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Abstract

' h  nuclear magnetic resonance (NMR) relaxometry is used to characterise cement paste 
microstructure from the stand point o f the pore water. Attention focuses prim arily on pore- 
water interactions and the morphology o f calcium-silicate-hydrate (C-S-H), the active phase 
o f cement paste. The method is non-destructive and non-invasive.

NM R allows the quantitative separation o f water by confinement. The first pore-type 
resolved sorption isotherm o f any cementitious material is measured. This provides insight 
into water location during drying and wetting. The C-S-H interlayer and gel pore sizes are 
estimated based on Tj relaxation times (0.94 ± 0 .0 4  and 3.1 ± 0.2 nm) and amplitudes o f 
relaxation components during drying (1.5 ± 0.3 and 4.5 ± 1 .6  nm). The specific surface areas 
are also evaluated.

The evolution o f nanoscale porosity for underwater cured white cement pastes, with and 
without silica fume addition, are determined during hydration and as a function o f 
temperature in the range 10°C to 60°C.

The C-S-H density and chemical composition are evaluated using NM R supported by 
X-ray diffraction and thermogravimetric analysis. The calculated C-S-H ‘solid’ density and 
composition, excluding gel pore water, in never-dried 28 days old white cement paste are 

2.64 ± 0.03 g/cm^ and Caj 53±o.o2(Sio.96±o.oi?Alo.o4=FO.oi)03.5i ±o.02(H20)j^2±o.05‘ C-S-H 
‘bulk’ density, including gel pore water, is 1.90 ± 0.02 g/cm^. Increase o f curing temperature 
does not alter the Ca/(Si±Al) ratio. However, a significant decrease in C-S-H water content 
and increase in density is observed and attributed to the fewer locally stacked C-S-H layers.

NM R relaxation activation energies are estimated.

Insight into the mechanism o f water-isopropanol exchange, used for arresting cement 
hydration, is provided. NM R shows that the exchange occurs in a selective manner with no 
C-S-H interlayer water alteration. The connectivity o f the C-S-H interlayer and gel pores with 
interhydrate-capillary pores is evidenced.
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“(Peopfe neecC not fear the unknown Because 
they are capaSfe o f  achieving what they need and w an t”

Paulo Coelho

Challenges have aecompanied science and technology for millennia. W ithout them  it 
would not be possible to achieve any progress. It is thanks to the will o f learning and the 
perseverance in understanding the rules and laws responsible for various processes, that the 
enormous progress in building materials technology have been possible.

However, as time passes new questions, concerns and tasks appear, driving scientists to 
face them and resolve.
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Chapter 1. Introduction

1. Introduction

1 .1 . M o t iv a t io n  t o  s t u d y  c e m e n t

Concrete is a building material. Nowadays it is the most manufactured man-made material 
world wide with almost three tons used for each human annually [1]. It has become a crucial 
part o f our everyday life as it is used in the majority o f buildings and in many other 
infrastructural applications. The reasons for the large, and still increasing, consumption of 
concrete are various. First, concrete is unrivalled in tenus o f price per ton (fig. 1.1). It benefits 
as it is easy to make and can be formed in nearly any shape [2]. The energy consumed to 
produce one tonne o f concrete is much less than for other building material -  fig. 1 . 2  left. 
Other significant properties factors in favour o f concrete are durability, strength and water­
tightness [ 1 ].

Concrete is composed o f anhydrous cement powder, aggregates, sand, and water. Cement, 
the most important component, reacts with water causing concrete setting and hardening. The 
formed paste bonds all the other concrete components together. Cement paste comprises o f 
hydrates, porosity and unreacted cement grains. The main hydrate created is calcium silicate 
hydrate (C-S-H) that provides the binding properties.
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Figure 1.1 Price o f  materials and their annual production (adapted from [3]; quoted in [2]).

Despite all the above positive features o f concrete, an important aspect to consider is the 
emission o f carbon dioxide (CO 2 ) during cement production. CO 2 emissions result primarily 
from the burning o f fuel to heat limestone to make anhydrous cement powder (-40% ) and 
from the breakdown of the limestone itself during that process (-50% ). The remaining 10% 
comes from electricity use and transportation.

CO 2 emission from cement production is relatively small compared to other materials on a 
tonne for tonne basis (fig. 1.2 right). However, the enormous amount o f cement produced 
each year worldwide (4.0 billion tonnes in 2013 [4]) results in 5% o f global non-natural CO 2



Chapter 1. Introduction

emission. [1]. Given this fact, the cement industry places high importance on the reduction of 
CO? emissions.
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Figure 1.2 Left -  Energy required for production of I tonne of material. Right -  CO? emission per tomie 
of produced material (adapted from [ 1]).

Improvements have been made to cement manufacturing plant technology increasing 
energy efficiency to nearly 80%. Only small progress can now be made in the combustion 
process. Therefore, one o f the biggest and the most serious challenges ahead for the cement 
industiy is to reduce demand for cement clinker' production. The route to achieve that goal is 
production o f alternative, blended cements where clinker is partially substituted by so-called 
Supplementary Cementitious Materials (SCMs). In a group o f SCMs are by-products o f 
different industries, like fly ash, slag and silica fume as well as the other raw materials like 
raw-limestone and natural puzzolans. Exploiting SCMs would facilitate making and designing 
cementitious materials that have as good as, or better, performance than traditional materials: 
rate o f reaction, service life, strength, penneability and durability.

The internal porous mierostructure o f eement paste and the dynamics o f water within it are 
linked to all forms o f degradation as well as to mechanical properties o f hydrated 
cementitious materials. Porosity and the state o f water within it are an innate characteristic o f 
ceiuentitious materials. They depend hugely on the m aterials’ water to cement ratio, age, 
curing conditions and degree o f saturation. The porosity o f cementitious materials spans over 
a wide range o f lengths (fig. 1.3) with millimetre size air voids and micrometre capillary pores 
enclosed between hydrates. At the lowest nano-level there are pores within C-S-H: interlayer 
pores between tetrahedral silica layers and gel pores enclosed between locally aggregated 
stacks o f layers.

A better understanding o f the mierostructure and pore-water interaction within 
cementitious materials is required to make alternative materials more commonly used and to 
improve durability o f concrete eonstmctions. A better understanding would also bring insight

product of sintering limestone with silica, alumina and iron oxide containing materials
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into hydration process, allow characterisation o f materials and prediction o f their properties. 
The establishment o f rapid and non-invasive / non-destruetive mean to characterise cement 
mierostructure, with emphasis on C-S-H gel, will contribute to the great progress in cement 
industry and allow controlling and improving long-tenn performance by enabling study o f the 
relationship between evolving mierostructure and performance. The study o f micro and nano 
structure o f C-S-H and mobility o f water within it is very important but, at the same time, 
challenging as it is a fragile, heterogeneous and nano-porous material with a lack o f long 
range order. Moreover, the changes in its structure, morphology, density and composition 
occur for different cement chemistry, water to cement ratios, at various ages and euring 
conditions (humidity, temperature, saturation). For all o f these reasons, despite ongoing 
extensive research in cement society [5]-[7], that C-S-H structure has been not 
unambiguously characterised and several alternate models have been proposed.
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Figure 1.3 Various length scale of concrete / cement porosity [8].

1 .2 . T r a n s c e n d  P r o j e c t

The work performed in the framework o f this thesis is the part o f the M arie -  Curie Initial 
Training Network TRANSCEND; a scientific programme funded by European Commission. 
The programme name stands for ‘The Understanding TRANSport for Concrete which is Eco 
friendly, iNnovative and Durable’ [9].

The main aim o f the programme is to describe and predict water transport in cements and 
concretes. The unique characteristic o f the programme is the bottom-up approach. The 
knowledge is gained by understanding first the transport at the lowest level and then by 
climbing up the hierarchy o f length scales. M odelling o f water dynamics is directly connected 
with experimental and validation studies.

The TRANSCEND programme has been divided into three specific themes.

Theme A comprises five projects on the computer modelling o f water dynamics in cement. 
The study starts at the sub-nanometre and nanosecond level (PI) with molecular dynamics 
modelling o f transport within C-S-H layered structure. It goes on the level o f the C-S-H gel 
pores and paste structure with Lattice Boltzmann modelling (P2,3) and reaches the level o f 
concrete structures measured in meters with finite elements simulations (P4,5).

Theme B concerns experimental work to provide data-base required as the input for 
modelling. The first group of projects is concentrated on characterisation o f C-S-H

3
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morphology (P 8 ), cementitious materials (P7) and water transport coeffieients (P6 ). The 
remaining projects focus on development and dissemination o f the methods: NM R (P9), 
eryoporometry (PIO) and micro-cracks mapping (PI 1 ).

The luodels are validated by the projects o f Theme C. The investigation o f water transport 
and pore connectivity has a purpose in nano and mesoscale modelling validation (P I 2 ). 
Development and validation o f the models related to drying o f partieular cement phases (PI 3) 
and drying shrinkage inducing cracking (P I4) are pursued. The conventional methods of 
examining water transport in eonerete are verified by NM R profiling (P I5).

The work on the themes has been performed by fifteen Early Stage Researchers hosted by 
academic institutions (Themes A and B) and industrial partners (Theme C). The collaboration 
and links between projects are presented in figure 1.4.

This thesis - project P9, is focused on Nuclear Magnetic Resonance Relaxation Analysis of 
Cementitious Material. The aim of the project is characterisation o f water within nanoporosity 
o f cement to provide input data for eomputer modelling o f water dynamics in cement. The 
general objectives are to define the pore size distribution, pore connectivity and state o f water 
within eement paste.

I Dry & Shrink
Conv. tests  v a l id a t ^

TRANSPORT
PREDICTION

^  Water balanceCracksi
■j Hyst,

p-struc

J Tr. Coeffi
LB-csh J

] LB: MD to  LB validate 'MD

NMR

Figure 1.4 The relationship between the projects. Theme A -  blue boxes, Theme B -  pink. Theme C - 
green. Arrows show the links between projects. For project 9, the blue airows represent the data 
provision, green an ows - the places o f secondment and the pink arrow -  collaboration on NMR method.

1 .3 . N M R  R e l a x o m e t r y  a s  c h a r a c t e r i s a t i o n  t e c h n iq u e

W ater hydrogens are sensitive to magnetic field applied in Nuclear M agnetic Resonance 
(NMR) technique. That gives a huge opportunity to exploit NM R to study cementitious 
materials. NM R probes directly hydrogen protons o f water and o f chemically combined OH 
groups within hydration products and pores o f cement structure. The hydrogen spins mobility 
depends on the characteristic o f the environment they are enclosed in.
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The signal which follows the excitation pulse sequence in experiments provides valuable 
information. The signal amplitude or more accurately magnetization o f relaxation time 
components is directly proportional to the number o f spins which create a particular 
environmental group o f protons. Therefore, NM R relaxometry can quantify those populations. 
NM R allows to differentiate between states o f water and pore sizes as different m obility is 
manifested by different signal lifetimes, known as Ti relaxation time. According to fast 
exchange model the observed rate o f relaxation ( 1 / 7 2 ) is proportional to surface to volume 
ratio o f the pore [10]. A second relaxation time T\ may also be used. NM R is sensitive to the 
mobility o f hydrogens over the wide range o f time and length scale starting from nanometres 
level. Therefore, NM R ‘sees’ and responds to all water hydrogens.

NM R relaxometry is the method successfully applied to characterise mierostructure and 
liquid dynamics in porous media. It provides valuable information for broad range o f systems 
and material sciences: mesoporous zeolites {e.g. [ 1 1 ]); clays {e.g. [ 1 2 ]); soils and earth 
science {e.g. [13]); reservoir rocks and fluids within them for petroleum engineering {e.g. 
[14]); polymers film formation and water interactions {e.g. [15]); food {e.g. [16]); 
pharmaceutical and biological systems {e.g. [17]).

The NM R technique has the advantage for studying porous media including relevant for 
this thesis cementitious materials as it is non-destructive and non-invasive. It measures virgin 
samples - does not require drying or vacuum procedure for preparation. The delicate structure 
o f C-S-H gel stays intact by the NM R measurement. It also benefits as samples can be study 
continuously during hydration.

NM R relaxation time analysis has been extensively used to investigate the mierostructure 
o f cementitious materials. The early NM R studies to follow the hydration o f Portland cement 
and tricalcium silicate pastes were conducted by Blinc et a / [18] in the late 1970s. Later on, in 
the 1990s, the first attempts to evaluate the pore size distribution in cement pastes based on 
NM R data were made by Halperin et aZ [10] using fast exchange model o f relaxation based on 
the concept that water relaxes at pore surface giving an observed relaxation rate proportional 
to the surface to volume ratio. There followed several extensive studies o f relaxation 
during cement paste hydration [19]-[24] which revealed a hierarchy o f  relaxation times and 
calculated pore sizes. However, for various reasons including variability in sample 
preparation, subtle differences in the measurement methods, a lack o f  signal intensity 
calibration and differences o f opinion and understanding led to a broad spectrum o f 
interpretations and assignments o f to water reservoirs. The study by Holly et al [25] was 
the first to propose an assignment that essentially reflects current understanding o f  cement 
paste mierostructure. Further applications and extensions o f the NM R technique have been 
introduced and allowed to extend the knowledge on cement. They will be broadly described in 
this thesis.

1 .4 . T h e s is  o b j e c t iv e s  a n d  o v e r v i e w  o f  c o n d u c t e d  w o r k

The purpose o f this thesis is to obtain better insight into the development o f cement 
mierostructure and pore-water interaction in cementitious materials by using *H Nuclear 
Magnetic Resonance Relaxometry.
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The aim o f this work is to demonstrate that NM R experiments are fully quantitative and 
deliver more detailed information about cement mierostructure than other methods.

'H  NM R relaxometry is used to measure the first pore-type resolved sorption isotherm. In 
that way it is possible to assess how changes in humidity and specific processes: desorption, 
adsorption and secondary desorption, affect amplitude and T2 relaxation time o f water 
components and hence nano and mierostructure o f cement paste. Relaxation analysis o f water 
in white cement paste during progressive drying and rewetting in a controlled relative 
humidity environment is performed. To identify and quantify all water within samples two 
NM R pulse sequences are applied: Quadrature echo and Carr-Purcell-Meiboom-Gill (CPMG) 
sequences. The signal is decomposed into chemically combined water, water in C-S-H 
interlayer spaces, gel and interhydrate/capillary pores. In this way a pore specific desorption / 
adsorption isotherm is generated. The experiments also give opportunity to compare C-S-H 
interlayer and gel pore sizes measured by both signal amplitude [26] and T2  relaxation time 
[27]. The specific surface areas o f those pores are also evaluated.

The thesis shows how quantitative data obtained by NM R relaxometry technique can 
provide a complete description o f cement paste, C-S-H chemical composition and density. 
The presented calculation model is the result o f  collaborative work with Arnaud M uller -  
Transcend student placed at École Polytechnique Fédérale de Lausanne in Switzerland (P 8 ).

The influence o f curing temperature on nano and mierostructure o f cement pastes is o f 
great interest. T2  relaxation experiments are used in order to follow the evolution o f particular 
water components -  evolution o f cement nanoporosity, during hydration at different 
temperatures (10 to 60°C) up to 90 days. The C-S-H density and composition within white 
cement paste are assessed at various curing temperature. The influence o f cement composition 
is also investigated by examining white cement paste with and without addition o f 1 0 % o f 
silica fume. Quadrature Echo and CPMG measurements are utilised in this part o f thesis.

NM R relaxometry is used to evaluate the impact o f solvent (isopropanol) replacement on 
cement paste, m ethod used for arresting hydration. The mechanism o f water -  isopropanol 
exchange is evaluated through the observation o f changes in amplitude and T2  relaxation time 
o f hydrogen populations. This part o f thesis is the outcome o f jo in t research between the 
author and Dr Radoslaw Kowalczyk. The NM R measurements are performed on cement 
pastes prepared with protonated and deuterated water, before and after exchange with regular 
and partially deuterated isopropanol. The reversibility o f the exchange process and 
connectivity o f C-S-H interlayer and gel pores with interhydrate and capillary pore network 
are shown.

To support computer modelling o f water dynamics in cement, the activation energy for 
relaxation processes in associated pore types is determinate. NM R T\ relaxation 
measurements o f white cement paste are made as a function o f  temperature at which the 
relaxation parameters are measured.
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2. Introduction to cementitious materials

2.1. Cement

2.1.1. Composition and chemical nomenclature

Calcium, silicon, aluminium, iron and oxygen are the five essential elements for making 
anhydrous cement powder. The most typical combination o f raw materials to create Portland 
cement clinker is limestone as a source o f calcium oxide and smaller amounts o f clay or shale 
for silicon, aluminium and iron oxides [28]. Table 2.1 lists the relevant oxides in standard 
chemical and abbreviated cement science notation.

Table 2.1 Chemical notation in cement science.

Cement science notation Chemical composition Oxide

C CaO Calcium oxide

s SiOz Silicon oxide

A AI2O3 Aluminium oxide

F FezO] Iron (III) oxide

S / $ SO3 Sulphur trioxide

c COz Carbon dioxide

H HzO Dihydrogen oxide / W ater

In cement manufacture the raw materials are blended together and ground in accurate 
proportions. The mix is then put in a kiln where it is heated to the temperature o f 1450°C. As 
a result o f heating, chemical and physical changes occur. The four main clinker phases are 
created: tricalcium silicate -  C3 S called alite (50-70% o f normal Portland cement clinker), 
dicalcium silicate -  C2 S called belite (15-30%), an aluminate phase -  C3 A (5-10%) and a 
ferrite phase -  C4AF (5-15%). In the final stage o f production clinker is ground with typically 
five percent o f  gypsum to produce anhydrous cement powder. The gypsum, or an alternate 
source o f  calcium sulphate, controls the rate o f cement setting by slowing-down the aluminate 
and ferrite reactions with water [28].

2.1.2. Hydration

M ixing cement powder with water triggers a series o f dissolution-précipitation reactions 
which transform  these solid and liquid phases into a rigid solid material with w ater-filled 
porosity. The processes which occur during hydration include: dissolution, diffusion,
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nucléation, growth, complexation^ and adsorption. The hydration process is complex as 
different cement phases react simultaneously with water, interact with each other and modify 
the chemistry o f the pore liquid phase. Nevertheless, there are characteristic reactions [29],
[30].

The calcium silicates, C3 S and C2 S, reactions with water result in formation o f Calcium -  
Silicate -  Hydrates (C-S-H) and Calcium Hydroxide (CH also called Portlandite) [29]:

C^S +  / /  C — S — H -{■ CH
C2 S +  H ^  C -  S -  H +  CH  ̂ ^

The exact stoichiometry o f these reactions is not defined as the C/S and H/S ratios in 
C-S-H are not constrained and depend on the condition at which reactions occur. C-S-H is the 
main product o f cement hydration occupying approximately 50-65% o f hydrated paste. It 
forms mostly around cement grains. The second primary product o f hydration (CH) is 
crystalline and has defined formula - Ca(0 H)2 . CH constitutes about 20-25% o f paste [29],
[31].

The hydration o f calcium aluminate, C3 A, in presence o f calcium sulphate results in the 
creation o f calcium trisulphoaluminate hydrate called ettringite (AFt). W hen sulphate is 
consumed C3 A reacts with ettringite and water to produce calcium monosulphoaluminate 
hydrate (AFm) [29]:

C3 A +  3C$H2 +  26H  6*3̂ 4 ■ 3C$ • 32H
2C^A +  AFt +  AH -^ 3 -  C^A ■ C$ ■ 12H  ̂ ^

Most o f hydration reactions exhibit the volume changes contributing to the chemical 
shrinkage o f the paste and creation o f porosity. It is attributed to lower specific volume o f 
bound water in hydrates in comparison with free water [29].

In general the hydration process can be divided into four stages - figure 2.1. The first stage 
-  initial reaction, is characterised by intensive release o f heat due to wetting and dissolution o f 
cement grains. Then heat flow decreases and reaches minimum as water becomes 
supersaturated. This indicates the induction - slow reaction, period. Following that, during 
acceleration period, the rapid increase in heat flow is observed. It is caused by rapid 
nucléation and growth o f C-S-H and CH. The maximum level o f heat flow indicates the 
beginning o f deceleration stage. During that period the growth o f C-S-H and CH is slow and 
believed to be controlled by diffusion o f reactants through already formed hydrates. A t that 
stage, in presence o f calcium sulphate, the secondary formation o f ettringite, followed by 
creation o f AFm phase, also occurs [30].

 ̂chemical reactions between ions that lead to formation o f  ion or molecular complexes [30]
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Figure 2.1 H eat evolution over time for Portland cem ent (adapted from [30]). A -  Initial reaction, B 
Induction period, C -  A cceleration period, D -  D eceleration period.

2 .2 . M i c r o s t r u c t u r e  m o d e u s

2.2.1. Powers and Brownyard’s model of cement paste

The most widely used model o f cement microstmcture was developed by Powers and 
Brownyard in the 40 ’s [32], [33]. This model was based on measurements o f water vapour 
adsorption and o f the non-evaporable water content. The model allows quantitative 
calculation o f the volume composition o f cement paste.

Powers and Brownyard divided the water within cement paste into non-evaporable and 
evaporable. Non-evaporable water is considered as that persists in paste at the pressure below 
5-10'^ mmHg at 23°C. It represents water within both non-colloidal (OH" groups in Ca(0 H ) 2  

and crystallization water in calcium sulfoaluminates) and colloidal materials (calcium silicate 
hydrate gel). All non-evaporable water in the model is treated as one entity. The colloidal and 
non-colloidal hydrates are generally called cement gel and no division into particular hydrates 
is made within model. The volume of non-evaporable water and cement powder is hence the 
absolute volume of cement gel - solid phase.

The evaporable water exists in paste at higher pressure. It is divided into gel and capillary 
water. The gel water is that contained in the pores o f cement gel. Its amount is defined as 
4-V„, where V,„ is the volume of water required for monolayer coverage o f  solid phase 
obtained through BET theory. That value derives from two observations. First, the adsorption 
curves^ for all pastes are the same at lower pressure {RH <  0.45). Second, they are the same in 
whole range o f pressure for all mature pastes mix at lower water to cement ratio, w/c < 0.32. 
When the evaporable water content o f saturated paste equals to 4-F;„, the porous cement gel 
fills all the originally water filled space and the paste porosity is that o f cement gel.

When the evaporable water content exceeds 4-F;„ the excess water occupies the space 
outside o f the cement gel and is called capillary water. The capillary water, if  present in the

w/V„, as a function o f  relative humidity, RH , where w is the quantity o f vapour adsorbed
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microstmcture, fills pores at higher pressure {RH > 0.45). Its amount is higher for paste with 
bigger w/c ratio and decreases with hydration time.

As the rate o f capillary water consumption is faster than the rate o f filling the capillary 
pores with cement gel, a contraction in the volume appears called chemieal shrinkage. In the 
ease when the exterior water is available that volume becomes filled with water. However, for 
sealed cured paste the pores becomes partially empty.

In general Powers and Brownyard found that the content o f non-evaporable water (w„) is 
between 0 and -0 .25  g/g o f anhydrous eement. The widely quoted value o f gel porosity in 
cement gel, based on Powers and Brownyard model, is about 0.28 [29], [34], [35].

The cement paste as presented in original work o f Powers and Brownyard’s [32], [33] 
eonsists o f hydration products considered together as cement gel, gel and capillary pore water 
as well as pores due to chemieal shrinkage. In further work Powers introduced the unreacted 
cement as a part o f the mierostmcture [36]. The ealculations o f volume composition based on 
the model have been repeated, used and slightly refined in further publications [28], [34], 
[37]. The diagrams of paste volume composition evaluated by Jensen [37] based on extended 
Powers and Brownyard model are presented in figure 2.2. They presents the general tendency 
during hydration as cement and eapillary water are consumed at the expense o f ereated 
eement gel with gel porosity embedment into it. Additionally, due to chemical shrinkage part 
o f the pores beeomes empty.

The important factor affecting the course o f hydration is the sufficient quantity o f water 
and space available for all hydration products and hydration to proceed. The eritical, minimal, 
amount o f water, w/c* ratio, required for eomplete hydration to oecur is given by Taylor [28] 
to be typieally about 0.38. The minimum value is also determinate by Hansen [34] depending

w/c < 0.42 
Sealed system

w/c > 0.42 
Sealed system

— — ------- p o r e s 1 ' -------------- . p o res

capillary water i

^/"gel water! capillary w ater

0) gel w ater
1 -

ge l so lid o>

gel so lid

cem en t j

0

cem en t

Degree of hydration 1 Degree of hydration 1

Figure 2.2. V olum e phase com position diagram s by Pow ers for sealed cured cem ent paste as rew orked by  
Jensen [37]. The dashed line in the graph for w /c  <  0.4 indicates the degi'ce o f  hydration at w hich hydration 
stops due to insufficient am ount o f  capillary water.

10
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on the availability o f external source water. If there is supply o f water from outside, 
underwater curing, w/c* = 0.36. W hen no extra water is available, sealed curing, critical 
n ; / c *  = 0.42. As shown in fig. 2.2 above that value the paste reaches the frill hydration (right 
graph) whereas below the hydration stops when all capillary water is used up, all capillary 
space is filled by cement gel, as indicated by shadow part on left graph.

2.2.2. C-S-H models

2.2.2.1. Powers model

The first C-S-H model was proposed by Powers [36]. Its origin is based on the water 
adsorption results obtained by Powers and Brownyard [32], [33]. Considering the high 
specific surface area o f gel pores ( - 2 0 0  m“/g o f cement for mature pastes), the small gel pore 
(2-4 nm) and the solid unit sizes (<14 nm) Powers suggested that the solid hydrate is finely 
subdivided, colloidal material containing the non-evaporable water [32], [33]. Powers further 
defined, based on electron microscopy, the C-S-H gel particles as fibrous with straight edges. 
The regions o f parallel particles with gel pore water between them are arranged in rigid 
independent blocks (figure 2.3 circle). These bloeks create the cross-linked network with the 
amorphous material in between them. Even though the C-S-H stmcture is disordered it is 
closely similar to the crystalline mineral -  tobermorite, stmcture [36].

C apillary w a te r  
Gel w a te r  (physically  b o u n d )
Gel p a rtic le s  & N o n -e v a p o rab le  w a te r

Figure 2.3 Sim plified stm cture o f  hydrated paste based on electron m icrograph, the zoom  area (circle) 
presents the model o f  C -S -H  stm cture by Powers (adapted from [36], [37])

2.2.2.2. Feldman-Sereda model

The next model o f C-S-H has been presented by Feldman and Sereda in late 60’s [38], 
[39]. It was based on the examination o f sorption and length changes as a function o f relative 
humidity as well as relation o f mechanical properties (strength and Y oung’ modulus) to 
relative humidity, porosity and method of sample preparation.

This model also considers that C-S-H is a layered stmcture composed o f tetrahedral silica 
sheets with alternating layers o f water and calcium ions. Nevertheless, the C-S-H layers are 
more connected and disorganized (figure 2.4) in comparison with Pow ers’ model. The state o f

II
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water within C-S-H in this model has been differentiated based on reversible and iiTeversible 
behaviour o f water upon scanning isotherm loops. The water between layers is inferred as the 
structural and chemieal component o f C-S-H, not as ‘pore’ water. This water is equivalent o f 
the gel pore water in Powers model. It is considered irreversible water as its removal during 
desorption process (slow but progressive, with the biggest change at lower humidities) differs 
from adsorption path (gradual uptake over whole range o f humidity). The reversible water is 
that physically held on the outer surfaces o f the C-S-H layers.

The schematic representation o f C-S-H proposed by Feldman and Sereda -  figure 2.4, 
comprises also the spaces between disordered layers o f C-S-H. There is no distinction 
regarding these spaces in the original descriptions o f the model [38], [39]. In terms o f cunent 
understanding and interpretation o f Feldman and Sereda model the C-S-H forms stacks of 
quasi continuous sheets and gel pores are between imperfections in the stacking order.

Physically  a b s o rb e d  W a te r  

In te rlay e r H y d ra te  W a te r

T o b e rm o rite  s h e e ts  

In te rp a rtic le  b o n d

Figure 2.4 Schematic model o f  C-S-H  m orphology proposed by Feldm an and Sereda (adapted from  [38]).

2.2.2.3. Colloidal models by Jennings and Tennis (CM-I) and Jennings (CM-II)

Jennings and Tennis colloidal model -  CM-I

The development o f Jennings and Tennis colloidal model [40], [41] o f C-S-H was 
triggered by discrepancies between different values o f specific surface area (SSA) o f C-S-H 
reported in the literature (reviewed [42]). The modelling o f SSA, as measured by nitrogen 
sorption, led to the conclusion that there are two types o f C-S-H created which are 
differentiated by densities. The low density (LD) C-S-H can be penetrated by nitrogen and the 
high density (HD) C-S-H cannot. The various SSA values obtained by different methods were 
also explained by not detecting HD type C-S-H.

The pictorial model presented in figure 2.5 a and b is simplified representation o f the LD 
and HD C-S-H mierostmcture. In the model C-S-H units (layers) are represented by basic 
building bloeks pictured as spheres. These units precipitate within eapillary pores and 
flocculate to form globules. Depending on the packing arrangement o f these globules, LD 
(fig. 2.5a) and HD (fig. 2.5b) C-S-H is created.

12
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It is worth emphasising that Tennis and Jennings work [41] also provides a means to 
eompute the quantitative eement phase composition. The model is based on known eement 
composition, w/c ratio and hydration equations o f eement phases. Additionally, the optimized 
values o f SSA of LD CSH and densities o f LD and HD C-S-H are acquired by fits between 
measured and predicted values o f SSA, porosity (by N] adsorption) and eapillary porosity.

Jennings colloidal model CM-II

The C-S-H model presented in previous section was further developed by Jennings [6 ] 
based on the interpretation o f water sorption isotherm, C-S-H density and small angle neutron 
scattering (SANS) results.

The model implies that the nature o f C-S-H is particular or granular (figure 2.5c) as 
suggested by block C-S-H model o f Powers and Brownyard [32], [33]. It eonsists o f C-S-H 
layered globules (called in CM-I basic C-S-H units but not the same from structural point o f 
view) with a thickness o f about 4.2 nm [7]. The state o f the water inside the C-S-H globules 
was inferred based on interpretation o f the low pressure water isotherm hysteresis and 
changes o f the density below 11% RH. CM-II defines two location o f water within globules: 
interlayer space and intraglobular pores (IGF) o f about 1 nm size enclosed through disordered 
layers. The hysteresis behaviour at the lower humidity, in the context o f the model, is 
explained as in this range the interlayer water leaves but does not reenter globules until higher 
pressure is apply.

The C-S-H globules pack together into clusters and entrap the small gel pores (SOP) that 
are less than 3 nm wide. The water within SGP dries below 40% RH. The clusters arrange 
together to form the globule floe (fig 2.5 c) with the larger gel pores (LGP) in between. The 
LGP dry progressively between 85 and 40% RH. The volume o f LGP pores reduces with time

Globule

G lob u le  flo e

G lob u le

LGP (3 -  12 nm)

N; inaccessible pores
50 nm

S GP ( l - 3 n m)
IGP (< 1 nm) 
Interlayer water

Figure 2.5 a) and b): Graphical representation o f Low  D ensity (a) and High D ensity (b) C -S -H  as 
presented in colloidal model o f  Tennis and Jennings (adapted from [40], [41]); c) Schem atic 
representation o f  CM -II C-S-H Jennings model (adapted from  [6]).
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by interpenetration o f globule floes - an ageing process. This process causes the formation o f 
higher density C-S-H. The LPG pores, with the size o f 3-12 nm, are considered as the 
intrinsic to the C-S-H gel in CM-II [6 ].

I.2.2.4. Relation to crystalline phases

The models o f C-S-H described in the previous sections are concerned with microstmcture. 
C-S-H has also been investigated from the composition point o f view by the mean o f X-ray 
diffraction, NM R spectroscopy and microscopic techniques. Models regarding the molecular 
stmcture, characterised by stmcture o f silicon anion (chain length), chemical formulation and 
Ca/Si ratio, has been evaluated with the attempt to relate short range o f C-S-H with crystalline 
calcium silicate hydrates.

Most o f the models have been based on the stmcture o f the 1.4 nm tobermorite [5], [43] 
due to similarities to C-S-H in hydrated cementitious materials in the XRD patterns, MAS 
NM R spectra and TEM images [29], [44] -  figure 2.6.

Tobermorite (1.4 nm) eonsists o f central C a-0  layers with silicate chains on both sides for 
which every third tetrahedron is bridging. The repeat distance o f the layers is 1.4 nm. The

I Tobermorite

C-S-H {C/S = 0.84)

5 35 
2 6  (“]

15 25 45 55 65

Q'

/ \ Q'
C-S-H / C/S = 1.44

C-S-H / C/S = 1.26

C-S-H /  V C/S = 1.03

C-S-H y C/S =0.92

Toberm orit^ C/S = 0.85

-80 -90
C hem ical s h if t  (p p m )

Figure 2.6 The XRD patterns (left) and "^Si N M R spectra (right) for 1.4 nm tobeiTnorite and C-S-H  (adapted 
from  [44]-[46]).

Layers of Ca - O -  
Tetrahera of S.i-0.-  

Iinked in chains 
Molecules of water- 14Â

1.4nm

Figure 2.7 Schematic o f  three layers o f  toberm orite 1.4 nm  nanostructure [29].
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space between layers is filled by water and calcium ions (figure 2.7). The length o f silicate 
chains is very long as shown by domination o f groups in NM R spectrum (fig 2.6 b) [5].

Tobermorite has well defined chemical formula; CasSigOi6(0H)2 - 7 H 2 O, with the Ca to Si 
ratio o f 0.83 [5]. The equivalent ratio in the C-S-H present in hardened cementitious material 
is higher, with a mean o f about 1.75 [47]. Therefore, some models incorporate the intermixing 
o f tobermorite and jennite (Ca9Si60ig(0H)6 8 H 2 O) which has higher Ca/Si ratio o f  1.50 and 
similar silicate chains [5]. Different mechanisms o f changing the Ca/Si ratio have been 
proposed: removal o f bridging tetrahedra; substitution o f protons by Ca^^; incorporation o f 
Ca-OH regions [5], [29].

2 .3 . P o r o s i t y  a n d  m e t h o d s  t o  c h a r a c t e r i s e  p o r e  s t r u c t u r e

Porosity is m ost often defined as the volume o f air and/or water filled space within the total 
volume o f material. In that sense the total porosity as well as the porosity o f  particular pore 
population can be characterised. Nevertheless, in wider aspect it is the quality o f being 
porous. A number o f parameters describing porosity can be identified: specific surface area, 
pore size distribution, threshold pore size, connectivity and tortuosity.

Pore sizes span a wide range o f sizes as is presented in figure 2.8. However, among 
different models and researches the divisions and nomenclature o f pores varies [48].

CapillaryGelPowers and 
Brownyard [32]

Micro piliary Macro
CEB [49]

MacroMicro MesoYoung e t  al 
quoted in [48]

Micrc M !SO MacrolUPAC [50] ■X-

CiipiilaryGelMehta and 
Monteiro [35]

MicronNano illimet

10' "  10‘® 10 ' "  10 '^  10" °  10 '^  10"^  10 "  1 0 "  10”  10"  

Pore size (m)
Figure 2.8 The pore nom enclature variations for cem ent porosity  (adapted from  G eiker [48]).

There are several techniques applied to characterise the porosity o f cementitious materials. 
A brief description o f selected methods follows. Different techniques are sensitive to different 
range o f pore sizes and none can encompass the full range o f pores present in cementitious 
materials (figure 2 .8 ).
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Figure 2.9 Range o f  pore’s sizes that can be measured by specific methods -  thickness o f  /-layer not included 
(adapted from G eiker [51]).

2.3.1. Mercury intrusion porosimetry

Liquids can interact with the surface o f a solid body in two ways depending on wetting 
properties. If  the contact angle is less than 90° then the surface is wetted (fig. 2.10 left), hence 
the liquid exhibits capillary rise. If  it is more than 90° it does not wet surface (fig. 2.10 right) 
and capillary rise is not seen.

9 c  <  90 " 0 r  >  90 "

Figure 2.10 Schematic o f  liquid interaction with the surface. Left: surface w etted; right: surface not w etted [52].

Mercury is a liquid that does not wet the surface o f cementitious material as its contact 
angle, at room temperature, is about 140° [52]. The procedure o f using pressure to force 
mercury into empty pores and to define the pore size distribution is called M ercury Intrusion 
Porosimetry (MIP).

The procedure involves drying and then weighing o f the sample, evacuation o f gas from a 
chamber in which the sample is placed, introducing mercury to the chamber, applying a 
gradually increased pressure and monitoring the mercury intmsion [53]. The correlation 
between the size o f pores (d) mercury invaded and the applied, exterior pressure (p) is 
expressed by the W ashburn equation [54]:

d =
2 ys  ■ cos( 0 J  

V
(2.3)
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where is the mercury surface tension and 6  ̂ is the contact angle between mercury and pore 
surface.

The volume of the mercury that enters pores at specific pressure corresponds to the volume of 
pores -  porosity, with the pore size defined by that pressure.

MTP has been extensively used to evaluate pore size distribution and porosity o f eement 
based materials. Examplary data from Cook and Hover [55] are presented in figure 2.11. The 
results show, as expected, the decrease o f the total paste porosity with passing time and 
smaller w/c ratio. The so-called equivalent pore width also declines. The measured pore width 
is the pore entry -  threshold, size. The paste may contain ‘ink-bottle’ pores as well as larger 
pores which are connected with outside through the network o f smaller pores. These can lead 
to erroneous conclusion about the pore size distribution and suggests that MIP data may be o f 
limited value for small pores and actual pore sizes [53].

Curing
(days)

40

2

1000.001 0.01 0.1 1 10

(3.7
w /c  ratio40 .0.6

0.4

2
0.3

0.001 0.01 0.1 10 1001
Equivalent pore width (pm) Equivalent pore w idth (pm)

Figure 2.11 The effect o f  hydration time for pastes w ith w /c  -  0.5 (left) and o f  w ater to cem ent ratio  at 7 days o f  
hydration (right) on M IP results [55].

There are other factors and assumptions that are the source o f experimental errors [52], 
[53]. First, the Washburn model assumes that pores are cylindrical and entirely and equally 
accessible from the outside surface. The cement structure can be altered due to sample drying 
preparation and applied pressure [56]. Additionally the method itself provides limitation as 
samples may be not evacuated properly and contact angle differs for different material but 
also for different drying methods [57].

2.3.2. Scanning Electron Microscopy

Scanning Electron M icroscopy (SEM) is a technique providing high resolution images o f 
material structure. Prior to experiment, the cementitious sample is dried, impregnated with 
epoxy resin and polished. It is then scanned with the high energy electrons beam. As a
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response o f interaction between sample and incident beam different signals are emitted; 
secondary electrons, baekscatter electrons and characteristic X-rays; with the decreasing 
resolution respectively [31], [58].

The secondary electrons are emitted from a region close to sample surface. They are 
independent o f the nature o f elements releasing them. This imaging o f cementitious materials 
provides topological and morphological information about the hydration products.

The baekscatter electrons (BSE) originate from higher depth than secondary electrons. The 
intensity - brightness, o f the BSE SEM signal is strongly dependent on the average atomic 
number o f the sample local areas. Therefore, BSE provides the reproducible phase contrast. 
Figure 2.12a shows the typical BSE SEM image o f cement mortar where the pores filled with 
resin are presented as black pixels; the unreacted cement grains have the highest brightness; 
CH is brighter than the other hydrates.

Pores
Jrates

Sand

Outer C-S-H

Inner C-S-H

Partially reacted 
cem ent grain

Number of 
pixels CH AM

Arbitrary pore 
threshold

Grey level

Figure 2.12 a) Examplary BSE SEM image o f the Portland eement mortar; b) Grey level histogram of 
cement paste; AM refers to anhydrous material (adapted from[3l], [58]).

The BSE SEM allows representative visualisation o f the eement paste structure and 
observation o f the pore shapes (down to 100 nm). The quantitative analysis o f size 
distribution, total area and volume of pores is facilitated by the reproducible contrasts 
between particular constituents o f paste. This analysis is performed by segmenting / 
thresholding the grey level histogram to identify the boundary grey level between pores and 
hydrates (fig. 2.12b). The additional advantage is possibility o f combining the local chemical 
microanalyses by e.g. energy dispersive spectroscopy (EDS)

The key limitations o f the technique arise from limited spatial resolution, variations in grey 
level caused by variable composition, two dimensional imaging o f an inherently 3D structure 
and sample preparation that may disturb the structure [31], [51].
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2.3.3. Gas sorption

Gas sorption measures, in the form o f sorption isotherm, the amount o f gas adsorbed in the 
sample as a function o f gas pressure [59].

In this method the dry sample is exposed to the gas with specified relative hum idity {cp). 
W hen sample has reached the equilibrium the humidity is step-like increased. The amount o f 
the gas adsorbed on the sample surfaces is measured, through recorded sample mass, as a 
function o f relative humidity. Alternative variant o f the method involved measurements o f 
changes in pressure when sample is exposed to the known volume o f gas. The commonly 
used sorptive gases are water vapour and nitrogen [42].

The obtained sorption isotherm allows calculation o f specific surface area (SSA), open 
porosity and pore size distribution.

The relation between adsorbed gas and hum idity facilitates the calculation o f  its amount 
corresponding to monolayer coverage o f surface (w^) and in turn o f SSA. The most common, 
and one o f the earliest, method for this calculation was developed by Brunauer, Em met and 
Teller (BET) [60]. It expresses the amount o f adsorbed gas (w) as

“ =  (2.4)

where K  is constant related to heat o f adsorption.

The BET theory works well at the relative humidity below -45% . In higher hum idity range 
the other theory can be applied e.g. extended BET, Dent equation.

The evaluated Um together with known cross section area o f gas molecule (A^) leads to 
expression for specific surface area [59]:

1
Ti

where Na is Avogadro number, -m olar mass o f gas.

At the higher relative humidity the capillary condensation occurs. The equality o f  the 
difference in pressure over capillary meniscus expressed as a function o f relative hum idity 
and o f meniscus radius leads to Young-Laplace -  Kelvin equation for so called Kelvin radius 
(r^ )[51],[61]:

=  ■2 ’'^ (2 .6 )

where Ys -  the surface tension, R -  universal gas constant, T -  temperature and p -  density.
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Examplary water vapour adsorption isotherm o f cement pastes are presented in figure 2.13. 
It can be seen above relative humidity o f -0 .4  that the capillary condensation is more 
pronounced with the increase o f w/c ratio. In the lower humidity range, isotherms are 
independent o f w/c ratio. The values o f SSA measured by water sorption are in the range 130- 
210 m /g o f cement (equivalent to 110-175 m^/g o f dry paste) increasing with sample age 
from 7 to 180 days [28], [32]. The reported values o f SSA by using nitrogen tend to be lower 
in the range o f 10 - 150 m^/g o f dry paste [28], [42], [62]. The reasons for that are not fully 
understood, the proposed explanations are that: the size o f water molecule is smaller than 
nitrogen’s; vapour water can be re-adsorbed into C-S-H interlayer; carbonation'^ o f CH and 
C-S-H; differences in morphology and amount between the LD and HD types o f C-S-H 
proposed by Tennis and Jeimings [42].

7

6
iv/c = 0.60

5
w /c = 0.44

4
w /c = 0.32

3

2

1

OK
0.0 0.2 0.4 0.6 0.8 1.0

Relative hum idity
Figure 2.13 Examplary adsorption isotherms ot water vapour tor cement pastes mixed at different w/c 
ratios and cured for 180 days [32].

Gas sorption is a well-known method. Nevertheless, it has limitations and many aspects to 
consider. From experimental point o f view: sample preparation involves drying that may 
disturb the delicate structure o f C-S-H; the sample equilibration is long, especially when using 
salt solutions to create known relative humidity. Hence there is possibility o f ongoing 
hydration; carbonation; shrinkage; and swelling during measurement that can alter pore 
structure. The balance accuracy should be very high as the mass is the actual measure in the 
method and the mass difference can be small. The Kelvin radius calculation assumes 
cylindrical shape o f the pores [42], [51], [62].

reaction between carbon dioxide (CO?) and calcium compounds: CH and C-S-H; as a result calcium carbonate 
(CaCOa) is formed
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2.3.4. Low temperature Calorimetry

Low Temperature Calorimetry (LTC) is based on the fact that liquid within small pores 
freezes at lower temperatures in comparison with bulk fluid -  so-called depression o f freezing 
point [51], [63]. The melting point depression (AT) is given by equation:

where To is freezing temperature o f bulk liquid, F/ -  molar volume o f liquid, Ys ~  the surface 
tension, d  -  the pore size and Mifus -  the heat o f fusion.

The LTC experiments are performed in the temperature range between +20°C and around 
-60°C and the heat flows to and from sample are measured. Plots o f the heat flow present the 
peaks at different temperatures. The peaks’ temperatures during freezing correspond to liquid 
freezing in pores with characteristic entry size. M elting curve peaks are correlated with actual 
pore sizes. It is a consequence o f the freezing-melting mechanism for the structure containing 
‘ink-bottle’ pores and bigger pores connected to surface through smaller ones [64].

The pore sizes are the sum o f Kelvin radius (r̂ t) and f lay e r thickness (non-freezable layer 
o f adsorbed water - tnj) [51], [63]:

j^AMU

A /y„ ,-p -in (r /rj  ■ (2.8)
t„f =  19.7 • (273.2 -

where M'‘̂ ^ — liquid molar mass, T -  freezing temperature o f  pore liquid and p  — is the 
density o f liquid.

The investigation o f cement pastes during freezing scans typically show existence o f three 
peaks corresponding to pore structure and occasionally additional peak due to bulk liquid 
[63], [65] -  figure 2.14. The interpretation o f heating scans for cementitious material is 
problematic as ice melts gradually [63].

LTC o f cements is used to evaluate the pore thresholds and total volume o f  saturated 
porosity based on ice volume. The main advantage is measurement o f ‘as prepared’ samples 
without need o f drying. LTC is also relatively fast and young samples can be examined [51]. 
However, the position and width o f peaks are affected by the rate o f temperature changes and 
variable alkali concentration in pore solutions. The limitations are also: thawing that can 
cause cracking; the discrepancy between the reference and actual sample temperature; and 
supercooling. To overcome the latter nucléation agents are added to the samples [51], [63].
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Figure 2.14 The examplary heat flow (given as apparent heat capacity) as a Hmction of temperature for 
cement paste, w/c =0.5, after 75 days of hydration [63].

2.3.5. Small Angle Neutron Scattering and X-rays Scattering

Small Angle Scattering techniques are used to characterise the micro-structure o f materials. 
The particle size distribution, total surface area and volume fractions o f structural features, 
and fractal dimensionalities may be calculated. The porosity related characteristic is SSA.

During an experiment the intense beam o f neutrons (SANS) or X-rays (SAXS) is directed 
at a sample. It passes through the sample and is elastically scattered out as a result of 
interaction with atomic nuclei (SANS) or cloud o f electrons (SAXS) [42], [6 6 ]. Detailed 
models are required to relate scattering to structure. The forward problem -  structure to 
scattering, is much easier and less ambiguous than inverse problem -  scattering to structure.

The scattering vector {Q)  of neutrons or X-rays is defined as:

where Osas  is an angle o f scattering and X is the neutron or X-rays wavelength.

(2.9)

The resultant scattering profile presents a relation between the intensity o f  scattered 
neutrons or X-rays and scattering vector. In Porod’s regime the calibrated scattering intensity 
{hAs) is proportional to surface area (A )  per unit sample volume [42] :

Isas  ■ Q* =  2 n - \ A p s A s \ ^  ■ A  +  C ■ (2 .10)

where |Aps>isf is scattering contrast between the voids and solid phase and C is flat 
background intensity.

79



Chapter 2. Introduction to cementitious materials

The examplary SANS data for ordinary Portland cement are presented in figure 2.15.

—  contro l
— 2 % CaCh

100

a
a

0.1 1
Q (nm'i)

i4Figure 2.15 The examplary SANS data plotted as I{Q)-Q for ordinary Portland cement mixed at w/c ratio 
0.4, with and without addition of CaCT, and hydrated for 28 days [66].

The surface areas o f mature saturated cement pastes as measured by SANS and SAXS 
show the markable discrepancy. The SANS reported values are 60-150 m"/g o f d-dried paste 
while values obtained by SAXS are significantly higher, 200-600 m"/g o f d-dried paste. The 
probable reason is that SAXS actually probes smaller features, interlayer pores, than SANS as 
indicated by X-rays smaller wavelength and investigation o f surface during drying [42].

The advantages o f the technique are examination o f saturated samples without drying and 
possibility o f continuous study during hydration. The challenges concern prim arily the strong 
dependence on model and analysis o f data. The evolution o f SSA according to presented 
calculation method - called the contrast method, requires the knowledge o f scattering contrast 
for C-S-H and absolute calibration o f data. The alternative analysis protocol is the scattering 
invariant method but brings more difficulties. The other concerns are sample preparation -  the 
optimise thickness, and costs o f equipment and its maintenance [42], [6 6 ].

2.3.6. Nuclear Magnetic Resonance Relaxometry

The work presented in this thesis is based on NM R relaxometry; hence chapter 3 is fully 
dedicated to provide a detailed description o f relevant theory.

2.4. C h a r a c t e r i s t i c s  o f  C-S-H

The investigation o f the C-S-H stoichiometry provides valuable information about 
stmcture at molecular level. This serves as input for the modelling o f water dynamics within 
nanostmcture o f C-S-H and its properties and lead to better understanding o f its behaviour. Tn 
this thesis, the C-S-H composition is written as Ca,(Siy,Al(i_y)) 0 (̂ +v/2+3 /2 ) (H 2 0 )x where x is the 
interlayer water content. Once the gel pore water is included water content is x'.
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2.4.1. C/S ratio

A primary characteristic o f interest concerning C-S-H is the molar ratio o f CaO to Si0 2 , 
the so-called C/S ratio, in this thesis defined as ziy. The ratio in Ca0 -Si0 2  systems and for 
hydrated C3 S or C2 S can be calculated if  the CH and amount o f unreacted material is known 
[28]. To date, measurements o f the C/S ratio has required use o f complex and in some cases 
destructive experimental methods including e.g. the NM R spectroscopy. Electron Probe 
Microanalysis (EMPA), SEM and TEM with micro-analysers.

It has been reported by many researches that the C/S ratio o f the C-S-H phase, in the 
equilibrium with Ca^^ solution, increases with increase o f Ca^^ concentration [28], [43], [67], 
[6 8 ] -  figure 2.16a. Based on this relation Taylor classified two types o f the C-S-H: 
tobermorite-like C-S-H (I) with 0.8< C/S <1.5 and C-S-H (II) with C/S >1.5 corresponding to 
the mix o f tobermorite-like and jennite-like phases [28] -  region B and C in fig. 2.16a 
respectively. The highest values o f C/S ratio for pure, synthetized C-S-H, samples free o f  CH, 
has been found to be about 1.5 [29], [43], [69]. This suggested that to reach higher values, as 
observed for C-S-H in cement pastes, the supersaturation o f solution with respect to CH is 
necessary. Nonat [69] suggested the existence o f three types o f  C-S-H: a-C-S-H (0.66< C/S 
<1) -  upper part o f region A in fig 2.16a; P-C-S-H (1< C/S <1.5) -  region B; and y-C-S-H 
(C/S >1.5) -  region C. The first, a-C-S-H is typical tobermorite phase; P-C-S-H corresponds 
to Taylor’s C-S-H (I); y-C-S-H even though exists in the same region as C-S-H (II) shows 
tobermorite-like XRD pattern. The existence o f single phase over whole range o f C/S ratio 
was reported and the changes in the C/S ratio were explained by omission o f  bridging 
tetrahedra, substitution o f protons by calcium ions, the presence o f Ca-OH and Si-OH regions 
and decrease in the length o f silicate chains [29], [43], [69].

Values o f the C/S ratio in the C-S-H o f hardened cement vary largely in the range -1 .2  to 
-2 .3  with the mean -1 .75  for mature pastes as measured by TEM microanalysis -  figure 
2.16b [47]. Recently, Allen et al [7] have evaluated the composition o f the C -S-H  by SANS 
analysis. They obtained the C/S ratio o f 1.85 and in further analysis they assumed value o f  
1.70 as indicated by most studies in the cement field.

It was also noted that the C/S ratio in cement pastes changes with w/c ratio and age. The 
increase o f paste w/c ratio lowers the C/S ratio. Additionally for younger samples the C/S 
present the bimodal distribution which changes to unimodal with the progress o f  hydration 
[47], [70]. This behaviour o f the C/S ratio is correlated with a distinction in the C-S-H 
morphology (figure 2.17). The ‘inner’ denser C-S-H formed within the original boundary o f 
cement grains has higher C/S ratio. The C-S-H which forms outside o f these boundaries in an 
originally water-filled space -  ‘outer’ C-S-H, has lower C/S. Nevertheless, w ith time the 
‘outer’ C-S-H densifies, hence the single C/S ratio is reported.

The morphology o f  the ‘outer’ C-S-H is further divided into types: ‘fibrillar’ with 
intermediate C/S (fig 2.17b) and ‘foil-like’ with the lower values (fig 2.17c). The boundary 
between fibrillar and foil-like C -S-H  was assigned as about 1.5 [47], [71].
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Figure 2.16 a) C/S ratio in C-S-H  as a function o f Ca“̂  concentration in solution (adapted from [68]). b) 
Histogram of Ca/Si frequency for C-S-H in cement pastes 1 day to 3.5 year old as measured by X-ray 
microanalysis in the TEM (adapted from [47]).

« A

Figui'e 2.17 TEM micrographs of fine ‘inner’ C-S-H (a) and ‘outer’ CSH: fibrillar (b) and foil-like (c) (adapted 
from [71]).

2.4.2. H%0 content

As already described cement paste contains water in pores with a range o f length scales 
and in various states. W ater is present in the capillary, gel pores and C-S-H interlayer spaces 
as well as in the chemically combined, adsorbed and liquid states. Considering the m olar H 2 O 
content in the C-S-H the question arises as to what state o f water it actually refers. M oreover, 
the H 2 O content may also depend on the sample characteristic: w/c ratio, hydration time and 
curing conditions. When comparing the obtained values o f H 2 O content the types o f included 
water or drying conditions should be clearly defined.

The water content (moles o f H 2 O per mole o f C-S-H) for the nearly saturated C-S-H 
created upon hydration o f C3 S (at 90% RH to not include eapillaiy water) was defined by 
Hansen and Young [72]. It was 3.8 and 4.1 at wic ratio o f 0.4 and 0.6 respectively. Jennings 
has reviewed different studies and calculations o f water in context o f colloidal model CM-II. 
He reported the values for the C-S-H including water within large gel pores (LGP) with
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packing density o f globules 0.59 as 5. This value decreases with inerease o f packing density 
to e.g. 4 at packing density o f 0.64. The drying o f all LPG leads to HiO eontent o f 2.7 [6 ].

Experiments by Hansen and Young [72] and modelling by Jennings [6 ] showed that the 
removal o f water through equilibration o f samples at 1 1  % relative humidity declines the H 2 O 
content down to 2.1. At this stage it is assumed that the C-S-H globules are saturated and has 
water layer adsorbed on the outer surface [6 ], [28]. Feldman and Ramachandran measured 
H 2 O contents in hydrated C 3 S at that humidity and obtained slightly lower value o f 1.96. They 
defined formula for C-S-H as Ca.-=i.64Siv=iO(-+y2+3/2)=3.64(H20)i.96 [73].

The SANS experiments shown that the water content o f saturated globules alone is 1.80 
assuming C/S value o f 1.70 [7]. Upon application o f d-drying^ remaining water content in the 
C-S-H is 1.2-1.5 [6 ], [28], [73].

The other review has been performed by Chen [74]. It verified the influence o f C/S ratio on 
the C-S-H within oven and d-dried hydrated C 3 S, C2 S and CaO-SiO system. It is shown that 
the increase o f C/S ratio is accompanied by the rise o f the water molar content o f C-S-H 
(figure 2.18).
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H ^O /S/=  G.672-CO/S/+ 0 .237

0.0
0.4 0.80.0 1.2 1.6 2.0

C a/S i ra tio  o f  C-S-H

Figure 2.18 C -S-H  water content (HiO/SiOi) as a function o f Ca/Si ratio. Data obtained after; oven 
drying at 110"C of CaO-SiOi (°) and p-Ca^SiO  ̂(□) [43]; d-drying of CaO-SiOi ( A )  (reported in [74]) and 
CagSiOj (•)  [74].

2.4.3. Density

The same consideration as for C-S-H water eontent to compare like-with-like has to be 
exercised when considering C-S-H density. Additionally, the care must be taken as to whether 
or not the pore volume is excluded from caleulation.

 ̂ equilibration with ice at -79°C by continuous evacuation with water pressure 5 -10'"* torr; equivalent to drying at 
105"C in a CO2 free atmosphere with uncontrolled humidity or 145"C with heating rate 10"C/min in dry CO?- 
free N? [51]
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The densities o f C-S-H reviewed by Jennings for corresponding states o f C -S-H  are also 
given in [6 ]. The density including water within large gel pores (LGP) with packing density o f 
globules 0.59 is 1.83 g/cm^. In the reverse m anner to H 2 O content, density increases with 
increase o f packing density to e.g. 2.03 g/cm^ at packing density o f 0.64. Density o f saturated 
C-S-H based on Tennis and Jennings prediction model o f high and low density C-S-H at 20°C 
was evaluated as 1.99 g/cm^ [41]. The density for nearly saturated C-S-H created upon 
hydration o f full C 3 S was defined as 1.85-1.90 g/cm^ [72].

W hen all LPG are dried density is 2.31 g/cm^ and at 11% relative hum idity rises to 2.47 
g/cm^ [6 ]. The helium piknometry gives, at the same humidity, values o f 2.43-2.45 g/cm^ for 
C-S-H in fully reacted C 3 S paste [75]. W hile for CH leached, fully hydrated C 3 S paste density 
is 2.18 g/cm^ as measured by gas piknometry [72]. Progressive drying below that humidity, 
according to Jennings, actually causes increase o f density. It is interpreted as the removal o f 
water from interlayer spaces is accompanied by their collapse and hence both mass and 
volume decrease. For empty interlayer the density increases to 2.58 g/cm^. Then water is dried 
from intraglobule space without change in the volume hence density declines to 2.25-2.53 
g/cm^ [6 ].

Taylor reported the density o f 2.6-2.7 g/cm^ for C-S-H dried at 110°C with corresponding 
H 2 O content o f 0.85 [28]. According to results o f helium piknometry the density o f d-dried 
C3 S and cement pastes is 2.2-2.4 g/cm^, after correction for CH and other hydrates it is 2.4- 
2.5 g/cm^ for C-S-H [28], [75], [76]. In the same conditions water piknometry shows m uch 
higher values 2.6-2.7 g/cm^ (without correction). Feldman attributed the difference to the 
empty spaces entrapped between collapsed layers which water can easily penetrate but helium 
does very slowly [76]. Nevertheless, determination through the mass changes upon d-drying 
gave 2.5-2 . 6  g/cm^ [28]. Hansen in his review [34] o f Powers and Brownyard model evaluated 
the density o f 2.51 g/ cm^ for C-S-H including non-evaporable water (0.23g / g o f cement) but 
excluding any gel water in Powers and Brownyard’s terminology^.

A recent and now widely quoted value o f 2.604 g/cm^ was evaluated for saturated C-S-H 
globules with water content 1 . 8  -  no adsorb surface layer, without drying o f  samples by 
SANS experiments [7].

The summary o f density review is presented in table 2.2.

 ̂non-evaporable water - part o f total water that persists in paste at the pressure below 5T0'^ mmHg at 23°C; gel 
water - water within C-S-H gel
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Chapter 3. NM R Relaxometry

3. NMR relaxometry

‘‘NMR is a physical phenomenon utilized to investigate molecular properties o f  matter by 
irradiating atomic nuclei in a magnetic fie ld  with radio waves ” Bernhard Bliimich [77]

3.1. E x c i t a t i o n  a n d  r e l a x a t i o n

The description o f NM R relaxometry presented in this and the following sections is based 
on its presentation in several classic NM R texts [77]-[82].

M any atomic nuclei (e.g. ^H, ^H, "̂̂ N, possess non-zero spin angular

momentum (spin, 7). Hence, they have a nuclear magnetic moment (/t) and in many ways 
behave like tiny magnets. The angular momentum and magnetic moment are related as 

Jl = y - 1  where y  is the gyromagnetic, or more correctly magnetogyric, ratio o f  the nuclear 
species. In the absence o f an applied magnetic field the nuclear magnetic moments are 
oriented randomly. W hen an external, static magnetic field (Bq) is applied the spin vectors 
align themselves with this field.

Quantum mechanics approach

The energy o f a nuclear magnetic moment, p., in a magnetic field, Bq, depends on its 
orientation according to:

E = — p ‘ Bq = —yrrij RB q (3.1)

where h is Planck constant divided by 2%; Here mj defines the component o f I  in the direction 
o f Bq that is universally taken as the z-direction. For ^H, Vi so m/ =  ±

There are (2/+1) energy levels for each nucleus. The energy difference between different 
states is AE =  y  I i B q .  The parallel orientation (‘u p ’) is slightly energetically preferred. The 
populations o f the parallel {Npamiiei) and anti-parallel {Nanti-paraiiei) states are described by 
Boltzmann distribution equation:

^ a n t i - p a r r a l l e l  ^  ^-AE/^ks'T) /g  2 )

^ p a r r a l l e l

where Ag is Boltzmann constant and T  is temperature.

The strength o f the bulk nuclear magnetisation depends on the excess num ber o f  nuclei in 
the parallel population {AN = Nparallel ~ Nanti-paraiied- I f  the temperature decreases the
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magnetisation increases, there are more parallel spins. When temperature is increased the ratio 
o f anti-parallel to parallel populations approaches unity and magnetisation approaches zero.

Spins can change their energy state by exchanging a photon o f energy with their 
environment. The frequency o f electromagnetic radiation that induces spin transitions (Uq) is 
expressed by equation AE =  /ivq. By considering the energy difference between states, 
V o ^ y  B q / ( I tt) .  This leads to the Larmor equation^ coq = y B q , where cOo is angular precession 
frequency called the Larmor frequency.

Classical mechanics approach

For a macroscopic sample, which contains many nuclei, it is more convenient and intuitive 
to consider the net magnetization using a classical approach. All similar spins in the sample 
are considered as a group -  ‘packet’. Their magnetic momenta are added as vectors in v, y  and 
z direction in the presence o f an external magnetic field ( B q )  oriented in z-direction, the so- 
called equilibrium state. The sum of magnetic moments in the x,y-plane -  transverse 
magnetisation, is zero^: = 0  and = 0 , as their transverse magnetic components cancel
out. In z-direction, as there is an excess o f parallel spins, the longitudinal net magnetisation is 
observed: M ° =  AN-fi = AN-ymfh  (figure 3.1). Opposing spins pair up and cancel out their 
observable magnetisation.

rr

Figure 3.1 The macroscopic, net magnetization vector (M ^  of nuclear magnetic moments ( /  = in 
external magnetic field.

Excitation

When the net nuclear magnetization vector (M) is disturbed, that is tipped away from 
alignment with the external magnetic field, it processes coherently around the direction o f the 
field at the Larmor frequency^:

ojq — y Bq (3.3)

note: exact Larmor equation is written with negative sign (to compensate for a negative y parameter)

 ̂ n/fOM  indicates equilibrium  state m agnetisation, 34.,, z indicate m agnetization in x, y  and r  direction
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The rate o f change o f  macroscopic angular momentum (à{M/y)làt) depends on the torque 

exerted on the magnetisation by the external magnetic field, M x  Bq. The precession o f the 
net magnetization is hence described by equation o f  motion:

dM  —> —> /o /I \
—  = y M x B o  (3 4)

In NM R experiments, the tipping o f magnetisation from the z-axis ‘equilibrium state’ 
aligned with the external magnetic field is induced by the application o f a short excitation 
pulse. An additional oscillating magnetic field (Ri) is applied in direction perpendicular to the 
external field B q . The frequency o f the B ^  field is set to the Larmor frequency to achieve 
resonant interaction. The duration o f the excitation pulse (te) defines the angle through which 
net magnetization is rotated:

e =  7  ■ (3.5)

The description o f magnetisation is more convenient with reference to a rotating coordinate 
frame^. This Cartesian frame rotates at the Larmor frequency, œ o ,  about B q . In this frame o f 
reference Bq is transformed to zero. The net magnetisation appears stationary in the rotating 
frame in contrast to laboratory frame where it processes around external magnetic field B q . 

Applied Bi is stationary and M  rotates about B̂ _

Following a 90° pulse applied along the / - a x is  o f rotating frame, the precession o f  net 

magnetisation, M ,  over time (/) is given by

■ cos ( 7  ■ Ro ■ 0

=  -  M° ■ s in ( 7  - Bq -I)  (3.6)
M ^(t) =  0

Relaxation

Equation 3.6 implies that the longitudinal magnetisation (M-) is constant and both 
transverse magnetisations (Mx and M y )  process indefinitely about the magnetic field B q . 

However, experimentally it is observed that the increases progressively to achieve again 
the equilibrium while Mx and My both approach zero. The reason for such a discrepancy lies in 
the apparent assumption that all nuclei experience exactly the same magnetic field, B q . 

However, in ‘real life’ each nuclei ‘sees’ a slightly different magnetic field. The difference 
between B q and the actual field is called the local field.

 ̂in the rotating coordinate frame axes are marked as x', y ' and z'
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There are various sourees o f variations in the local magnetic fields. The main ones are: 
interactions between nuclei within the sample as each o f them experiences magnetic fields 
produced by neighbouring nuclei; interactions o f nuclei with unpaired electrons in chemical 
bonds; the presence o f  magnetic material in a form o f paramagnetic species; and magnet 
inhomogeneity which causes a spread o f Bq values over the sample volume. Additionally, 
local fields may change with time. Due to these conditions spins preeess at different and 
changing frequencies. Therefore, as spins becomes incoherent in motion they dephase. This in 
turn causes relaxation.

Relaxation terms have been added to equation (3.4) by Bloch:

dMx , , Mx
—  =  y l M x B o l , -  —

dMy My
-  y |M  X  g g l y  -  —  (3.7)

2

where T\ and T2  are the longitudinal and transverse relaxation times, respectively.

Relaxation in the longitudinal direction is due to an exchange o f energy between the 
nuclear spin system and the surrounding environment known as the ‘lattice’. The 
magnetisation in the ^-direction realigns with the direction o f external magnetic field B q .  It 
relaxes to M /, as the equilibrium is being reached. The rate o f this process is characterised by 
T\ known as spin-lattiee or longitudinal relaxation time. The longitudinal relaxation process is 
described by

dM , _
d t  T,  ̂ ’

The equation governing magnetisation recovery following a 90° pulse is: 

M ^(t) =  1 -  exp (3.9)

Transverse relaxation is the process o f direct interaction o f nuclear spins to reach the 
thermal equilibrium amongst themselves. The time constant which describes the rate at which 
spins lose coherence -  dephase, and magnetisation decay in the x',y'-plane is called the T2  

relaxation time. It is also known as T2  spin-spin or transverse relaxation time. The spin 
relaxation process is described as
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d M M

d t
(3.10)

which leads to;

■ exp (^~y ) (111)

3 .2 . N M R  R e l a x o m e t r y  m e a s u r e m e n t  t e c h n i q u e s  

During experiments signal is detected along the fixed axis (%' ory ') o f transverse plane.

3.2.1. Free induction decay

The most basic NM R pulse sequence is free induction decay (FID) sequence. It involves 
application o f a single 90° radio frequency pulse (P9 0 ) -  figure 3.2. This pulse rotates the 
equilibrium state magnetisation (M) along the z'-axis to the x',ÿ- plane. If the magnetic field 
Bi lies along the x'-axis o f rotating frame - pulse P 9 0 , magnetisation will be rotated to y'-axis -  
figure 3.2 (inset a). The net magnetisation in y'-direction determines the strength o f observed 
signal called the free induction decay (FID) signal.

a) z' b) z'
Mi

x' ' x'

0 âcq
Figure 3.2 Main; Pulse sequence diagram for FID experiment -  Free Induction Decay; grey region is 
spectrometer dead time. Inset: a) along x'-axis rotates M  from the equilibrium position to y'-axis, b) 
Magnetisation decreases as spins dephase.

The transverse relaxation occurs as the magnetic moments dephase - figure 3.2 (inset b). 
The signal decays. In perfect experimental conditions the time constant o f decay would be Ti. 
However, in practice the FID signal has an apparent time constant (T2 ) which includes 
contribution o f molecular interaction {Tj) and magnet field inhomogeneity (T^®). The rate o f 
relaxation due to FID decay is express as:

11 1

(3.12)
fAB
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where ABq is magnet inhomogeneity.

The contribution o f magnet inhomogeneity (T^^) is o f order o f 0.5 to 1.0 ms for low 
frequency bench top spectrometers. This implies that only for a very short Tj value can the 
true 7^2 relaxation time be measured. The excitation pulse in experiments is followed by the 
spectrometer dead time (grey region in fig. 3.2) during which signal is not detected. This time, 
even though it lasts only a few microseconds, hinders the observation o f the chemically bound 
water with the shortest relaxation time components.

3.2.2. C PM G  pulse sequence 

Hahn spin-echo

Hahn [83] was the first to suggest a method for overcoming the limitation o f the external 
magnetic field inhomogeneity. He proposed the application o f 180° pulse (P^go) at time r -  
known as the pulse gap, after the initial P ^ , as shown in figure 3.3. This reverses the loss o f 
coherence due to field inhomogeneity - figure 3.4. The magnetisation refocuses at time 2 i  
along the y'-axis and a spin-echo is created. The amplitude o f the echo, at time 2r, is already 
attenuated due to true transverse relaxation. Hence, the maximum of the echo amplitude is a 
function o f Tj relaxation time. It is necessary, in Hahn spin-echo experiment, to conduct 
separate experiments for each value o f r. M olecular diffusion is a second source o f echo 
attenuation if there is a magnetic field giadient present. Diffusion is most significant for big r. 
The magnetisation decay depends then on a combination o f relaxation due to molecular 
interaction and diffusion. It is expressed as;

r 2 t 2
M y,(2 T) =  Mo • exp -  — - - - y ^  ■ -D 

I l 2 ^
where G  is magnetic field gradient strength and D  is diffusion coefficient.

(3.13)

180

acq

Figure 3.3 The Hahn spin-echo pulse sequence diagram. The red dash line shows the decay of transverse 
magnetisation.
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Figure 3.4 The Hahn spin-echo experiment; a) application of P% along x'-axis, b) de-phasing o f spins, c) 
application of P ĝo along x'-axis at time r, d) re-phasing o f spins, e) refocused magnetisation at time 2r.

Carr — Purcell method

Carr and Purcell [84] provided a method that reduces the impaet o f diffusion on the 
determination o f 7? relaxation time and also allows T? to be measured in ‘one shot’. They 
modified the H ahn’s spin-eeho pulse sequenee by application o f a train o f Pi go pulses as 

shown in figure 3.5. The Carr-Purcell sequence can be described as P 9 0  -  r -  [P^§q ~ '^Ane 
where Ne is the number o f eeho acquired. It shows that subsequent 180° pulses are at r, 3r, 
5t... whereas the amplitude o f echoes appears at 2r, 4r, 6 r . .. In Carr-Pureell method, as in 
Hahn spin-echo, all pulses are applied along the same axis, x' in this deseription. Henee, 
echoes are alternately positive and negative. The advantages o f this teehnique are: a shortage 
of experiment time and elimination o f diffusion effeet. Henee, the expression for decay o f 
magnetisation (eeho amplitude at time 2m, where n is the eeho number) is

Myf ( t)  =  Mg ■ exp  ̂ for short

-  — T ■ ■ D  ■ ‘ t

t  ,
T

2  '

(3.14)

2 x 2 i 2 i 2 t

p p
* 90 ‘  180

2 l 2 t

Figure 3.5 The spin-eehoes pulse sequence diagram by Carr-Purcell method. The red dash line shows the 
decay o f transverse magnetisation.
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Any imperfection in the Pi so length causes incomplete rephasing o f magnetic moments. 
The effeet is cumulative with each pulse as Piso is applied along x'-axis and rotates alternately 
the magnetisation from y' to -ÿ  direction. It is especially important during the measurements 
o f longer 7% as the acquisition o f many Piso is required.

M eiboom -  Gill modification

M eiboom and Gill [85] introduce a modification to the Carr-Pureell method by shifting the 

phase o f Piso by 90° relatively to initial PçQ. The Piso pulses are applied along y' direction as 
shown in figure 3.6. Henee, magnetic spins are rotated about the y'-axis and all echoes are 

positive. Pulse sequence is described as P 9 0  -  r -  [P^gg -  2t]ne- The pulse orientation causes 
that only odd echoes have slightly reduced amplitudes due to pulse imperfection, but not 
cumulatively.

Figure 3.6 D e-phasing and re-phasing o f  spins during the CPM G  pulse sequence; a) application o f  P 9 0  

along x '-axis, b) de-phasing o f  spins, c) application o f  P,go along y'-axis, d) re-phasing o f  spins, e) refocus 
o f  magnetisation at tim e 2 r.

The Carr and Purcell NM R method with modification o f Meilboon and Gill is called 
CPMG pulse sequence. The CPMG diagram is presented in figure 3.7. The CPMG sequenee

can be described as P9 0  -  r -  [P^gg -  2 t \ n e -

The common version o f CPMG pulse sequenee used nowadays involves application o f Piso 

alternately along ÿ  and -y'-axis and can be described as P% -  r -  [P|gg -  2 r -  P] gg -  2r -]ne/2 -

PL P>>0 * 180

Figure 3.7 Pulse sequence diagram for CPM G  sequence. The red dash line show s the decay o f  transverse 
m agnetisation.
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3.2.3. Quadrature echo sequence

The Quadrature echo experiment, also called the Quad or Solid eeho experiment, has been 
designed to measure the static inter-nuelear magnetic dipole-dipole interaction [8 6 ].

The ‘rigid’ spins o f crystalline solids coupled by such an interaction are characterised by 
the very short Tj relaxation time (-few  ps) due to strong dipolar coupling o f the spins. They 
are present in chemically bound and adsorbed water (solid protons). In the elementary FID 
experiment the relaxation due to that component is not seen or is already significantly 
attenuated due to the instrument dead time. W hile for the CPMG experiment the first eeho 
amplitude is even further in time to ‘see’ it. The Quadrature pulse sequenee overcomes that 
limitation by refocusing dipolar interaction.

Quadrature eeho sequenee (fig. 3.8) comprises two P9 0  pulses shifted relatively to each 

other by 90°. The pulses are spaced t  pulse gap time apart: P 9 0  -  r -  P 9 Q. There are two 
phenomena obseiwed. The more mobile spins (liquid) dephase continuously after first pulse 

due to spin-spin molecular interaction. The second P 9 0  does not alter their magnetisation [87]. 
Henee, the observable signal due to these spins is FID liquid signal as shown by dash - dot 
line extension in figure 3.8.

The application o f second Pgg reverses the decay o f solid signal - magnetic-dipolar 
interactions. The magnetisation o f dipolar pairs o f ‘rigid’ spins refocuses. It is partially 

recovered at time t from second Pgg. The decay due to dipolar interaction is not exponential 
but has an approximately Gaussian shape -  eeho in figure 3.8.

More details on detemiination o f the signals intensities for ‘rigid’ and more mobile spins is 
presented in section 4.3.1.

Solid

Liquid

âcq

Figure 3.8 Pulse sequence diagram  for Quadrature Echo sequence. The solid line presents the observable 
signal. Dash line shows the sum o f  solid and liquid signals as it w ould look only after Pgo- Dash -  dot line 
shows the liquid signal. G rey region is spectrom eter dead time.
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3.2.4. T\ measurements

There are two methods to measure T\ spin-lattiee relaxation time: saturation and inversion 
recovery.

3.2.4.1. Saturation recovery

The saturation recovery sequence (fig. 3.9) involves application o f multiple P̂ ' pulses. 
They are used to destroy, that is bring to zero, the longitudinal magnetisation. Following that, 
for a variable time Tree, the spin-lattiee relaxation is allowed. Hence, the magnetisation 
recovers partially or fully depending on the w .  A single P 9 0  pulse is utilised to measure the 
momentary magnetisation at times w .  The longitudinal magnetisation as a function o f w  is 
described as

1  -  exp - (3.15)

where M° is the equilibrium state magnetisation - aligned with the external magnetic field.

variable 
< >

P' pulses

M = 0

Figure 3.9 Left: Pulse sequence diagrams for T\ saturation recovery at variable x,.ec The red dash line 
shows the recovery o f  longitudinal m agnetisation. Right: a) M agnetisation is saturated, M  = 0; b) 
R ecovery o f  m agnetisation during x,,,:, c) application o f  P ^ ;  d) reverse m agnetisation in transverse plane.

3.2.4.2. Inversion recovery

The inversion recovery sequenee is also used to determine T\. The difference in the pulse 
sequence in comparison with saturation recovery is preparation o f the initial magnetisation. In 

this case, the P^gg inverts the magnetisation along the z'-axis -  figure 3.10. After that both 
sequences follow the same way. The spin-lattiee relaxation process due to inversion recovery 
is expressed as

1 — 2 ■ exp — (3.16)
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variable xrcc

p :180 90

a) 7.' b) z'

M = -M, A
l ' y  f

H -  /  /  -  y
x' 1 y /  x'

C) d)

----------------------------- »

^ a c q
- y y

x' x'

Figure 3.10 Left: Pulse sequence diagram s for T\ inversion recovery. The red dash line shows the recovery 
o f  longitudinal magnetisation. Right: a) magnetisation is reversed by Pf^o, M  = -M .\ b) recovery of 
m agnetisation during c) application of P^i d) reverse m agnetisation in transverse plane.

Inversion recovery is the slower o f two methods as the subsequent scans have to be 
performed after magnetisation fully recovers, for saturation recovery it is saturates to zero 
anyway at the beginning o f sequenee. However, as the magnetisation is reversed to the 
sensitivity o f method doubles.

T\ measurements serve to establish the repetition time (r,y) o f successive experiments as T\ 
mirrors the time when magnetisation is fully recovered. Time ird should be -  5 T ].

3.3. Theory of relaxation 

3.3.1. BBP theory

The relaxation theory is complex and the advanced analysis based on quantum statistics is 
outside o f the scope o f this work and can be found in [8 8 ], [89]. W hat follows here is a brief 
summaiy.

Spins undergo rotational and translational motions that modify the magnetic dipole -  
dipole interactions between nuclei and the other interactions contributing to the local 
magnetic fields in the presence o f a static magnetic field. This gives rise to the fluctuations in 
the local magnetic fields. The relaxation processes due to these perturbations in the dipolar 
field for liquids was first explained by Bloemberger, Purcell and Pound in 1948. The theory 
o f relaxation is called after them; BPP theory [89].

Changes o f the intensity and direction o f the local magnetic field fluctuations with time are 
described by autocorrelation functions describing the relative motion o f spins pairs 
[90]. The autocorrelation functions are given by:

0 0 ) ■ 0 ) ' (3J7)
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where izmC^o^^o) are the spherical harmonic functions o f order m that has
values 0, 1 and 2. The coordinates {Tq, Oq, 0o) and (r, 6 , 0 ), describe the intemuclear vectors at 
time 0 and t respectively. The are constants such that oc^^^=4 8 7 i / 1 5 , «^^^=8 7 t / 1 5  

and a^^^=32îi/15. The * indicates the complex conjugate. The notation <> means the ensemble 
average over all pairs o f the spins, I, (or, equivalently, one pair over all starting times)

In turn, the frequency dependence o f intensity o f fluctuation is expressed by spectral 
density functions that are the Fourier transform o f autocorrelation functions [90]:

çCO
=  J (3.18)

The relaxation times are described in terms o f spectral density functions For spins
/  associated with the same nuclear speeies T\ and 7% are expressed as [90], [79]:

Ti 2  " U t t  

where Po is the vacuum permeability.

tT  =  2  ■ ( £ )  • r *  ■ -S' ■  ̂■ (1 +  1) ■ + P K 2 cOo)] (3.19)

(3.20)

For simple Brownian diffusion and rotations the spectral density functions are [82], [79]:

rco;)  = g - ; W ( o , )  = y - / « ( a . )  - /« (a , )

where Zr is correlation time o f the motion and r  is nuelear distance.

The dependence o f T\ and Tj relaxation time on the correlation time Zc can be evaluated by 
substitution o f spectral density functions -  eq. (3.21), into the expressions for relaxation rates 
-  eq. (3.19) and (3.20). The relation is presented in figure 3.11. At the lower values o f Zc 
(cOoTc< 0.62) moleeular motion is fast and Ti and 7% coincide. This is called the ‘extreme 
narrowing lim it’. The Ti goes through a minimum at cOo-Zc ~ 0.62. W ith increase o f  correlation 
time Ti and Ti diverge. T\ increases whereas 7 2  decreases due to y^°^(0) contribution towards 
the ‘rigid lattice lim it’ determined by the natural dipolar linewidth [82].
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10°

10"

IMHz 
10 MHz 
100 MHz

1 0 ®

Figure 3.11 T, and Tz relaxation times for hydrogen spins as a function of conxlation time Xc [82].

3.3.2. Fast exchange model of relaxation for liquids in pores and for pore size analysis

Introducing liquid to the empty space o f pores in materials manifests in the increase o f the 
relaxation rate in comparison with the bulk liquid. It implies interaction between the solid and 
liquid at their interface. The resulting relaxation rate o f water in pores is the weighted average 
between slowly relaxing liquid in the pore bulk and rapidly relaxing surface water.

The equation which links the relaxation rate with the surface to volume {SIV) ratio and 
hence to pore size {d) for a system in which water molecules are in fast exchange is [27]:

1,2

1  65"
 1—j 'b u lk  y s u r f

sS
~V s u r f (3.22)

1<2 ' 1 , 2

where 7  ̂2  is observed or T2  relaxation time, and are the relaxation times o f

surface-adsorbed and bulk liquid respectively and s is the thickness o f surface layer.

The last approximation in equation (3.22) results from the facts that surface volume is sS 

« V  and surface relaxation time is « 7^ ^ ^ ^ . The surface layer thickness and

relaxation time are related through the surface relaxivity 1 = s!7^^^. The pore size 

detenuination requires the knowledge o f surface relaxivity. It may be established through 
NM R measurements o f material dried to mono-layer coverage or by calculation.

An assumption o f the model is the rapid exchange between molecules adsorbed on the pore 
surface and in the remaining part of the bulk liquid. The range o f molecular diffusion should 
be larger than the size o f measured pores: 6-D-7^^^^ »  ( f , where D  is the liquid self- 
diffusion coefficient. It ensures that each molecule experiences equally the surface-layer and
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bulk-pore environments. If this condition is not fulfilled then multi-exponential decay is 
observed [27], [82]. Application o f model to cementitious materials is presented in section
3.4.3.1.

3.3.3. Korb model

A theoretical model o f surface relaxation in proximity o f a pore surface was proposed by 
Korb and his co-workers [91]-[93]. The mechanism of spin relaxation is explained by the 
modulation o f the magnetic dipolar interaction between proton spins, /, diffusing on the pore 
surface and static paramagnetic impurities electrons, S, embedded in the pore surface. The 
modulation is induced by the translational diffusion o f the 1 spins relative to fixed S spins. 
The dynamics o f molecules at the pore surface are schematically represented in figure 3.12. 
The eoexistence o f two correlation time was proposed. The molecule undergoes a 2- 
dimensional diffusion across the surface encountering the impurities spins S with translational 
time T,n called the hopping time. The molecular walk across the surface lasts for characteristic 
surface residency time, r,. Desorption o f molecule from the surface occurs after a time r,. The 
desorbed molecule has characteristics o f bulk liquid. It is replaced on the surface by another 
molecule.

Paramagnetic
impurities

Surface
molecule

Surface residence 
time, T.

surface

I— Surface 
diffusion 

correlation 
time, T„

Figure 3.12 Scheme of two-dimensional diffusion process of water molecules on the pore surface 
containing paramagnetic impurities -  Fe^". r, is the surface residency time, r„, is the correlation time 
associated with molecule’s jumps across the surface [92].

In the vicinity o f the paramagnetic impurities (spins 5) the expressions for T\ and T2  

surface relaxation times are [91], [92]:

7 ± ^ s u r f a c e  9
=  —  ■ y f  - Ys ' ’ S ■ (S +  1) ■

— u)^) +  3 ■ {(1)1 ) +  6  (tU; 4- (U5 )]
(3.23)
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=  - - Y i  'Ys ' ' S ' { S +  1) -  -  C û s )

' ^ 2 , s u r f  a c e  9
— ùJs)

(3.24)

where ys and yi are the gyromagnetic ratio for spins I  and S, cois is the Larmor frequency o f 
spin I  and S respectively, and cu  ̂= 658.21 *cu/

According to the Korb model, the spectral density function for the 2-dimensional walk o f  
spins /  on the pore surface is [92]:

&) +  0 )^T.2^2 
m

where 0 5  is surface density o f paramagnetic impurities, 5 is the minimum distance for water 
molecule to approach impurity, is is the surface residency time, is the correlation time 
associated with m olecule’s jum ps across the surface (hopping time).

3.4. NMR APPLICATION TO CEMENT BASED MATERIALS

3.4.1. Evolution of relaxation component over hydration time

The early NM R studies o f cementitious materials were conducted by Blinc et aî [\S ]. The 
experiments were performed on cement (w/c = 0.42) and C3 S pastes (w/c = 0.50) prepared 
with distilled water and D 2 O; at frequencies 60.0 and 41.4 MHz for H 2 O and D 2 O 
respectively. The Ti and Ti relaxation times o f single mobile component were measured by 
P 9 0  -  t/2 and Carr-Purcell pulse sequences respectively [18]. The relaxation parameters were 
monitored from 10 minutes to 28 days o f hydration. Three distinguishable stages o f hydration 
were observed based on the changes in relaxation times: initial stage with slow decrease o f T\ 
and T2 , intermediate stage (after about 2  and 8  hours for protonated and deuterated pastes 
respectively) identified by rapid decrease and final stage when decline slows down beyond 
-4 0  and 80 h. The relaxation times o f cement paste were systematically lower in comparison 
with C3 S paste indicating the influence o f paramagnetic impurities on relaxation process.

Schreiner et al [19] examined Portland cement pastes prepared with w/c ratios 0.33 to 0.63 
during hydration from 10 minutes to almost 1 year at 70% RH. They performed 7 \, T2  and 
measurements by applying inversion recovery, Carr-Purcell and FID sequences at frequency 
o f 38 and 19 MHz. Based on T\ results three distinct populations o f hydrogens are observed in 
an advance stage o f hydration: solid OH groups within CH, Ti -  500 ms at 38 MHz; water in 
micropores and layers, Ti -  5 ms; and bound water within ‘solid’ C-S-H gel, Ti -  1 ms. Four 
stages o f hydration were identified: first, below 10 min, with a single relaxation time, T\ -  30 
ms; dormant period when gel mobile-water is distinguished; third stage beyond 2 h w hen the 
solid component begins to grow; and final stage beyond 1 2  h with three components clearly 
distinguished. The authors noted that T2  and 7^ measurements for ordinary Portland cement
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are not adequate as magnet inhomogeneity and paramagnetic impurities shorten relaxation 
times and prevent observation o f all components. They suggested use o f  white cement paste to 
limit the influence o f impurities and enhance the resolution.

In late 1980s, Lasic et al [20] monitored the evolution o f T\ relaxation times o f a synthetic 
white cement with w/c = 0.42 at NM R frequency o f 200 MHz. Initially two populations were 
observed with T\ o f about 100 ms and between 18-25 ms corresponding to water between 
grains o f cement and early crystalline products. After 20 hours, they evolved into five 
distinctive hydrogen populations: hydrogens in CH, Ti -  1 s; water in crystalline hydrates, T\ 
- 1 5 0  ms; pore and adsorbed water, T\ -  30 ms; hydrogens in C-S-H gel, Ti -  10 ms; and 
water molecules in contact with paramagnetic impurities, T] -  2  ms.

The NM R experiments on white cement paste were also performed during the same year 
by M iljkovict et al [21]. The evolution o f Tj relaxation times o f pastes with w/c from 0.32 to 
0.62 was observed by applying CPMG and FID sequences at 90 MHz. The hydrogens were 
divided into liquid-like, -  2 - 1 0  ms, and two solid-like populations, 7% o f - 1 0  and - 1 0 0  ps. 
The liquid-like T2  decreased beyond 8 h o f hydration and had shorter values at lower w/c while 
solid-like 7%s stayed constant despite the hydration time and w/c. The intensity o f solid-like 
hydrogens increased with time at the expense o f liquid-like. The rise was higher at lower w/c.

In 1990s the studies were focused mainly on 7% relaxation times and their correlation to 
pore size distribution based on fast exchange model as follows in section 3.4.3.1.

The new decade started with the study o f T2  relaxation time development for sealed white 
cement paste, w/c =  0.42, by Greener et al [24]. The authors presented a new approach to 
analyse FID and CPMG data. FID decay was fitted to solid like components by Gaussians and 
to mobile like component by single exponential. The division o f solid and mobile components 
was set at 7 2 -  100 ps. Further the mobile signal was decomposed into particular hydrogen 
populations based on multi-exponential fitting o f CPMG decay. Authors identified five 
populations: protons in solid environment (CH and ettringite) with T2  -  20 ps; interlayer water 
with T2 below 100 ps; C-S-H gel water with decreasing T2  from initial 3 ms to 200 ps at 6  

days (maximum measured time); capillary pore water with T2  reduction from -3 0  ms to -8 0 0  
ps at 6  days; and the secondary hydration water with the longest T2  o f  -  50 ms attributed to 
the water released due to ettringite -  monosulfate conversion.

The same methodology was applied by Holly et al [25]. T2  relaxation time distributions o f 
sealed white cement pastes, w/c =  0.42, were measured for few months at curing temperatures 
o f 2, 20, 60 and 100°C at 30 MHz. Authors recognised the same five hydrogen populations as 
Greener et al [24]. Mature paste hydrated for -4 0  days and cured at 20°C were characterised 
by small quantity o f capillary water, below 2 %, with 7 2 - 1  ms; high fraction o f  protons in 
crystalline water and OH", 37%, 7 2 - 1 9  ps; two water reservoirs associated with C-S-H: 
interlayer and gel pore water with 7 2 - 9 0  and 200 ps and fraction o f 19 and 36%, 
respectively. The secondary hydration water was also detected at the hydration time o f 10-20 
hours. The increase o f curing temperature accelerated the cement hydration process as 
evidenced by faster development o f crystalline, interlayer and gel pore water intensities as 
well as supportive XRD analysis. Mature pastes (-40  days) cured at elevated temperatures 
were characterised by higher capillary and interlayer pore water intensities and lower gel pore
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water intensity. No direet pattern influence o f temperature rise was registered for the shortest 
7 ]  component ( ~ 1 5 - 1 9 | . l s)  as its intensity was increasing and decreasing alternately.

3.4.2. 2D exchange experiments

T\-T2 and T2-T2 two-dimensional relaxation correlation experiments were performed on 
cement pastes by M cDonald et a l  [92], [94] and M onteilhet et al [95]. The 2D TrTz and T2 - 
T2 correlation method is based on introducing an additional magnetisation storage period 
between encoding periods that gives hydrogens time to exchange between different 
environments [95]. The T1-T2  experiments have already been proposed in 80’s [96] but were 
limited by lack o f suitable tools for analysis which requires performing 2D inverse Laplace 
transform. The algorithm enabling that transform reliably was proposed by Venkataramanan 
[97].

T\-T2 experiments o f white cement paste {w/c = 0.4) showed multiple discrete pore size 
distribution with two dominant peaks on the diagonal and one off diagonal feature -  fig 3.13 
left. The T2 -T2 coiTclation spectra presented the same diagonal feature and two well-defined 
off-diagonal peaks. Two peaks at diagonal -  water reservoirs, were assigned to gel porosity 
and separately resolved as inner and outer C-S-H or interlayer and gel pores. The presence o f 
symmetrical off-diagonal peaks for T2 -T2 experiment have suggested the exchange o f the 
hydrogen or water between different pore size reservoirs [92], [95]. The alternate explanation 
that the exchange occurred between two reseiwoirs o f the same size but with different Fe^^ 
concentration was investigated on synthesised C-S-H with reduced paramagnetic impurities 
by Valori et al [98]. The spectrum was shifted up the diagonal due to a decrease in 
paramagnetic concentration and still shown two off-diagonal peaks. It confirmed exchange 
between pores with different sizes occurred.

10°

10-

10-'* ■

Figure 3.13 The T-T? conelation spectra of white cement paste (left) and white eemnt paste with additin 
of silica fume (right) cured for 7 days (adapted from[92]).

45



Chapter 3. NM R Relaxometry

The comparison o f Tx-Tj spectra from paste o f white cement and white cement with 
addition o f  1 0 % silica fume showed that diagonal peaks o f silica fume paste are not as 
discrete as for white cement paste -  fig. 3.13. The off-diagonal peak shifts towards longer T\ 
at the earlier age for paste with silica fume which means that the hydration o f this paste 
progresses faster [92].

The ratio o f T\ relaxation time to T2 relaxation time was determined for cement pastes by 
Ti-T] experiment as equal to 4 at 20 M Hz - components aligned along T\ = AT2  as presented in 
figure 3.13. The result showed that the ratio o f Ti to Tj is only a function o f N M R Larmor 
frequency and two correlation times - surface resistance and hopping times - [92].
Giving the magnet frequency and hopping time o f 1.3 ns [99] the surface residency time was 
evaluated as -1 3  ps [92], [94].

Based on T2 -T2  correlation the exchange time was estimated as ~5 ms. The length seale o f 
exchange, based on the cement grain size, was defined as ~4 pm and as between inner and 
outer product o f  hydration although it is no longer considered that exchange is between inner 
and outer product. The diffusion coefficient o f exchange was calculated as 5-10'^^m^/s. The 
translation diffusion coefficient at the surface o f C-S-H (2.3-10'^^ m^/s ) was calculated from 
the hopping time in 2D random walk on the surface -  1 ns, and mean size o f jum p equalled to 
size o f water molecule -  0.3 nm [95]. The calculated NM R diffusion coefficients -  for 
exchange and across surface, are in good agreement with diffusion coefficients obtained by 
molecular dynamics simulations for water diffusing in the pore space above the internal pore 
surface and on the internal pore surface o f tobermorite, 6 -1 0 '^^m^/s and 5.0-lG’^̂  m^/s 
respeetively [ 1 0 0 ].

3.4.3. Pore size distribution

3.4.3.1. Fast Exchange Model for pore size analysis

Pore size distributions in the microstructure o f cement pastes can be estimated based on the 
fast exchange model o f relaxation presented in section 3.3.2 (eq. (3.22)). The key factors in 

this calculation are evaluation o f surface relaxation time, , and surface layer thickness, £,

that give together surface relaxivity, 2  = , and determination o f the pore shape.

One approach to do so is through experiments. Bhattachaija a / [101] in 1993 calculated 
the surface relaxivity and pore size distribution o f white cement paste m ixed at w/c =  0.4. 
CPM G measurements were performed at 25 M Hz during hydration from 1 to 28 days. The 
calculation o f the surface relaxivity involved the additional study o f partially filled 
(progressively dried) samples to correlate the observed T2  and the volume fraction o f water 
filling pores. The surface area at each hydration time was obtained through nitrogen BET 
analysis. The results show that 2 does not vary with hydration time and is 1.6-10'^ cm/ms. The 
pore sizes o f two identified populations were fairly constant over hydration with diam eter o f  
18 and 90 nm assuming cylindrical pores.

A  year later the first Laplace inversion o f CPMG data to yield the T2  relaxation tim e and 
hence the pore size distribution were performed by Halperin et al [10]. The transverse
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relaxation o f water within cement paste with w/c =  0.43 was measured by application o f FID 
and CPMG sequences. The authors correlated the thickness o f water monolayer, g = 3 A, with 
the constant relaxation time observed for pastes at saturation fraction below 0 . 2  when all 

water became the mobile surface water, ~ 40 ps. The obtained surface relaxivity was 
7.5-10'^ cm/ms. M obile water m easured by CPMG was divided into two populations 
interpreted as the capillary and gel pores. The pore sizes were calculated based on spherical 
shape. The capillary pore size decreased from about 200 nm at 2.5 hours o f hydration to 60 
nm at 8  hours and 12 nm at 7 days. Beyond that time it stayed constant. The gel pore size was 
weakly dependent on hydration time: 3.5 nm at 2.5 hours and 2.5 nm at 59 days.

Surface relaxation time was assumed to be equalled to the relaxation time o f the bound 
water, 10 ps, by Bohris et al [22]. Authors performed FID and CPMG measurements o f 
cement pastes {w/c =  0.3 and 0.5) at 20 MHz. Results revealed the presence o f three water 
populations: chemically bound water, gel water with T2  = 80 ps, and capillary water, T2  = 
350 ps. The pore sizes were calculated as 2.4 and 15 nm with assumption that gel pores form 
layers and capillary pores are spherical and partially filled.

Valckenborg et al [102] measured dry sample during exposure to wet air flow and assumed 
that the T2  relaxation time o f first appearing signal is attributed to the surface layer. The 
obtained surface relaxation time for mortar was 85 ps. W ith monolayer o f water (0.3 nm) and 
spherical shape o f pores it led to gel and capillary pore sizes o f ~ 6  and ~27 nm.

The other approach to evaluate surface relaxation time is through the calculation using the 
Korb model (eq. (3.24)-(3.25) in section 3.3.3). However, in that case the knowledge o f  other 
parameters is required: surface density o f paramagnetic impurities ( 0 5 ), the minimum distance 
for water molecule to approach impurity (5), surface residency time (r^) and surface hopping 
time (t,„). M onteilhet et al [95] performed analysis o f the pore size distribution o f white 
cement paste based on T2 -T2 correlation experiments. They inferred 0 5  from electron spin 
resonance and used Xm and ts o f  1.3 nm and 13 pm as obtained from frequency dependence o f 
T\ [99] and T\-T2  correlations [92] respectively. Assuming surface monolayer (0.28 nm) and 
value o f 5 = 0.2 nm, surface T2  relaxation time is 100 ps. The smallest pores had calculated 
thickness o f 1.0-1.7 nm assuming planar shape and the larger pore size ranged between 7- 
30nm depending on the shape [95].

The pore size calculation according to Fast Exchange Model can bring certain level o f 
uncertainty due to difficulty in defining the surface relaxivity.

3.4.3.2. A m plitude M odel

An alternative method to estimate the pore sizes was developed by M cDonald et al [26] - 
hereafter called Amplitude Model. The estimate o f pore size distribution in that model is 
based on the amplitudes o f relaxation components as a function o f water content rather than 
on the relaxation times.

The Amplitude Model was developed based on the layered C-S-H microstructure. In 
saturated pores (fig. 3.14a) the surface water molecules are in fast exchange with those in the
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bulk o f pore. Hence, NM R sees all molecules as mobile with one T2 relaxation time. The 
drying may occur in two alternative ways. Figure 3.14b(ii) shows the scenario where no 
surface layer is initially created, water is removed layer by layer across the pore. All water 
molecules are mobile until the last layer; however the T2 relaxation time decreases as a result 
of increase in SIV ratio. The second possibility is that, a water layer stays on the pore surface 
as drying progresses (fig. 3.14b(ii)). There are two distinguished T2 water environments. One 
has the same relaxation time as mobile water in fully filled pore (same SiV) and decreasing 
amplitude; and second -  surface layer, has shorter relaxation time, since it cannot any more 
exchange with bulk o f pore, and increasing amplitude. This scenario is typical for the drying 
processes that involve considerable capillary forces. Henee, it was used to perform advance 
quantification.

d)

b(ii)_______________

ü lü ü lü iï _______  
massmsistisi

Figure 3.14 The scheme of pore drying: a) pore full o f mobile water, b) two possible ways o f pore drying, 
c) surface water layer staying, d) an empty pore [26]. Circles represent mobile water molecules, crosses 
arc immobile, surface water molecules.

The experiments were performed for white cement paste {w/c = 0.4) by applying Quad 
Eeho sequenee. The total signal was divided into solid (T̂ o/) and mobile {Imob) parts. The 
mobile intensity decreased successively at two different rates, above and below effective 
water mass fraction o f 0.7. The first stage was assumed to have origin in drying o f C-S-H gel 
pores (with specific surface area, M, and thickness, p+2, both expressed in water molecules); 
second - o f C-S-H interlayer pores (with specific surface area, N, and thickness, q+2). During 
drying intensity was defined as proportional to the pore thickness and the fraction {s, .s' 0  o f the 
specific surface area o f pore still filled with liquid. The expression for normalised mass o f 
water {m) remaining along drying was stated in the same terms. The mobile intensity and 
mass were expressed as:

^mob -  M ■ (P +  2) • s -F A/ ■ (q +  2) ■ s ' 
m  =  1 — M - p ■ (1 — s) — N ■ q • (1 — s')

Further, the mobile water intensity for both stages {Imobi ^nd I-mobi) was characterised as a 
function o f mass through the equations: l-mobi =  cl^- m  +  and lmob2 =  <22 • m  -F ^ 2 -
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The equations were solved with assumption for first stage o f drying that interlayer pores 
are full (s' =  1) and for second stage that gel pores were empty o f mobile water (s = 0). This 
led to the expression for pore size parameters in function o f the gradients o f  the fitting lines:

The calculated pore sizes are 1.5 and 4.1 nm for C-S-H interlayer and gel pores 
respectively.

3.4.4. Specific surface area

Halperin et al [10] presented the changes o f specific surface area o f cement paste (w/c = 
0.43) over hydration time based on the evolution o f Tj relaxation time and its intensity 
recalibrated as volume o f evaporable water. Calculations were performed according to the fast 
exchange model o f relaxation. The rapid development o f the surface was observed between 6  

and ~50 hours when it reached the constant value o f 225 m^/g o f anhydrous cement.

The surface area o f cement based material was measured by application o f Nuclear 
M agnetic Relaxation Dispersion (NMRD), so-called field cycling, experiments by Barberon 
et al [99]. This technique allows on the separation o f the surface and bulk contribution 
towards the relaxation rate by performing measurement over the range o f the nuclear Larmor 
frequency. Authors examined continuously the mortar sample (w/c -  0.38) up to 12 hours o f 
hydration at frequencies values between 0.1 and 10 MHz. The rapid increase o f the specific 
surface area was observed after 6  hours o f hydration. The calculated value at 12 hours was 
-1 0 0  m^/g. The linear dependence o f the area on cement degree o f hydration was evidenced.
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4. Experimental methods

4.1. Sa m p l e  p r e p a r a t io n

4.1.1. Cement composition

In this study low CgA white Portland cement was used. This cement is characterised by an 
almost total lack o f ferric impurities since there is minimal Ferrite content. Cement was 
delivered from Aalborg Portland in two separate batches. The mineralogical and chemical 
composition o f the batches are presented in table 4.1 and 4.2.

Table 4.1 Mineralogical composition o f used cements.

Phases in anhydrous cement Cement 1 [%] Cement 2 [% ]

Alite CsS 66.9 64.0

B elite CzS 19.7 19.5

Aluminate CsA 3.6 3.3

Ferrite C4 AF 0 . 8 0 . 0

Portlandite CH 0.7 1 . 8

Anhydrite C$ 2 . 6 -

Gypsum C$-2H - 3.3

Bassanite C$ 0.5H 2 . 1 2 . 1

Amorphous 3.6 6 . 0

Total 1 0 0 1 0 0

Table 4.2 Chemical composition o f used cements.

Oxides Cement 1 [% ] Cement 2 [% ]

CaO 69.3 71.6

SiOz 24.7 21.8

AI2 O3 2 . 2 1.5

FezOs 0.3 0.4

SO3 2 . 1 2 . 0

P2 O 5 0.3 0.4

KzO 0 . 1 0 . 1

TiOz 0 . 1 0 . 1
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4.1.2. Mixing and curing

Cement pastes were prepared at water to binder (100% white cement or 90% white cement 
and 10% silica fume) ratio 0.4 by mass. This ratio was agreed across Transcend projects. The 
mixing o f cement pastes was performed in accordance with Nanocem protocols [103], [104]. 
According to these protocols, to prepare each white cement paste mix, 80 grams o f white 
cement powder and 32 grams o f distilled water were weighed and the water added to the 
cement. This was immediately followed by 3 minutes mixing at 500 rpm, 2 minutes resting 
during which the paste was covered and 2  minutes mixing at 2 0 0 0  rpm.

The preparation o f cement paste with added silica fume involved pre-dispersion o f the 
silica fume ( 8 g) in distilled water (32g) with Sika ViscoCrete EH 20 superplasticizer by 
mixing at 2000 rpm for 5 minutes. The amount o f superplasticizer was 0.1% by weight o f the 
binder. Next, 72 grams o f white cement powder was added and the three stage mixing, 
described above, was performed.

Pastes were placed in moulds or NM R tubes as described in next section.
In all experimental parts o f this work paste samples were cured under saturated Calcium 

Hydroxide (CH) solution. The reasons are threefold. First, the solution fills chemical 
shrinkage voids during curing o f small samples. Second, the solution prevents sample contact 
with atmospheric carbon dioxide which causes carbonation. Third, CH solution approximates 
the cement pore liquid and prevents leaching.

4.1.3. Samples casting and specific preparation for experiments

4.I.3.I. Samples for sorption isotherm measurements

Freshly mixed cement paste was cast in cylindrical moulds 20 mm in height and 8  m m  in 
diameter and covered with a small quantity o f saturated CH solution. After 24 hours, they 
were removed from the moulds and ftirther cured under solution in glass bottles at room 
temperature. The ratio o f sample to solution volume was 1:1.

After 28 days o f curing, samples were crushed to millimetre size grains with a pestle and 
mortar. Approximately 100 mg pieces were equilibrated to the desired relative hum idity at 
room temperature in an IGAsorp Moisture Sorption Analyser (described in section 4.6).

In order to study the first desorption isotherm crushed pieces were first equilibrated at 80% 
relative humidity and then at different humidities in the range 80 to 3%. For the re-adsorption 
branch o f the isotherm, samples were first equilibrated to 80% and then 5% RH and then re­
equilibrated to higher relative humidity. The second desorption was studied following 
equilibration at 80, 5 and 80% RH and then at desired lower humidity. Three further samples 
were prepared. The first was an “as cured” material, taken to represent 100% RH. The second 
was a sample equilibrated directly to 90% RH. The third was a sample dried in a vacuum 
oven at 180°C, taken to represent 0% RH.

Once equilibrated, samples were removed from the IGAsorp chamber and quickly 
transferred to 5 mm diameter NM R tubes. Glass rods were added to reduce the free volume 
and the tubes sealed tightly with parafilm® to prevent changes in water content. Further, the
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5 mm tubes were placed centrally in 10 mm diameter NM R tubes that fitted the NM R 
machine. The NM R tubes were made o f borosilicate glass.

4.I.3.2. Samples for temperature dependent curing studies

W hite cement paste and white cement paste with addition o f silica fiime were directly 
deposited into NM R tubes using a plastic pipette immediately after mixing. Sample height 
and diameter were around 8  mm. A few drops o f CH saturated solution were added to the top 
o f samples (2-3 mm) and tubes were closed tightly.

Six curing temperatures were chosen: 10, 20, 30, 40, 50 and 60°C. Samples were stored 
variously in a fridge, the laboratory or a temperature controlled water baths dependent on the 
desired curing temperature. The stability o f the temperature was: 1 0 ±  1°C in the fridge; 
20 ± 0.5°C in the laboratory; and 30/40/50/60 ± 0.2°C in water baths.

Samples were periodically measured. For that purpose, the CH solution was removed by 
using a glass pipette, the tube walls and sample surface were touch-dried with tissue paper 
and the mass o f sample was recorded. The glass rod was inserted to reduce the air volume and 
tube was sealed with parafilm®. After measurements in the temperature-controlled NM R 
probe (described in section 4.7), CH solution was back-added at the top o f  samples. The care 
was taken to put back as much as possible o f the removed earlier solution. If  it was not 
enough, fresh drops were added.

4.1.3.3. Samples for activation energy analysis

Due to the broad temperature range to be studied (-20 to +60°C) different sample 
preparation methods were assessed to verify the best method o f performing experiments.

The chosen method comprised samples cast in the NM R tubes to a length o f  5 cm. Samples 
were cured under saturated CH solution. During experiments the solution was left on top o f 
samples but outside the NM R coil. Tubes were connected by a rubber pipe to a water 
reservoir in order to accommodate the pressure changes during the experiments.

4.I.3.4. Samples for water-isopropanol exchange experiments

Samples for collaborative research on isopropanol exchange were prepared by Dr 
Radoslaw Kowalczyk. Cement pastes were m ixed at water to cement ratio 0.46 when 
prepared with H 2 O and 0.51 with D 2 O to introduce the same amount o f  hydrogen and 
deuterium moles. The pastes were cast as described in section 4.1.3.1. After 50 days o f  curing 
samples were crushed into millimetre size pieces to increase the surface area and accelerate 
ingress o f solvent. The isopropanol, (CH 3 )2 CHOH, and partially deuterated isopropanol, 
(CH 3 )2 CD 0 D, were used as solvents. The exchange using deionised water was also 
performed to test reversibility. Exchange was carried out by 3 wash cycles o f 24 hours each. 
Each cycle was performed with fresh solvent in solvent to sample volume ratio at least 20:1. 
More details on the sample preparation are presented in [105] (Appendix 2).
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Sample casting for specific experiments is summarised in table 4.3.

Table 4.3 Characteristic o f samples casting.

Experiment Cast Cement Sam ple dimension Curing Temperature

Sorption isotherm M ould 1 0  = 8mm L = 20mm 20°C (laboratory)

Temperature
dependence

Tubes 2 0  = 8 mm L = - 8 mm
10°C (fridge) 

20°C (laboratory) 
30-60°C (water baths)

Activation energy Tubes 1 0  = 8 mm L = 50mm 20°C (laboratory)

Isopropanol M ould 2 0  = 8 mm L = 20mm 20°C (laboratory)

4.2. NMR MEASUREMENTS

4.2.1. Spectrometers

NM R Quad echo, CPMG and T\ recovery measurements, described in the following 
sections, were made on a bench top spectrometer operating at 20 MHz. Early measurements 
(sorption and activation energy experiments) were performed on Resonance Instruments 
“M aran” spectrometer (Oxford Instruments, UK). Later work (the curing temperature and 
solvent exchange) used a Kea^ spectrometer (Magritek, New Zealand).

4.2.2. Quad Echo parameters

The Quad Echo (QE) signals were acquired as a function o f pulse gap (r) between 90° 
radio frequency pulses. Typically eight QE experiments were performed with pulse gaps in 
the range 12-54 ps. The 90° excitation pulse length was 2-2.5 ps (Maran) and 4-5 ps (Kea^). 
Following the second 90° pulse the spectrometer dead time was 10 ps for m ost experiments. 
However, in the case o f the sorption experiment it was much longer (over 20 ps) due to the 
incorporation o f an additional amplifier in the system required as the sample was very small. 
Variously 512 to 4096 points per decay were acquired with a dwell time o f 1 ps and repetition 
time^° (zrd) o f  1 s. The number o f averages depended on the sample size. For the sorption 
experiment 1000 scans were recorded due to the very small quantity. In temperature 
dependent investigations, 32 scans were sufficient.

The isopropanol exchange experiments^^ were performed with pulse gap in the range 10- 
35 ps and 256 scans.

repetition time in entire thesis is treated as the time from the start of one sequence to the start o f the next one 

measured by R. Kowalczyk
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4.2.3. CPMG parameters

The NM R Carr-Purcell-M eiboom-Gill (CPMG) pulse sequence was applied to record the 
train o f logarithmically spaced echoes.

The duration o f the 90° radio frequency pulse was the same as for QE experiments. The 
180° pulse was twice as long as 90° pulse for experiments performed on M aran spectrometer 
and twice as intense as 90° pulse for Kea^ experiments.

The 180° pulse gaps (2r) were increment logarithmically according to

2 ti =  2 t q ' a \  i =  0 ... ( %  -  1) (4.1)

where Ne is the number o f echoes and ct is a constant.

In the case o f sorption experiments the 256 echoes with r  spaced from 30 to 100,000 ps 
were used. Typically, 1600 averages were acquired with a repetition time o f 6.5 s. Each echo 
counted 32 data points with a dwell time o f 1 ps. The curing temperature dependence 
measurements were performed by spacing r  from 26 ps to 22,000 or 5,000 ps. Typically, 420 
echoes with 32 data points per echo were acquired. The repetition time was decreased from 
4 to 2 s. The number o f scans was increased from 128 to 320. The isopropanol exchange 
experiments^^ were performed by acquiring 512 echoes with r  spaced from 26 ps to 5,000 ps, 
repetition time o f 2.5 s and up to 1024 scans.

4.2.4. T\ recovery parameters

The activation energy at 28 and 90 days o f cement hydration was m easured by applying 
the T\ saturation recovery pulse sequence on M aran spectrometer. In the case o f 7 days old 
samples experiments have been performed by T\ inversion recovery sequence on Kea^ 
spectrometer.

The pulse characteristic was the same as described in previous sections. In all cases 
experiments were performed in 64 steps with 16 averages and repetition time o f 1 s. For each 
step the distance from inversion pulse / saturation pulses to 90° FID pulse (r^ec) was increased 
logarithmically

Tree =  Tree ' Î =  0 ... (Nst ~  1) (4.2)

where Nst is the number o f applied steps and T°ec is the minimum duration o f the distance.

The values o f Tree for 7 days old cement samples were spanned between 0.02 and 4,000 ms, 
while for 28 and 90 days old samples they were between 0.02 and 2,000 ms.

measured by R. Kowalczyk
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4.3. A n a l y s i s  o f  N M R  d a t a

An analysis o f the m easured data was performed after subtraction o f a residual NM R signal 
emanating from empty NM R tube(s). Quadrature echo signals were analysed in magnitude 
mode. The CPMG data were phased to minimise the imaginary signal. The T\ recovery signal 
at each Tree was calculated as an average o f first 10 points o f FID decay.

4.3.1. Q uad  echo analysis

The recorded Quad Echo signal comprises o f two parts: an echo due to the solid and an 
exponential decay due to the liquid. The exponential fraction is not affected by the second 90° 
pulse and therefore has the origin at the time o f the first pulse. It decays with the relaxation 
time T2  determined by the magnet inhomogeneity. This signal is attributed to the mobile 
hydrogens. The application o f the second 90° pulse refocuses the magnetisation o f rigid dipole 
-  dipole pairs within solid components. The solid signal originated from that fraction has an 
approximately Gaussian shape centred at the time I t  and short time constant -  Gaussian width 
{(Tsoi) o f 1 0 - 2 0  ps.

Hence the QE signal has been fitted to:

=  / so i (T )-exp
- ( — Î\  (̂ SOl /

+  ^mob ( t )  ■ exp —  ) (4.3)
2 /

where Isd  and I^ob ^re the solid and mobile signal intensity, t is the time counted from the 
end o f first 90° pulse, t  is the pulse gap.

The fitting procedure was performed by using code written in Matlab®. The code was 
designed to fit first the tail o f exponential fraction, subtract that fit from total signal and then 
fit the Gaussian echo. The obtained fitting parameters {îsoi, Imob> ^sou ^ 2  ) then served as the 
initial parameters for a full least square fitting o f QE signal. To minimise the influence o f 
magnet inhomogeneity on mobile signal intensity the analysis was made in time range below 
200 ps. The sum o f solid and mobile intensities is the total signal o f all hydrogen within 
samples. However, the solid intensity is not totally refocused as with increasing t  it also 
relaxes. Therefore back-extrapolation o f the echo intensity to pulse gap r  = 0 is required. A 
Gaussian extrapolation was found to reflect best the content o f solid and total water within 
sample. For completeness the mobile signal was also back extrapolated -  the same results 
within measurement uncertainty were obtained by both the exponential and linear 
extrapolation.
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4.3.2. CPMG and T\ recovery analysis

4.3.2.I. Multi exponential fitting

The analysis o f CPMG decay and T\ recovery data is based on exponential fitting with 
multiple relaxation time components.

The CPMG experiments probe only the mobile water signal. The solid, chemically 
combined, signal is substantially relaxed by the time o f the first echo (~ 60 ps) since its T2  

constant is -1 0 -2 0  ps. The CPMG decay intensity (Imob) is expressed by the formula

Jmob ( 0  =  Jo j  F(Tz) ■ exp ^  dT2  (4.4)

where P(T2 ) is the probability o f nuclei having T2 and Iq in the overall intensity at time zero.

In the case o f multi-model distribution o f n specific T2 values this may be rewritten as

Jm ob  (f) =  ^ 4  ' exp j  (4.5)

where t is the time counted from 90° pulse, Ij is the intensity o f z-th component, T2 J is the 7% 
relaxation time o f z-th component.

The similar expression for T\ relaxation intensity ( I to t )  is 

0 7 -(Tree) =  ^  ’ 1  -  /c ' exp T I ( 4 6 )

where T êc is the time between inversion pulse / saturation pulses and 90° FID pulse, Ti^/is the 
T i relaxation time o f z-th component and k  is the parameter dependent on type o f recovery, 
7: ~ 1 for saturation and 7: ~ 2 for inversion recovery.

The k  parameter in this study has been calculated for each data set o f T \ measurements as 
k =  1 - b i l b 2  where 6 / is the value o f I t o t  at Ty^c ^  0 and 6 2  is the maximum value o f  I t o t  at 
longest time.

Origin® and Matlab® have pre-defined least square fitting procedures. However, using 
these procedures for analysis is difficult as the obtained intensities and relaxation times 
depend hugely on the pre-defined number o f components and their initial guess values. 
Hence, the use o f  straight exponential fittings was minimised in this study. The exception was 
made for activation energy experiments where the num ber o f components is determined from 
prior knowledge. The alternate methods used are Laplace transform analysis and exponential 
stripping.

56



Chapter 4. Experimental methods

4.3.2.2. Inverse Laplace Transform

Multi-exponential relaxation signal intensity for 7% can be expressed as [106]

/ (t) = I  P (W  exp ( -  dT̂  +  e(t) (4.7)

where I  is m easured signal as a function o f decay time t, P  is relaxation time (T2 ) distribution 
function -  probability density o f hydrogen with specific relaxation time, and e  is the noise 
contribution (additive, zero mean and white Gaussian noise).

To solve equation 4.7 knowing the signal intensity and obtain the relaxation time (T2 ) 
distribution function, P, the Inverse Laplace Transform (ILT) is used. However, the Laplace 
inversion is known to be ill-posed problem. Numerous algorithms have been put forward to 
solve the problem. That adopted here is due to Venkataramanan [97]. This algorithm makes 
the assumption that P(T 2 ) is non-negative. Moreover, it introduces a régularisation parameter, 
aR, which defines the smoothing o f the distribution [107]. ‘Similar argum ents’ apply to T\ 
recovery analysis.

The outcome o f ILT analysis depends on the œr to a limited extend. In this thesis two 
Laplace Inversion programs run in Matlab® were used. Analysis o f the sorption and activation 
energy experiments data was performed by using program supplied by Sehlumberger-Doll 
Research. In the case o f that program, if  the aR parameter is too big the spectrum is broad and 
peaks are not separated - they merge. I f  œr is too small then the spectrum consists o f m any 
individual peaks which become very narrow. The solvent exchange experiments were 
analysed by program written at Victoria University o f Wellington. Here, the smoothing 
parameter draws a distinction from former program: small aR gives broad spectrum, big aR -  
narrow spectrum. The maximum amplitude and the width o f the peaks in the Ti or T2  

spectrum are highly dependent on the aR parameter. However the area o f peaks shows m uch 
lower dependence on aR. Therefore the intensities o f the relaxation time components in this 
work were determined as the area -  integral intensity, o f each peak. An inaccuracy in aR also 
leads to a pearling effect described as a tendency o f the closely neighbouring peaks to move 
toward each other. This m ay introduces a systematic error in obtained T2  values.

The uncertainty in the obtained spectrum m ay also arise from the m easured echo data. In 
order to use the ILT analysis the signal to noise {SIN) ratio o f acquired data should at least 
exceed the value o f 500. Based on the personal experience o f the author, it also is important to 
record the baseline o f sufficient length.

The analysis o f sorption and activation energy experiments were perform ed w ith aR 
equalled to 10'^ and 10^\ respectively (Sehlumberger code). The range o f  T2  relaxation time 
was 10'^ -  1 s, while for T\ it was 10’̂  - 1 0  s with 1000 steps distribution. The solvent 
exchange experiment analysis was performed in the same T2  range as sorption experiments 
with 10^  ̂ - 10^  ̂ (Victoria code).
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4.3.2.3. Exponential stripping

The exponential stripping method o f analysis was used for temperature dependence and 
isopropanol exchange experiments where the signal to noise ratio o f the data is not adequate 
for ILT analysis. However, the number o f relaxation components was established by the 
results obtained earlier using ILT o f similar cement paste samples.

The m ethod is based on fitting the CPMG decay in steps. The procedure starts with fitting 
the tail o f  the decay, I t o t  {t >  tiong), to the longest relaxation component only with a baseline. 
The fitting line calculated from the best fit parameters, Iiong, T2 jong and haseiim, is then 
subtracted from the original data. The tail o f  residual data after subtraction is fitted to the next 
longest relaxation component (without baseline). This in turn is subtracted and procedure 
repeats iteratively until the shortest component has been fit.

Two sets o f boundaries need to be considered and their choice is critical to the analysis.

The first are the lower limits o f T2  relaxation times for each component. They are selected 
based on experience gained from examination o f other cement paste samples. The analysis 
was performed starting with the oldest samples (90 days o f hydration). The lower boundary 
cut offs for C-S-H interlayer, gel, interhydrate and capillary pore water were set to 90, 250, 
1500 and 10,000 ps, respectively based on earlier ILT analysis. Fitting was progressively 
performed for younger samples. The lower boundaries were varied in line with discovered 7% 
o f component. In the m ajority o f the eases, especially for gel pore water, the T2  values were 
found without encountering the boundary. The upper boundaries were not restricted allowing 
the 7% values to be found.

The second boundary is the value o f Uong for each fitting stage; the timeline o f particular 
fittings. They were set based on the found T2  values for the older sample. The fittings o f the 
longer 7% components start at time 3-5 times longer than the T2  o f  the next shorter 
component.

The analysis protocols for CPMG and T\ recovery experiments are summarised in table 4.4.

Table 4.4 Characteristic o f experimental analysis.

Experiment Analysis m ethod

Sorption isotherm ILT

Temperature dependence Exponential stripping

Activation energy ILT and multi-exponential fitting

Solvent exchange ILT and exponential stripping
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4 .4 . T h e r m o g r a v im e t r i c  a n a l y s i s

Thermogravimetric analysis (TGA) involves monitoring o f changes in sample mass as the 
temperature is gradually raised. For better interpretation o f data, in parallel with the TG curve, 
the derivative thermogravimetric (DTG) curve is registered and presents the changes in the 
rate o f material decomposition.

In a TGA experiment the sample is placed on the pan - made with alumina when studying 
cement pastes, and then on an ultra-sensitive balance to follow the changes in sample weight 
during heating. The balance with pan is loaded into the electric oven containing a 
thermocouple to accurately measure temperature during experiment.

The mass loss o f cementitious materials is usually caused by dehydration -  loss o f water 
molecules, dehydroxylation -  loss o f hydroxyl groups, and decarbonation - thermal 
dissociation o f ealeites. The changes in weight o f different cement phases appear at various 
temperatures and overlap (fig. 4.1). It makes it difficult to distinguish and assign changes to 
specific component.

................. GS4i
AFm  ̂ Calcite ^

^  a
T ,------ 1------ 1------ 1------   r

0 200 400 600 800 1000
T M

Figure 4.1 The range o f temperature at which different phases loose mass (adopted from [108], [109]).

In this study TGA measurements were performed to define the content o f  Portlandite 
through loss o f the water within it. At the temperature range when changes in CH mass 
happen, the decomposition o f C-S-H also appears. However, as the rate o f that decomposition 
is almost constant at those temperatures, it is overcome by applying the tangents method.

Experiments were made at University o f Surrey^^ with TA Instruments Simultaneous 
Differential Technique SDT-Q600 Thermo Gravimetric Analyser with Differential Scanning 
Calorimeter (TGA-DSC). Samples were heated in temperature range between 20 and 1000°C 
at 10°C/min in the N% atmosphere (flow lOOml/min) to prevent carbonation. The temperature 
precision was 0.5°C and weight sensitivity was 0.1 pg.

4 .5 . X -R a y  d i f f r a c t i o n

X-Ray diffraction is a non-destruetive technique based on the fact that each crystal is 
characterised by a collection o f atomic planes that are spaced d  apart.

X-rays are diffracted according to Bragg’s Law:

in collaboration with Violeta Doukova
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riÀ =  2 d '  sin  6 i (4.8)

where n is the diffraction order (integer), X is wavelength o f the incident X-ray beam and (9/ is 
angle o f incidence.

X-ray diffracted beams are detected and registered as XRD pattern - intensity (counts) as a 
function o f diffraction angle 26i. To identify the phase composition o f m easured sample the 
diffraction pattern is compared with known ICDD (International Centre for Diffraction Data) 
standards or other databases. The quantitative XRD analysis is performed by Rietveld m ethod 
based on the least square fitting o f the simulated and measured pattern.

In this study XRD measurements have been performed on cement powder to define their 
phase composition and on cement pastes to define degree o f hydration^"^ (a) and content o f 
ettringite (fEtt).

The XRD experiments were performed at EPFL^^ with Panalatieal X ’Pert Pro M PD 
diffractometer using a CuK a source (wavelength 1.54Â) with a fixed divergence slit o f  0.5°. 
Samples were scanned between 26i = 1 and 70° using a X ’Celerator detector. The rotation step 
size was 0.0167° (2^/) and the time step was 77.5 s.

4.6. S o r p t io n  A n a l y s e r

The IGAsorp Moisture Sorption Analyser is a fully automated gravimetric analyser. It 
contains an ultra-sensitive microbalance which measures the changes in sample mass as 
humidity is changed. Those changes are measured with resolution o f 0.1 pg. Constant 
monitoring o f sample mass allows to determine when equilibrium has been reached [1 1 0 ].

The humidity in sample chamber is controlled and changed by mixing o f dry and w et gas 
streams [110]. The wet stream is obtained by directing gas flow through water container. The 
flow rate is limited to 500 ml/min. To prevent carbonation o f cement paste the nitrogen was 
used as a humidity controlling gas.

To perform the experiment, the sample is first placed in the conical holder with diam eter o f 
around 1 cm, hanged above humidity chamber and then the chamber is closed by m oving up.

The IGAsorp Analyser was used in sorption experiment to equilibrate samples at desired 
humidity. The practice showed that the most time effective is to operate in the hum idity range 
80 to 5%. The humidity o f 80% could be reached in the chamber after around 5 m inutes 
whereas o f 90% - after few hours.

mass fraction o f  anhydrous cement consumed in the hydration reactions 

in collaboration with Amaud Muller
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4.7. T e m p e r a t u r e  c o n t r o l

Two experimental NM R parts o f this work involved temperature as an important faetor. 
These were the NM R measurements to investigate the influenee o f curing temperature on 
cement microstructure and to establish the activation energy.

The former were always performed at the same temperature as samples curing. The reason 
for that was to not alter the conditions o f samples curing. In the second ease, the relaxation 
parameters were measured during progressive increasing o f sample / experimental 
temperature in the range -20°C to +60°C.

The temperature on the bench top spectrometer is controlled by three means depending on 
the desired value. In all eases the flow o f nitrogen gas is directed through meter long heater 
and spectrometer probe. That flow is cooled down or heated up to achieve the fix temperature. 
In the range -20 to +5°C, the set temperatures are reached by controlled heating o f the 
nitrogen gas directed in pipe through dewar with liquid nitrogen. For temperatures between 10 
and 25°C flow goes through pipe merged in polystyrene box filled with ice and water. 
Increasing temperature is possible by heating the gas flow by one (30-40°C) or two (45-60°C) 
heaters.

During NM R experiments temperature is monitored by a sensor placed around 2-3 cm 
below the actual position o f sample in bench top spectrometer. Considering the sensitivity o f 
experiments to temperature, it was important to verify what the actual sample temperature 
was. The difference between real temperature and sensor display was measured in a separate 
experiment by using copper-constantan thermocouple. The schematic diagram o f system is 
shown in figure 4.2. Cement sample was prepared with one end o f thermocouple wires 
merged inside at the position o f coil. The other end was kept at 0°C and thermocouple was 
connected to voltage meter.

Copper wire

NMR tube
Constantan wire

Spectrom eter

Flask 
with 

ice and 
water

Sam ple

Tem perature
sen sor

Voltage meter

Temperature 
controlling unit

Figure 4.2 Schematic diagram of the system to calibrate the temperature: the copper -  constantan 
thermocouple is merged into the cement sample and allows calculation of actual sample temperature, 
while the controlling unit displays the temperature recorded by sensor.
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The voltage was recorded while the setting temperature was changed and equilibrated. The 
obtained voltage values (V  [mV]) were converted to temperature (T  [°C]) according to 
equation [ 1 1 1 ]:

T = A + B -1/
V + D  V + F

where W = 238.29°C, B = 13.364°C m V  
E = 154.83 T-m V , F  =7.8242 mV

C = 4776.4T  mV, D

0L9)

21.867 mV,

The calculated temperatures were plotted against the values o f temperature displayed on 
controlling unit (fig. 4.3). The linear fittings to the data were performed. The formulas to 
calculate the set temperature (Tset) required to achieve desired experimental temperature (Tyeai) 
are:

T'set ~ (Treal -  3 .0 4 )/0 .9 4 for --  2 0 < Treal < +5°C

T'set ~ ' r̂eal ~■ 0.94 for 1 0 < Treal < 25°C

Tset = (Treal '-  2 .6 7 )/0 .9 3 for 30 < Treal < 60°C

(liquid N 2 ) 

Cce)

(heater/s)

(4.10)

3  40

CD 20 Q.

9 - -2 0

O  -40

-60

h- -20-60 -40 0 20 40 60

Sensor display (°C)
Figure 4.3 Temperature of thermocouple merged in cement sample and placed in spectrometer against the 
sensor display temperature of controlling system. Temperature o f sample in spectrometer is controlled in 
three different ways: by using liquid nitrogen (blue circles), ice (red triangles) and heaters (green squares) 
combined with gas nitrogen flow. Dashed line is v == x plot.
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5. Sorption hysteresis

5.1. C a l i b r a t i o n  a n d  a s s i g n m e n t  o f  s ig n a l s

5.1.1. Is all the water detected by NMR?

Figure 5.1 shows exemplar QE data recorded during a sorption experiment for a sample o f 
white cement paste equilibrated at 23% RH on the first desorption branch o f sorption 
isotherm. The data acquisition parameters are given in section 4.2.2. Data are shown for r 
values ranging from 12 to 45 ps. Each decay curve comprises an echo centred on a time 2r 
and an exponential decay. Also shown are the echo and exponential decay fits to the data. 
Their sum is fitted according to equation (4.3).
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Figure 5.1 Quad echo signals recorded for w hite cem ent paste cure underw ater =  0.4) for 28 days
and equilibrated at 23%  relative hum idity (black circles). Pulse gap (r) was: a: 12|is, b: 15ps, c: 19ps, d: 
24ps, e: 30ps, f: 37ps, g: 45ps. The lines present fitting for solid (blue) and m obile (red) com ponents; the 
green line is the total intensity fit. The zero time is taken as the end o f  first 90° pulse o f  the sequence.
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The pulse gap (t) dependenee o f the solid eeho and mobile deeay amplitudes resultant from 
this fitting are shown in figure 5.2. It can be seen that the mobile amplitude has very weak 
dependenee on pulse gap while the solid eeho amplitude is strongly pulse gap dependent. 
Increase o f pulse gap causes the decrease o f solid amplitude; the solid signal relaxes. Hence, 
to gain the true solid signal, not influenced by relaxation process, the amplitude was baek- 
extrapolated to zero pulse gap (r = 0). This is shown by solid line in figure 5.2: single 
exponential decay. The exponential fitting was performed as it has been found to be the best 
fit for cement materials according to McDonald et al [26]. For consistency, the mobile 
fraction was also baek-extrapolated. The linear and exponential fittings gave almost the same 
mobile amplitude (within 0.5% difference).
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Figure 5.2 Solid echo (black squares) and m obile decay (red circle) signal am plitudes as a function o f 
pulse gap (r). The lines are the fits to the data; exponential for solid and linear for mobile signals.

It was critical for analysis to confirm that the NM R measurements ‘see’ all the water in the 
samples. In order to verify this, the total NM R signal - the sum o f QE solid and mobile 
signals, was measured during progressive drying o f a white cement paste = 0.4). The
samples were dried by equilibration at progressively lower RH in the IGAsorp Analyser. The 
total NM R signal intensity as a function o f sample mass displays linear behaviour (figure 5.3). 
This is as expected since loss o f each water molecule contributes a proportional loss o f signal 
intensity. The best fit to the total intensity { I r o t ) ,  excluding the point at 0.76 normalised 
sample mass, is expressed by equation /ro t — 3.158 - m  — 2.158 with coefficient o f 
determination {R~) equal to 0.997. The intercept with the normalised sample mass axis allows 
calculation o f the effective water to cement ratio. It is (w /b )^  = 0.463. The sample was made 

at (w /c)m ix^  0.4. The increase o f this ratio reflects the subsequent curing o f samples under 
saturated CH solution. The measurements o f (w/c) p h a s e d  on the mass o f paste samples after 
casting and after nominally 28 days o f underwater curing were also performed and yield the 
same result. Taken together these results prove that there is no ‘hidden’ water reservoir within 
the sample that NM R cannot sense.
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Figure 5.3 Changes in total NMR signal intensity as a function of normalised sample mass during drying 
of white cement paste.

5.1.2. Origin of the solid signal

The next step was to identify the origin o f the QE solid signal. The QE measurements o f 
powdered Ca(0H)2 dried at 120°C for 48 hours were performed. The recorded signals are 
presented in figure 5.4. No mobile signal was observed. The echoes at the lower r values were 
followed by a negative signal transient -  a typical feature o f a Pake doublet in the time 
domain. As the Pake doublet is characteristic o f dipolar coupled spins pairs, and there is no 
mobile contribution to the signal, it confirmed that protons o f Portlandite (CH) are chemically 
bound and entirely observed in solid part o f the QE signal.

40

30

C 20

g  10
O)

0
0 20  40  60 80  100  120  140 160 180 20 0

Time (ps)
Figure 5.4 Stack plot of the Quad echo signals recorded for dried Ca(0Fl)2. Pulse gap, r, from bottom to 
top was: 12, 15, 19, 24, 30, 37, 45 and 54 gs.
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Thermogravimetric analysis (TGA), X-ray diffraction (XRD) and calculation using 
thermodynamic model GEMS were performed on an as prepared (100% RH) sample by 
Amaud M uller during the author’s visit to EPFL. These techniques gave the mass fraction o f 
CH in the paste as 22.5%, 23.7% and 24% respectively. The average fraction 23.4 +  0.6% can 
be expressed as men  = 0.34 +  0.01 g/g anhydrous cement. The mass fraction o f ettringite 
measured by XRD was equal to 5.7+1.0%  in the paste, equivalent to niEtt 0.083 +  0.015 
g/g anhydrous cement. The fraction o f water combined into those two crystalline phases, CH 
and ettringite, is expressed as:

[(mcH ' (5.1)

where and are the atomic mass units o f water in CH and ettringite and
and are the atomic mass units o f CH and ettringite.

The fraction o f water obtained from equation (5.1) is equal to 26 ± 2 %  and stays in 
reasonable agreement with NM R solid intensity o f 24.3%. It provides confidence that the 
NM R QE solid signal arises from Portlandite and ettringite, and hence does not comprise any 
contribution from C-S-H (further evidence is presented in section 6.3.3).

5.1.3. Differentiation of the mobile water component

The mobile water fraction measured by the QE experiment was further decomposed into 
water reservoirs characterised by different T2  relaxation time by applying the CPM G pulse 
sequence. The echo decays were acquired and Laplace inverted as described in section
4.3.2.2.

An examplary CPMG data treatment for white cement paste sample equilibrated at 90% 
RH is presented in figure 5.5. The Inverse Laplace Transform (ILT) o f the CPM G signal (fig.
5.5 c) decomposes the mobile fraction into three components with 7% values o f 126 ±  5, 
412 +  20 and 1800 +  400 ps. The signal intensities normalised to the total CPMG intensity - 
mobile water, are 0.445, 0.546 and 0.009 respectively. The renormalisation o f these fractions 
to the total intensity obtained from QE experiment yields 0.326, 0.399 and 0.007 respectively.

Figure 5.5 a and b shows the CPMG decay data and the fit based on the T2  values and 
intensities obtained from ILT analysis. The coefficient o f determination {R^) for the fit 
presented was calculated according to:

=  (5.2)
%

+07 I I
where SSr and 5'5'ror are the residual and total sum o f squares, y, a n d ^  are the observed and 
modelled values respectively and ÿ  is the mean o f observed data. The for presented fit is 
equal to 0.999.
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Figure 5.5 The CPMG signal recorded for white cement paste cure underwater = 0.4) and
equilibrated at 90% RH. The echoes decay data (circles) are presented in form of linear-linear (a) and log- 
linear (b) plots. Green lines are the fits based on 7% and intensity values obtained from ILT. The inverse 
Laplace transform of the CPMG decay is presented in (c). In (b) negative baseline points are not shown.

The Tj relaxation time of mobile water increases with the increase o f pore size. The signal 
with the shortest T2  is assigned to the smallest spaces whereas with the largest Ti to the 
biggest spaces. Since all solid signal is account for CH and ettringite as shown in previous 
section (5.1.2), water filling C-S-H interlayer spaces and specifically any OH groups in 
interlayers cannot contribute to the solid signal. Studies by Monteilhet et al [95] and Valori et 
al [112] suggested that for cementitious materials the Tj o f order o f few hundreds 
microseconds is characteristic for liquid in spaces o f about few nanometers in C-S-H gel.

Taking these together, the Tj relaxation time component with smaller T2 (~ 120 ps) is 
assigned to water as well as to surface hydrogens and residual hydroxyl groups in interlayer 
pore spaces between calcium-silicate layers which exchange hydrogens. The components with
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larger T2 are assigned to water in C-S-H gel pores (~ 400 ps) and to water in interhydrate 
spaces (~ 1600 ps). Components with 7% longer than those appearing in this sample originate 
from water in capillary pores and cracks. In this work the combined interhydrate and capillary 
pore water are defined as the ‘free’ water.

5 .2 . T o t a l  i n t e n s i t y  h y s t e r e s i s  l o o p

The normalised sample mass and total signal intensity have been plotted against relative 
humidity for cement samples spanning one and an half cycles o f the desorption and 
adsorption isotherm -  figure 5.6. The primary desorption shows the changes with humidity in 
the range from 100 to 0% RH. The data point at 100% RH represents the ‘as prepared’ cement 
paste and at 0% RH paste oven dried at 180°C. Other samples were equilibrated in the 
IGAsorp Analyser. The adsorption and secondary desorption were m easured for the cycles 
between 5 and 80% RH.
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Figure 5.6 The normalised sample mass (left) and total NMR intensity (right) against relative humidity in 
progressively dried (black squares), wetted (red circles) and re-dried (green triangles) white cement paste.

The mass and NM R isotherm display an almost identical and characteristic hysteresis loop. 
This is not surprising as the sample mass and signal intensity are directly proportional.

The primary desorption results are consistent with larger pores emptying at high humidity 
(> 90%), smaller capillary and gel pores drying over a broad range down to 40% RH and 
finally loss o f interlayer water at lower humidity (< 20%) [40].

The re-adsorption shows the signal and mass recovering to a lower value at any given 
humidity than was present during desorption. Initially up to around 20-25% RH water closely 
tracks the primary desorption. Above that value the adsorbed water increasingly lags behind 
the primary desorption. The maximum lag is equivalent to about 12% o f the initial total water
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content and occurs at about 40% RH. At the top o f the loop at 80% RH the gap reduces to 
about 5% water content.

The existence o f this loop in the NM R data confirms what is known from normal 
gravimetric data: the distribution o f water in the different pore environments is different at 
any given RH on desorption and adsorption paths. The hysteresis between desorption and 
adsorption o f cement based material has been reported in literature [113], [114]. The bigger 
hysteresis was also observed in middle range o f humidity where the capillary condensation 
and evaporation are assumed to be dominating sorption mechanism. Below 33% hum idity the 
hysteresis was reduced significantly and was less evident when adsorption started at higher 
RH values [114]. The possible reasons for hysteresis were explained by Feldman [113] in 
terms o f irreversibility in removal and re-entering o f water from interlayer spaces that 
collapse during drying or by Jennings [40] in terms o f multi-size ink-bottle pores effect.

The secondary desorption presents the same trend as the original dehydration. However, as 
it starts at 80 not 100% RH, the water content is lower. In the humidity range below 30%, the 
water content tracks across to primary curve. The data reported in [114] showed that the 
secondary desorption from 100% RH initially overlaps the primary desorption but is shifted 
upwards, in comparison with primary desorption, at humidities below 44%. Nevertheless, if  
the starting humidity is lower the secondary desorption curve lays below prim ary desorption 
and the humidity at which they cross is lower. That agrees with the data reported here.

5.3. P o r e -t y p e  r e s o l v e d  d e s o r p t io n  is o t h e r m

The NM R method has the advantage that it allows the isotherm to be resolved by pore 
type. Figure 5.7 shows the first pore-type resolved desorption isotherm to be m easured in any 
cementitious material and possibly any nano-porous material. The total signal is decomposed 
into particular water populations: chemically combined water, C-S-H interlayer pore water, 
gel pore water and free (interhydrate and capillary) water.

The plots show that the interhydrate and capillary porosity (‘free’ water) dries above 90% 
RH. That agrees with a calculation according to the Kelvin equation (eq. (2.6)) that all pores 
above 10 nm are empty at 90% RH. The gel pores become empty in the range between 100 
and 25% RH equivalent to 1 and 0.6 relative water mass. The gel intensity plot plateaus for 
lower humidity, down to almost 0% RH, with a residual water content o f about 5%. The 
origin o f this gel intensity tail is not clear. It m ay indicate the presence o f isolated smaller gel 
pores without connectivity to facilitate their drying. The other possibility, more favourable, is 
the presence o f ink-bottle pores which cannot dry until drying o f the smallest pores joining 
them with ‘outside’ occur. Almost no gel signal is observed at 0% RH for the oven dried 
sample.

A striking feature is that in the range 100 to 25% RH, as the gel signal decreases, an 
increase in the C-S-H interlayer signal is observed. This is explained by the relaxation 
behaviour o f surface water molecules. W hen gel pores are full, gel surface water m olecules

sample at 100% RH was measured by Amaud Muller during the author’s visit to EPFL
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are in rapid exchange with bulk gel pore water and therefore have the same To relaxation time. 
However, as gel pores dry, there is a layer o f less mobile water left on the pore surface. The 
surface layer molecules are no longer able to exchange with more mobile bulk water o f gel 
pore. Hence, in NM R terms, they appear more like C-S-H interlayer water with shorter Tj 
relaxation time.

Below 25% RH the C-S-H interlayer water signal decreases from about 0.3 to 0 at 0% RH. 
In this region, a similar rise in the component with the lowest 7^ relaxation time, chemically 
bound water is observed as the mobility o f residual water in interlayer spacing is reduced.

At the lowest humidity, the intensity o f chemically combined water decreases back to the 
starting value o f 0.24.
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Figure 5.7 The normalised total signal intensity (black circle) as a fiinction of relative humidity (left) and 
relative water mass (right). Total signal is further de-composed into chemically combined water (orange 
diamonds), C -S-H  interlayer pore water (red squares), C -S-H  gel pore water (green triangles) and ‘free’ 
water (blue inverted triangles).

The presented data allow a new schematic drawing o f C-S-H morphology and water 
placement within C-S-H gel as ‘seen’ by NMR. This is shown in figure 5.8. The continuous 
network o f C-S-H layers and gel pores is presented. At 100% RH all the surface water 
molecules in the interlayer and the gel pores are in rapid exchange with bulk pore water. They 
are seen as interlayer and gel water with two 7^ components respectively. W hen the humidity 
is decreased down to 25% the gel pores empty. The interlayer spaces are full o f water. There 
is also a residual water layer on gel pore surface. This all appears as interlayer water in the Ti 
spectrum. At even lower humidity, about 3%, the residual immobile water molecules left 
within stmcture appear solid like.
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100% RH

25% RH

Figure 5.8 The schematic morphology o f the C -S-H  phase at 100, -25  and -3% RH. Black lines are Ca- 
O layers with Si04 tetrahedra on both sides. The C -S-H  gel water molecules are presented by gieen 
triangles. Red squares are the water molecules filling C -S-H  interlayer spaces and surface molecules in 
C -S-H  gel pores at lower humidity. At the lowest humidity water molecules in interlayer spaces appear 
as solid-like and are shown as orange diamonds.

5.4. I s o t h e r m  l o o p s  f o r  p a r t i c u l a r  w a t e r  r e s e r v o i r s

The separately resolved first desorption, re-adsorption and second desorption isotherm 
loops for chemically combined water, C-S-H interlayer space water, C-S-H gel pore water and 
‘free’ water as a function o f relative humidity are presented in figure 5.9 a-d.

The intensity o f the chemically combined water follows the same pattern, within 
experimental error, for each sorption process (fig. 5.9a). Below about 25% RH there is a slight 
(-0.04) increase in the signal, otherwise it is flat.

The interhydrate and capillary pores do not refill in the range o f the loop studied, 5 to 80% 
RH. Their intensity stays at 0 at all humidities below 90% (fig. 5.9d).

Although there is a scatter in the data, the primary desorption, adsorption and secondary 
desorption o f the C-S-H interlayer water intensities are the same to within m easurement error 
below -20%  RH (fig. 5.9b). The interlayer intensity maxima appear at -25%  RH for all three 
sorption processes. Above this humidity, a decrease in intensity is observed. On the 
adsorption path intensity is always less than for primary desorption with typically 9-5% 
below. The secondary desorption signals are in between those two, closer to prim ary 
desorption. The interpretation o f the adsorption results is complicated by the fact that the 
interlayer signal has two parts. The first is C-S-H interlayer water. The second is refilled 
surface layers in the gel pores that appear in this category o f signal until the gel pores are fully 
refilled. Potentially this leads to a complex curve shape dependent on the order in which 
pores/surfaces refill.

The rehydration shows that the gel pores start to fill at a humidity point slightly m oved 
forward (by 5% RH) in comparison to the point at which they became empty in a course o f
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drying (fig. 5.9c). Nevertheless the gel intensity is much lower than for the primary 
desorption up to 80% RH where it becomes the same. The maximum difference in the gel 
intensity -  8%, is reached at about 50% RH which is displaced upwards in comparison with 
the maximum lag o f total signal intensity. Secondary desorption causes the gel pore water 
intensity to decrease faster down to 40% RH and then behave in the same way as during first 
desorption.
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Figure 5.9 Signal intensity isotherm loops for chemically bound water (a), water in C -S-H  interlayer (b) 
and gel (c) pores and ‘free’ water (d) during desorption (black squares), adsorption (red circles) and re­
desorption (green triangles) as a function of relative humidity.

A better understanding o f the effect o f drying and wetting processes on the interlayer and 
gel pore water filling is provided by plotting the signal intensity as a function o f relative water 
mass - figure 5.10 a-d.

Figure 5.10b shows that in the range o f water mass fraction between 0.45 and about 0.55 
the rate o f filling interlayer spaces during adsorption is faster in comparison with the rate for 
both primary and secondary desorption branches. It is also observed that the maximum
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inteiiayer water signal is reached earlier at about 0.55 water mass, in comparison with 0.6 for 
both desorption branches.

Above -0 .55 relative water mass, the gel pore water signals begin to increase. A t any given 
water mass the gel signal is considerably higher during adsorption than primary desorption. 
The secondary desorption is similar to primary desorption (fig. 5.10e). Correspondingly, the 
interlayer like signal is lower for both wetting and re-drying cycles in comparison with 
primary desorption (fig. 5.10b). It reaches the lowest values for the former which intensities 
do not rise above that occurring at -0 .9  water mass fraction for primary desorption across the 
range 0.6 to 0.8 water mass. For later the values are averaged, more close to desorption.

These observations suggest that there is a much lower amount o f interlayer-like monolayer 
water covering the surface o f gel pores during adsorption compared to desorption. Hence the 
mechanism o f filling the gel pores may be different during the adsorption process compared 
to emptying during desorption as discuss further in section 5.6.
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Figure 5.10 Signal intensity isotherm loops for chemically bound water (a), water in C -S-H  interlayer (b) 
and gel (c) pores and ‘free’ water (d) during desorption (black squares), adsorption (red circles) and re­
desorption (green triangles) as a function o f relative water mass.
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5.5. T i  DISTRIBUTION

The Ti relaxation time distribution o f C-S-H interlayer and gel water provides further 
information. The graphs in figure 5.11 a-c shows the T2 distribution where the markers present 
the time at which the maxima of ILT peaks appear and the bars are the widths o f those peaks.
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Figure 5.11 The 7̂  relaxation time distribution as a function of relative water mass -  lower axis, and RH -  
upper axis, during desorption (a), adsorption (b) and re-desorption (c) for C -S-H  interlayer pore water 
(green triangles) and gel pore water (blue circles). The light blue boxes span the width o f peaks of 
primary desoiption and are provided as a guide to the eye.

During primary desorption the distribution o f Tî relaxation time for gel pore water shows a 
constant lower boundary o f Ti down to a relative water mass o f about 0.6 at which point the 
gel signal intensity nears zero. This suggests a lower limit o f filled pore sizes that does not 
change on desorption. The higher boundary o f T2 progressively decreases with reduction o f
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the water mass and relative humidity. This in turns suggests that the largest gel pores empty 
first. There is a wider distribution o f filled pore sizes at high humidity compared to low 
humidity. The distribution o f interlayer pore water stays constant down to a water mass o f 
about 0.65 -  0.70 (humidity around 35%). Then its value starts to decrease. It reaches 75 ps at 
3% RH. There m ay be several reasons for this. One possibility is that the surface mono-layer 
o f water in empty pores has a slightly lower T2  than that o f the interlayer water (which is a 
few monolayers wide). The ILT is not able to separately resolve them both and hence the 
average decreases as the gel pore empties and surface layer increases. Another possibility is 
that pearling artificially increases the interlayer water T2  at high humidity when there is a 
large gel pore signal.

Upon adsorption, the gel pore water T2  distribution does not recover to the previous level. 
The lower boundary value is approximately constant at around 200 ps, -7 5  ps less than during 
desorption. Apart from one data point measured at 27% RH with intensity less than 0.03, the 
T2  times are also less than during desorption. Above a water mass fraction o f 0.56 the times o f 
peaks maxima are almost constant, close to the desorption lower boundary. Finally at water 
mass o f 0.75 there is a substantial growth in T2  value to almost the same value (-350  ps) as on 
desorption path. The constant T2 value below 0.75 mass (equivalent 80% RH) m ay suggest 
that the surface to volume ratio o f the pore water is also constant. The interlayer water T2  

achieves fairly constant value at 0.55 water mass, same mass at which the interlayer signal 
reaches the highest value.

The secondary desorption presents the data similar to the first desorption. The higher limit 
o f the gel water T2  decreases gradually. The lower limit is approximately constant at the -5 0  
ps lower Tzwith the huge majority o f peak widths covering the same 72 range.

5 .6 . A d s o r p t i o n  m e c h a n is m

The isotherm loops for interlayer and gel pore water allow an interpretation o f  the w ay the 
gel pores fills during adsorption. As shown in figure 5.10 b the maximum in interlayer water 
intensity is followed by sudden and significant drop o f intensity (-0 .05 at 36% RH). 
Afterwards the intensity seems to be constant in the range o f experimental error (fig. 5.12) 
contrary to desorption processes where a gradient is observed. As the decrease in interlayer 
intensity is not observed, the intensity value is approximately the same as at 100% RH in ‘as 
prepared’ paste. The second desorption starts with an immediate rise o f intensity. These 
observation suggest that the mechanism o f adsorption differs from desorption and that 
interlayer signal belongs entirely to interlayer water and specifically not to surface water layer 
during adsorption above -30%  RH.

Additionally, the gel pore water intensity is shifted upwards during adsorption in 
comparison to both desorption branches (fig. 5.10 c). The shift in signal fraction is -0 .05  that 
corresponds to the value o f decrease in interlayer water signal.

The decrease in interlayer signal accompanied by an increase o f gel pore water intensity 
together strongly suggest that water layer created at the surface o f gel pores is totally covered 
by the next layer o f  gel water at -30%  RH in the course o f adsorption. The refilling o f  gel
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pores may occur layer by layer in which case after the second layer o f water is drawn into gel 
pores the concept o f surface layer is not anymore valid. Mechanisms of pores emptying 
during desorption and filling during adsorption is schematically presented in figure 5.13.
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Figure 5.12 The fitting lines (thick dashed lines) o f the interlayer signal for adsorption. Orange diamonds 
represent chemically combined water signal, red squares -  the C-S-H  interlayer pore water, green 
triangles -  the C -S-H  gel pore water and blue inverted triangles -  the ‘free’ water signals. The black 
circles show the total water signal.
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Figure 5.13 The schematic mechanism of desoiption (a) and adsoiption (b) processes. Circles represent 
mobile water molecules, crosses are immobile, surface water molecules.

5.7. P o r e  s iz e  a n d  s p e c if ic  s u r f a c e  a r e a  c a l c u l a t io n s

5.7.1. Specific surface area based on adsorption isotherm

The specific surface area o f cement paste is evaluated from the adsoiption isotherm based 
on both sample mass and total signal intensity. The data is fitted according to BET theory in 
the humidity range < 45%  - equation (2.4) in section 2.3.3 for amount o f adsorbed w ater u 
(fig. 5.14).

The surface area (A) is calculated according to equation (2.5) in section 2.3.3, 
4  =  A/ 4  ■ Ajn ■ where Na is Avogadro number, -  water molar mass, A„, -
cross section area of water molecule (10.6-10‘"° m^ [59]).

The BET fitting parameters based on changes in total intensity are = 0.041 and 
AT = 7.19. The fitting o f sample mass yields u,„ = 0.037 and K  = 5.54. The calculated specific 
surface areas are 144 ± 24 and 130 ± 5 m“/g o f dried paste (3% RH) according to changes in 
intensity and mass respectively.
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The calculated SSAs based on the changes in total signal intensity and mass are in good 
agreement with each other. The BET surface areas agree with the range reported by Baroghel- 
Bouny [114] -  85-143 m / g  o f dried paste (3% RH).
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Figure 5.14 The adsorption isotherm in form of total NMR intensity sample mass (left) and sample mass 
(right). The green line presents the fitting according to BET equation.

5.7.2. Surface relaxation model

5.7.2.I. Pore size calculation

C-S-H interlayer and gel pore sizes were first calculated according to the fast exchange 
model o f relaxation described in chapter 3.3.2 [27]. The model tells that, as water molecules 
undergo rapid exchange, the experimentally observed relaxation rate (l/T i) is the volume 
weighted average o f slowly relaxing bulk pore water and fast relaxing molecules on the pore 
surface. Considering that the J 2 ,buik relaxation time is very long, the contribution o f bulk 
relaxation rate is negligible. This leads to the expression for observed relaxation rate:

T2,s u r f
(5.6)

where Tn and Tĵ surf are the observed and surface relaxation times, S  and V are the pore surface 
area and volume, s is the thickness o f water surface layer.

To calculate the surface-to-volume ratio, and hence pore size, the surface relaxivity 
(/L = e/T2 ,surf) is required. In this study, a water monolayer thickness (s = 0.28 nm) and the 
relaxation time o f the sample equilibrated at 3% RH (T2 ŝurf = 75 ps) has been used for 
calibration. They yield surface relaxivity equal to 3.7-10"" mu/ps.
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The pore size {d) is related directly to the surface-to-volume ratio. That relation depends on 
the shape o f the pores. The calculation based on planar pores {S!V= l td )  gives an equation for 
the width:

(5.4)

The C-S-H interlayer spacing based on the relaxation times (126 ps) is 0.94 ± 0.04 nm, gel 
pore size (420 ps) is 3.1 ± 0.2 nm and interhydrate size (1.4 ms) is 10.5 ± 1 .8  nm.

5.7.2.2. Specific surface area calculation

Given the pore size the equation o f specific surface area (A) can be evaluated. The volume 
o f water in particular reservoirs is obtained by multiplication o f signal intensities (IcsH/gei) and 
effective water to cement ratio {w/cefj). The SSA is calculated by dividing that volume by the 
width o f pore expressed in cm. Further it is normalised to the volume o f cement paste (Vp). 
The equation o f SSA expressed in m^ per cm^ o f paste can be written as

hsnigei ■ (7 )
^ C S H / g e l

eff 10 - 4
(5.5)

2 - A - T2 , C S H l g e l Vp

The SSA for C-S-H interlayer pores is 175 ± 12 m /cm o f paste and for gel pores is 
91 ± 4 m^/cm^ o f paste. Equivalent values in different units are presented in table 5.1. The 
ratio o f interlayer to gel SSAs is 1.9. The value o f total specific area stays in good agreement 
with value obtained by Powers and Brownyard [32] -  170-195 m^/g o f anhydrous cement for 
28 days old paste. It is however slightly lower than the values reported by Halperin et al [10]-  
225 m^/g o f anhydrous cement, and slightly higher than that BET surface areas presented by 
Baroghel-Bouny [114] and calculated in section 5.7.1. based on adsorption branch.

Table 5.1 Specific surface area o f C-S-H intcrlaycr pores, gel pores and both together.

specific surface area in m^ per

cm^ o f 
paste

g of 
paste

g o f anhydrous 
cement

g o f dried 
paste (180°C)

g o f dried 
paste (3% RH)

Interlayer Pores 175±12 86 125 113 103

Gel Pores 91±4 44 65 58 54

Total 266 130 190 171 157
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5.7.3. Amplitude model for calculation of pore size

The second model applied in order to obtain the C-S-H interlayer and gel pore sizes is the 
amplitude model described in section 3.4.3.2. This study extends and improves this approach.

5.7.3.I. Modification to the Amplitude model

The amplitude model by McDonald et al [26] presented in section 3.4.3.2 was relatively 
simplistic. The mobile signal was not differentiated between different pore types. In this 
thesis the application o f CPMG pulse experiments facilitates such decomposition. Therefore, 
modifications to the calculation in the model are necessary.

The initial intensities in ‘as prepared’ paste (at 100% RH) for chemically combined water 
(Co/), C-S-H interlayer pores {Icsh), gel pores {Igei) and ‘free’ water {leap) are expressed as:

h o i  =  ^soi / ^ w p  =  0-243 (5.6)

hsH — ^csH ■ (̂ 7 +  2) ■ dy^at/^wp — 0.255 (5.7)

hei ~  ^gei ' (p T  2) ■ dyy^it/^wp ~  0.441 (5.8)

hap — ĉap /%vp ~  0.061 (5.9)

where A c s h  and Agei  are the specific surface area o f C-S-H interlayer and gel pores per unit 
volume of paste, V̂ oi and Vcap are volume of chemically bound and ‘free’ water per unit 
volume of paste, V̂ p - volume of water in unit volume of paste (0.645 cm"/em^ o f paste), d̂ -a, - 
the size o f water molecule (0.28 nm). The definitions o f p  and q are presented in figure 5.15.

go' go .
# # # # # # # # # #

Figure 5.15 The parameters p  and q are the gel and interlayer pore sizes respeetively, without eounting the 
surface water layer, expressed in number of water molecules; Sp and are the fraction o f specific surface 
area of gel and interlayer pores still filled with water during drying, gy and gq are the fraction o f surface 
area covered by water layer.

The order at which water is removed is critical for analysis. Six stages o f drying are 
identified and presented graphically in figure 5.16. (i) ‘Free’ water dries, (ii) Gel pores empty 
leaving a gel surface layer, (iii) The gel surface clears, (iv) The relatively mobile interlayer 
water is removed leaving a residual layer, (v) The residual interlayer water leaves, (vi) 
Chemically combined water from crystalline phases is removed.

The obtained NM R results do not show the fifth and sixth stages. Four stages in the data 
can at best be obseiwed and further described including relevant equations:
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Figure 5.16. The scheme o f five stages of cement paste drying according to NMR, description in text. 
Orange lines represent chemically combined water signal, red -  the C -S-H  interlayer pore water, green -  
the C-S-H  gel pore water and blue- the ‘free’ water signals. The black line shows the total water signal.

(i) Evaporation o f ‘free’ water occurs during primary desorption at the humidity above 
90% RH. The normalised ‘free’ water mass, nicap, is equivalent to its signal fraction at 100% 
RH (leap)- However, it is not possible to extract any further information about pore size and 
the way they dry. This stage is not observed for secondary desorption as it is investigated in 
the RH range from 80 to 5%.

(ii) The bulk gel pore water fills the fraction Sp(u) o f the gel surface area during drying (fig. 
5.15). C-S-H interlayer water signal, I csh(U), consists o f two parts: water fully filling interlayer 
spaces, = 1, and two monolayers o f water left on the gel pore surface fraction 1 The 
water mass, W(„), is lowered by ‘free’ water and progressively by drying o f bulk gel pores 
water. This stage happens in the relative water mass range 0.94 to 0.6 (fig. 5.17). Hence:

^CSH(ii) ' (9" “f  2 )  ■ T  -^gel  ' 2  ' (^1 ■^p(ii))] ' ^ w a t / ^ w p

7n(jj) =  1 -  nicap

(p “F 2) ■ Sprii  ̂ ’ 'w p

~  ^ g e l  ■ P  ■ ( l  -  ■5p ( i i ) )  ■ d

^CSH( i i )  —  ^ C S H ( i i )  ■ ^ ( i i )  +  ^ C S H { i i )

^ g e l ( i i )  ~  ^ g e l ( i i )  ' ^ ( i i )  “f  ^ p e Z ( i i )

/V.w a t /  ^ w p

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(iii) The gel surface water is removed gradually from l-gpuu) surface fraction. The 
interlayer spaces remain saturated with water, Sq̂ m) = 1, and the chemically combined water 
signal is constant. Hence the gradient of the interlayer signal should be 1. Considering the 
small mass range o f this stage spanning at most two data points recorded within it, any further 
attempt to evaluate relations o f pore parameters and intercepts o f fitting lines is not rational 
and meaningful in this region. However, the existence o f this region is critical to numerical 
solution o f the model.

80



Chapter 5. Sorption hysteresis

(iv) The relatively mobile interlayer water is removed in relative water mass range below 
0.57 (fig. 5.17). A residual layer o f water remains at surface fraction 1 o f interlayer 
pores. This layer contributes to solid signal intensity, lsoi{ivy

^wat/^v\hsH {iv)  — ^CSH  ■ (̂ ? +  2 )  ■ • d

s o l /^wp +  ^ CSH

w p

/V.w a t /

m { i v ) 1 ^cap  [-̂ pfeZ " (P T 2) +  ' CJ ’ ( ^ 1  ' ^wat/^wp "f m g r

^CS H{ i v )  — ^ C S H ( i v )  ■ ^ ( i v )  +  b c s H { i v )  

h o l { i v )  ~  ^ s o l { i v )  ' ^ { i v )  T  ^ s o Z tZ f )

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

The model assumed that the gel intensity decreases to zero. In practice it does not. This 
leads to a systematic error in the resultant gel pore surface area. However, the earlier 
assumptions already made and the quality o f the data do not warrant further analysis to 
incorporate this level o f complexity. Nevertheless, the residual water mass nig,- have to be 
included into the total mass expressions for m̂ iy) (eq. (5.17)).It is taken as the average o f the 
gel pore water intensity below relative water fraction 0.6, mg,- is -0.06.

b)a)
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Figure 5.17 The fitting lines (solid lines) used to calculate the pore sizes from primaiy (a) and secondaiy 
desorption (b). Orange diamonds represent chemically combined water signal, red squares -  the C-S-Fl 
interlayer pore water, green triangles -  the C -S-H  gel pore water and blue inverted triangles -  the ‘free’ 
water signals. The black circles show the total water signal.

Solving equations (5.10) - (5.19) the expressions for fitting line slopes (uc.sH(ZZ), ( ĝei{U)  ̂

ĉsH{iv)'> ŝoZ(Zn)) intercepts ^csh{îv)’ ^soZ(Zr)) obtained.

2 2
a c S H { i i )  =  -  CLgel { i i )  =  ^  +  " I

_  . I 2 _  fsoZ
V,

'>CSH{ii) -  -  T U c a p )  +  A q s h

2

wp Q 

dwat
V. ( r +  2);

(5.20)

(5.21)

(5.22)
wp
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bgel(ii)  -  “ 1 +  ^ c a p  +  ^ g e l  ' ■ (p  +  2) -  -  ■ (1 -  TTlcap) (5.23)
''wp P

bcsHdv) =  - 1  +  rricap ■ [ ! + - ] +  Ag^i ■ ■ p +  2 +  -  (p +  2)
\  4 /  ^wp  L 9

+ - )  +  ‘ (Q +  2);
\ 9 /

7 _  2 ^  /2  j d-wat ,
■ q (q  "  ^ j  +  +

y, ^wat (A \

(5.24)

(5.25)

The pore characteristic parameters can be calculated from equations (5.6) - (5.9), (5.20)
(5.25) with additional conditions that:

h o i  +  hsH +  Igel +  h a p  =  1 (5.26)

CÏC5//(ii)+ (^geliii) =  1 (5.27)

<̂ CSH{iv) +  ( ŝol{iv) — 1 (5.28)

^CSH(ii)+ bgeKii) =  0 (5.29)

S.7.3.2. P ore  size calculation

In order to calculate the pore sizes the linear fits to interlayer, gel and chemically combined 
water intensities are performed and shown in figure 5.17. For primary desorption the fittings 
are made after ‘free’ water dries (without data point at water mass fraction 1) as it cannot be 
evaluated how this drying affects the behaviour o f interlayer and gel pore signals.

Table 5.2 shows the gradients o f the fitting lines for (ii) and (iv) stage o f drying.

Table 5.2 Gradients and intercepts o f fitting lines for (ii) and (iv) stage o f drying.

^CSH{ii) ^ge l( i i) f^CSH(iv) ^so l( iv) bcSHdii) ^gel{i i) bcSHÇiv) ^ so l i iv )

Desorption I -0.180 1.103 1.557 0.335 0.443 -0.618 -0.609 0.422

Desorption II -0.208 1.176 1.476 0.349 0.422 -0.639 -0.559 0.442

The gel pore size was calculated from equations (5.20) and (5.27) and interlayer pore size 
was based on eq. (5.21) and (5.28). The resultant pore sizes are presented in table 5.3. Errors 
in sizes were estimated based on the errors in the measured gradients o f fitting lines for (ii) 
and (iv) stage o f drying.

The gel pore size calculated from primary desorption is 4.5 run. That is bigger than the 
value calculated from surface relaxation model -  3.1 nm, but close to the value obtained by
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Table 5.3 Calculated size o f C-S-H interlayer and gel pores.

Sorption cycle Interlayer pore size [nm] Gel pore size [nm]

Desorption I 1.5 ± 0 .3 4.5 ± 1.6

Desorption II 1.6 ± 0 .2 3.5 ± 1.5

M cDonald et al [18] - 4.1 nm, when the amplitude model was developed based on oven 
drying o f paste using simpler assumptions. The C-S-H interlayer pore size in ‘as prepared’ 
cement paste -  before desorption, equals 1.5 nm. This value is the same as obtained by 
M cDonald et al [18]. However, it is larger than expected and calculated from relaxation 
model. It is most likely because the assumptions o f drying model break down in such a small 
space.

The results suggested that the mechanism o f adsorption is not the same as for desorption 
(section 5.6). Therefore, the model cannot be used for the adsorption branch.

In figure 5.17 b it can be seen that secondary desorption proceeds in equivalent stages as 
primary desorption. It is assumed that the contribution o f capillary water towards mass 
calculation is the same as for prim ary desorption. It is decided following the observation by 
Baroghel-Bouny [114] that initial water content is restored at 100% RH upon adsorption.

The gel pore size obtained from secondary desorption branch is affected by adsorption 
cycle. This is explained by adsorption mechanism - filling pores layer by layer. The 
adsorption was performed up to 80% RH hence the gel pores are not yet totally fill. The 
calculated values o f gel pore size after adsorption and before secondary desorption is 3.5 nm.

Despite the size o f interlayer pores based on prim ary desorption is lower than expected it is 
still possible to compare the values obtained from both desorption. After one sorption cycle 
the size comes back to the starting value.

5.7.3.3. Specific surface area calculation

The specific surface area o f C-S-H interlayer pores ( A c s h )  was calculated by simultaneous 
least-square fittings o f equations (5.7), (5.22), (5.24), (5.26) and (5.29). The gel pores SSA 
(Agei) was based on eq. (5.8), (5.23), (5.24), (5.26) and (5.29). The resultant specific surface 
areas are presented in table 5.4. Errors in specific surface areas were estimated based on the 
errors in the measured intercepts o f fittings lines for (ii) and (iv) stage o f drying and on the 
errors in C-S-H interlayer and gel pores estimated in previous section.

The calculated total surface area o f C-S-H interlayer and gel pores from both desorption 
are very close. They are in the range o f BET values measured by Baroghel-Bouny [114] but 
lower than that based on adsorption branch in this thesis (section 5.7.1). They are also below 
values reported by Powers and Brownyard [32], Halperin et a / [10] and these based on surface 
relaxation model (section 5.1.22).
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Table 5.4 Calculated specific surface area o f C-S-H interlayer and gel pores.

Cycle Desorption I Desorption II
Specific surface area in m^ per

Pore types
cm"* o f 
paste

g o f anh. 
cement

g o f dried 
paste (3% RH)

cm^ o f 
paste

g o f anh. g o f dried 
cement paste (3% RH)

Interlayer 128±30 92 76 112±40 M 66
Gel 65±10 47 38 89±20 64 53

Total 193 138 114 201 144 119

The values o f C-S-H interlayer pores surface area are lower than obtained by the surface 
relaxation model by around 50-60 m^/cm^ o f paste (27-36%). It is almost certainly because the 
width o f the interlayer pores is higher than expected. If  the assumption is made that the 
interlayer space size is 1 nm, the SSA calculated from primary desorption according to 
equation (5.7) and (5.22) would be 164 and 199 m^/cm^ o f paste respectively, much closer to 
175 m^/cm^ o f paste obtained by relaxation model.

The gel pore surface area calculated from prim ary desorption data is lower by -25%  
compare to the value based on surface relaxation model. W hile the one from secondary 
desorption is basically the same. There are two main sources o f complexity in calculation o f 
gel pore surface area. First is the residual water left in the smaller gel pores at water mass 
fraction below -0 .6 . The second is unknown exact contribution o f capillary water towards 
secondary desorption.
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6. Influence of curing temperature on cement 
microstructure

6.1. C-S-H DENSITY AND COMPOSITION CALCULATION MODEL

The C-S-H density and composition calculation model, presented in section 6.1.1.-6.1.3., 
contains the products o f jo int research between the author and Arnaud Muller, fellow 
Transcend doctoral student at EPFL, Switzerland.

6.1.1. C-S-H density

Mass and volume balance equations for cement paste expressed per gram o f anhydrous 
cement are written as:

1 +  =  (1  “  cr) +  ■ [Psol ' h o i  +  Y csH ■ h s H  +  • {ige i +  h a p ) ]  (6 -1 )

1 , Wmix (1 -  a )  , W,
 1 =  1-----
Pc ^ ' Pw Pc (

Psol ' h o i  , Y cSH ■ h s H  , ■ i jg e l  T  h a p  "b h o l d )
H--------------------------r

Psol PCSH Pw

(6.2)

where a is the degree o f hydration, I  are NM R intensity fractions and p  are densities. The 
parameters PsoU Jcsh and ôw are the reciprocals water mass fractions o f solid, C-S-H and water. 
The subscripts c, w, sol, CSH, gel, cap and void  correspond to cement, water, chemically 
combined water, C-S-H, gel pore water, ‘free’ water (capillary and interhydrate pore water) 
and chemical shrinkage voidage/filled porosity respectively.

The left side o f equation (6.1) represents the sum o f anhydrous cement (1) and water 
masses at the time o f mixing. The right side is the sum o f the masses o f  unreacted 

cement (1- oc) and hydration products expressed in terms o f signal intensities. In equation (6.2) 
the masses are divided by the respective densities to give the volume balance.

An important phenomenon to consider during hydration o f cement paste is the chemical 
shrinkage. It is the volume reduction created because the volume o f the hydration products is 
lower than the original volume o f reactants: cement and water. Chemical shrinkage creates 
additional porosity -  voids, inside cement paste in sealed cured systems. For small underwater 
cure paste samples voids are filled with water drawn into the sample [115]. Thus when 
following the hydration process o f underwater cure paste the mass {mpast  ̂ increases while the 
overall volume stays constant. Therefore, to balance the cement paste mass and volume 
equations, the chemical shrinkage is included only in the volume calculation.
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The intensity fractions (I) o f  particular water reservoirs are normalised to the total intensity 
which does not include chemical shrinkage, hence Isoi + I csh  + Igei + hap = 1 • The volume 
created by chemical shrinkage can be defined in terms o f additional water signal intensity or 
mass hoid  = hotai -  1 = {wpaste ~ ^m i^l^m ix- The solid intensity originates from Portlandite (C/7) 
and ettringite {E tt) , so that h o i ^  I c h  + h u ,  PsovIsoi = P c h 'Ic h  + pE tt’h t t ;  PsovL oilpsoi 

=  Pch’IchIpch^ pE tt'httlpcH ^  The constants pc.w,cH,Ett are equalled to 3.15, 1.00, 2.24 and 1.77 
g/cm^ respectively [28]. From the atomic masses, Pch^  74/18, ^Ett =  1255/576 and 3w= 1.

This leaves four unknowns: a, ycsH, P c s h  and I c h  (or I e u , as knowing one, the other can be 
calculated through the relation for hoi)- The incorporation o f additional, non-NMR, 
measurements is required. In this study, the degree o f hydration (a) and the content o f CH or 
ettringite (men or mEn) is measured by XRD and, in case o f CH, by TGA. The water intensity 
fraction o f CH and ettringite are expressed by parallel sets o f equations: Ich^ ^ ch  th^mix' Pctd 
with Ieu = Isoi -  Ich, and hu  = mEtt Kŷ mix' î Ett) with Ich = hoi ~ htt- As a result, the density and 
reciprocal water mass fraction o f C-S-H can be calculated.

6.1.2. C-S-H  com position

The C-S-H composition is written as Ca^ (Siy,Al(i_y)) 0(z4y/2+3/2) (H20)x. The reciprocal water 
content 7 c5 //is expressed in terms o f the water (%), calcium (z) and silicon (y) contents as

5 6 z  -F 9 y  +  51  +  1 8 %

=  W x ------------

where the numerical constants are derived from atomic masses o f Ca, Si, Al, O and Hyd^^; y  
is defined as nsiKjisi + tiai)', and n is the molar content o f respective element per mole o f 
C-S-H.

An equality can be written for the Ca/(Si+Al) ratio for combined C-S-H and CH between 
reacted fractions o f anhydrous cement and the hydration products

o (  fc3S \  , O ( f c3s \  , 3  / fc3A fc3A\
^[CoS^Mu) +  ^ [ c  s^MU )  ^  )

f c 3 S  _ J _  ~  f c 3 S  _|. 2  f

E t t \  (6.4a)
C^S^Mu V C^A^^^

h n^ H yd  , hsH^Hyd^  ,  ̂ ffc3A ~ / M a \  
2 ^  2 x  V C .A ^ ^^  )

h s H l ^ H y d y  ^  ( f c 3 A  ~  / c 3a \
2% ^ V C s A ^ ^ ^  )

Hyd is used as an abbreviation o f hydrogen, as H in cement notation means water, H^O 

a' -  mass o f reacted C3S and C2S divided by mass o f anhydrous cement
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The nominator on the left side o f equation (6.4a) comprises the number o f calcium moles 
derived from reacted C 3 S, C2 S and C3 A. The denominator is similarly constructed for the 
silicon and aluminium moles. On the right side the molar contents o f Ca,Si and Al in CH and 
C-S-H are expressed in terms o f NM R signal intensities, the C-S-H composition parameters 
(%, z, y )  and molar content o f hydrogen in the mixed paste = Equation
(6.4a) is written for the condition that degree o f  hydration is higher than the fraction o f C 3 S in 
anhydrous cement {a '  > f c s s )  and assuming that C3 S reacts before the more slowly reacting 
C2 S. Additionally, it is assumed that the fraction o f C3 A which was not consumed to produce 
ettringite {fc^A ~  f c i l )  is incorporated in C-S-H.

Equivalent expressions based on similar assumptions can be written for lower degree o f 
hydration {a '  < f c s s )

(  \  _L Q ( f c 2 A - f i i l \
\C.^S^Mu) +  c^A^mu )  _

(6.4b)
rs^ M u

n ( fc3A  -  fc 3 A \

k u ' ^ H y d  h s H ^ H y d Z  g  ( f c 3 A  ~  f c 3 A \
2 2 x  V C ^ A ^ M ^  )

I c S H ^ H y d y  ^  ( fc3A  ~  f S l \
2 x  C ^A ^ M ^  )

Ŝi _  2  _
^i+riAi nsi+n

and Si molar content is written in terms o f C-S-H intensity, then it follows that

A final equation is obtained from the equality y  =  — - — = 1 ------- ——. I f  the sum o f  Al

Simultaneous solution o f equations (6.1), (6.2), (6.3), (6.4) and (6.5) enables the C-S-H 
density and composition to be calculated.

6.1.3. C-S-H  ‘solid’ and  ‘b u lk ’ density

The C-S-H density derived as in section 6.1.1. includes the calcium and silicon backbones 
o f the structure and the water within interlayer spaces as shown in figure 6.1 left. It especially 
excludes water, as well as any OH groups, on the surfaces o f C-S-H agglomerates as the water 
(hydrogens or perhaps magnetisation) is in rapid exchange with the bulk gel pore w ater and 
has longer T2 . This density is called C-S-H ‘solid’ density in this work.
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The alternative C-S-H composition: Ca. (Siv,Al(i-v)) 0(z+y/2+3/2) (HoO)^, including the gel 
pore water, has water content x ' and the C-S-H ‘bulk’ density pcsn (fig- 6.1 right)

^  ■ OcSH +  hel)
ĈSH

and

P c s h  ~
Y CSH  ■ h s H  T  ' Ag e l

Y CSH ' h s H  _j_ ' ( g e t

P c s h  P w

(6 .6)

(6.7)

Figure 6.1 A scheme of water location inside C-S-H  at 100% humidity for C -S-H  ‘solid’ (left) and 
‘bulk’ (right) density calculation. It shows that for C -S-H  ‘solid’ density only water molecules in 
interlayer spaces (red squares) are included in calculation, while for C-S-H ‘bulk’ density water in 
inter layer and gel pores (green triangles) is considered.

6.2. M t c r o s t r u c t u r e , C-S-H d e n s i t y  a n d  c o m p o s it i o n  a t  20"C

6.2.1. Evolution of different water populations

The examplary QE data recorded by Kea^ spectrometer for white cement paste eured 
underwater at 20°C for 28 days are shown in figure 6.2. Here, the dead time is shorter (10 ps) 
than in previous experiments thus the solid echo is clearly visible. Data are presented for t 
ranging from 12 to 54 ps. The echo, exponential decay and combined fits to the data are 
shown. The back-extrapolation o f the solid echo and mobile intensity to r = 0 were performed 
by Gaussian and linear fit to the data, respectively (figure 6.3).

The mobile fraction measured by QE was further decomposed by exponential stripping o f  
CPMG decay data as described in section 4.3.2.3. This method o f analysis was chosen due to 
inadequate signal to noise ratio o f the data for ILT analysis.
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Figure 6.2 Quad echo signals recorded for 28 days old white cement paste (black circles) at eight values 
of t: a: 12gs, b; ISgs, c: 19gs, d: 24gs, e: 30gs, f: 37gs, g: 45ps, h; 54gs. The lines present fitting for 
solid (blue) and mobile (red) components; the green line is the total intensity fit. The zero time is taken as 
the end o f first 90" pulse of the sequence.
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Figure 6.3 Solid echo (black squares) and mobile decay (red circle) signal amplitudes as a function of 
pulse gap (t). The lines are the fits to the data: Gaussian for solid and linear for mobile signals.
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Figure 6.4 shows the CPMG decay stripping for 28 days old white cement paste, the same 
as in examples o f QE analysis. First, the interhydrate and capillary pore water were fitted to 
the decay beyond about 1.5 ms. The fitting line calculated based on obtained Tj relaxation 
times {Tijnthvd = 16  ms, T2 ,cap=^^ ms) and intensities (//„/w = 4%, leap = 1%)’  ̂was subtracted 
from original decay. The residual data, starting from tio„g = 300 ps, was fitted and gained 
parameters o f gel pore water (G.ge/ = 291 ps, 7ge/ = 47%). Further subtraction leaves the data 
to yield the C-S-H interlayer parameters (T2,c s h =  91 ps, I c s h =  23%).
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Figure 6.4 Graph presents the exponential stripping procedure for CPM G decay (black circles) o f  28 days 
old w hite cem ent paste cure underw ater = 0.4). The grey line is the ‘free’ w ater fit and blue
triangles are the data after subtraction o f  that fit from  CPM G  decay. B lue line presents the fit o f  gel w ater 
intensity w hich further was subtracted, leaving red diam onds. Red line shows the fit for interlayer w ater 
signal. The green line is the total fit make as sum o f  the capillary, gel and interlayer fits.

NM R data were acquired during cement hydration starting from 2 h up to 90 days. Figure
6.5 presents the evolution o f water populations for white cement paste mixed at w/c,nix ratio 
0.4 and cured underwater at 20°C. The signal intensities are normalised to the intensity/water 
mass at the mixing time to show the actual changes and the uptake o f water due to chemical 
shrinkage.

The ‘free’ water intensity is the sum of interhydrate and capillary pore water intensities 
with the low contribution o f latter, about 2-1%, over whole hydration time. The ‘free’ water 
intensity decreases rapidly during first 3 days o f hydration when the ‘free’ water is consumed 
by 57, 17 and 9% each day. After the third day the rate o f consumption is significantly lower, 
below 3% per day, and gradually decreases with time. The signal o f water in crystalline 
phases increases continuously throughout the entire examined hydration time. The C-S-H 
interlayer water appears after 6 h o f hydration and rises gradually during the first 12 days.

note: in the C-S-H density and com position calculation m odel the sum  o f  linihyd and Î -ap, is given as Î a
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Figure 6.5 The evolution o f  different w ater population for w hite cem ent paste mixed at w/c,„ix ratio 0.4 
and cured underw ater at 20"C. Orange diam onds represent chem ically com bined w ater signal, red squares
-  the C -S -H  interlayer pore water, green triangles -  the C -S -H  gel pore water and blue inverted triangles
-  the ‘free’ w ater signals. The black circles show  the total w ater signal norm alized to the initial m ass of 
w ater at the m ixing point. Lines are guide for eyes.
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Figure 6.6 The evolution o f  7  ̂ relaxation tim e for w ater populations o f  w hite cem ent paste m ixed at w/c„„v 
ratio 0.4 and cured underw ater at 20”C. Red squares represent the Tj relaxation tim e for C -S -H  interlayer 
pore w ater, green triangles for C -S -H  gel pore w ater and blue inverted triangles for ‘free’ water.

After that time there is only slight increase. The gel pore water signal increases at a 
very high rate up to 2 days and stays approximately constant after 4 days. The ratio o f gel 
pore to interlayer water decreases from almost 9 at 9 hours o f hydration through 4 at 2 days 
and down to 2 for later hydration ages.

Figure 6.6 shows the corresponding Ti relaxation times o f the C-S-H interlayer, gel and 
‘free’ -  interhydrate, pore water. The Ti o f the dominating ‘free’ water component falls 
rapidly during the first day o f hydration. After two days its T2  already reaches the asymptotic
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value o f about 1.5-1.6 ms that corresponds to pore size^® o f 11.2-11.9 ± 1 .8  nm. The gel 7% 
drops considerably from around 2.5 ms (18.7 ±  0.7 nm) to 0.5 ms (3.7 ±  0.2 nm) over first 24 
hours and then slowly but progressively down to about 0.3 ms (-2 .2  ± 0.2 nm). The values o f 
T2  for interlayer water are almost constant from the moment when the component appears: 
-2 2 0  ps at 9h, -1 0 0  ps at 3 days and -9 0  ps at 90 days that corresponds to pore sizes of: 
-1 .6  ± 0.2 nm at 9h, -0 .75  ± 0.04 nm at 3 days and -0 .67  ± 0.04 nm at 90 days.

6.2.2. D ensity and  C-S-H  com position

The C-S-H density and composition were calculated for the white cement paste {w/c,„ix = 
0.4) used in the sorption experiment at 28 days o f hydration and 100% RH: sample S28 
(section 5.3) and for the samples used in the temperature dependence study both at 28 and 90 
days o f hydration: samples T28 and T90 (section 6.2.1).

The signal intensity fraction due to chemical shrinkage voids was calculated from the 
increase o f water to cement ratio {w/cpast^. The degree o f hydration {a) was m easured by 
XRD. The verification o f crystalline phases fraction {ttich and niEtt) was performed by TGA 
and XRD measurements.

Table 6.1 shows the measured parameters. The NM R intensities are presented in table 6.2. 
The negative sign in the capillary intensity implies that water which is drawn into sample is 
used in the hydration process.

Table 6.1. Parameters for application of the C-S-H density and composition model for white cement paste at 20°C.

Sam ple Age [days] (w/çP̂ paste [§/§anh] 
(±0 .002)

a
(±0 .02)

fMc^lg/ganh]
(±0 .010)

[g/§anh]
(±0 .010)

S28 28 0.463^' 0.77 0.342 0.083

T28 28 0.439^^ 0.85 0.270 0.086

T90 90 0.443^^ 0.90 0.311 0.086

Table 6.2. The intensities used to calculate C-S-H density and composition at 20°C. The error in intensities is 
around ± 0.010 based on standard deviation o f the data for multiple samples.

Sam ple Age [days] Isoi I ch Ieu I csh Igel Icap I  void I  tot

S28^" 28 0.281 0.185 0.096 0.295 0.510 -0.086 0.157 1.157
T2824 28 0.276 0.164 0.112 0.252 0.512 -0.040 0.097 1.097
T9q24 90 0.297 0.189 0.108 0.252 0.525 -0.074 0.109 1.109

pore sizes calculated using surface relaxivity equal to 3.7T0'^ nm/ps as obtained in section 5.7.2.1 

calculated from changes of total signal intensity during desorption experiment as presented in section 5.1.1. 

^  obtained from the sample mass changes

Iru ~  f^Ett /{Wmix' ^Etd ^CH ~  hoi ~  h t t
2 4

I c h  -  ^C H  P a d  a n d  I eu ~  h o i ~  I ch
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Solving equations (6.1) to (6.5) the resultant C-S-H ‘solid’ density and eomposition for 
underwater eured, never dried paste sample S28 are 2.68 ± 0.03 g/em^ and 
Ca.= 1 .5 4  (Si;, = 0 .9 6 ,Al (i-y) = G.0 4 ) 0 (z+y2 +3 /2 ) = 3 .5 1  (HzO)^ = 1.9 2 - W ater content exeluding gel pore 
water is % = 1.92 ± 0.05. Including the gel water, the C-S-H ‘bulk’ density and water content 
(eq. (6.6-6.7)) are ^  1.89 ± 0.02 g/cm^ and jc' =  5.25 ± 0.04. (Errors represent the 
standard deviation o f the data for multiple samples measured in course o f temperature 
dependent investigation). The calculated parameters are reproduced as the top line o f the table
6.3, and may be eompared with the subsequent lines which are for samples T28 and T90.

Table 6.3. The C-S-H density and eomposition for white cement paste at 20°C.

Sam ple P csh
[g/cm^]

Ca^ (Sij,AI(i_j)) 0(j+j/2+3/2) (H20)x P'CSH
[g/cm^]

x '

S28 2.68 CaT=i.54 (Si;,=o.96,Al(i.j)=o.04) 0(2+y/2+3/2)=3.51 (H20)x—1.92 1.89 5.25

T28 2.60 Caz =1.78 (Si;, = 0.98,Al(i_y)=0.02) 0(z+y2+3/2) =3.77 (H20);c =1.51 1.91 4.58

T90 2.65 Caz=i.65 (Sij=0.98,Al(i.y=0.02) 0(z+y2+3/2) =3.64 (H20).x=i.39 1.93 4.29

If it is assumed that the lateral extent o f gel pores and interlayer spaees is similar as 
suggested by figure 6.1 then the ealeulated staeks o f C-S-H layers ean only eomprise two to 
three layers. Taking the layer repeat distanee 1.4 nm o f C-S-H mineral analogue, tobermorite- 
14, the C-S-H stack thickness is 2.8 - 4.2 nm. This thiekness is close to the C-S-H globule size 
in Jennings Colloidal Model, CM-II [6]. Assuming C-S-H staeks o f three layers, their volume 
excluding external water layers is F  = 3* 1.4-10'^ m^/m^ o f layer. The additional volume o f 
two external monolayers o f water ean be expressed as A F  = 2 0.28 10"  ̂ m^/m^ o f  layer. 
Hence, i f  the outer surface water layer is included, the NM R density pcsH is deereased to

The NM R calculated C-S-H ‘solid’ densities (with average pcsH= 2.64 ± 0.03 g/cm^) are 
slightly higher than the values obtained by SANS measurements for a fully saturated CM -II 
globule density 2.604 g/cm^ [7], also exeluding any water on the outer surfaee o f partieles. I f  
the correetion for outer surface water is applied the average is equalled to
2.45 ± 0.03 g/em^. This value is very close to density o f saturated globule with a m onolayer o f 
water on the surfaee at 11% RH reported by Jennings, 2.47 glcvci [6] and by Feldman, 2.43-
2.45 g W  [75].

The density o f  saturated C-S-H gel, ineluding gel pore water, m easured by NM R is about 
1.90 ± 0.02 g/cm^ with water content 4.58-5.25 at 28 days o f hydration. It is elose to the CM- 
II model quoted value 1.83 g/cm^ with water eontent 5 when the large gel pores (LGP) are
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included [6 ] and measured by Young and Hansen [72] value o f 1.85-1.90 g/cm^ for saturated 
(90% RH) C-S-H o f fully hydrated C3 S paste with water content o f -4 .0 .

W ater content o f sample S28, % = 1.92 ± 0.05, is a little over the content determined by 
SANS (x = 1.8) [7]. The water content values for samples T28 and T90 are somehow lower. 
The reason for that is not fully understood. However, the sensitivity analysis presented in 
section 6.4.5 shows the complexity o f the analysis and its high dependence on input 
parameters. It is possible that there is systematic error in one o f the input parameters causing 
discrepancy o f x and x ' results. Otherwise, comparing the results o f T28 and T90 with the 
relation o f Ca/Si and H 2 0 /Si reviewed by Chen [74] they are in very good agreement and this 
is the sample S28 that lies out o f reported trend.

The values o f the Ca/(Si+Al) ratio (calcium content - z) are in fairly good agreement with 
the results o f Rayment and M ajumdar [70] who yielded the average Ca/(Si +A1 + S + Fe) ratio 
o f inner and outer C-S-H ranging from 1.70 at w/c = 0.3 to 1.48 at w/c = 0.6.

6.2.3. C-S-H w ate r content a t d ifferen t hum idities

The first pore-type resolved desorption isotherm from section 5.3 and the NM R calculation 
model for C-S-H composition provide opportunity to draw the first water content isotherm for 
C-S-H differentiated by water environments -  figure 6.7. The water contents have been 
recalculated based on the sum o f interlayer, gel and solid-like surface water signals at 1 0 0 % 
RH treated as the water content x'. Whereas, the C-S-H water mass originates from 
subtraction o f capillary and chemically combined water contribution from total water mass.
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Figure 6.7 The C-S-H water content isotherm as a function o f C-S-H water mass (left) and relative 
humidity (right). The black circles represent the C-S-H water content x', including gel pores, which is 
divided into interlayer ‘solid’ water content x (red squares), gel water content (green triangles) and solid­
like surface water (orange diamonds).

At 100% RH water content exeluding and including gel pores water is x = 1.92 and 
x '=  5.25 respeetively. When looking at the presented data, one has to remember that the
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apparent increase in interlayer water content is actually the appearance o f  a surface layer o f 
water in the emptying gel pores. A surface layer, in NM R terms, appears interlayer space -  
like. The other complication is the residual water staying in very small gel pores below 25% 
RH. The origin o f this tail is not clear. It m ay indicate the presence o f the isolated smaller gel 
pores without connectivity that cannot dry or o f ink-bottle pores.

The obtained curve for water content, ineluding gel pores, mirrors the curve presented by 
Jennings [6 ] which shows evolution o f total water within C-S-H without division into 
particular components. A t 11% RH, the water content is given as 2.1 by Jennings [6 ] for 
saturated C-S-H globule with a monolayer o f water on the surface, as 2.0 by Feldman and 
Ramachandran [73] and 2.1 by Young and Hansen [72] in hydrated C 3 S. The NM R results 
yield the water content, including gel pores, x ' = 2.11 at 10% RH, while the interlayer water 
content is 1.58. The former is in good agreement with literature value. However the water 
included in the calculation is the sum o f interlayer, residual gel and solid-like surface water.

6.3. E v o l u t i o n  o f  w a t e r  p o p u l a t i o n  f o r  w h i t e  c e m e n t  p a s t e  a t  d i f f e r e n t

TEMPERATURE

The QE and CPMG NM R experiments were performed to identify quantitatively the 
influence o f curing temperature on the population o f water inside cement pastes over the time 
o f hydration (2 h -  90 days). The applied curing temperatures were 10, 20, 30, 40, 50 and 
60°C. The measurements were performed on white cement paste mixed at w/cmtx ~ 0.4 and 
cured underwater.

6.3.1. Uptake of water during hydration

The volume created by chemieal shrinkage was defined based on the mass o f water drawn 
into the sample to fill the voids. Figure 6 . 8  shows the increase o f water mass as a function o f 
hydration time for white cement pastes mixed at w/cmix ratio 0.4 and cured underwater at 
different temperatures. Depending on the curing temperature, as the hydration proceeds, the 
different mass o f water is drawn inside underwater cured sample.

The increase o f curing temperature causes water uptake to start at earlier hydration times 
suggesting faster hydration at higher temperature. The aeceleration o f the hydration process at 
higher temperatures has been previously reported based on the measurements o f chemical 
shrinkage [116], degree o f hydration [109], [117], TGA [117] and strength development 
[117], [118]. The speed o f that uptake is higher at the beginning and it slows down 
eonsiderably later. W ith time, at lower curing temperature, the total water ingress rises to 
values comparable or higher than that found at higher curing temperatures at earlier times. 
The same behaviour for chemical shrinkage was observed by Geiker and Knudsen [116] 
through weighing o f samples immersed in liquid paraffin. The higher mass can be seen for 
pastes cured at 40°C in comparison with 50 and 60°C already after ha lf day o f hydration (fig. 
6 .8 ). Nevertheless, at the later hydration time, beyond 60 days, the water mass at 40°C is 
slightly lower than for paste cured at 20°C. The continuous increase o f water mass at 10°C is
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observed through whole hydration time. However, in the experimental time it rises only above 
mass for paste at 50 and 60°C.
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Figure 6.8 Uptake of water as a function of hydration time for white cement pastes mixed at \v /c ,n ix ratio 
0.4 and cured underwater at different temperature: blue inverted triangles: 10°C; black circles: 20°C; cyan 
diamonds: 30”C; red squares: 40“C; orange left-triangles: 50"C; and green triangles: 60"C.

6.3.2. ‘Free’ water evolution

One way to interpret the influence o f temperature is by comparing the time at which a 
given amount o f ‘free’ pore water^^ is consumed inside the sample. The age o f sample at 
which the initial fraction o f ‘free’ water is consumed by 50% and 80% decreases with 
increase in curing temperature in the range 10 to 60°C. However, the striking feature is that 
the consumption o f 90% o f ‘free’ water is achieved at much longer ages for samples cured at 
elevated temperatures (Figure 6.9).

Figure 6.10 presents the evolution o f ‘free’ water intensity throughout experimental 
hydration time. At higher temperature and initial stages o f hydration ‘free’ water is consumed 
faster. However, when samples are older there is more ‘free’ water left at elevated 
temperatures. Data suggests that coarser porosity is created and that it is subsequently much 
harder to fill this porosity with hydration products. The increased coarser porosity at higher 
temperatures has been previously reported in literature based mainly on SEM observation 
[109], [117], [119], [120] but also MIP results [119].

‘free’ water is the sum of interhydrate and capillary pore water intensities with the low eontribution of latter, 
about 3-1%, over whole hydration time at all examined curing temperatures
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Figure 6.9 Consumption of ‘free’ water for white cement pastes mixed at ratio 0.4 and cured
undeiwater at different temperature. The hydration time of sample at which the initial fraction o f ‘h ee ’ 
water is consumed by 50% is shown as blue squares, by 80% as red circles and by 90% as green triangles. 
The black lines are exponential fits to the data. (The consumption o f ‘free’ water by 90% at 60"C is 
obtained by extrapolation as it was not achieved within experimental time).
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Figure 6.10 Evolution o f ‘free’ water as a function o f hydration lime for white cement pastes mixed at 
w/Cnù ratio 0.4 and cured underwater at different temperature: blue inverted triangles: 10"C; black circles: 
20“C; cyan diamonds: 30‘*C; red squares: 40"C; orange left-triangles: 50"C; and green triangles: 60“C. 
Lines arc guides for eyes.

6.3.3. Chem ically com bined w ater evolution

The development o f chemically combined water within CH and ettringite proceeds faster 
and earlier when the curing temperature is increased (figure 6.11). However, beyond about 5 
days o f hydration, when the intensity is -24-25% , the trend reverses. From that point on the 
quantity o f water associated with those phases increases more slowly at elevated temperature

97



Chapter 6. Influence of curing temperature on cement microstructure

J re p re s e n ta tiv e  e rro r

(D 0.4

1 10 

Time (days)

Figure 6.11 Evolution o f chemically combined water as a function of hydration time for white cement 
pastes mixed at ratio 0.4 and cured underwater at different temperature blue inverted triangles:
10°C; black circles: 20°C; cyan diamonds: 30“C; red squares: 40°C; orange left-triangles: 50°C; and green 
triangles: 60"C. Lines are guides for eyes.

and as a result has lower values.

The verification o f the amount and origin o f the chemically combined water was 
performed by TGA and XRD measurements at 28 and 90 days o f hydration. The results are 
presented in table 6.4. The obtained Portlandite and ettringite mass fractions are recalculated 
to evaluate the fractions o f water within them based on their molecular composition, atomic 
masses and water to cement ratio at mixing point. The XRD patterns did not show the 
presence o f calcium aluminate and monosulfoaluminate at any curing temperature. The sum 
of water fraction within CH and ettringite determined by TGA and XRD is within 3% o f the 
NM R solid signal fraction.

The CH content as measured by TGA at University o f Surrey gives systematically higher 
results than that measured at EPFL. The reasons for that are not fully understood. There are 
several factors to take into account. First, samples were posted to EPFL and hence curing 
temperatures were not maintained. Second, for all samples measured at EPFL hydration was 
stopped by isopropanol exchange in contrast to the measurement performed on not altered 
samples at University o f Surrey. It has be reported in literature that the alcohols exchange, 
including isopropanol, may alter the portlandite and calcite determination by TGA method 
[121]. Finally, the measurements were performed in the temperature range up to 950 and 
1000°C at EPFL and Surrey respectively. That this last explanation is not the source o f 
discrepancy was confirmed by the analysis in the same temperature range. Nevertheless, the 
striking feature is the consistency between the TGA and XRD measurements facilitated at 
EPFL. However, the quantitative XRD analysis depends on parameters chosen for the 
Rietveld analysis and that may suggest a systematic calibration factor shifting results.

The results (table 6.4) show that the water content o f CH and hence CH content at different 
curing temperature are fairly constant. The same observation are presented in [109], [120].
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Table 6.4. CH and ettringite mass fractions measured by TGA and XRD, their water mass fractions calculated 
from mass fractions and measured solid NMR signals for white cement pastes mixed at w/cwa ratio 0.4 and cured 

tmderwater at different temperature. The fraction o f CH water at 90 days was calculated based on TGA 
measured at Surrey, while at 28 days on average XRD and TGA results obtained at EPFL.

M ass fraction  [g/ganh] (±0.010) Fraction o f  water
NM R

Temp
r c ]

Age CH E tt

E tt

solid
signal[days] TGA XRD TGA XRD CH E tt

measured 
at Surrey measured at EPFL

(±0 .0 1 0 )

1 0 28 0.262 0.261
0.084

0.159
0.096

0.255 0.280
90 0.298 0.261 0.181 0.277 0.293

2 0 28 0.276 0.264
0.086

0.164
0.099

0.263 0.276
90 0.311 0.189 0.288 0.297

30 28 0.270 0.264
0.081*

0.162
0.093

0.255 0.262
90 0.311 0.278 0.189 0.282 0.279

40 28
90 0.309

0.273* 0.272*
0.074*

0.166
0.188

0.085
0.250
0.273

0.276
0.281

50 28 0.274 0.277
0.069

0.167
0.079

0.246 0.248
90 0.307 0.279 0.187 0.266 0.259

60 28
90 0.309

0.277* 0.280*
0.055

0.169
0.188

0.063
0.233
0.251

0.254
0.258

* estimated by linear interpolation o f data at different temperatures

W ith increase in temperature, there is a significant decrease in the ettringite content. The 
lower ettringite content at elevated temperatures was also found by Lothenbach et a l [117] 
and Galluci et al [109]. The decrease could be associated with the thermodynamic instability 
o f  ettringite at different, higher temperatures. The thermal stability o f the pure ettringite phase 
was investigated by Zhou and Glasser [122]. They show that at relative hum idity over 80% 
and temperature below 75°C ettringite water content is fairly unchanged at about 31.6. The 
thermal stability o f ettringite was also examined in the presence o f water and gypsum. Hall et 
al [123] found that the ettringite decomposition occurs rapidly at 114°C and results in release 
o f water and formation o f monosulfoaluminate hydrate (AFm) and bassanite. The X -ray study 
by Christensen et al [124] followed the hydrothermal reactions o f CsA-gypsum and Portland 
cement with water. The former showed no precipitation o f ettringite in whole tem perature 
range investigated (25-120°C). However, for C 3 A doped with Na”̂ the ettringite forms in 
increasing amount up to 46°C. Following that the AFm grows in depletion o f ettringite and 
finally above 6 8 °C ettringite is not observed. During hydration o f cement paste the ettringite 
is formed up to ~ 48°C when the conversion o f  ettringite to AFm starts. It rem ains in the 
structure up to ~70-75°C.
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6.3.4. C-S-H interlayer and gel water evolution

The C-S-H inteiiayer and gel pore water appear earlier and develop at a higher rate when 
the curing temperature is increased (figure 6.12). However with time the intensities o f gel and 
interlayer water for samples cured at lower temperature gradually exceed values for the higher 
temperatures. Eventually, after about 20 days o f hydration for C-S-H interlayer water and 2 
days for gel water, intensities are higher for samples cured at progressively lower temperature. 
The spread o f the intensities at 90 days o f hydration is -5% . It is also observed that the 
change in the rate o f gel pore formation happens earlier at higher temperature.

The ratio o f C-S-H gel to interlayer signal decreases faster for paste cured at elevated 
temperature. For mature pastes, the ratio reaches value o f about 2 at every temperature: 10°C: 
-1.9, 60T:-2.2.
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Figure 6.12 Evolution o f C-S-H interlayer (left) and gel (right) pore water as a function o f hydration time 
for white cement pastes mixed at ratio 0.4 and cured underwater at different temperature: blue
inverted triangles: 10°C; black circles: 20°C; eyan diamonds: 30°C; red squares: 40°C; orange left- 
triangles: 50“C; and green triangles: 60"C.

6.3.5. Ti relaxation times

Figure 6.13 illustrates how the associated 7] relaxation times o f interlayer, gel and ‘free’ 
water vary with hydration time at different curing temperatures.

Initially, the Tj relaxation times o f ‘free’ -  interhydrate, water drop faster with the increase 
in curing temperature. Beyond about two days the reservoirs maintain the same Tz times 
implying constraining o f capillary pore sizes. The exceptions are the 7] relaxation times at 
10°C. Their higher values at longer hydration times are explained by a still significant ingress 
o f water due to chemical shrinkage as indicated by increasing water uptake in figure 6.8. At 
elevated temperatures the 7] o f gel pore water also has the smaller values and decreases more 
quickly as the hydration process is accelerated. However, after about a week, the trend 
reverses. The pastes cured at higher temperatures are characterised by the longer 7] indicating
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that gel pore sizes may be bigger. The T2 o f water within C-S-H interlayer spaces stays almost 
the same at all temperatures after 3 days o f hydration.
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Figure 6.13 The evolution o f 73 relaxation time for water populations of white cement pastes mixed at 
w/Cmt, ratio 0.4 and cured underwater at different temperature. The upper graph shows the 73 o f ‘free’ 
water, the middle graph - 73 of C -S-H  gel pore water and the lower graph -  T? of C -S-H  interlayer space 
water. Blue inverted triangles: 10“C; black circles: 20°C; cyan diamonds: 30°C; red squares: 40°C; orange 
left-triangles: 50°C; and green triangles: 60°C. Lines are guides for eyes.

6.4. D e n s it y  a n d  c o m p o s it io n  v s  t e m p e r a t u r e

The C-S-H density and composition for white cement paste cured at various temperatures 
were calculated based on model described in section 6.1.

6.4.1. In p u t da ta

Additional XRD and TGA measurements were performed to obtained the degree o f 
hydration a, (table 6.5) and water content within CH (section 6.3.3 table 6.4) o f samples at 28 
and 90 days o f hydration. The mass o f samples was recorded to enable calculation o f {w/c)pasie 
(table 6.5) which served to calculate the signal due to water filling chemical shrinkage voids.
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Table 6.5. Water uptake and degree o f hydration for white cement pastes mixed at w/c„iix ratio 0.4 and cured
underwater at different temperature.

Temp [”C] Age  [days] iw/c)paste [§/§anh] (±0.002) a  (±0.02)^

10
28 0.433 0.81
90 0.439 0.87

20
28 0.439 0.85
90 0.443 0.90*

30
28 0.439 0.86
90 0.442 0.93

28 0.441 0.88*
40

90 0.442 0.94*

50
28 0.435 0.90
90 0.438 0.94

28 0.429 0.92*
60

90 0.432 0.95*

§ - measured at EPFL by Arnaud M uller 
* - estimated by linear fitting o f data at different temperatures

The intensities o f water population used in calculation are presented in table 6.6.

Table 6.6 The intensities used to calculate C-S-H density and composition at 28 and 90 days o f hydration. The
error in intensities is around ±0.010.

Tem p
[”C]

Age
[days] Isoi I ch

r 1lEtt I csh Igel leap Ivoid Itot

1 n 28 0.280 0.159 0.121 0.256 0.504 -0.040 0.082 1.082
IV

90 0.293 0.181 0.122 0.263 0.508 -0.064 0.098 1.098

on 28 0.276 0.164 0.112 0.252 0.512 -0.040 0.097 1.097
z u

90 0.297 0.189 0.108 0.252 0.525 -0.074 0.109 1.109

3 A 28 0.262 0.162 0.100 0.253 0.506 -0.021 0.097 1.097
b u

90 0.279 0.189 0.090 0.250 0.503 -0.033 0.104 1.104

A(\ 28 0.276 0.166 0.110 0.243 0.487 -0.005 0.103 1.103
4U

90 0.281 0.188 0.093 0.249 0.498 -0.028 0.106 1.106

CA 28 0.248 0.167 0.080 0.227 0.482 0.044 0.087 0.087
DU

90 0.259 0.187 0.072 0.232 0.498 0.011 0.095 1.095

28 0.254 0.169 0.085 0.219 0.451 0.075 0.074 1.074
DU

90 0.258 0.188 0.070 0.211 0.477 0.055 0.080 1.080

1 h t t  ~  Isoi -  I ch
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6.4.2. Density of C-S-H a t various tem p era tu re

The data presented in section 6.4.1. allows calculation o f the C-S-H density according to 
equations (6.1, 6.2, 6.7). Figure 6.14 shows the C-S-H ‘solid’ density, excluding gel water, 
and C-S-H ‘bulk’ density, including gel water, for white cement paste cured at different 
temperatures. Presented error represents the average standard deviation value. The sensitivity 
o f the resultant C-S-H densities on input parameters is described in more details in section
6.4.5.

3 .0

2.8

^ 2 . 6
E
O  2.4 

'O)

g  2.0 
0
Q  1.8

1 . 6  -

1.4 L
0

i  re p re s e n ta tiv e  e rro r

V

10 20  30 4 0  50  60  70

Temperature (°C)

Figure 6.14 C -S-H  density as a function of the curing temperature for 28 days (triangles and diamonds) 
and 90 days old (squares and circles) white cement pastes mixed at ratio 0.4 and cured underwater.
The blue diamonds and red circles represent the C -S-H  bulk density, inclusive of the gel water; green 
triangles and black squares represent the C -S-H  ‘solid’ density, exclusive of the gel pore water.

The C-S-H ‘solid’ density increases with increase o f temperature. One explanation could 
be that the interlayer space filled by water is smaller at higher temperature. That this is 
unlikely is shown as the Tj relaxation time o f interlayer water does not vary with increase o f 
curing temperature. However, its intensity is lower. Hence, the increase o f density m ay arise 
from an arrangement o f calcium silicate (/) and water (/-I) layers. The increase m ay be 
explained by the higher ratio o f //(/-I) at the elevated temperature (figure 6.15) as the calcium 
silicate layer is more dense than water.

= 1.25
= 1.33

/ - I
= 1.5

Figure 6.15 An arrangement of caleium silicate layers {I) -black strips, and water (/-I) layers -  blue doted 
strips, presenting the increase of the //(M ) ratio.
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The C-S-H ‘bulk’ density also increases with temperature. The reason for that is twofold. 
On one hand, the higher ‘solid’ density contributes greatly to the rise o f ‘bulk’ density. The 
density grows further as there is less gel pore water at higher temperatures. The rise o f ‘bulk’ 
density between 10 and 60"C is equal to 0.16 and 0.11 g/cm^ at 28 and 90 days o f hydration 
respectively. The increase in bulk density with temperature was reported in recent study by 
Galluci et al [109] for sealed cement paste hydrated for 90 days. The calculation was based on 
SEM and XRD measurements. Nevertheless, the difference in obtained densities at 5 and 
60°C (0.34 g/cm") is higher than calculated in this thesis.

6.4.3. Composition of C-S-H at various temperature

The water content within C-S-H excluding, x, and including, x', gel pore water is presented 
in figure 6.16. Presented error represents the standard deviation value. The sensitivity o f the 
resultant C-S-H water content on input parameters is further described in in section 6.4.5.

X
(h
6
o
_Q)
O

1-----'-----1-----'-----1-----'-----1-----'-----r

Î  r e p re s e n ta tiv e  e rro r

5 -

4 -

♦

CD
O  3

1 -

10 20 30  40 50 60 70

Temperature (°C)
Figure 6.16 Water content in the C -S-H  as a function of the curing temperature for 28 days (triangles and 
diamonds) and 90 days old (squares and circles) white cement pastes mixed at w/c„,ix ratio 0.4 and cured 
underwater. The blue diamonds and red circles represent the water in the C -S-H , including the gel water 
(x ’); green triangles and black squares represent water in the C -S-H  excluding the gel pore water (x).

The X and x ' follow the inverse trend o f the density curves. The ‘solid’ water content 
declines with temperature indicating that the stack o f C-S-H contains fewer layers and 
therefore fractionally less interlayers filled with water compared to these layers, (/-I)//. The 
water content with gel water included also decreases with temperature. Again, it is the joint 
effect o f reduction in number o f locally aggregated C-S-H layers and gel water content. The 
decrease in the H ?0 content o f C-S-H was reported by Gallucci et al [109]. Based on TGA 
and XRD measurements authors defined the H20/S102 ratio o f sealed cement pastes hydrated 
for 90 days to decrease from 3.3 at 5°C to 2.3 at 60°C. The difference in the C-S-H water 
content between pastes cured at the lowest and highest temperature applied reported by 
Galluci et al and obtained in this study is the same and equalled to 1.0. Nevertheless the
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Chapter 6. Influence of curing temperature on cement microstructure

comparison o f absolute values is not possible as Galluci et al defined the water content as for 
filled interlayer spaces with the water layer remaining on the gel pore surface included.

The Ca/(Si+Al) ratio, z, remains fairly constant with increasing temperature (figure 6.17 
left). It average value at 28 days o f hydration is 1.78 ± 0.01 and at 90 days it is lower with 
1.67 ± 0 .01 . The Si content, y, remains fairly constant over whole temperature range as well 
as at 28 and 90 days o f hydration (figure 6.17 right). The average y  value is equal to 
0.97 ± 0.01. The Ca/(Si ± Al) ratio o f the sealed cement paste with w/c ratio 0.4 was reported 
by Gallucci et al [109]. Based on SEM-EDS analysis it remains the same in temperature range 
5 to 60°C at around 1.8. Lothenbach et al [117] used the same method to estimate the ratio for 
sealed Portland-limestone cement paste. The ratio was found to not differ significantly (1.62 
to 1.72) with increase o f temperature (5 to 40°C); it remains fairly constant in the range o f 
experimental errors.

X  2.0 

CD
O
0

1.8

.Ç 1.6
O

2  1.4 

<
- t .  1 .2  

7do 1.0

5 re p re s e n ta tiv e  e rro r

j  , I 1 I 1 Ü
0 10 20  30  40  50  60 70

Temperature (°C)

X 1.00

CD

6 0 .95

0
O 0 .90
E

~ 0
0 .85

o
£

,  . 0 .80
c
0
c 0 .75
o
o

CD
0.70

5 re p re s e n ta tiv e  e rro r

Temperature (°C)
Figure 6.17 Ca/(Si+Al) ratio (left) and Si content (right) in the C -S-H  as a funetion of the curing 
temperature for 28 days (red circle) and 90 days old (black squares) white cement pastes mixed at w/Cm» 
ratio 0.4 and cured underwater.

6.4.4. Mass and volume composition of cement paste at various temperature

The phase composition diagrams for both mass and volume at various curing 
temperature are presented in figure 6.18 for 28 and 90 days o f hydration. The diagrams show 
that pastes cured at higher temperature are more reacted. The constant amount o f CH and 
decrease in ettringite eontent with temperature are observed. It is noticed that the mass and 
volume of C-S-H is greater at the elevated temperature, while the gel water content is slightly 
reduced. Pastes exposed to the higher temperature are charaeterised by larger eontent o f sum 
‘free’ and voids water -  coarser porosity.
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03 1.0

Cb 0.8

0.4

CL 0.2

10 20 30 40 50

Temperature (°C)
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Temperature (°C)
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Figure 6.18 Mass and volume composition for 28 days (a and c) and 90 days old (b and d) white cement 
pastes mixed at ratio 0.4 and cured underwater. From bottom: the orange region coiTesponds to
Portlandite, yellow to ettringite, red to the C-S-H , green to gel pore water, blue to joint ‘free’ and voids 
water and dark cyan to unreacted cement.

6.4.5. Sensitivity analysis of C-S-H density and composition model

Investigation o f the influence o f input parameters on the resultant densities and 
composition o f C-S-H is o f high importance to this study.

The statistical analysis o f the C-S-H densities and composition uncertainties is tedious and 
extremely complex. It arises from complex dependency between C-S-H characteristics and 
the uncertainty o f many input parameters including a, w,„ix/c, {w/c)paste, I ch , hit, I csh , Igei, leap, 
I  void, y CSH, fc 3S, fc 3A, fcsL  As an cxamplc, the uncertainty analysis for the
C-S-H ‘solid’ density is shown through equations (6.9)-(6.12). This includes the expressions 
for reciprocal o f C-S-H ‘solid’ density, the general and detailed uncertainty o f reciprocal and 
finally uncertainty o f C-S-H ‘solid’ density, respectively.
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+
a PcH ■ (CH

PcSH Pw  ■ Y cSH ■ ^CSH -Jni2L . pcH ' YcSH ' h sH
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(6.9)
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-i2

d v
u ( v )

where u is uncertainty and v is variable.

(6 .10)

u

For density calculation v includes: a, Ig e i ,  le a p ,  Iv o id ,  I c h , htt, I c s h  and ycsn leading to:
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(6.11)

^iPcsn) — —PcsH ■ ( — ) '
WCSĤ -

(6.12)

However, analysis pre-supposed that the uncertainties in all the variables are independent. 
This is not the case because X / = l .  Expressions for uncertainties in other derived param eters 
are even more complex.

Due to that complexity o f statistical analysis the sensitivity o f  the calculated C-S-H 
characteristics is presented by the percentage changes caused by the changes o f  the input
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parameters. Table 6.7 demonstrates the percentage changes o f C-S-H ‘solid’ and ‘bulk’ 
densities {pcsH, Pcsh') as well as water (x, x% calcium (z) and silicon (y) contents for C-S-H. 
The 5% increase o f degree o f hydration, water to cement ratio o f paste, content o f CH (with 
dropping content o f ettringite), solid intensity (with simultaneous decrease o f mobile 
intensity) and C-S-H interlayer water intensity (with decrease o f gel water intensity) is 
implemented in a sensitivity analysis now presented.

Through analysis it was portrait that the C-S-H ‘solid’ and ‘bulk’ densities depend to the 
highest degree on the water to cement ratio o f the paste which causes about 7% and 3% 
inerease respectively. It arises as in the caleulation model the measured fractional intensities 
are renormalised to the water content at the mixing time. Hence by m isjudging the w/cpaste by 
+5% the intensity o f ettringite, C-S-H interlayer and gel pore water populations would rise, 
capillary water intensity would decrease and CH intensity would not change as it is based on 
TGA and XRD measurements. The change o f w/cpaste also causes the 56% increase o f the 
voids intensity, lyoid- Separately considered, a 5% imprecision in the voids intensity, and hence 
chemical shrinkage volume, affects pcsH and pcsn'^y  0.7 and 0.4% respectively, and does not 
influence on any composition parameter. The calculated densities also depend on the accuracy 
o f degree o f hydration, 5% overvaluing causes 1 and 2% increase in pcsn  and pcsH-

The water contents rely on the precision o f a and w/cpaste measurements causing 6% 
decrease for former and 6% increase for later input. Additionally, the ‘solid’ water content 
would change by 5% if  the interlayer water intensity, Ish, had 5% inconsistency. The calcium 
content, z, is dependent essentially on the content o f crystalline phases - CH and ettringite. 
The inaccuracy in the solid intensity has the least impact on the calculated C-S-H densities 
and composition.

Table 6.8 presents percentage changes in C-S-H densities and composition parameters 
caused by simultaneous changes o f two input parameters. It is shown that the jo in t change o f 
the degree o f hydration a and w/cpaste causes the highest change amongst all presented 
combination o f parameters. W hen w/cpaste is increased by 5% and a  is decreased by 5% the 
C-S-H ‘solid’ and ‘bulk’ water contents increase by over 14%. The contents are also altered to 
high extend (by 11-12% and 6% respectively) by simultaneous increase o f w/cpaste and A/, as 
well as by decrease o f a  and increase o f A/,. The ‘solid’ and ‘bulk’ C-S-H densities are 
affected by 5-9% and 1-5%, respectively, by all combination o f the w/cpaste parameter. The 
overestimation o f w/cpaste and underestimation o f Aa has the highest influence (~9%) amongst 
them on ‘solid’ C-S-H density. The calcium content, z, would rise by 3-4% if  the a  and men 
are misjudge in opposite manner. The silicon content, y , stays almost unchanged; changes are 
less than 1%, despite the dynamic nature o f all input parameters.
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Chapter 6. Influence o f curing temperature on cement microstructure

6 .5 . E v o l u t i o n  o f  w a t e r  p o p u l a t i o n  f o r  w h i t e  c e m e n t  p a s t e  w it h  io % o f  s il ic a

FUME

Preparation o f cement paste with silica fume involved addition of superplasticizer. The 
amount o f superplasticizer added was 0.1% by weight o f the binder. This is equivalent to 
0.25% o f the mass o f water for w/b = 0.4. This quantity o f superplasticizer is sufficiently low 
so as not to be considered as a separate component in relaxation analysis.

6.5.1. Uptake of water during hydration

The water ingress during hydration for cement paste with addition o f 10% silica fume (SF) 
mixed at w/b,nix = 0.4 and cured at different temperature is presented in figure 6.19.

The uptake o f water starts at earlier hydration time and proceeds more quickly for pastes 
cured at elevated temperature. However, samples cured at lower temperature catch up and in 
some cases overtake their higher temperature counterparts and finally uptake more water. In 
comparison with plain white cement paste, more water is drawn into samples.

Pastes cured at the highest temperature presents a distinguishing behaviour. Their water 
mass increases significantly during first 4h o f hydration and consequently shows water 
content values higher by about 0.015 g / g a n h -  The observation is believed to be caused by the 
observed cracking o f the SF samples cured at 60°C.
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Figure 6.19 Uptake of water mass as a function of hydration time for white cement pastes with addition of 
10% silica fume mixed at w/b„„:x ratio 0.4 and cured underwater at different temperature: blue inverted 
triangles: 10°C; black circles: 20°C; cyan diamonds: 30°C; red squares: 40°C; orange left-triangles: 50°C; 
and green triangles: 60°C.
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6.5.2. ‘Free’ water evolution

The ‘free’ water"^ signal evolution for pastes with addition o f siliea fume is presented in 
figure 6.20.

At early age, ‘free’ water is eonsumed faster at higher temperature compared to lower 
temperature. The hydration time at which ‘free’ water is consumed by 50% is about 3 , 5 , 8  
and 13 hours at 60, 40, 30 and 20°C respectively. The characteristic feature is the minimum in 
the ‘free’ water intensity followed by weak local maximum and subsequent steady decline, 
more visible for samples cured at higher temperatures. The reason for this behaviour is not 
clear. One may think that as the samples are cured underwater there is ingress o f water which 
accounts for these behaviours. However, the changes in the total signal intensity shown in an 
upper plot o f figure 6.20 are not adequate to explain free water data. It is noticed that the 
hydration times at which minima in ‘free’ water signal appear, at different temperatures, 
coincide with times o f maxima in chemically combined water signal presented in the 
following section. It suggests that the appearance o f trough and increase o f signal is the 
consequence o f a pozzolanic reaction o f CH and SF. It may imply that the product o f reaction 
is the C-S-H with interhydrate spaces in between. The following decline in signal indicates 
that the ‘free’ water is again consumed in hydration process.

When samples are older, more ‘free’ water remains at higher curing temperature. However, 
the difference in ‘free’ water content at different temperature is reduced notably with time.

i  r e p re s e n ta tiv e  e rro r
.5 0.9

c/5 0 .5

0.0  -

Time (days)
Figure 6.20 Evolution of ‘free’ water as a funetion o f hydration time for white cement pastes with 
addition of 10% silica fume mixed at ratio 0.4 and cured underwater at different temperature; black 
circles: 20"C; cyan diamonds: 30"C; red squares: 40“C and green triangles: 60"C. The upper plot shows 
the evolution o f total signal intensity. Lines are guides for eyes.

‘free’ water is the sum o f interhydrate and capillary pore water intensities with the low contribution o f latter, 
about 3-1%, over whole hydration time at all examined curing temperatures
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6.5.3. Chemically combined water evolution

Figure 6.21 shows the evolution o f ehemieally eombined water intensity. At early stage o f 
hydration the crystalline phases are created faster at elevated temperatures. Nonetheless, 
progressively with time and lower curing temperature solid water fractions are larger than at 
higher temperatures. It is observed that there is an apparent maximum in the signal fraction, 
which moves toward shorter hydration times with rise o f curing temperature (10°C; -6 0  days, 
20°C; -2 8  days, 30°C: -5  days, 40°C: -3 6  hours, 50°C: -2 0  hours, 60°C: -1 2  hours). M axima
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Figure 6.21 Evolution o f chemically combined water as a fiinetion of hydration time for white cement 
pastes with addition of 10% silica fume mixed at w/h,„i  ̂ ratio 0.4 and cured underwater at different 
temperature: blue inverted triangles: 10°C; black circles: 20°C; cyan diamonds: 30°C; red squares: 40°C; 
orange left-triangles: 50"C; and green triangles: 60°C. Lines are guides for eyes.

Table 6.9 The mass and water content o f CH measured by TGA; the NMR solid signal; ettringite water content 
calculated as the difference of solid signal and CH water content; and ettringite content based on its water 

content; at 90 days of hydration for white cement pastes with addition of 10% silica fume mixed at w/b,nix ratio
0.4 and cured undeiivater at different temperature.

Temp
r c ]

tncH
[g/gbinl
(±0.010)

Water Content at 90days
tnctt

[g/gbinlTG A CH  { I ch) N M R solid {Iso l)  E tt (E o i  - I ch )

10 0.235 0.143 &255 0.113 &098

20 0.217 0.132 0.229 0.097 0.084

30 0.201 0.122 0T99 0.076 &066

40 0T93 0.117 0T80 0.063 &055

50 0.190 0.116 0T59 0.044 &038

60 0T84 0.112 0.154 0.042 &037

1 - water content at the mixing time, wlb„,i^ = 0.4
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coincidence with the minima in free water signal intensity. These maxima and subsequent 
decline o f intensity indicates the consumption o f CH in a pozzolanic reaction with silica fume 
to create C-S-H. For mature paste significantly lower chemically combined water content is 
observed for paste cured at elevated temperature.

The TG analysis o f pastes at 90 days o f hydration permit calculation o f the water fraction 
in CH. Based on the analysis results for plain white cement paste, the ettringite water fraction 
was determined as a difference between NM R solid signal and CH water fraction. The results 
presented in Table 6.9 shows that with inerease o f curing temperature the CH and ettringite 
water fractions and hence the CH and ettringite contents decrease.

6.5.4. C-S-H interlayer and gel water evolution

The evolution o f C-S-H interlayer and gel pore water signal for white cement paste 
prepared with addition o f siliea fume is presented in figure 6.22.

{ re p re s e n ta tiv e  e rro r Î  re p re s e n ta tiv e  e rro r
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1 10 
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Figure 6.22 Evolution of C-S-El interlayer (left) and gel (right) pore water as a function of hydration time 
for white cement pastes with addition of 10% silica tume mixed at w/b„,ix ratio 0.4 and cured underwater 
at different temperature; black circles; 20"C; cyan diamonds: 30“C; red squares: 40“C and green triangles: 
60°C.

At higher curing temperatures, the acceleration o f C-S-H inter layer and gel pore 
development takes place. For mature pastes, after 10 days o f hydration, the interlayer water 
signal rises steadily and similarly across all temperatures. The gel water signal, at first, grows 
attaining a maximum value and thereafter declines. This indicates the consumption o f gel 
water. For pastes cured at 60, 40 and 30°C the gel signal increases again beyond 1 ,10 and 20 
days respectively, at the times when the ‘free’ water signal begin to decrease again. This is a 
result o f a complex process o f hydration in presence o f silica fume: the C-S-H is created as 
cement phases hydrate as well as due to CH and SF reaction.
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6.5.5. Ti relaxation  tim es

Figure 6.23 illustrates how the associated Ti relaxation times o f interlayer, gel and ‘free’ 
water vary with hydration time at different curing temperatures for white cement pastes with 
addition of 10% silica fume.

100

: .\

1 10 

Time (days)
Figure 6.23. The evolution of Tj relaxation time for water populations of white cement pastes with 
addition of 10% silica flime mixed at w/b„,ix ratio 0.4 and cured undei*water at different temperature. The 
upper graph shows the TT of ‘free’ water, the middle graph - 7̂  o f C-S-H  gel pore water and the lower 
graph -  73 o f C -S-H  interlayer space water. Black circles; 20"C; cyan diamonds: 30"C; red squares: 40‘*C; 
and green triangles: 60"C. Lines are guides for eyes.

At early hydration time, the % relaxation times o f ‘free’ -  interhydrate, water decrease 
faster as curing temperature increases. Beyond about 12 hours the reservoirs are characterised 
by the same Ti times suggesting same capillary pore sizes. Initially at higher temperatures, the 
% o f gel pore water also has the smaller values as the hydration process is accelerated. At 
later ages o f pastes, the trend reverses and pastes cured at higher temperatures are 
characterised by the longer 7] implying larger gel pore sizes. The Ti o f water within C-S-H 
interlayer spaces stays almost the same at all temperatures with slight decrease with time.
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6 .6 . C o m p a r i s o n : w h it e  c e m e n t  p a s t e  v s  w h it e  c e m e n t  p a s t e  w it h  s i l ic a  f u m e

6.6.1. Evolution of w ater populations a t 20“C

Figure 6.24 compares the evolution o f NM R water populations during hydration for plain 
white cement paste and white cement paste with silica fume (SF) cured underwater at 20°C. 
The same populations are observed with differences in intensities. The total signal intensity 
for paste with SF is higher than for plain paste suggesting higher chemical shrinkage.
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Figure 6.24 The evolution of different water population for white cement paste with 10% addition of 
silica fume mixed at ratio 0.4 and cured underwater at 20"C. Orange diamonds represent
chemically combined water signal, red squares -  the C -S-H  interlayer pore water, green triangles -  the 
C -S-H  gel pore water and blue inverted triangles -  the ‘free’ water signals. The black circles show the 
total water signal normalized to the initial mass of water at the mixing point. Open black symbols are 
corresponding signals for reference white cement paste cured at 20“C.

Initially, up to 9 hours, the ‘free’ water intensities are very close. Later, the consumption is 
much faster for paste containing silica fume. At 1 day o f hydration there is only 18% o f ‘free’ 
water left in comparison with 43% for plain paste. After 3 days the intensity remains at fairly 
constant level o f 10%, while for plain cement it decreases gradually down to 3% at 90 days. 
The development o f the ‘free’ water signal indicates the ‘finer’ porosity o f the SF paste 
between 0.5 and 7 days in comparison with plain cement paste. Beyond 7 days the situation 
reverses -  plain cement paste shows less capillary porosity.

Addition o f silica fume causes more prompt development o f gel pores. Throughout the 
whole experimental time the gel water intensity is higher than for white cement paste. 
Moreover, it presents different behaviour: the intensity attains a maximum after 20h and 
beyond that point it gradually decreases. In contrast for plain cement the gel intensity 
increases up to 4 days and stays relatively constant afterwards without a maximum.

The C-S-H interlayer water signal follows the same trend for both mixes and is only 
slightly lower in the presence o f SF.
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The intensities o f crystalline phases increase at the same rate in both pastes during the first 
2 days. Following that, as a result o f silica fume impact, the increase in signal lessens. Hence, 
the difference in signals for both pastes increases with time with the gap o f 7% at 90 days.

The associated Ti relaxation times for water within C-S-H interlayer spaces, gel and 
interhydrate pores are presented in figure 6.25. The ‘free’ -  interhydrate, water T? relaxation 
times are the same at the beginning o f hydration for paste with and without silica fume. They 
are slightly smaller between 0.3 and 2 days and higher beyond 2 days in presence o f SF. 
However, they reach fairly constant value already after 12 hours in comparison with two days 
for paste without SF. The Ti o f the gel water is slightly higher after 20 days. The C-S-H 
interlayer water is characterised by almost the same relaxation times throughout whole 
hydration process.

The reasons for changes in water intensities and Ti relaxation times in the presence o f SF 
are twofold. The cement hydration is accelerated as the fine silica fume provides additional 
nucléation sites for C-S-H. Further modifications o f microstructure are caused by the 
pozzolanic reaction o f silica fume and CH that results in creation o f C-S-H.
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Figure 6.25 The evolution o f  T  relaxation time for w hite cem ent paste with 10% addition o f  silica fume 
mixed at ratio 0.4 and cured underw ater at 20“C. Red squares represent the Tj  o f  C -S -H  interlayer 
pore water, green triangles -  the C -S -H  gel pore w ater and blue inverted triangles -  the ‘free’ water. 
Open black sym bols are corresponding times for reference w hite cem ent paste cured at 20°C.

6.6.2. The comparison for the full range of temperature

The comparison o f the NM R results for white cement paste with and without addition o f 
silica fume at different temperatures is presented in figure 6.26.

The significant differences in the amount o f chemically combined water are noticeable. At 
earlier ages, the signal in presence of SF follows the signal for plain white cement. However, 
after 2 days at 20°C, 36 h at 30°C, 36h at 40°C and 6h at 60°C the lower values are observed. 
The maximum difference in intensities is about 10%.

1 1 7
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The consumption o f ‘free’ water is faster for pastes with SF at the beginning o f hydration. 
The inflection point appears at progressively longer times with decrease o f temperature; ~10h 
for 60°C and 7 days for 20°C. Beyond that point there is more ‘free’ water within structure of 
SF pastes.

It is also shown that pastes contain more gel pore water at the same temperature and time 
when the silica fiime is incorporated. The difference becomes gradually smaller with 
hydration time. The content o f C-S-H interlayer water is influenced by addition o f silica fume 
to the smallest extend. The intensities are just slightly lower by 1-3%.

W hite cem ent paste

0 07  o

10°C 20°C 30°C
W hite cem ent paste w ith Silica Fume

40°C 50°C 60°C

1
— i1 1L

20°C 30°C 40°C 60°C
Figure 6.26 The evolution o f  different w ater population for w hite cem ent paste (top) and w hite cem ent 
paste w ith silica fume (bottom ) over the time o f  hydration for sam ples cured under-water at various 
tem perature. Total signal is de-com posed into chem ically com bined w ater (orange), w ater in C -S -H  
interlayer spaces (red), C -S -H  gel pores (green) and ‘free’ w ater (blue). The total signal fractions go 
above 1 indicating the underw ater curing.
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7. Other experimental insight

7.1. A c t iv a t io n  e n e r g y  o f  w a t e r  d y n a m i c

7.1.1. Verification of experiments integrity

7.1.1.1. Water T\ relaxation time as a function of temperature

Inversion recovery measurements o f distilled water were performed at different 
temperature (7) to validate the behaviour o f the T\ relaxation time against literature data
[125]. Figure 7.1 presents the change in T\ relaxation time expressed as to
account for different frequencies at which experiments were performed (28 vs 20 MHz). 
Good agreement is found between data sets.
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Figure 7.1 The changes in the T, relaxation time o f  w ater as a function o f  tem perature. Red circles are the 
author experim ental data, black squares are the data reported by K rynicki [125].

7.1.1.2. The total signal intensity as a function of temperature

The activation energy experiments presented in the following section were performed by 
T\ recovery. The total signal intensity - ‘net’ magnetization, M„, along the z direction is the 
measure o f the excess o f parallel state magnetic moments population. Considering the 
Boltzm ann’s distribution equation (section 3.1) and the fact that energy difference between a 
and (3 spin states, AE, is much lower than the thermal energy, kT, the expression for Mo as a 
function o f temperature is well approximated by [78]:

Mo =  N (y-hŸ-Bp _   ̂ .1 
4 k g -T  T

(7 .1)
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where N  is the total number o f nuelei in sample, B„ is magnetie field, y is the gyromagnetic 
ratio, kg is Boltzmann constant, h is the Planck constant divided by 2n and C is constant.

Figure 7.2 a and b demonstrate that the measured total signal intensity for mature white 
cement paste, at 28 and 90 days o f hydration, behaves linearly and increases proportionally 
with inerease in l/T  according to equation (7.1). The saturation recovery technique was used 
to measure those samples. Data sets took two days to record. A further set was recorded at 
days 7 and 8 using inversion recovery. However, it showed too much systematic variation 
during measurements due to ongoing hydration to be trusted. These measurements are not 
included.
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Figure 7.2 Total signal intensity for w hite cem ent paste cured underw ater (vv/c„, .̂ = 0.4) for 28 (a) and 90 
(b) days o f  hydration as a function o f  tem perature at w hich m easurem ents were perform ed.

7.1.2. Activation energy

7.12.1. The analysis of Ti relaxation measurements

The T\ recovery measurements were performed in the experimental temperature range 
from -20 to +60°C. The data were originally analysed by Inverse Laplace Transform (ITT). 
However they showed fluctuations in intensities o f the C-S-H interlayer and gel pore water 
due to low signal to noise ratio. Hence, the fractional intensities for particular water 
populations were averaged and intensities recalculated. Further, multi-exponential analyses 
with constrained intensities were performed. The T\ relaxation times obtained in such way 
served to plot the h i(l/7 \) dependence on temperature (figure 7.3) used in further calculations.
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Figure 7.3 The changes in ln(l/T,) as a function of temperature for white cement paste at 28 (a) and 90 
(b) days of hydration based on multi-exponential analysis with constrained intensities. Lines are the linear 
fit to the data.

7.1.2.2. A ctivation energy

The basic law o f chemistry, developed by Svente Arrhenius, relates the constant rate o f 
reaction {k) with temperature (7) at which the reaction/process occurs

k =  A - e ’̂ B-T

where A is prefactor and Ea is the activation energy.

(7.2)

This law can be adapted for NM R analysis. As water, or more precisely hydrogens, in 
different pore environments have specific relaxation rates (1/71), try looking at the changes in 
these rates with temperature it is possible to calculate the activation energy for relaxation 
processes in associated pore types. The correlation time (r^) o f molecular motion causing 
relaxation can be written as an Arrhenius type rate process

Ea
q U-b 'T (7.3)

According to BPP theory [89], the T\ relaxation time for magnetic dipole-dipolc 
interactions is expressed in terms o f spectral density function /^ (u i) , given in section 3.3.1, 
and hence is related to coiTclation time as:
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where C and C  is constant.

The T\ relaxation time as a function o f Tc shows a minimum at (ûq’Tc ~ 1 (section 3.3.1. 
figure 3.11). Therefore depending on the cOq-Tc value relaxation rate can be expressed as:

« 1 ^  In (T )  _  c" + ^  ; »  1 ^  In (T) -  C" -  ^  (7.5)

where C ” is constant.

The evaluated relation o f  relaxation rate considers only dipolar spin-pair interactions 
through the molecular rotations and translational motions. Considering the measurements o f 
distilled water which is characterised by long T\ and 7% relaxation in the fast motion regime, 
the gradient sign is consistent with equation (7.5).

For cementitious materials the mechanism o f relaxation and the obtained values o f T\ are 
induced/dominated by interaction with paramagnetic impurities, S, and m odulated by 
translational diffusion o f the mobile spins, 7, with reference to S  as described in section 3.3.3. 
For relaxation o f spins in cement paste pores the correlation time, Tc, m ay be taken to be the 
surface hopping time, Xm, o f K orb’s model. The expression becomes cos'Xm, where 
n>5 ~ 650-^0 is the electron resonance frequency.

7.12.3. The activation energy calculation for cement paste

The fitting lines o f function ln(l/7 'i) = A ± EJikB'T) for mobile relaxation time 
components o f white cement paste are shown in figure 7.3a at 28 days and figure 7.3b at 90 
days o f hydration. The gradients o f these lines are presented in table 7.1.

Table 7.1. The gradients o f the fitting lines o f In/l/Ti) as a function o f temperature for cement paste at 28 (fig 7.3 
a) and 90 (fig. 7.3 b) days of hydration and activation energy o f water transport in associated pores calculated 
based on these gradients.

Pore water
Gradient Activation energy [eV]

28 days 90 days 28 days 90 days

C-S-H interlayer 3920 375.2 0.034 ±0.003 0.032 ±0.002

C-S-H gel 137.2 106.0 0.012 ±0.001 0.009 ±0.002

Interhydrate -99.6 -146.2 0.009 ±0.002 0.013 ±0.002

Capillary -663.2 -740.1 0.057 ±0.005 0.064 ±0.007
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The first observation is the change in gradient from positive values for C-S-H interlayer 
and gel pore water to negative for two capillary reservoirs. This suggests that the relaxation 
times o f cement paste pore water are placed in close proximity o f the T\ (tUo'C) minimum. At 
20 MHz and taking ~ 1 ns [99] cos'T„, has a value o f ~ 80 that is much greater than 1. This 
clarifies the gradient sign for interhydrate and capillary water. Nevertheless the change o f the 
sign for interlayer and gel pore water is surprising and not fully understood at this stage o f 
work. Ongoing M olecular Dynamics and Monte Carlo simulation studies o f relaxation in 
small pores by TRANSCEND student Serge Henri Caehia (Project 1) and EPSRC student 
Nicholas Howl ett may help clarify the situation.

The activation energies o f molecular motion within cement paste porosities, calculated 
based on gradients, are presented in table 7.1 and in figure 7.4 as a funetion o f hydration time 
and T\ relaxation time at 298 K. W ater in capillary pores, with higher T\ and pore size o f 
order o f micrometres, is characterised by the greatest activation energy. W ith increase o f 
hydration time the values o f capillary activation energies stay fairly constant within range o f 
experimental accuracy. The calculated values (-0 .060 eV) are about one third o f that for bulk 
water. For water in spaces with smaller pore sizes the activation energy may go through a 
minimum. The lowest values are observed for water in interhydrate pores which size is about 
10 nm and gel pores with size o f -3  nm. Following that the activation energy is higher in 
C-S-H interlayer spaces. It is also noted that the C-S-H interlayer, gel and interhydrate water 
activation energies do not vaiy significantly within hydration time at which experiments were 
perfonued in this study.
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Figure 7.4 The activation energy dependence on T, relaxation time for white cement paste 28 (red circles) 
and 90 (green triangles) days of hydration. The blue diamond represents the approximated water 
activation energy based on fitting line o f ln(l/T]) of experimental data presented in figure 7.1.

The activation energy for relaxation in bulk fluid is determined by the activation energy for 
rotational and translational motion o f spins in bulk. The activation energy for surface 
adsorbed species is that for surface diffusion. Since the observed relaxation rate is the

12:
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weighted average o f  surface and bulk relaxation, this suggests that the surface mobility has 
lower activation energy than the bulk, as more confined water has a lower energy. This is 
perhaps surprising and is a subject o f ongoing MD simulations by Serge Henri Caehia. The 
increase for interlayer water m ay reflect that the relaxation model breaking down in such a 
small space, especially given water associated with interlayer calcium.

7 .2 . W a t e r  -  i s o p r o p a n o l  e x c h a n g e

This section contains the product o f jo in t research between author and D r Radoslaw 
Kowalczyk. The author’s contribution was the experimental examination o f  the time 
dependency o f exchange and the exponential stripping analysis o f  both deuterated and 
protonated sample data (latter for comparison with ILT). More details on the sample 
preparation, experiments and analysis are presented in [105] (Appendix 2).

7.2.1. Protonated cement paste

The 72 relaxation time distributions for cement pastes prepared with H 2 O are presented in 
figure 7.5 and table 7.2. The distribution o f as prepared paste (top graph) shows peaks 
associated with chemically combined water (24% with 72 -1 0  ps), C-S-H interlayer (21%, 
90 ps), gel (44%, 300 ps), interhydrate (8%, 1 ms) and capillary pore (3%, 4 and 15 ms) 
water.

The isopropanol exchange (middle graph o f figure 7.5 and 2"^ line in table 7.2) causes a 
slight decrease in the total signal intensity in comparison with as prepared paste. The 
reduction could be explained by lower proton density o f  isopropanol (0.1057W cm"^ where Na 
is Avogadro number) than o f water (0.1117^ cm'^). The 3% decline in intensity would be 
achieved by exchanging 60% o f mobile water with isopropanol. However, the T2  distribution 
reveals important changes in populations. The interhydrate and capillary liquid intensities 
increase m arkedly from a sum o f 11% to 39%. A t the same time, the intensity o f  liquid within 
gel pores decreases drastically by 28%. Only a small change is observed (by 3%) in interlayer 
intenity. The solid signal is unchanged.

One m ay think that there is increase in the amount o f large pores and a parallel decrease o f  
gel pore volume due to damage to pore network. That this is unlikely is proven by the result 
o f  back exchanging an isopropanol exchanged sample with water (bottom graph o f  figure 
7.5). In the 3"̂  ̂ line o f the table it is shown that gel, interhydrate and capillary water intensities 
are reversed almost to the level o f as prepared paste. This suggests that larger pores, even for 
underwater cured samples, are inaccessible to water and are hence empty. It arises because the 
very small permeability o f paste restrains curing water from getting into and saturating the 
capillary porosity. At reduced relative humidity the Kelvin Laplace equation ensures that 
large pores are not liquid filled. Even at 98% RH, pores with size above 53 nm are empty o f 
liquid water. However, isopropanol can access these bigger pores as its contact angle is 
smaller compared to water [126].
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Figure 7.5 The T? relaxation times distribution of as prepared paste with H?0 (top), exchanged with 
isopropanol (middle) and exchanged back with H^O (bottom) -  analysis performed by Dr R. Kowalczyk.

Table 7.2 Signal intensities o f different water populations in as prepared and isopropanol exchanged pastes 
normalised to ignited paste mass and ‘as prepared’ paste with H2O.

Sample Jsol IcSH Igcl Ijnt-hyd Jcap Itot

as prepared H 2 O 0 2 4 0.21 0.44 0.08 &03 1.00

+ 1PA 0.24 0.18 0 4 6 0.11 0 2 8 0.97

+ IP A + H 2 O back exchanged 0.21 0U8 0.37 0.10 0.11 0.97

as prepared D 2 O 0.01 0.01 0.03 0.00 0T2 0.07

+ H 2 O 0.21 04 8 0.40 OT# 0.10 0.98

+ IPA(D) 0.02 0.1 1 0.06 0.24 0.43

+1PA 0.18 0.11 0.14 0.13 0.15 0.71

The expected capillary liquid fraction can be calculated. Assuming that 0.38 gram o f water 
are required to fully hydrate 1 gram o f cement [28] and taking the water to cement ratio at the 
mixing time {w/cmix = 0.46), then there are 0.08 cm^ of water available to create interhydrate 
and capillary pores at full cement hydration {a = 100%). Additionally, the chemical shrinkage 
creates the voids accessible to isopropanol in the amount o f 0 . 0 7 5 glcm  o f  anhydrous 
cement^^. Therefore, there is 0.155 cm^ of capillary porosity at full hydration, or 29% o f the 
total liquid volume. However, considering that paste did not reach the full hydration, the 
realistic degree o f hydration {a = 85%) leads to capillary liquid volume 0.201 cm^ and 
fraction o f 38%. This is in very good agreement with the sum of interhydrate and capillary 
liquid intensity in the isopropanol exchanged paste (39%).

defined by Arnaud Muller and presented in [128]
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The changes in gel pore intensity upon isopropanol exchange can be explained as the 
isopropanol draws water out o f gel pores but cannot itself get into the smaller gel pores. That 
isopropanol only fills the bigger gel pores are evidenced by longer T2 o f gel liquid and the fact 
that the isopropanol has a molecular size too big to access the smaller gel pores. Considering 
that the solvent do not enter smaller gel pores and that the intensity o f the C-S-H interlayer is 
changed minimally, the water in the interlayer spaces is not replaced by isopropanol.

7.2.2. Deuterated cement paste

In order to distinguish which pores are filled by water and which by isopropanol the 
exchange experiments were repeated on the samples made with D 2 O.

The as prepared D 2 O paste shows negligible signal (4̂ ^̂  line in table 7.2). The minimal 
signal present is caused by hydrogen-deuterium (Hyd-D) exchange during sample preparation 
and curing. W hen deuterated paste is exchanged with H 2 O the signals from the original water 
populations are recorded and 5*̂  ̂ line in table 7.2). The recovery o f chemically combined 
water signal suggests that the solid phases have high SSA, enabling Hyd-D chemical 
exchange, and hence they exist in nanocrystalline forms. The solid, C-S-H interlayer and gel 
water intensities are slightly lower than for as prepared H 2 O paste. However, the total 
interhydrate and capillary intensity is almost double. This suggests that the paste prepared 
with D 2 O hydrates more slowly than that with H 2 O, as already reported [127]. It is further 
evidenced as the T2  relaxation times o f gel, interhydrate and capillary water, and hence pore 
sizes, are bigger for deuterated paste (375 ps, 2.6 and 15.5 ms against 300 ps, 1.0 and 4 ms).

The partially deuterated isopropanol, (CH 3 )2 CDOD, was used to register only the 
isopropanol -  water molecular exchange and to prevent the Hyd-D chemical exchange (as the 
hydrogens likely to undergo such exchange are deuterated). The analysis (6‘*̂ line in table 7.2) 
shows the minimal chemically combined signal -  in contrast to H 2 O replacement, proving that 
the Hyd-D chemical exchange did not occur. The modest signal was obtained from 
C-S-H gel (11%). It is assumed to originate from the isopropanol entering the larger gel pores. 
Results can be compared with solvent replaced H 2 O paste by multiplying by 8/6 (number o f 
Hyd in isopropanol by number o f Hyd in deuterated isopropanol). The multiplication yields 
15% o f intensity for C-S-H gel water which is in good agreement with the gel intensity for 
H 2 O paste exchanged with isopropanol (16%). This strongly suggests that isopropanol 
molecules do not replace water within C-S-H interlayer spaces and demonstrates the 
connectivity o f C-S-H gel pore network with larger interhydrate and capillary pores. The total 
signal intensity acquired from interhydrate and capillary liquid is equalled to 30%. 
M ultiplication gives 40% which is also closed to 39% for H 2 O paste.

The deuterated paste was also exchanged with regular isopropanol (7^  ̂ line in table 7.2). 
The analysis shows that signals recover hugely for all population demonstrating both 
isopropanol -  water molecular and Hyd-D chemical exchange processes. The increase in 
chemically combined and interlayer intensities indicates the appearance o f Hyd-D chemical 
exchanged as now all hydrogens sites are protonated. However, these intensities do not reach 
the intensity levels o f H 2 O paste suggesting that the chemical exchange is not yet completed.
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The gel intensity is slightly smaller than for solvent replaced H 2 O paste (14% -16%). 
However the larger pores are not yet filled to the same level (28% - 39%).

7.2.3. Tim e dependency of exchange

The full equilibration o f the solvent replacement is a very slow process for the large 
cement paste samples. Figure 7.6 presents how the combined signal intensities o f liquids in 
capillary and interhydrate and in C-S-H inter layer and gel pores change over exchange time 
for white cement paste mixed at w/Cmix = 0.4 and cured underwater. The measured sample had 
length and diameter o f 8 mm. This size is considerably bigger in comparison with millimetre 
pieces o f paste measured in previous sections when the exchange occurred after 3 days.
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Figure 7.6 The increase of sum interhydrate and capillary pore water intensity (blue triangles) and 
decrease o f sum C-S-H interlayer and gel pore water intensity (red squares) for isopropanol exchange of 
large paste sample. The lines are the exponential fits -  solid with one and dashed with two components.

The sum interhydrate and capillary intensity increases significantly from -3  to 20% 
showing again that even though the sample is eure underwater many o f large pores are not 
filled with water. The calculated fraction o f capillary water, as presented in section 7.3.1, for 
fully hydration paste in that ease is 20%. The exchange was performed on 6 month old 
sample, the hydration is almost completed (definitely over 90% as shown for 90 days old 
paste in seetion 6.6.1). Hence, experimental and estimated fractions are in good agreement.

The decrease o f combined fraction o f C-S-H interlayer and gel liquid (from -70%  to 27%) 
again suggests that isopropanol draws water out o f C-S-H gel but not replace it to the same 
extend. The exponential fits yield the time constant o f the signals changes. The capillary pores 
are filled by isopropanol with a time constant o f about 4 days for the 8 mm sample. W ater is 
drawn out from gel pores within 1.5 days. The longest process (25 days) is surprisingly the 
equilibration o f water within interlayer spaces and on the surface o f gel pores which appears 
interlayer-like during drying. The full equilibration o f solvent exchange in sample o f larger, 
centimetre size takes about two months.
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8. Summary / Conclusion

It has been shown in this thesis that NM R Relaxometry provides a great level o f valuable 
information concerning cement microstructure as a function o f hydration time, temperature, 
relative humidity and mix composition. Furthermore, better insight into pore-water 
interactions in cementitious materials was obtained.

It was shown that NM R experiments are quantitative. The linear dependence o f total signal 
intensity with sample mass during drying proved that NM R senses all water within samples. 
The origin o f the solid Quad Fcho signal was verified by thermogravimetric analysis and X- 
ray diffraction. The signal arises entirely from Portlandite and ettringite, and does not 
comprise any contribution from C-S-H. Five distinct NM R hydrogen populations were 
observed and assigned as chemically combined water, C-S-H interlayer, gel and interhydrate 
pore water and finally water in larger capillary pores and cracks.

8.1. S o r p t io n  i s o t h e r m

The NM R Relaxometry has revealed the first pore-type resolved sorption isotherm o f any 
cementitious material. Such an isotherm facilitates the assessment o f  porosity types that are 
dried or filled at different humidity conditions. The striking feature o f the data is the re­
assignment o f the NM R signal o f the surface water layer remaining in gel pores during drying 
to the C-S-H interlayer water signal. The results allow an interpretation o f  the way the pores 
empty during desorption and fill during adsorption branches. Six stages o f desorption process 
were identified. It was observed that drying progresses through the removal o f the bulk pore 
water with a water layer remaining at the pore surfaces. For adsorption the results suggests 
refilling o f gel pores layer by layer. The results allow schematic presentation o f the C-S-H 
morphology. It is similar to the picture o f C-S-H proposed by Feldman and Sereda [38] and 
consistent with interpretation o f their model.

Pore sizes in ‘as prepared’ cement paste were independently calculated based on the T2  

relaxation times in accordance with fast exchange model o f relaxation and based on the rate o f 
signal amplitude loss during drying. The relaxation time model gives the C-S-H interlayer 
spacing o f 0.94 ± 0.04 nm and gel pore size o f 3.1 ± 0 .2  nm. The value o f gel pore size 
obtained by amplitude model from primary desorption branch is higher - 4.5 ± 1 .6  nm, but 
close to that obtained by M cDonald e fa / [1 8 ] . The amplitude model gives the 1.5 ±  0.3 nm 
for C-S-H interlayer pore size. That is larger than expected and than the value from the 
relaxation model calculation. It is attributed to the breakdown o f the drying model 
assumptions in small interlayer space.

The specific surface area was calculated by three means: BFT theory; fast exchange model 
o f relaxation; and amplitude model. The amplitude model gives systematically lower values in 
comparison with the other two methods. This is explained by the high sensitivity o f SSA 
analysis on pore size and attributed to the higher size o f C-S-H interlayer pores than expected. 
The total specific surface area evaluated based on mass and intensity BFT fits and on 
relaxation times yields close values o f 130 ±  5, 144 ± 24 and 157 ±  9 m^/g o f dried paste (3%
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RH) respectively. These values were shown to be relatively close to previous estimates by 
Baroghel-Bouny [114] and by Powers and Brownyard [32] but lower than that measurements 
by Halperin et al [10]. The analysis allows differentiation o f SSA between C-S-H interlayer 
and gel pores. Given the pore widths from fast exchange model, the specific surface areas are 
91 ± 4  m^/cm^ o f paste for gel pores and 175 ±  12 m^/cm^ for C-S-H interlayer pores.

8 .2 . I n f l u e n c e  o f  c u r i n g  t e m p e r a t u r e  o n  c e m e n t  m i c r o s t r u c t u r e

The quantitative NM R data lead to a full description o f cement paste and C-S-H 
characteristics. The density, Ca/(Si+Al) ratio and water content o f C-S-H were measured in 
never dry white cement pastes using NM R Relaxometry supported by TGA and XRD 
analysis. The NM R evaluated C-S-H ‘solid’ and ‘bulk’ densities in cement paste cured at 
20°C for 28 days are 2.64 ± 0.03 g/cm^ and 1.90 ±  0.02 g/cm^. The values o f C-S-H ‘solid’ 
density are at the upper end o f earlier estimates by helium piknometry [28], [75], [76] but are 
in good agreement with the well cited measurement using SANS by Jennings [7]. The ‘bulk’ 
density is close to the CM-11 model value [6] and that measured by Young and Hansen [72].

Changes o f curing temperature cause important alteration to the C-S-H characteristics and 
cement paste. W ith increase o f curing temperature the increase o f both C-S-H ‘solid’ and 
‘bulk’ densities was revealed with accompanying decrease in C-S-H water content. It was 
interpreted as evidence for fewer locally stacked calcium silicate layers and further explained 
by a slightly lower amount o f the gel pore water at the elevated temperature. The increase o f 
C-S-H ‘bulk’ density and decline o f water content with temperature was also observed by 
Galluci et al [109]. The calcium and silicon content remain constant despite the changes in 
curing temperatures. The cement paste composition is affected. An increase o f curing 
temperature accelerates cement hydration and growth o f hydrates. Pastes cured at higher 
temperature are ‘m ore’ hydrated. At mature age, they are characterised by larger capillary 
porosity, greater amount o f C-S-H phase and lower content o f ettringite and gel pores.

The combined results o f the desorption and C-S-H composition studies allowed the 
creation o f the C-S-H ‘solid’ and ‘bulk’ water content desorption isotherm that can be 
evaluated to define the C-S-H composition at various humidities. In particular water content 
at 10% RH is measured as 2.11 moles/mole o f C-S-H. It is in agreement with values at 11% 
RH reported by Jennings [6], Feldman and Ramachandran [73] and Young and Hansen [72].

^H NM R Relaxometry enabled determination o f the evolution o f the nanoscale porosity for 
white cement pastes and comparison between pastes with and without addition o f silica fume, 
cured at different temperatures. In general, with the hydration time, the consumption o f 
interhydrate/capillary pore water and the development o f three water populations (chemically 
combined water within crystalline phases; and water in interlayer spaces and gel pores o f 
C-S-H) were registered. For white cement paste the amount o f chemically combined water 
and C-S-H interlayer water increase continuously in course o f hydration. Initially the content 
o f gel pore water increases more rapidly and later becomes approximately constant (after ~4 
days at 20°C). The observation o f two nanoscale pore types intrinsic to the C-S-H is 
distinctive in comparison with Jennings’ CM-II model [6] that identifies four populations:
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interlayer spaces; intra-globular pores; small pores between globules (SGP) and large pores 
between globule floes (LGP). The gel pores as measured in this thesis are comparable in size 
with SGP while the interhydrate size is in the range o f the LGP size. However, as the latter is 
consumed in the hydration process, it is not treated as part o f C-S-H structure in this study.

The evolution o f NM R signals for white cement paste with silica fume shows the 
formation o f C-S-H due to pozzolanic reaction o f silica fume with CH and acceleration o f 
hydration due to silica fume filler effect. The m ajor influence o f silica fume is observed in the 
reduced amount o f chemically combined water and much higher o f gel pore water in 
comparison with plain white cement paste. The maximum gel pore water content for paste 
cured at 20°C appears earlier than for plain white cement, already at ~20h, and coincidental in 
time with the change in capillary water consumption and stability o f interhydrate pore size. In 
mature pastes with silica fume considerably higher capillary porosity is seen. However the 
sizes o f  C-S-H interlayer, gel and interhydrate/capillary pores are very similar as for plain 
cement paste. The investigation o f SF pastes with increase o f curing temperature reveals more 
complex hydration behaviour as there are two factors contributing: the C-S-H is created due 
to silicates reaction with water and silica fume reaction with CH.

8.3. A c t i v a t i o n  e n e r g y  o f  w a t e r  d y n a m i c

The activation energy for water relaxation processes in C-S-H interlayer, gel, interhydrate 
and capillary pores was determinate based on T\ relaxation time measurements. The prior 
verification o f acquired data for water against literature and the linear increase o f total signal 
intensity with increase in HT gave the confidence in obtained results.

It is observed that the activation energy decreases with confinement o f  space to the certain 
pore size / T\ level at which it m ay go through a minimum and after which the energy reaches 
higher values for water within even smaller spaces. The results suggest that the translational 
and rotational motion o f spins has higher activation energy than the surface difftision. The 
increase o f activation energy for interlayer water may reflect that the relaxation model breaks 
down in such a small space. Otherwise the activation energy and mechanism o f  spin 
relaxation in cement paste pores m ay be explained as an effect o f  balance between surface 
diffusion and rotational-translation interactions.

8.4. W a t e r  -  is o p r o p a n o l  e x c h a n g e

N M R  relaxation analysis was performed to assess the mechanism o f water-isopropanol 
replacem ent method used for arresting cement hydration. The results showed that water- 
isopropanol exchange essentially do not alter the water within the C-S-H interlayer spaces. 
However, isopropanol draws water out o f C-S-H gel pores and refill the bigger, m ore 
accessible amongst them. It invades the interhydrate and capillary pores giving significantly 
higher intensity than in ‘as prepared’ paste. That suggests the presence o f the large capillary 
pores in cement paste that are inaccessible to water and explains the lower capillary porosity  
recorded by NM R than expected from Powers and Brownyard model [32], [34].
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The connectivity o f C-S-H gel pore network with larger interhydrate and capillary pores 
was revealed through the exchange o f deuterated paste with deuterated isopropanol. It also 
demonstrated that isopropanol molecules do not enter the C-S-H interlayer spaces and do not 
replace water within those spaces. Furthermore, the chemical exchange between deuterons 
and protons proves experimentally for the first time the interconnectivity o f C-S-H interlayer 
and gel pores with interhydrate and capillary pores.

8.5. F u t u r e  w o r k

It has been shown in this thesis that NM R relaxometry is an excellent source o f valuable 
information about cement microstructures, especially C-S-H, and water within them. The 
NM R relaxometry opens the door to a routine way o f cementitious materials characterisation 
needed by researchers and industry to rapidly describe novel cements. Nevertheless there are 
several factors to consider in context o f making NM R the routine test. In particular NM R 
laboratories use different variants o f pulse sequence; perform the experiments by using 
spectrometers with different operating characteristics; and analyse the data following different 
protocols. Additional level o f variation arises from the examined samples themselves: their 
sizes; geometry; preparation; and curing conditions. All these make the comparison between 
different NM R laboratories and instruments difficult and the interpretation o f results complex. 
The need to standardise the NM R characterisation o f cementitious materials was identified. 
The project with aim to fulfil that gap and define, validate and disseminate the appropriate 
protocols for NM R measurements and analysis has already begun in collaboration between 
University o f Surrey and National Physical Laboratory.

The research presented in this thesis could be complemented and extended in many 
aspects. The possible extensions are: examination o f the influence o f curing temperature on 
the C-S-H characteristics for cement paste with addition o f silica fume; calculation o f the pore 
sizes for cement paste with silica fume; deeper investigation o f empty capillary pores etc.

The other proposition could be examination o f the activation energy for water relaxation at 
younger pastes ages. Nevertheless the activation energy results are surprising and at first the 
deeper understanding o f the experimentally yielded values o f activation energy and their 
behaviour with the decrease o f pore size is required. Ongoing M olecular Dynamics and 
Monte Carlo simulation studies o f relaxation in small pores o f calcium silicate hydrates by 
Serge Henri Caehia and Nicholas Howlett m ay help to clarify the results.

Other areas for further studies includes: a re-evaluation o f T2 -T2  experiments in the light o f 
this work and o f the simulations o f Serge Henri Caehia and Nicholas Howlett; and further 
investigation o f the lateral extend o f  C-S-H pores using double quantum and diffusion 
methods. In a wider aspect the next important stage is to create the link between the resultant 
information and knowledge gained from this thesis and the properties o f cementitious 
materials and concrete structures.
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