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Abstract

A concept for the geological repository of nuclear waste in the Netherlands in-

corporates concrete barriers in a Boom clay environment. An understanding of

the pore evolution within this concrete may help predict changes in the materials

physical strength and transport properties. Techniques that are currently used

for this purpose include Mercury Intrusion Porosimetry (MIP), Focused Ion Beam

Scanning Electron Microscopy (FIB-SEM), Broad Ion Beam Scanning Electron

Microscopy (BIB-SEM), Micro Computer Tomography (micro-CT), Quasi-Elastic

Neutron Scattering (QENS), Small Angle Neutron Scattering (SANS) and Small

Angle X-ray Scattering (SAXS). In an effort to investigate the pore evolution in

concrete that chemically interacts with its environment, these techniques could be

complemented by new methods. A promising technique is Spin Echo Small Angle

Neutron Scattering (SESANS). This technique exploits the scattering of neutrons

from a sample causing a difference in Larmor precession angle when the trans-

mission angle changes. The practical applicability of this technique on concrete,

as well as the extent to which the measured polarization can be related to pore

evolution are investigated in this study. Especially, the contribution of refraction

to the overall polarization has been examined by comparing the polarization in

quartz, concrete’s main constituent, to a model for neutron refraction in cylindri-

cal wires. Because at the size scale of the quartz particles, refraction rather than

diffraction is the dominant phenomenon when neutrons are considered. The mod-

elling involved an analysis of the effect of the number of layers of quartz particles

in concrete. The results showed that neutron refraction significantly contributes to

the measured signal and thus should be taken into account in further quantitative

analysis. The results are based on a model for well-oriented cylindrical wires of

the same size, whereas quartz particles are amorphous and anisotropically oriented

and vary largely in size. To gain more detailed information on the contribution of
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neutron refraction to the polarization a model must be developed that accounts

for these anomalies.
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Chapter 1

Introduction

Nuclear waste is produced mainly in nuclear power plants for electricity produc-

tion, but also in important applications of radiation in health care, industry, agri-

culture and research. Nuclear waste is hazardous to living organisms due to the

ionizing radiation that it emits, and remains so for periods of hundreds of thou-

sands of years. Because of this long period of hazardous activity, preventing future

generations from exposure to this ionizing radiation has become a major scientific

and technical challenge. Current policy in the Netherlands is that radioactive

waste is collected, treated and stored by COVRA (Centrale Organisatie Voor Ra-

dioactief Afval), which is the only company in the Netherlands that is qualified to

do this. After interim storage for a period of at least 135 years, radioactive waste

is designated to be emplaced in deep underground facilities. There is a world-wide

consensus among scientist and engineers that such geological repositories repre-

sent a safe disposal option for radioactive waste [1]. This thesis is conducted in

the context of OPERA (OnderzoeksProgramma Eindberging Radioactief Afval),

which is the third Dutch research programme on geological disposal of radioactive

waste and lasted from 2011 to 2016.

In this programme, Boom clay is investigated as a host rock for the facility and

cementitious materials are used to provide mechanical support, enclosure of em-

placed waste and containment. An impression of what this concept will come to

look like is depicted in Fig. (1.1).

Species in the Boom clay pore water, in particular its main compounds sulfate and

chloride, interact with concrete and are likely to cause degradation. It has been

widely recognized that the pore structure of concrete is an excellent indicator of the
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Figure 1.1: Artist impression of the OPERA geological repository
concept for the disposal of radioactive waste in a concrete structure
with Boom clay as host rock. After [2]. a The conrete structure (white)
in Boom clay (anthracite) deep below the earth’s surface. b Enlargement of a
section of the repository where OPERA supercontainers will be stored. c This
supercontainer is designed For the storage of heat generating High Level Waste
(HLW). It has a core of heat generating HLW, surrounded by concrete in a steel

envelope.

material’s main characteristics, such as physical strength and transport properties

[3]. Therefore this thesis aims to investigate how porosity in concrete evolves over

time during these degradation processes. Renowned techniques such as Mercury

Intrusion Porosimetry (MIP), Focused Ion Beam Scanning Electron Microscopy

(FIB-SEM), Broad Ion Beam Scanning Electron Microscopy (BIB-SEM), Micro

Computer Tomography (micro-CT), Quasi-Elastic Neutron Scattering (QENS),

Small Angle Neutron Scattering (SANS) and Small Angle X-ray Scattering (SAXS)

exist for the investigation of the pore structure of concrete. But many involve the

intrusion of liquid or gas, and thereby change the characteristics of the pore sys-

tem. Other techniques such as QENS, SANS and SAXS make use of fields or

irradiation with elementary particles and are more sophisticated in the sense that

they don’t alter the sample characteristics.

The goal of this thesis is to evaluate Spin-Echo Small Angle Neutron Scattering as

a potential measurement method for the investigation of pore evolution in concrete.

SESANS has been applied succesfully to gels, biological systems, proteins and pow-

ders. The durability of concrete is reviewed with a focus on chemical degradation

mechanisms such as leaching, sulfate attack and chloride ingress. Furthermore, the

pore structure of concrete and the main experimental methods to investigate it
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are considered. After all relevant characteristics of concrete have been put forward

an explanation of the SESANS technique is given. Special attention is devoted to

the subject of neutron refraction.



Chapter 2

Literature Review

In the OPERA geological repository concept, the concrete structure will be em-

bedded in Boom clay. In this chapter the main chemical processes that will occur

in this environment will be discussed.

Chemical degradation is defined by Seetharam and Jacques [4] as ”the gradual

change in pore-water composition and concrete mineralogy, usually characterized

by a decreasing Ca/Si ratio and a decreasing pH”. In deep geological disposal

facilities hosted in Boom clay the concrete is affected by constituents of Boom

clay pore water.

2.1 Boom Clay pore water

Boom Clay is a clayrock, i.e.: a fine-grained, low permeable material with a signif-

icant amount of clay minerals [5]. Naturally occurring in parts of the Netherlands

and Belgium it owes its name to a little town in Belgium called Boom. Boom

Clay has a variated mineralogy with quartz, pyrite and clayey minerals (illite,

kaolinite or feldspars). Several properties make Clay a desirable host formation

for radioactive waste disposal. Among these are its low permeability and low hy-

draulic gradients; chemical buffering capacity; propensity for plastic deformation

and self-sealing of fractures; geochemical characteristics that favour low solubil-

ity of radionuclides; and high capacity to retard the migration of radionuclides

towards the accessible environment, e.g. through sorption capacity and due to a

diffusion-dominated transport [6]. Taking into account its abundant presence at

safe depths in the ground of large parts of the Netherlands, Boom Clay is assigned

4
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as hostrock for the concept for geological disposal of nuclear waste [7]. The clay

will act as a natural barrier between the repository and biosphere by retarding mi-

gration of radionuclides and any other hazardous substances that over geological

times might eventually escape form the repository.

At the boundary between the deep geological facility and host rock the interac-

tion with Boom Clay porewater leads to concrete deterioration. The main criteria

characterizing the potential harm of ground water to Portland cement hydration

products are: composition of impurities; pH; mineralization; and water hardness.

The pore water in the Boom Clay at Zeeland, the Netherlands, is found to be

mildly alkaline with an in situ pH value of about 7.4-8.2 [8]. The redox potential

is integral part of the pore water chemistry in the host formation. Pore water

chemistry is of central interest when evaluating the evolution of the engineered

barriers and the retention of any escaping radionuclides. Pore water chemistry

and mineralogy affect, among other things, the sorption and retardation poten-

tial of the host formation (NAGRA, 2010) [9]. The Boom Clay pore water has

a multi-elemental composition including cations (Al3+, Ca2+, Mg2+ etc.) and

anions (Cl-,F-, SO42- etc.) [7]. Over time, these elements may affect the chemical

composition of the concrete, generating hyper alkaline environment. Since chlo-

rides and sulfates are its main components this chapter discusses the processes

leaching, sulfate attack and chloride ingress.

2.2 Leaching

In general, leaching is the process of extracting substances from a solid by dissolv-

ing them in a liquid. Since concrete pore water conditions are high alkaline for

a long period of time, the external ground water will almost always be relatively

acidic. So, when ground water encounters a concrete surface, Ca2+ and OH– ions

are removed from the concrete and dissolved in the pore water. This process,

which is sometimes more specifically referred to as lime leaching, enlarges the pore

system of the concrete and thus locally increases it’s permeability. Three general-

ized areas where leaching takes place can be distinguished: (1) from free surfaces

on the concrete, (2) from the surface of cracks in the concrete and (3) from the in-

terior of the concrete that is porous, lean and pliable [10]. The hydration product

that is most severely affected by leaching is Ca(OH)2 (Portlandite), because of it’s

high solubility and abundant presence. Also, Porlandite mainly occurs in concrete
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as large crystals whose dissolution leaves macroporosity. In a lower degree Ca2+ is

also leached away from the C–S–H, C3A and C4AF phases. The decalcification

of C-S-H however leaves microporosity, which has a less catastrophic effect on the

compressive strength of the concrete [11]. Some of the most common leaching

reactions involving cement hydration products and aggregate materials are given

below. In these formulas HA represents monoprotonic acid. For calcium hydroxide

the general reaction occurs at a pH value of below 12.6:

Ca(OH)2 + 2 HA −−→ CaA2 + 2 H2O. (2.1)

For ettringite the general reaction occurs at a pH value of below 10.7:

6 CaO ·Al2O3 · 3 SO3 · 32 H2O+6 HA −−→ 3 CaA2+2 Al(OH)3+3 CaSO4+32 H2O

(2.2)

In the case of CSH gel, the reaction (which occurs below a pH value of 1̃0.5:

xCaO · ySiO2 · nH2O + 2 xHA −−→ xCaA2 + ySi(OH)4 + (x + n−2 y) H2O, (2.3)

where Si(OH)4 is an amorphous silica gel. For calcium aluminate hydrates, such

as monosulphate, the general reaction is:

3 CaO ·Al2O3 ·CaSO3 · 12 H2O+6 HA −−→ 3 CaA2 +2 Al(OH)3 +CaSO4 +12 H2O

(2.4)

The leaching depth over a certain amount of time depends on the aggressiveness of

the external water (the lower the pH the higher the aggressiveness) and the trans-

port properties of the concrete, which are mainly determined by the microstructure

[12]. From studies by Lagerblad [13] and Yokozeki et al. [14] we know that leach-

ing is a slow process, but it does become significant when regarding timescales

that are encountered in deep repository. The main consequences of leaching and

decalcification are threefold:

• An increase in total porosity that causes a change of the transport properties

in concrete.

• The disappearance of calcium from the concrete leads to a decrease of the

mechanical strength.

• The composition of the solid phase and the pore water of the concrete are

subject to change along with the pH and other geochemical properties [15].
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The increased porosity caused by leaching and decalcification could be counter-

acted by a secondary effect called porosity clogging. To predict the effect of the

highly alkaline pore fluid conditions caused by the cementitious materials on clayey

barriers several modelling studies on large time scales have been carried out. Re-

search either focus on purely thermodynamic models [16] [17] or on combined

thermodynamic/kinetic models [18] [19]. Each of these models predits a porosity-

clogging behaviour that should mitigate the mass transport. Furthermore, Liu

et al. [20] developed a parallel coupled model for interaction between concrete

and clay, in the context of Belgian deep disposal study. They conclude that the

precipitation of calcite is the main reason for clogging. Furthermore, Song et al.

[21] showed that leaching can greatly change the internal chemical environment

and the microstructure of cement pastes, thereby changing the chloride diffusion

behavior and degrading the chloride-ingress resistance.

2.3 Sulphate attack

Sulfate attack is a process whereby sulfate ions in solution chemically react with

compounds present in hydrated cement [22]. Roughly three different mechanisms

may be incurred: extensive cracking, expansion and decomposition of aggregate

and cement paste. Therefore, the overall effect is loss of concrete strength [23].

The chemistry of sulfate attack comprises plentiful imbricated reactions. This gives

rise to a complexity which makes a conclusive definition of sulfate attack difficult.

In this thesis the artificial distinction [24] between chemical and physical sulfate

attacks will be avoided. However, there is a fundamental distinction between

internal and external sulfate attack [25].

2.3.1 Internal sulfate attack

Internal sulfate attack is caused by a soluble source that is consolidated in the

concrete during the mixing process. In practice this occurs with the formation of

ettringite after hydration of the cement and therefore, internal sulfate attack is

also referred to as delayed ettringite formation. Since this internal sulphate attack

can easily be avoided by taking simple measures concerning the choice of cement,

it is not further considered in this thesis.
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2.3.2 External sulfate attack

Reference is made of external sulfate attack when sulfate propagates into the mate-

rial and modifies transport and mechanical properties [26]. The ingress of sulphate

ions then causes an external sulphate attack on cement-based materials, leading

to an uptake of sulphates into the cement micro-structure [27]. This is likely to

happen at the boundary of concrete with Boom Clay pore water. The composi-

tion and micro-structure of the concrete is changed in a region with a well-defined

boundary which is called the reaction front.

In the realm of external sulphate a distinction can be made between ettringite

sulphate attack (ESA) and thaumasite sulphate attack (TSA). The former can be

limited by the choice of cements with an amount of C3A lower then 3%, whereas

for the latter sources of SO2−
4 , CO2−

3 and SiO2−
3 should be limited and temper-

atures below 15◦C should be avoided (because thaumasite forms preferentially at

temperatures lower than 15◦C) [28].

The main expansion as a manifestation of external sulfate attack due to the for-

mation of ettringite takes places according to the following chemical reaction:

C4ASH12 + 2 CSH12 + 16 H −−→ C6AS3H32 (2.5)

In Portland cement with calcium silicate based binders another reaction occurs

that applies to internal as well as external sulfate attack. The C3A then provides

aluminate for the ettringite to form as:

C3A + 3 CSH2 + 26 H −−→ C6AS3H32 (2.6)

In the following several conditions that have to be met to produce expansion are

discussed. First, a certain threshold of ettringite molecules must be exceeded to

generate pressure on adjoining solids. Second, the ettringtie must be formed in a

locally confined chemical reaction [29]. Third, the ettringite must be formed after

the cement paste had set to generate expansion.

As sulfate ions enter the cement paste by means of an external sulfate attack and

react with the calcium hydroxide present in the cement paste gypsum may be

formed:

SO4
2− + Ca(OH)2 + 2 H2O←−→ CaSO4 · 2 H2O + 2 OH− (2.7)



9

There is no general agreement among researchers about whether or not this reac-

tion leads to expansion of the cement paste. Tian [30] and Cohen [31] concluded

that gypsum formation may cause expansion. However, Mather investigated that

gypsum forms primarily, if not exclusively, by reaction of sulfate ions with calcium

ions and precipitation of gypsum from a solution that by evaporation, becomes

supersaturated [32].

Thaumasite may be formed in Portland cement based concretes in specific circum-

stances, i.e. abundat presence of sulfate and carbonate ions, low temperatures and

alkaline conditions [33]. The chemical reaction can be expressed as:

3 Ca2++SiO3
2−+CO3

2−+SO4
2−+15 H2O −−→ 3 CaO · SiO2 ·CO2 · 15 H2O (2.8)

Contact with sulfate-containing ground water remains the most common cause of

the thaumasite form of sulfate attack in bruied concrete [34].

2.4 Chloride ingress

Chloride ingress is the process of penetration and redistribution of chloride in con-

crete. Just like with sulphate, as discussed in the previous paragraph, the chloride

either is present in the cement itself or comes from external sources. Since com-

mercial cement only contains chloride up to 0.01wt% [35], groundwater will be

the main source. Through diffusion the chloride ions penetrate into the concrete

pore water [36]. These are encountered in concrete both as free ions in the pore

interstitial solution, and as chemically bound component of hydrate phases. Out

of these appearances, the free chloride ions are the most dangerous because of

their capacity to diffuse further into the concrete and in some cases even towards

the steel reinforcement bars [37].

Many literature review articles [22] [38] [39] in this field link chloride ingress di-

rectly to steel corrosion rather than considering it as a chemical degradation pro-

cess [4].
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2.4.1 Formation of Friedel’s salt

Friedel’s salt, also referred to as hydrocalumite, has the general formula

[Ca2Al(OH)6]Cl · 2 H2O. Among cement chemists it’s customary to use the formula

3 CaO ·Al2O3 ·CaCl2 · 10 H2O instead. The similitude of both formulas can be

understood by considering that

2 OH− −−→←−− O2− + H2O (2.9)

and doubling the stoichiometry of the first formula. Friedel’s salt is ranked among

the layered double hydroxides (LDH), which is an important class of materials

for environmental remediation applications [40] and it’s structure is discussed by

Filippakis et al [41].

Essentially, two mechanisms have been proposed [42]. On the one hand there is the

adsorption mechanism. In this case Friedel’s salt forms due to the adsorption of

the bulk Cl− ions present in the pore solution into the interlayers of the principal

layers, [CaAl(OH−)6 · 2 H2O]+, of the AFm structure to balance the charge. On

the other hand there is the anion-exchange mechanism. In this case a fraction

of the tree-chloride ions bind with the AFm hydrates to form Friedels salt by an

anion-exchange with the OH− ions present in the interlayers of the principal layer,

[Ca2Al(OH−)6 · nH2O]+.

Friedels salt has an important role in the cement chemistry of deep geological

repositories where concrete is used as sealing material [43]. That is partly due to

Friedel’s salt being more stable than the hydroxy aluminate AFm. Furthermore,

the AFm phases retard chloride ingress by binding the chlorides. This is due to

the property of AFm phases exhibiting anion exchange [44].



Chapter 3

Pore Structure in Concrete

As the aim of this research is to investigate pore evolution, understanding of the

pore structure in concrete is essential. This chapter discusses the range of pores

that are encountered in concrete and several experimental techniques to probe

them. There is concencus among researchers that that the pore structure of con-

crete strongly influences its mechanical behavior as well as its transport properties

and could accordingly be regarded as one of the most important characteristics

[3]. Therefore, the mapping of this pore structure is often pursued in research.

But the large range of pore sizes (nanometer to micrometer scale [45]) demands

the use of multiple measurement techniques for characterization. Moreover, many

techniques require the samples to be dried in a pretreatment, thereby generat-

ing important damages for the materials microstructure in the capillary porosity

domain [46].

3.1 Classification of the pores

Practically distinction is made between the larger pores between cement grains

(capillary pores) and the internal porosity of the C-S-H gel (gel pores). More

specifically, Mehta [47] states that five types of pores occur in concrete:

• Gel pores, which are micropores of characteristic dimension 0.510 nm.

• Capillary pores, which are mesopores with average radius ranging from 5 to

5000 nm.

11
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• Macropores due to deliberately entrained air.

• Macropores due to inadequate compaction.

• Cracks at aggregatemortar interface due to shrinkage.

it should be emphasized that the pore sizes are continuously distributed; i.e. the

pore sizes of capillary pores and gel pores could overlap. The most important

parameter concerning the pore system is the specific surface area. This is the

area of the interface between solid phases and the pore system per unit amount of

material. More on various measurements methods that probe this characteristic

can be read in paragraph 3.2. Other parameters are the total porosity and the

pore size distribution.

3.2 Experimental techniques for characterizing

the pore system

When it comes to experimental techniques for characterizing the pore system,

on the one hand there are techniques that require the intrusion of a fluid or a

gas into the pore system [48] and on the other hand there are techniques that

use irradiation or fields to probe the material [49]. A downside to the intrusion

techniques is that samples need to be dried, thereby altering the pore structure and

possibly also other characteristics of the concrete. The latter category, however,

demands expensive equipment and features complex data interpretation.

3.2.1 Techniques using irradiation or fields to probe the

material

Nuclear Magnetic Resonance probes the response of materials to an oscillat-

ing magnetic field. It’s a renowned technique for determining the structure of

organic compounds. When applied on cement-based materials it exploits the fact

that nuclear spin interactions between water and the solid pore walls are much

stronger than interactions in the bulk fluid. Thereby it’s provides quantitative

and structural information on the anhydrous and hydrated phases of Portland ce-

ment and details about the porosity, pore size distributions, and interconnectivity
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of cement-based materials [50] [51] [52].

Quasi-Elastic Neutron Scattering (QENS) is based on inelastic neutron scat-

tering and exploits the measured resulting energy transfer to investigate diffusion

in solids. As discussed in the identification of function and state of water at the

nanoscale in concrete is a complex issue. QENS can be used to discern between

the different states summarized in [53].

Small-Angle Scattering (SAS) is based on the diffraction of collimated beams

of radiation after interaction with structures. Structures larger than the wave-

length of the radiation can be probed. SAXS and SANS utilize the scattering

of X-rays and neutrons respectively. Neutrons are scattered by interactions with

atomic nuclei, while X-rays are scattered by interactions with outer shell elec-

trons. When applied to concrete these techniques yield direct data on particle

morphology, surface area, and pore size distribution. Also, they allowed Jennings

to develop a model for the nanostructure of C-S-H based on the interpretation of

water sorption isotherms [54].



Chapter 4

Spin-Echo Small Angle Neutron

Scattering

In this research spin-echo small angle neutron scattering (SESANS) is used to

explore the pore structure of concrete samples. SESANS is one of many techniques

that is based on elastic neutron scattering. Another, more established, technique

is small angle neutron scattering (SANS). However, SANS probes structures in the

range of 1nm – 100nm. It is therefore a useful technique for studying gel pores

in concrete. But the sizes of capilarry pores in concrete (5nm – 5µm) are often

well beyond these limits. For the investigating capilarry pores in concrete there

advantages of using SESANS instead of SANS:

• There is no need for high intensity because collimation is not needed

• Multiple scattering effects are easily accounted for [55].

• It allows structures in the range 5nm - 20µm to be studied. This length

scale corresponds to the pore sizes of interest.

In order to understand SESANS one first must become acquainted with the prin-

ciples of neutron scattering and neutron spin-echo. The following text provides a

brief review of these principles.

14
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4.1 Neutron Scattering

Free neutrons are electrically neutral and have half-integer spin. These properties

imply that neutrons can have nuclear and magnetic interactions with materials.

Suppose a beam of neutrons characterized by wave vector ki falls on a sample

as depicted in Figure 4.1. The neutrons are then scattered along direction k̂f or

they traverse through the sample without any interaction. The extent to which

neutron scattering occurs in a material is determined by its Scattering Length

Density (SLD). The SLD value of a material depends on how tightly packed the

scattering entities are and the intrinsic scattering power of these scattering enti-

ties. Since nuclear and magnetic interaction probabilities (or cross sections) are

both small, a neutron can usually penetrate well into the bulk of the specimen

under investigation[56]. Therefore neutron scattering techniques are used to in-

vestigate the structural information of bulk samples [56]. Generally this structural

information can be extracted from either the scattered or the transmitted beam,

depending on the specific technique.

Figure 4.1: Schematic diagram of a generic arrangement for neutron-
scattering experiments After [57]. Here k represents the wavenumber of the
neutron and E the energy. The solid angle ∆Ω is the two-dimensional angle in

three-dimensional space that the sample subtends at a point.

4.2 Neutron Spin Echo (NSE)

In neutron spin echo, the Larmor precession in magnetic fields before and after the

scattering are compared to find the velocity change of neutrons that have traversed

a sample [58]. This section describes how this comparison is established. Larmor

precessions of a particle are changes in orientation of the rotational axis of its

magnetic moment about an external magnetic field [59]. Polarized neutrons in the
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incoming beam have different velocities which are encoded as precession angles by

an external magnetic field. Subsequently an equal and opposite magnetic field is

applied that exactly compensates the accumulated precession angle and realizes an

echo of all neutron spins [60]. When there is no sample in between the precession

regions the polarization will be fully restored at the end of this process. The

presence of a sample, however, causes scattering which changes the velocity of part

of the neutrons. This leads to a loss of polarization that is proportional to the

distribution in spin-echo time, which is the time neutrons spend traveling through

both precession regions. Thus in neutron spin-echo the correlation function is

measured as a function of spin-echo time [61].

4.3 Eigenstate Shifter

The phenomena discussed above are applied in the semi-quantum mechanical ex-

planation of the SESANS technique. In Figure 4.2 a precession region with tilted

interfaces and a magnetic field perpendicular to the polarisation of the incom-

ing neutron beam is depicted. In this setup the neutron beam can be considered

to consist of two spin-states: one parallel- and one anti-parallel to the external

magnetic field. Inside the precession region these eigenstates are split due to an

increase or decrease in potential energy respectively. It is important to note that

splitting only occurs in the direction normal to the magnetic field boundary. All

superpositions of the neutron beam leave the precession region in a direction par-

allel to the incombing beam but they have been shifted in the z-direction. The

seperation in the direction perpendicular to the neutron path is the spin-echo

length [61], which can be expressed as

z =
cλ2LBtan(θ0)

2π
(4.1)

where c = 4.632× 1014T−1m−2 is the Larmor precession constant and λ is the

neutron wavelength and the remaining parameters are explained in the caption of

Figure 4.2. From equation 4.1 it follows that the spin-echo length can be modified

by varying any of the parameters determining its value.
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Figure 4.2: A schematic side view of a precessioin device shifting the
eignestates of the incoming neutron beam. After [61]. The precession
region is depicted by the hatched area. Here z is the spin-echo length, L is the
length of the precession region, B is the strength of the magnetic field and θ0

is the angle between foil and incoming beam.

4.4 SESANS in Delft

This section describes the SESANS instrument that is installed at the reactor

institute in Delft and which is used for the measurements is this thesis. The device

depicted in Figure 4.2 is mounted twice with opposing magnetic fields as discussed

in Section 4.2 to form the setup shown in Figure 4.3. Small-angle scattering

occurs only at gradients in the scattering length density [61], i.e.: at positions

of inhomogeneities in the sample. A neutron spin-echo length that exceeds the

SLD results in a difference in final spin orientation that can be measured as the

depolaristaion of the beam.

Figure 4.3: Schematic of the spin-echo small angle neutron scatter-
ing procedure. After [62]. The circles in the top of the figure represent the
precession angle at different positions in the setup. In the polarizer (P) the
neutron beam is polarized. Then it is rotated over π/2 to (x, z) in alignment
with the first precession region (see Figure 4.2). The shadowed areas cause the
inclination effect. At the sample (S) scattering occurs and the proceding beam
is a superposition of neutrons with different precession angles. The neutrons
are rotated over π/2 and then they may pass through the analyzer (A) to be

detected.
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4.5 Measured Quantities

Through the transmission of polarization SESANS measures G(z), the projection

of the autocorrelation function of the density distribution, for which the expression

is derived in [63]. Another important measure is the average number of times

a neutron scatters when traversing a sample, which for a two-phase system is

expressed as

Σt = λ2t(∆ρ0)
2φ(1− φ)ξ, (4.2)

where t is the thickness of the sample, λ is the neutron wavelength, φ is the packing

fraction and ξ is the correlation length of the sample inhomogeneities and ∆ρ0

is the scattering length density between the two phases. The raw data generated

by SESANS measurements is the polarization as a function of the parameters

mentioned above

P (z) = P (0)exp(Σt[G(z)− 1]). (4.3)

Normalization with the empty beam polarization gives P (0) = 1. As the spin-

echo lengths increases it exceeds the length scale of characteristic sample inho-

mogeneities, i.e.: G(∞) = 0. This insight enables us to compute the fraction

of neutrons that does not scatter when traversing the sample referred to as the

saturation level of measured polarization:

P (∞) = exp(−Σt), (4.4)

4.6 Data Interpretation

Since in SESANS the polarization is a function of the spin echo length in real-

space, an intuitive interpretation of measurements is possible [63]. In Figure 4.4

a standardized plot for a generic SESANS measurement is given. For very small

spin-echo lengths the polarization is equal to the empty beam polarization so

the graph starts at a value of 1 (P (0) = 1). The polarization then decays for

increasing spin-echo length and finally saturates at a spin-echo length equal to

the characteristic length for the examined sample. The value of lmax indicates

the point at which no more density correlations are seen in the sample [63]. The

height of the polarization at saturation level can be computed from Equation 4.4

and the difference between the empty beam polarization and the polarization at
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saturation level can be computed by substituting Equation 4.2 into 1 − P (∞).

The saturation level depends on chemical composition ∆ρ0, packing fraction φ

and correlation length ξ of the sample inhomoginities. Therefore the saturation

level can be exploited to find ξ, which can be conceptually interpreted as the

average length of all lines possibly drawn inside the density fluctuations [63].

Figure 4.4: Generalised graph of a SESANS measurement. After [64].
This is a measurement of dilute isotropic materials without any ordering. The

polarization is plotted against the spin-echo length.

For neutron propagation substances with particle sizes of 50µm and larger the

phenomenon of refraction becomes dominant over diffraction. As concrete contains

large amounts of quartz particles which often have grain sizes in the mm regime,

refraction is a phenomenon to consider.

4.7 Neutron refraction

Plomp et al. [65] have measured the effect that refraction of cylindrical wires has

on instrumentation sensitive to SANS. They demonstrated that refraction causes

an angular distribution in the neutron beam. This angular distribution can be

expressed quantitatively as:

I(θ) =
1

4δ

1(
1 + (θ/2δ)2

)2
3

(4.5)
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where θ is the deviation between incoming and outgoing beam and δ is related to

the refractive index as:

n = 1− δ = 1−
ρλ2b

2π
(4.6)

and where ρ is the number of nuclei per unit volume, λ is the wavelength and b is

the mean coherent scattering length, which can be defined as the SLD divided by

the atomic density. The refractive index n can be regarded as a ratio between the

propagation rate of the neutron in two different media. In the simplest case, one

of the media is the vacuum, for which the refractive index is equal to 1, resulting

in the formula:

n =
c

v
(4.7)

The relative refractive index between two media can then be calculated as:

n1→2 =
v1

v2
=
c/n2

c/n1

=
n2

n1

(4.8)

Allen et al. [66] have shown that the density of C–S–H is 2.6 gcm−3, the chemical

formula is (CaO)1.7 (SiO2) (H2O)1.8 and the SLD is 2.574 · 10−14 m−2. These

values are used to compute the C–S–H/quartz refractive index and model the

refraction caused by quartz at an interface with C–S–H.

The polarization resulting from refraction is the Fourier transform of Equation

(4.5), which is given as:

P (B, λ) =

∫ −π/2
π/2

I(θ) cos(cLθBλ cot θ0)dθ (4.9)

The effect of multiple refractive layers in the neutron beam can be calculated

by convolving the seperate contributions. Since a convolution in Fourier space

corresponds to a multiplication in real space, the polarization for multiple identical

refractive layers can be computed from the polarization of one layer as:

P (B, λ)n = P (B, λ)n (4.10)

where n is the number of layers.

In the case of a SESANS measurement, this angular distribution introduces a

background to the perceived neutron scattering signal. In particular when multiple

layers of refractive material are concerned, Plomp et al. [65] have shown that the

effect can be destructive. Quartz particles present in concrete are not cylindrical.
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They are encountered in shapes varying from angular to rounded and everything

in between. Examples of these extremes are depicted in Fig. 4.5.

Figure 4.5: Micrographs of quartz grains obtained by SEM in low
vacuum mode and secondary electron mode. After [67]. The used voltage,
magnification, spot size and working distance (WD) are given in at the bottom
of the pictures. The lower case letters and arrows may be neglected. A Angular
grain with high relief. Origin: intertidal zone, Peninsula Fm, Ordovician, Cape
Basin, South Africa. B Rounded grain with low to medium relief. Origin:

braided river sediment, Pleistocene, Jaworzno, Poland.

Looking at these pictures it can be concluded that the shape of quartz particles is

more effectively approached by a sphere than a cylinder. However, a model for the

computation of the angular distribution caused by refraction in cylindrical wires is

at hand and could be a starting point in estimating the contribution of refraction

by quartz particles in SESANS measurements of concrete. When results indicate a

significant distribution the further development of the model can be reconsidered.



Chapter 5

Experimental procedure

5.1 Preperation of concrete samples for SESANS

measurements

The concrete samples used in this thesis are produced by COVRA (see Table 5.1

and were provided to us as cylinders in plastic casing (Figure 5.1).

Probing concrete samples by SESANS imposes a limit on the sample thickness.

That is, the amount of scattering increases with increasing thickness and at some

point, the number of detected neutrons will be insufficient for measurements.

Therefore, the cylinders need to be cut into 1mm disks.

Cutting is performed by making use of a Buehler IsoMet low speed saw (Figure

5.1).

An example of a concrete disk that was obtained by the procedure described above

is shown in Figure 5.1e.

Table 5.1: Recipe for the mortars produced by COVRA.

Component Specifications Volume fraction (kg/m3)
cement CEM III/B 42.5 N LH/SR 408
water 143

superplasticizer TM OFT-II B84/39 CON. 35% (BT-SPL) 4
foaming agent mixed with water, ratio 80/23 5
fine aggregate quartz sand 0-2mm 1121

22
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Figure 5.1: Overview of the cutting process in images. a Front view
of the Buehler IsoMet low speed saw. On the lower left part of the image the
knob which adjusts the speed can be seen. b Side view of the Buehler IsoMet
low speed saw. In the middle of the image the copper wafering blade can be
seen and just above that the weights that settle the downward force on the
arm the the saw are visible. c The cylinder concrete sample encapsulated in
plastic. d The IsoMet 15LC wafering blade. e One of the concrete disks that

was prepared.

5.2 Concrete degradation

After cutting, the samples were immersed in solutions containing sulfates (4.1 g/L

Na2SO4 and chlorides (29.8 g/L NH4Cl as depicted in Fig. 5.2 to investigate the

actions of degradation.

These concentrations were chosen in order to resemble the concentrations that are

representative for the Rupel Member. Elevated concentrations in sulfate coincide

with important concentrations in Ca and Mg coming from carbonate dissolution

and cationic exchange which are caused by increasing of acidity due to pyrite oxi-

dation [8]. The samples were stirred during the whole period of reaction (2 weeks

and 2 months respectively) while the pH of solutions was checked periodically.

At the end of each exposure time, samples were dried for at least 24 hours at

50-80◦C, until a constant mass was obtained and placed independently in plastic

bags and put in desiccator in order to preserve the samples and to prevent ulterior

carbonation from the atmospheric CO2. The concentrations used in these studies

are close to the concentrations existing in the Dutch Boom clay pore water and

seawater (Cl- 0.558 M, SO42- 0.0289 M). Ammonia ions and chlorides may have
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Figure 5.2: Overview of the materials used in the degradation setup.
a The concrete disks were wrapped up in wire gauze, attached to iron wire and
labeled with a letter. b The concrete disks were put in beakers with different

solutions, covered by parafilm and placed on a stirring plate.

an important corrosion impact on concrete, causing pore increasing which may be

suitable to be investigated at microscale by SESANS. In this study, the degraded

and non-degraded samples will be compared.

5.3 Drying of concrete samples

Water is present in concrete in many physical states as discussed in [68]. These

water molecules are causing neutron scattering in the concrete samples. One

approach to investigate the effect of water on the depolarization measured by

SESANS in concrete samples is to compare samples that are known to contain

different amounts of water. Water can be removed from concrete by exposing it

to higher temperatures. Drying of concrete at 50◦C has been reported to remove

water from the pores while causing minimal damage to the pore structure [68].

In these experiments some concrete samples have been dried at a temperature of

50◦C for 12 hours.

5.4 Measurements on pure quartz

Table 5.1 shows that quartz occupies by far the largest volume fraction of the

concrete. Samples consisting solely of quartz have been investigated as well to

validate it’s influence on the overall material. Observing Table 5.1 once more it
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Table 5.2: Description of the used quartz types.

Name Grain size (mm) Supplier
Very fine <0.1 Fluka Analytical
Fine 0.2 - 0.8 Boom Labaratoriumleverancier
Rough 0.4 - 0.8 Boom Labaratoriumleverancier
Very rough 1.0 - 2.0 Merck KGaA

Table 5.3: Scattering length densities used in the model.

Material Molar mass (kg/mol) Mass density (kg/m3) SLD (Å
−2

)
SiO2 0.06008 2650 4.168× 1014

C−S−H 0.18809 2604 2.574× 1014

can be seen that the grain sizes of the quartz particles cover a continuous range

from 0mm to 2mm. Therefore, four types of quartz with different grain sizes,

given in Table 5.2, were chosen to represent this range. Now, with the cement

missing as a paste binding all the quartz particles together, a sample holder need be

installed. This consisted of two special quartzglasses, which neutrons can penetrate

without being scattered, held together by ordinary adhesive tape. The tape was

later cut away in the plain that would be transmitting neutrons, otherwise some

neutron scattering by the tape would result in a background to the polarization

measurements.

a b

cement pasteair quartz

Figure 5.3: Schematic of the interfaces occurring in pure quartz and
concrete samples. a Sample of pure quartz. b Sample of concrete, where the

cement pasts is simplistically depicted as a homogenous phase.

In an oversimplified view the sample of pure quartz as depicted in Fig. 5.3 (a)

can be compared to a sample of concrete as depicted in Fig. 5.3 (b) where the

cement paste is subsituted by air. This results in a different SLD. The SLD values

were obtained from the application by Kienzle and Brown which is accessible at

the website of NIST Centre for Neutron Research [69] and are given in Table 5.3.
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Table 5.4: The mass densities and molar masses of the main com-
ponents of concrete. These data have been used to compute the scattering
length densities that are possibly occurring in concrete. The volume percentages

are an estimation on the basis of values presented in [47].

Component Volume % Molar mass (g/mol) Density (g/cm3)
Quartz 64 60.08 2.65
C-S-H

33

18 74.08 2.60
CH 6 134.12 2.23
Ettringite 3 1255.11 1.78
Monosulfate 6 702.71 2.02

Mean value 136.44 2.52

The aforementioned application requires the input off the mass density of the sub-

stance and the conversion of SLD to mean coherent scattering length calls for the

molar mass. Both are given in Table 5.4. The fact that the volume percentages

in the second column of this table don’t add up to 100% can be explained from a

practical point of view. The neutron scattering density length calculator applica-

tion by Kienzle and Brown requisites an input of chemical formulas that contain

integer values only. Therefore, the numbers have been rounded off.



Chapter 6

Results & Discussion

In SESANS, the overall scatter of a substance depends on the scatter of all its com-

ponents. Not only are there various components present in concrete, the structures

of these are amorphous, complex and in some cases, even not agreed upon. Since

quartz accounts for roughly 65% of the volume of concrete, a logical first step in

the investigation of this seemingly inscrutable material is the isolated examina-

tion of its main component. Homogeneous phases that have structures relatively

large compared to the wavelength of the neutrons might cause neutron refraction.

Quartz is a mineral and thus can be classified as such a phase. Therefore, the

analysis of SESANS data of concrete starts with an assessment of the significance

of neutron refraction by quartz particles in SESANS measurements on pure quartz

samples.

Quartz grains of many different sizes occur in concrete. Accordingly, quartz types

of four different main grain sizes have been investigated by SESANS as shown in

Fig. (6.1). Hence, this sample covers a size range from well below 0.1 mm to 2

mm. In Table 6.1 the fitted number of layers is compared with the number of

layers that could geometrically fit in the sample holder based on the average grain

size. The latter is essentially the thickness of the sample holder divided by the

average grain size of a quartz sample.

Measurements agree remarkably well with the theoretically predicted model, indi-

cating that refraction causes significant angular distribution of neutrons in SESANS

measurements. But results should be called into question, because the assumed

shape of the refracting elements differs excessively from reality. Still, the results

clearly identify refraction as a phenomenon that must be taken into account in

analyzing these measurements.

27
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Figure 6.1: Four types of quartz with different average grain size
investigated by SESANS. In all experiments a sample holder of 1.0 mm
thickness was completely filled with the quartz grains leaving the unutilized
space to be filled with air. The measurements are compared with the theoretical
refraction model for cylinders by Plomp et al. [65] with the number of layers n,

appearing in Eq. (4.10), as the fitting parameter.

Table 6.1: A comparison of the theoretically expected nth number of quartz
layers with the experimentally observed number of layers nex and a display of

the goodness of fit parameters for the obtained values of nex.

Grain size
(mm)

Goodness of fit
ngeo nfitSSE R-square RMSE

<0.1 0.09176 0.9875 0.03408 20 25.04
0.2 - 0.8 0.06203 0.9934 0.02802 5 5.61
0.4 - 0.8 0.16160 0.9711 0.03762 2.5 1.60
1 - 2 0.37620 0.8843 0.0690 1 1.01

The next step is to estimate the extent to which neutron refraction by quartz parti-

cles contributes to the obtained SESANS signal in concrete. Pure quartz is stacked

as an amorphous structure and therefore the packing factor can be approximated

as:

η =
π

2
' 0.63662 (6.1)

Thus in a sample completely filled with quartz ∼ 64% of the volume is occupied

by quartz particles and the remaining ∼ 36% by air. Now regarding concrete,

aggregates typically occupy 60 - 75 % by volume of the concrete and the aggre-

gates in this thesis consist completely of quartz. So, in a simplified model concrete

could be compared to the pure quartz samples of the former experiment, but with

the air replaced by cement paste. This cement paste, in turn, comprises C−S−H
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as its most predominant component with a volume percentage of more than 50%.

Furthermore, the C–S–H solid/pore interface dominates the interfacial surface

area within hydrated cement [70]. Therefore, a sample of undegraded concrete is

compared with the theoretical refraction model for the relative refractive index

between quartz and C–S–H gel as depicted in Fig. (6.2). While not as preem-
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Figure 6.2: Neutron polarization in concrete investigated by SESANS
is compared to theoretically expected polarization due to refraction.
SESANS measurements on an undegraded concrete sample are represented by
red dots. The sustained lines represent polarization due to refraction according
to the theoretical refraction model for cylinders by Plomp et al. ([65]). The
grey and black line assume a sample containing 1 layer and 5 layers of quartz
particles in the direction of propagation of the neutron beam respectively. The
relative refractive index for neutrons between quartz and C–S–H gel is used in

the model.

inent as in pure quartz the phenomenon causes a significant background to the

polarization. To draw meaningful conclusions from SESANS measurements on

concrete the polarization should be corrected for this background. In the anal-

ysis of SESANS measurement data this can be done practically by dividing the

normalized polarization measured in the concrete by the theoretically predicted

contribution of refraction.

For the completeness of the stepwise analysis of concrete’s most important compo-

nents, measurements also have been performed on pure cement samples as depicted

in Fig. (6.3). This figure shows that neutron diffraction in pure cement is much

higher than in concrete. By comparing the initial slopes of both graphs the amount

of scattering can be estimated to be 2.0 times higher in pure cement. This differ-

ence in amount of scattering can be explained largely by considering that concrete
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consists for about 35% of cement paste. The pure cement sample thus contains

roughly 3 times more cement paste than the concrete sample. Still, the quartz

particles in the concrete sample disturb these measurements. As the samples were

already cut to a thickness of only 1mm, further decreasing the sample thickness

of the pure cement sample will be practically impossible. Producing samples that

consist of 35% of cement paste and 65% of a substitute for quartz that does not

cause depolarization of the neutrons by neither scattering nor refraction could be

a suitable way to proceed. The question is, however, if such a substance exists.

Concrete is a heterogeneous material. Quartz particles and air-filled pores are
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Figure 6.3: A comparison of pure cement with concrete investigated
by SESANS. The pure cement sample is produced in the lab by mixing water
with ENCI CEMI 42,5N cement in a w/c ratio of 0,45. The mix was poured
into plastic cylinders and then cut in the exact same way and as the concrete
samples. Also, samples of similar thickness were used. The red and blue lines
represent the initial slopes of measurement curves for the undegraded concrete

and pure cement respectively.

amorphously oriented in the cement paste, which itself is also heterogeneous. This

gives rise to the question to what extent SESANS measurements are statistically

reproducible for different concrete disks from the same batch. The results of

SESANS measurements on these samples are displayed in Fig. (6.4). It shows

that the normalized polarization caused by the different samples is almost exactly

equal in a spin-echo length range from 0 to 12µm. From this it can be concluded

that the samples are large enough to obtain statistically meaningful results. The

asserted reproducibility is very convenient for any further investigation of these

samples. However, considering the vast complexity of the concrete structure and
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the novelty of SESANS measurements on multi-componental substances, any far-

reaching conclusions, based on this evidence solely, seem premature. On the other

hand it could be mentioned that any heterogeneous substance can be considered

as homogeneous if only the scale of interest is large enough.
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Figure 6.4: SESANS measurements performed on different concrete
disks cut out of cylinders from the same batch. The three disks were
cut from the middle of these different concrete cylinders. The concrete that was

used is CEM III 42.5 N LH/SR

As discussed in the literature review section, water appears in concrete in many

physical states. To get an impression of the influence of this water and its physical

state on SESANS measurements, another measurement has been performed. One

concrete disk has been dried at 50◦C for 12 hours and another disk of the same

batch has not been dried. Both have been measured with SESANS. The oven

drying removed water from the sample. From Fig. (6.5) it can be seen that

the depolarization in the dried sample is lower than in the sample that was not

dried. The water molecules in the concrete are accountable for part of the neutron

scattering. This implicates that the relative humidity in which the samples are kept

might alter the measurement results. Samples should thus be kept at the exact

same humidity conditions to be able to compare them. Another reason might exist

for the decrease of scattering caused by drying the samples. The drying method

involves the phase transformation of water from liquid to vapour. As this occurs,

capillary suction is experienced which can induce micro-cracking and the collapse

of the paste microstructure [71]. In any case, since the sample that has been oven

dried was not the same sample as the sample that was not dried these results rely

on the results of the reproducibility measurements.
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Figure 6.5: A comparison of a dried concrete sample with a concrete
sample that has not been dried by SESANS measurements. Two con-
crete disks from the same batch were measured by SESANS. One was dried in
the oven at 50◦C for 12 hours and the other was kept in the desiccator at room
temperature. Measurements have been performed in duplo, i.e. on two different

spots of each disk (left and right).

As apparent from the results previously discussed there are still large gaps in

the understanding of the data from SESANS measurements on concrete. The

interpretation of such data with the aim of describing concrete porosity, would at

least require a model that is able to recognize the pores. This level of progress

has not yet been achieved. In Fig. (6.6) and Fig. (6.7) the results of SESANS

measurements on samples, immersed in sodium sulfate and amonium chloride

respectively, are depicted. For both chemical degradation mechanisms the data

for the degraded samples clearly differ from the data for the undegraded samples.

Moreover, they do so in an amount significantly larger than the measurement error

encountered up to a spin-echo length of 12µm. For the samples immersed in

sodium sulfate the variation in duration of exposure does not reflect in the results.

To the contrary, for the samples immersed in amoniumchloride the sample that was

exposed for 2 weeks demonstrates less deviation from the undegraded sample than

the sample that was exposed for 8 weeks. This could indicate a slower degradation

process for the chloride ingress compared to sulfate attack.
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Figure 6.6: An evaluation of the effect of immersing concrete disks
in sodium sulfate solution. The samples have been immersed for either 2

weeks or 8 weeks.
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Figure 6.7: An evaluation of the effect of immersing concrete disks
in amoniumchloride solution. The samples have been immersed for either

2 weeks or 8 weeks.



Chapter 7

Conclusions

In this thesis, it was explored whether SESANS can contribute to the investi-

gation of the pore evolution in concrete due to degradation processes involving

sulfates and chlorides, the main compounds of Boom Clay pore water. The in-

vestigation of pore evolution due to sulfate attack and chloride ingress has not

yet been established because some difficulties were encountered. Neutron refrac-

tion by quartz particles causes a significant contribution to the signal measured

by SESANS measurements on concrete. Any further quantitative analysis of such

measurements should take this phenomenon into account. Drying the concrete

prior to the measurement decreases the amount of scattering. This is presum-

ably due to the removal of water molecules, which are accountable for part of

the neutron scattering in the sample. Also, the associated collapse of the paste

microstructure cannot be excluded as an explanation. Besides, reproducibility

tests have shown that the sample dimensions are large enough to yield statisti-

cally consistent results. It can be concluded from the results that the effects of

chemical degradation on concrete are perceptible in a scale significantly larger than

the measurement error. Any further quantitative analysis of such measurements

should take this phenomenon into account. The extensive removal of water by

e.g. drying methods from the samples can contribute to the further elimination

of parameters that blur the understanding of the obtained data. To gain more

detailed information on the contribution of neutron refraction to the polarization

a the refraction model must be modified to adjust for the amorphous form of the

quartz particles, their anisotropical orientation and large variation in size.
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Appendix A

Concrete: from cement to

hydration products

Concrete is a composite material, which means that it is composed of more con-

stituent materials that differ significantly in physical and chemical properties.

When combined, the cement paste, which mainly consists of C-S-H gel, porlan-

dite, ettringite, and monosulfate, bonds together the aggregate (quartz) to form

new material (concrete) with qualities different than the individual components.

This chapter regards the main elements of concrete, its hydration products and

the chemical processes involved.

A.1 The production process of Portland cement

The raw materials needed to produce cement are limestone and clay or shale. They

are extracted from quarry and crushed to a very fine powder. It is then blended in

the correct proportions and thereafter called kiln feed. This is heated in a rotary

kiln to temperatures of about 1400◦C to form clinker. After the cement mill

grinds the clinker to fine powder and a small amount of gypsum is added, the

substance is called cement.

35
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Table A.1: Abbreviation of the main oxides occurring in cementitious
materials, according to the Cement Chemist Notation. [72].

Oxide Trivial name Chemical formula CCN
Calcium oxide Lime CaO C
Silicon dioxice Silica SiO2 S
Aluminum oxide Alumina Al2O3 A
Iron oxide Rust Fe2O3 F
Sulfur trioxide - SO3 S
Carbon dioxide - CO2 C

Table A.2: Main clinker components.

Compound Trivial name Chemical formula CCN
Tricalcium silicate Alite Ca3SiO5 C3S
Dicalcium silicate Belite Ca2SiO4 C2S
Tricalcium aluminate - Ca3Al2O6 C3A
Tetracalcium alumino-ferrite Fss Ca2(AlxFe1−x)2O5 C4AF
Calcium sulfate dihydrate Gypsum CaSO4 · 2 H2O CSH2

A.2 Cement Chemistry Notation

In order to prevent the frequent use of tedious chemical notations, cement chemists

use a more concise notation A.1. In Cement Chemist Notation (CCN) oxides are

referred to by their first letter (e.g., C represents CaO). Several oxides that are

most likely to occur in cementitious materials are given in Table A.1.

A.3 Mineral and oxide composition of Portland

cement

Portland cement consists for more than 90% of the four main cement minerals:

C3S (∼ 55%), C2S (∼ 18%), C3A (∼ 11%) and C4AF (∼ 7%). The names

associated with these chemical formulas are given in Table A.2. Since the quarry

from which the cement is made might differ vastly in composition the aforemen-

tioned percentages might fluctuate heavily between different samples.

The role of these minerals in the hydration process are very different. Almost all

favourable properties are contributed by alite (C3S) and belite (C2S): they form

the C-S-H gel. Reactivity differs among these two phases. Due to the asymmetric
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packing of calcium and oxygen ions in their polymorphic structures larges holes

are left in the crystal lattice. This causes the C3S to have a higher internal energy

than C2S and thus the former is more reactive than the latter. Therefore, C3S

is responsible for the early strength. While the aluminate phase (C3A) and the

ferrite phase (C4FA) are also subject to hydration, they contribute little to the

beneficial properties of the cement paste. Their presence in cement is simply due

to the fact that it’s too costly to remove them [73]. In the presence of sulfate ions,

C3A might even damage the concrete by participating in expansive reactions that

lead to stress and cracking. Moreover, C4AF could represent a stable compound

with any composition between C2A and C2F. All of the main clinker components

are given in Table A.2.

A.4 The hydration of Portland cement

Concrete is produced by hydrating a mix of cement, sand and gravel. This hydra-

tion process involves many different reactions, of which the most important ones

will be presented later on in this chapter.

The hydration of Portland cement is an exothermic reaction and therefore it can be

represented by a calorimetric curve as in Figure A.1. Other experimental observa-

tions (e.g., the rate of release of Ca2+ ions into solution) could serve this purpose

as well. Relative simplicity sensitivity and accuracy have made the calorimetric

curve the most frequently used method [74].

Figure A.1: After [75]. Schematic representation of heat evolution during
hydration of a cement.
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In the hydration process, the four major cement minerals react to form different

solid phases at reaction rates that differ widely as well. The main hydration

products will be discussed in the next subsections and are also shown in Table

A.3.

Table A.3: Main hydration products. [72]

Compound Trivial name Chemical formula CCN
Calcium hydroxide Portlandite Ca(OH)2 CH
Calcium silicate
hydrate

- xCaO · SiO2 · yH2O C−S−H

Calcium sulfate
dihydrate

Gypsum CaSO4 · 2 H2O CSH2

Calcium aluminate
monosulfate hydrate

Monosulfate
(AFm)

Ca6Al2(OH)12 · SO4 ·
6 H2O

C4ASH12

Calcium aluminate
trisulfate hydrate

Ettringite
(AFt)

Ca6Al2(OH)12 · (SO4)3 ·
26 H2O

C6AS3H32

-
Thaumasite
(AFt)

Ca3[Si(OH)6]CO3 · SO4 ·
12 H2O

C3SCSH15

A.4.1 Tricalcium silicate (C3S)

The hydradation of C3S leads to the formation of calcium silicate hydrate and

calcium hydrate (porlandite) as given in the following schematic equation:

2 C3S + 6 H −−→ C3S2H3 + 3 CH (A.1)

A.4.2 Dicalcium silicate (C2S)

In the case of C2S we speak of hydrolysis rather than hydration, but otherwise the

reaction occurs analogously as with C3S and the reaction can be schematically

represented as:

2 C2S + 4 H −−→ C3S2H3 + CH (A.2)

Although the reaction products are the same, the relative amount of CH is three

times lower. Furthermore, the reaction rate is much lower due to the lower solu-

bility of C2S in water compared to C3S. The C2S thus contributes little to the

early strength of cement, but plays an important role in providing strength to the

mature cement paste and concrete.
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A.4.3 Caclium aluminates (C3A)

The hydration reaction of C3A occurs in different forms dependent on the pres-

ence of sulfate ions in the pore solution. Reaction with pure water results in the

following sequence:

2 C3A + 21 H −−→ C4A19 + C2AH8 −−→ 2 C3AH6 + 9 H (A.3)

where the first reaction rate is very high and the second reaction takes place rather

slowly. The high reaction rate and exothermic character of the first reaction would

cause the paste to set within a few minutes. This loathsome phenomenon is called

flash set. It can be prevented by adding gypsum (CSH2) to the cement mix. Due

to its high solubility gypsum will immediately release sulfate ions which react with

the C3A to form ettringite:

C3A + 3 CSH2 + 26 H −−→ C6AS3H32 (A.4)

When all gypsum has reacted but there’s still C3A left, then yet another reaction

might occur:

2 C3A + C6AS3H32 + 4 H −−→ 3 C4ASH12 (A.5)

Since gypsum is always added to cement the C3A mainly reacts according to eqs.

A.4 and eqs. A.5 and A.3 only occur exceptionnaly.

A.4.4 Calcium ferrites (C4AF)

The hydration (C4AF) is similar to the reactions described above (eqs. A.4 and

A.5) for the aluminate phase, but with a lower reaction rate. An important phe-

nomenon that occurs here is the partial substitution of aluminum ions by iron

ions. The reaction can be expressed schematticaly as:

C4AF + 3 CSH2 + 21 H −−→ C6(A,F)S3H32 + (F,A)H3 (A.6)

C4AF + C6(A,F)S3H32 + 7 H −−→ 3 C4(A,F)SH12 + (F,A)H3 (A.7)

where (A,F) indicates aluminum with variable substitution of iron, and (F,A)

indicates iron with variable substitution of aluminum. Due to this substitution,

the main reaction products have the same crystal structures but aren’t exactly
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Table A.4: Summary of the main reactants in the hydration process and the
associated reaction products.

Reactant Reaction products
C3S (alite) CH, C−S−H
C2S (belite) CH, C−S−H
C3A Ettringite, monosulfate
C4AF (Fss) Ettringite, monosulfate
C (free lime) CH
Ettringite Monosulfate

ettringite and monosulfoaluminate. Therefore, they are given the names AFt

and AFm, where the t implies trisulfate and the m implies monosulfate. These

abbreviations are commonly used in cement chemistry, because when C3A and

C2A are well mixed in a cement there will always be some iron present in the

reaction products which contain aluminum.

A.5 Hydration products

The main hydration products of Portland cement will be discussed below and are

also shown in Table A.4.

A.5.1 Calcium silicate hydrate (C–S–H)

The C-S-H gel determines the basic properties of Portland cement pastes and oc-

cupies 50% of the paste volume [76]. Unsurprisingly, this phase is the subject of

plentiful investigations [77]. From this we know that there exist a distinction be-

tween low-density and high density C−SH [78]. The former of which is essentially

formed during the early hydration stages and seems to occupy the spaces that were

at first repleted by water. While the latter is predominantly formed during later

hydration stages and occupies the spaces that were at first taken by the cement

particles.

Rather than being intrinsically strong or stable C−S−H contributes to the con-

crete strength by providing cohesion to the cement particles as a continuous gel.

Inversely, most of the other hydration products are intrinsically strong, but lack

in cohesion with neighbouring particles.
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A.5.2 Calcium hydroxide (CH)

In the hydration process, as CH forms as crystals in wide-ranging shapes and

sizes, liquid water is transformed into solid form, thereby providing strength and

impermeability to the paste. Nonetheless, this phase is not as relevant in terms

of strength contribution as C−S−H and also only makes up about 15% of the

total paste volume. It’s presence in the paste entails some threatening downsides

as well. Specifically, from all hydration products CH is the most soluble and thus

will be susceptible to leaching.

A.5.3 Calcium sulfoaluminate phases (AFm an AFt)

As explained in paragraph A.4.3 and A.4.4 the hydration products of C3A and

CA4F are calcium sulfoaluminate ettringite and monosulfate respectively. These

phases have very different morphologies, but in most cases the crystals formed are

small. In accordance with CH, these reaction products are also characterized by

a minimal strength contribution that comes along with an increased exposure to

external attacks. In this case sulfate attack is the main culprit.

The hydration products that form from the C3A and C4AF minerals occupy about

15-25% of the volume of a mature portland cement paste. As with CH, they do

not contribute much to the engineering properties of concrete, except in a negative

sense when a cement paste undergoes sulfate attack.
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