially hydrated blend. The procedure is
exemplified in Fig. 8.20 for the blend of cement A with slag 8 after 28 days of hydration.
The spectrum resulting from the subtraction (Fig 8.20(c)) contains resonances from
AFm/Mg-Al LDH (~9 ppm), the TAH phase (~5 ppm) as well as AlIV (~72 ppm) and AlV
(~38 ppm) incorporated in the C-S-H phase, while the peak from the slag has been
removed. The position of the resonance from AlIV in the C-S-H at a higher frequency (~72
ppm) than the peak from the slag (~64 ppm) ensures that the subtraction can be performed
in a reliable manner.

Fig. 8.20

27

Al MAS NMR

spectra (14.1 T, νR = 13.0 kHz)
of (a) anhydrous cement A –
slag 8 blend, (b) cement A –
slag 8 blend after 28 days of
hydration, and (c) the residual
spectrum after subtraction of (a)
from (b) where a scaling factor

*

of 0.38 was applied to the
spectrum in (a) in order to
remove the peak from slag.

*

Peaks indicated with asterisks
(*) are spinning sidebands.

The scaled intensity of the anhydrous material subtracted from the hydrated material can
be related to the quantity of unreacted slag in the blend if the amount of water bound in the
sample during hydration, as well as the mass ratio for the samples involved in the
subtraction, is taken into account. The content of bound water has been determined by
measuring the loss on ignition for the individual hydrated samples.
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The degree of hydration for the slags determined from 27Al MAS NMR (or another
method) can potentially be utilized to deconvolve the

29

Si MAS NMR spectra of the

hydrated cement – slag blends, and thereby obtain information about the alumino-silicate
chain length and Al/Si ratio of the C-S-H phase from the deconvolved resonances for the
Q1, Q2(1Al) and Q2 sites of the C-S-H. This may be achieved by subtracting an 29Si MAS
NMR spectrum of the anhydrous slag from a corresponding spectrum of a partially
hydrated blend, where the 29Si MAS NMR spectrum of the anhydrous slag has been scaled
according to the degree of reaction obtain from 27Al MAS NMR. The subtraction will thus
result in a spectrum where the contribution from the slag has been removed.
The degree of hydration for the slags (for ages up to 90 days) has been estimated
using the method based on 27Al MAS NMR for three blends: cement A – slag 1, cement A
– slag 8, and cement C – slag 8 (Table 8.6 and Fig. 8.21(a)). Slag 8 is generally more
reactive than slag 1 according to the obtained results, which is in agreement with DTA
studies of the same blends [261]. Furthermore, slag 8 exhibits higher degrees of hydration
in the blend with cement A as compare to the blend with cement C.
Table 8.6 Degrees of hydration (%) estimated from 27Al MAS NMR spectra (14.1 T, νR = 13.0
kHz) for slags in three cement – slag blends.
Time of hydration (days)

cement A – slag 1

cement A – slag 8

cement C – slag 8

1

0.0

15.5

0.0

2

3.4

27.5

1.5

3

8.0

32.3

7.3

7

12.6

40.9

21.2

14

23.8

51.5

36.9

28

32.0

56.9

48.3

90

47.3

65.2

60.5

The slag reaction has also been quantified by Vanessa Kocaba [261] using SEM/BSE with
image analysis (IA) for the same blends. Fig. 8.21(b) and (c) compare the degree of
hydration for the slags obtained by NMR and SEM/BSE-IA. For the cement A – slag 8
blend there is a good agreement of results, at least at early hydration times, while the NMR
approach gives somewhat lower degrees of hydration for slag 1 in the blend with cement A
as compared to SEM/BSE-IA. A good agreement is observed for the cement C – slag 8
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blends for hydration times after 7 days of hydration whereas the degrees of hydration for
slag 8 derived by SEM/BSE-IA are higher than the corresponding NMR results at earlier
ages.

(a)

(b)

(c)

Fig. 8.21 Degrees of hydration (H) for slags in blends with cement A and C plotted as a function of hydration
time (logarithmic scale). (a) Estimates for the slag reaction obtained from 27Al MAS NMR (14.1 T, νR = 13.0
kHz). Comparison of degrees of hydration obtained from NMR and SEM/BSE-IA are displayed in (b) for
cement A in blends with slag 1 and 8, and in (c) for cement C blended with slag 8.

Selective dissolution methods have been employed by a number of researchers to quantify
the slag reaction in cement – slag blends [58,112,271-273], e.g., Luke and Glasser [112]
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reported that 40 – 40 % of the slag had reacted after one month of hydration, while Lumley
et al. [58] found that 30 – 55 % of the slag had reacted within 28 days for cement – slag

pastes employing water/cement ratios from 0.4 to 0.6. Dyson et al. [113] have recently
used a combined

29

Si MAS NMR and selective dissolution technique to determine the

degree of reaction for slag in a hydrated cement – slag blend (75: 25 wt%). The idea is to
removes all silicate species from the anhydrous cement and the C-S-H by selective
dissolution, thus enabling the acquisition of a 29Si MAS NMR spectrum of the residue of
slag, which is subsequently used as a sub-spectrum in the analysis of the 29Si MAS NMR
spectrum of the hydrated cement – slag blend. This allows quantification of the slag
reaction and by employing this approach a degree of slag reaction of ~30 % was
determined for the cement – slag paste after one month of hydration. However, TEM and
29

Si MAS NMR studies of the residue after selective dissolution indicated the presence of a

small amount of an alumino-silicate gel in addition to the expected unreacted slag and
aluminate phases. Whether this phase is a by-product for the dissolution process or a
product formed during hydration of the slag cement could not be determined, which
induces some uncertainty on the method. Some of the cement – slag blends studied in the
present work have also been subjected to the selective dissolution method used by Dyson
et al. [113] with subsequent investigations of the residues by XRD and SEM [261]. For

both anhydrous and hydrated samples all examinations revealed that besides the expected
slag phase a significant amount of undissolved cement phases was still present in the
residue after the selective dissolution process. Furthermore, hydrotalcite was also observed
in the residue of the hydrated cement – slag blends. The presence of a hydrotalcite-like
phase in the residue of cement – slag pastes subjected to a similar selective dissolution
method was also reported by Luke and Glasses [112].
Hinrichs and Odler [272] have determined the fraction of unreacted slag present in
hydrated cement – slag blends with 25 wt%, 50 wt% or 70 wt% slag in the mixture using a
DTA procedure. They found that the hydration of the slag was independent of its
proportion in the anhydrous material and that approx. 38 – 69 % of the slag had reacted
after 28 days of hydration for slags with a fineness (Blaine) of 300 m2/kg. For more finegrained slags (500 m2/kg) the degree of hydration was somewhat higher at all hydration
times (2 – 360 days).
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In summary, rather diverse degrees of hydration for slags in cement – slag blends
have been reported in the literature, which is probably a consequence of several issues. For
instance, the reactivity of slags is dependent on such diverse factors as bulk chemical
composition, content of amorphous material, fineness of the slag powder, curing
conditions, water/binder ratio, etc. Therefore, comparison of degrees of reaction for slags
can be dubious if the abovementioned factors differ from one study to another (which is
most often the case). Moreover, uncertainties may also arise if different analytical
techniques are employed for determining the slag reaction in comparative studies.
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Conclusions
Solid-state magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy
is generally recognized as an important and versatile analytical tool in the research of
cementitious materials. The technique is well-suited for investigations of both crystalline
and amorphous/poorly crystalline materials such as the C-S-H phase formed by cement
hydration and different types of supplementary cementitious materials (SCMs)
characterised by a high content of largely amorphous matter. Therefore, solid-state NMR
represents an important complement to other techniques, e.g., powder X-ray diffraction
(XRD) where only the long-range ordering of crystalline materials is detected. Solid-state
NMR also enables the study of different phases separately by utilizing specific NMR
active nuclei, for example for selective studies of the aluminate phases or of the calcium
silicates by employment of the 27Al and 29Si nuclei, respectively.
In this project solid-state 29Si and 27Al MAS NMR have been employed in studies
of anhydrous and hydrated Portland cements blended with SCMs. The primary aim of the
project is the development of methodologies for measuring the degree of reaction for
SCMs, as well as cement phases, in hydrating cement – SCMs pastes. Initial investigations
of anhydrous cements has led to an improved method for quantification of the calcium
silicates alite and belite by deconvolution of 29Si MAS NMR spectra recorded at 9.4 T with
a relatively high spinning speed (νR = 13.0 kHz). Furthermore, the importance of
employing fully relaxed

29

Si MAS NMR spectra for reliable quantification of alite and

belite has been demonstrated.
The spin-lattice relaxation of 29Si species in alite and belite has been studied by 29Si
inversion-recovery (IR) MAS NMR experiments. Analysis of the IR spectra show that the
relaxation of the 29Si spins is overwhelmingly dominated by the strong dipolar interaction
of the

29

Si nuclei with unpaired electrons in paramagnetic Fe3+ ions incorporated in the

alite and belite phases as guest ions. In addition, the analysis reveals that the spin-lattice
relaxation follows a “stretched exponential” rather than a single-exponential decay process.
Analysis of deconvolved

29

Si IR MAS NMR spectra has been shown to be a reliable

alternative method for determination of alite and belite contents in Portland cements.
The hydration of two Portland cements, alone and in blends with microsilica, fly
ash, natural pozzolan (volcanic rock) or blastfurnace slags, has been studied using 29Si and
27

Al MAS NMR with the purpose of determining the degree of hydration for alite, belite
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and the SCMs. This involves computer deconvolution of the

29

Si MAS NMR spectra to

29

obtain the relative intensities for the different Si species in the hydrated samples, which
allows a quantification of the Si present in alite, belite, the hydration product C-S-H, and
the SCM of the specific cement blend. The deconvolution procedure has successfully been
employed for the cement blends including either microsilica, fly ash, or natural pozzolan,
whereas the deconvolution of the 29Si MAS NMR spectra for the cement – slag blends is
impeded by severe overlap of resonances from the alite, belite and the C-S-H phase with
the broad and featureless peak from the slag. Generally, the results from the
deconvolutions reveal that the reaction of alite and belite is accelerated by the presence of
microsilica, fly ash and natural pozzolan as compared to the rate of reaction in the
corresponding pure Portland cements. Regarding the reaction of the SCMs themselves,
microsilica exhibits the highest degrees of reaction among the studied SCMs. Much lower
reactivity is observed for the fly ash. Clear indications of fly ash reaction are only detected
for hydration times beyond 28 days and ~75 – 80 % of the fly ash has still not reacted after
180 days of hydration. The natural pozzolan displays degrees of hydration between those
of the microsilica and the fly ash.
Deconvolution of the resonances form the different Si sites in the C-S-H phase (Q1,
Q2, and Q2(1Al)) in

29

Si MAS NMR spectra forms the basis for determination of the

average alumino-silicate chain length ( CL ) and the Al/Si ratio of the C-S-H phase.
Generally, longer CL are observed for the cements blended with microsilica, fly ash and
natural pozzolan as compared to the pastes of pure Portland cements, which is in accord
with earlier 29Si MAS NMR studies of blended cements.
Since the degree of reaction for slags can not be determined from deconvolution of
29

the Si MAS NMR spectra, a new method based on 27Al MAS NMR has been developed
to estimate the degree of slag reaction. The method involves subtraction of the 27Al MAS
NMR spectrum for the anhydrous cement – slag blend from a spectrum for a corresponding
(partially) hydrated sample of the same blend. The intensity of the spectrum for the
anhydrous blend is adjusted to give a residual

27

Al MAS NMR spectrum in which the

contribution from the slag has been removed. This allows the degree of reaction for the
slag to be estimated by taking into account the amount of water bound in the sample during
hydration.
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Appendix I
Experimental conditions for acquisition
of solid-state MAS NMR spectra
All experimental solid-state MAS NMR spectra in the thesis were obtained from powder
samples. Prior to acquisition of the spectra the magic angle was set by minimizing the
linewidths of the spinning sidebands from the satellite transitions in the 23Na MAS NMR
spectrum of NaNO3.
29

Si MAS NMR experiments

The solid-state

29

Si MAS NMR spectra were recorded at two different magnetic field

strengths (7.1 T and 9.4 T) on Varian Unity INOVA-300 and -400 spectrometers, using
home-built CP/MAS probes designed for 7, 5, or 4 mm o.d. rotors with sample volumes of
220, 110, and 80 μL, respectively. The single-pulse experiments employed 45° excitation
pulses (τpw = 2.5 – 3.0 μs) and relaxation delays of 30 s to ensure full relaxation of the 29Si
spins between the individual acquisitions. Spinning speeds (νR) of 7.0, 12.0 and 13.0 kHz
were used for the 7, 5, and 4 mm rotors of PSZ (Partially Stabilized Ziconia), respectively.
Typically, 1000 – 3000 scans were recorded for each spectrum. The individual probes
employed for the two spectrometers used radio-frequency (rf) field strengths in the range:
γB1/2π = 40 – 60 kHz. The rf field strengths were calibrated using a sample of Na2SiF6 (δiso
= -188.9 ppm) due to the short spin-lattice relaxation time for this compound (T1 = 0.5 s at
7.1 T). 1H decoupling was not employed in the 29Si MAS NMR experiments, since MAS at
spinning speeds above ~5 kHz efficiently averages out the 1H – 29Si dipolar couplings. The
29

Si chemical shifts in the 29Si MAS NMR spectra are reported in ppm (parts per million)

relative to an external sample of neat tetramethylsilane (TMS), using a sample of βCa2SiO4 (δiso = -71.33 ppm) as a secondary reference material.
27

Al MAS NMR experiments

The solid-state

27

Al MAS NMR spectra were acquired at 14.1 T on a Varian Unity

INOVA-600 spectrometer equipped with a home-built CP/MAS probe for 4 mm o.d. rotors
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(80 μL sample volume). For the acquisition of the single-pulse spectra, a pulse width of 0.5
μs (15° flip angle for 27Al, I = 5/2, in a solid) was used to ensure quantitative reliability of
the intensities observed for the

27

Al central transition for sites experiencing different

quadrupole couplings. Furthermore, rf field strengths of γB1/2π ≈ 60 kHz and a relaxation
delay of 2.0 s were employed, while high-power 1H decoupling was applied during
acquisition of the FIDs. The rotors (PSZ) were spun at νR = 13.0 kHz and typically 5000 –
35000 scans were recorded for each spectrum. The

27

Al isotropic chemical shifts are

reported in ppm relative to an external sample of 1.0 M AlCl3·6H2O.
29

Si{31P} Cross-Polarization/MAS NMR experiments

The

29

Si{31P} Cross-Polarization (CP) MAS NMR spectrum displayed in Fig. 7.3(b) was

acquired at 9.4 T using a Varian Unity INOVA-400 spectrometer equipped with a tripletuned MAS probe for 5 mm rotors from Doty Scientific Inc. The sample was spun in a PSZ
rotor at a moderate spinning speed (νR = 3.0 kHz). The experiment employed a rf field
strength of γPB2P/2π = 36 kHz for the initial 90° pulse and γPB2P/2π ≈ 25 kHz and
γSiB1Si/2π ≈ 20 kHz for the Hartmann-Hahn match. A linear ramp from γSiB1Si/2π = 25 kHz
to γSiB1Si/2π = 16 kHz was employed for the Si channel during the CP contact time. A
relaxation delay of 30 s was inserted between each of the 1952 recorded scans and no 31P
decoupling was applied during the acquisition.

Appendix II: Procedures for paste mixing and hydration stop

151

Appendix II
Procedures for paste mixing and hydration stop
Mixing procedure for cement pastes

A motorized stirrer (IKA RW 20 digital) equipped with a custom made paddle is used for
the mixing procedure for pure cement pastes and cement – SCM pastes:
1. Water is added to the cement (±SCM) and the paste is mixed at a rotational speed
of 500 rpm for 3 minutes.
2. Mixing is stopped for 2 minutes.
3. The paste is mixed at a rotational speed of 2000 rpm for 2 minutes.
4. The paste is cast in a capped cylindrical plastic container (50 mL). In order to
ensure proper compaction the plastic container is tapped against a table until air
bubbles no longer emerges form the surface of the paste.
5. The sample is demoulded after 24 hours and subsequently placed in a closed plastic
container (500 mL) filled with tap water.
The mixing procedure employed for the pastes containing microsilica differs somewhat
from the five steps outlined above, since the microsilica is added to the mix not as a
powder, but in the form of a slurry. The microsilica slurry is prepared from equal amounts
(by weight) of distilled water and microsilica by mixing for 3 minutes with a Phillips
(HR1364, 600 W) immersion stick blender, which results in a dense fluid. The slurry is
subsequently left quiet for 2 – 3 hours before the paste mixing is carried out using the
motorized stirrer:
1. Water is added to the cement and the paste is mixed at a rotational speed of 500
rpm for 2 minutes.
2. The microsilica slurry is added.
3. The paste is mixed at a rotational speed of 500 rpm for 3 minutes
4. Mixing is stopped for 2 minutes
5. The paste is mixed at a rotational speed of 2000 rpm for 2 minutes.
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6. Hereafter the procedure is the same as for the other types of paste.
The water to binder volume ratio is kept constant for the pastes, thus resulting in w/c ratios
from 0.40 to 0.45 depending on which binder (cement ± SCM) is used in the mix. For the
long-term curing the plastic container is stored in a temperature-controlled laboratory at 21
± 2°C.

Hydration stop

The procedure outlined below is employed for stopping the hydration of cement paste and
is applied both to plain and blended cement pastes. The principle of the method is that the
water in the sample is exchanged with isopropyl alcohol which only to a limited degree
reacts with cement [1]. The alcohol is subsequently evaporated.
1. A small piece (∼5 g) is knocked off the cylinder of cement paste using the pestle of
a ceramic mortar.
2. Grinding in ceramic mortar until the sample is a fine powder.
3. The powder is mixed with 50 mL of isopropyl alcohol (min. 99%) in a conical flask
(250 mL) for 1 hour using a magnetic stirrer. The flask is sealed with a rubber cork
during the mixing to prevent ingression of atmospheric air.
4. The sample material is separated from the isopropyl alcohol using a filter paper.
5. The powder on the filter paper is dried in a desiccator over silica gel for 24 hours
and subsequently stored in a small sealed glass container.
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