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SUMMARY

Cementitious materials are heterogeneous on mutliple length scales, from nanometres
to metres. Consequently, their macroscopic mechanical properties are affected by ma-
terial structures at all length scales. In pursuit of fundamental understanding the re-
lationship between their multiscale heterogeneous material structure and mechanical
properties, testing and modelling are required at all length scales.

In this thesis, a series of experimental and modelling techniques for cementitious
materials on multiple length scales (micrometre to millimetre) has been developed. This
forms an experimentally validated modelling scheme in which experimental results are
used to provide input and validation for numerical model at each length scale.

The approach on micro-scale sized specimen preparation has been developed by
combining thin-sectioning and micro-dicing techniques. Mechanical measurements on
the prepared micro-scale sized specimens were performed using a nanoindenter under
various test configurations. The micromechanical model has been developed by com-
bining the micro X-ray computed tomography and discrete lattice fracture model.

In terms of hardened cement paste (HCP), the micro-cube indentation splitting test
technique offers experimental results for the calibration of the micromechanical model.
The one-sided micro-cube splitting test was used to validate the calibrated model. More-
over, the one-sided splitting test can offer the nominal splitting strength of HCP. The
micro-cube compression test was developed to validate the modelling results and to
provide the compressive strength and Young’s modulus measurements of HCP at the
micro-scale. The experimentally validated micromechanical model was further used to
predict the uniaxial tensile fracture behaviour of HCP at the micro-scale. It is confirmed
by both numerical modelling and experimental measurements that the micromechani-
cal properties (such as compressive strength, tensile strength) of HCP are much higher
than at the meso-scale properties. With respect to the interfacial transition zone (ITZ),
micro-scale sized HCP-aggregate cantilever beams were fabricated and loaded by the
nanoindenter. The measured load-displacement response was used to calibrate the mi-
crostructure informed lattice fracture model. This model was further used to predict the
fracture behaviour of the ITZ under uniaxial tension.

The volume averaging up-scaling approach has been adopted as a tool to pass the
outcome from the micro-scale to the higher scale as input. The micro-beam three-point
bending test has been developed to validate this modelling scheme on HCP. The good
agreement between modelling and testing shows that this modelling approach can re-
produce the experimental results in terms of fracture pattern, strength and elasticity
well. This up-scaling approach was further validated by comparing the modelling and
testing results of the 10 mm cubic mortar under uniaxial tension. As strength and frac-
ture properties of cementitious materials are size dependent, a size effect study on HCP
has been carried out using both one-sided splitting test configurations and the multi-
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scale modelling approach. The size range of specimens that can be experimentally mea-
sured and numerically simulated are significantly improved by using these techniques.

The experimentally validated multi-scale modelling scheme developed in this thesis
is fully quantitatively predictable at the meso-scale. This modelling scheme is generic.
It can be used in the same or similar way for studying systems utilizing other binders or
aggregates.



SAMENVATTING

Cementgebonden materialen zijn heterogeen op verschillende lengteschalen, van nano-
meters tot meters. De consequentie is dat de macroscopische mechanische eigenschap-
pen beïnvloed worden door materiaalstructuren op alle lengteschalen. Om de relatie
tussen de heterogene materiaalstructuur en mechanische eigenschappen fundamenteel
te begrijpen, zijn experimenten en modellen op alle lengteschalen nodig.

In dit proefschrift is een reeks experimentele en modelleringstechnieken ontwikkeld
voor cementgebonden materialen op meerdere lengteschalen (micrometer tot millime-
ter). Dit vormt een experimenteel gevalideerd modelleringsschema waarin experimen-
tele resultaten worden gebruikt om input en validatie te leveren voor een numeriek mo-
del op elke lengteschaal. De aanpak voor de preparatie van microschaalsproefstukken
is ontwikkeld door het combineren van technieken voor het maken van dunne doorsne-
den en micro-dicing. Mechanische metingen op de geprepareerde microschaal formaat
proefstukken werden uitgevoerd met behulp van een nanoindenter onder verschillende
testconfiguraties. Het micromechanisch model is ontwikkeld door het combineren van
de micro X-ray tomografie en het discrete lattice-breukmodel.

Op het gebied van verharde cementpasta (HCP) biedt de splijtproef door middel
van nano-indentatie op een microkubus experimentele resultaten voor de kalibratie van
het micro-mechanisch model. De eenzijdige splijtproef op een microkubus werd ge-
bruikt om het gekalibreerde model te valideren. Bovendien geeft de eenzijdige splijt-
proef de nominale splijtsterkte van HCP. De microkubus drukproef is ontwikkeld om
de resultaten van de simulaties te valideren en om de druksterkte en Young’s modulus
metingen van HCP op microschaal te bepalen. Het experimenteel gevalideerde micro-
mechanisch model werd verder gebruikt om het uniaxiale trekgedrag van HCP op mi-
croschaal te voorspellen. Het wordt bevestigd door zowel numerieke modellering als
experimentele metingen dat de micromechanische eigenschappen (zoals druksterkte,
treksterkte) van HCP veel hoger zijn dan de eigenschappen op mesoschaal. Met betrek-
king tot hechtzone tussen HCP en toelagmateriaal (ITZ) werden microschaalgrote HCP-
toeslag proefstukken (uitkragende balkjes) gefabriceerd en belast door de nanoindenter.
Het gemeten kracht-verplaatsing-diagram werd gebruikt om het microstructuur geba-
seerd lattice-breukmodel te kalibreren. Dit model werd verder gebruikt om het breukge-
drag van de hechtzone (ITZ) onder een eenassige spanning te voorspellen.

De “volume averaging up-scaling” methodeis gekozen als een instrument om het
resultaat van de microschaal door te geven als input voor de hogere schaalverdeling.
De driepuntsbuigtest voor micro-balkjes is ontwikkeld om dit modelleringsschema op
HCP te valideren. De goede overeenkomst tussen modellering en testen toont aan dat
deze modelleringsbenadering de experimentele resultaten in termen van breukpatroon,
sterkte en elasticiteit goed kan reproduceren. Deze opschalingmethode werd verder ge-
valideerd door het vergelijken van de modelleer- en testresultaten van de 10 mm3 mortel
proefstukken belast op eenassige trek. Aangezien de sterkte en breukeigenschappen van
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cementachtige materialen afhankelijk zijn van de grootte, is een studie naar het afme-
ting afhankelijk effect van HCP uitgevoerd met behulp van zowel eenzijdige splijtproe-
ven alsook multi-schaal modellering. De range van afmetingen van de proefstukken die
experimenteel gemeten en numeriek gesimuleerd kunnen worden, zijn aanzienlijk ver-
beterd door het gebruik van deze technieken.

Het in dit proefschrift ontwikkelde experimenteel gevalideerde multischaalmodelle-
ringsschema is maakt het mogelijk om volledig kwantitatieve voorspellingen te doen op
mesoschaal. Dit modelleringsschema is generiek. Het kan op dezelfde of een vergelijk-
bare manier gebruikt worden voor het bestuderen van systemen die gebruik maken van
andere bindmiddelen of toeslagkorrels.



To my parents
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1
GENERAL INTRODUCTION

This chapter illustrates the background and motivation of the current research. The frame-
work of multi-scale modelling approach is briefly summarised. Furthermore, together
with the layout of the thesis, objectives, methodology and scope of the research are given.

3
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1.1. BACKGROUND

B EING the most widely used for construction in the world, cementitious materials
have generated considerable research interest [1]. Such materials contain hetero-

geneities on scales ranging from nanometres to millimetres. Therefore, their mechanical
properties are affected by various factors at all scales [2]. As the multi-scale model [3–
11] is capable of coupling mechanics at different length scales, it has become an essen-
tial tool for fundamental understanding how the microstructure influences macroscopic
mechanical performance.

In the multi-scale model, the behaviour of materials and structures can be analysed
at several different length scales. Commonly, three scales can be considered for cemen-
titious materials, namely micro-, meso- and macro-scales. The three scales, as defined
by Wittmann [12], are shown schematically in Figure 1.1. At micro-scale, the internal
structure of hardened cement paste is the most important structural feature, compris-
ing various phases: i.e. the hydration products (e.g. inner and outer hydration products
which are mainly the calcium silicate hydrate, calcium hydroxide and ettringite, etc.), an-
hydrous cement particles and capillary pores [13]. At meso-scale, the material structure
consists of cement paste matrix, aggregates with different particle sizes and air voids. At
macro-scale, no internal material structure is recognised. It is considered as homoge-
neous, isotropic and continuum from an engineering perspective.

Through a so-called up-scaling approach, the multi-scale model can capture the ori-
gin and evolution of the targeted physical processes at a lower scale (i.e. micro-scale)
and their impact at a higher scale (i.e. macro-scale) of observation. Due to its inherently
complex material structure, multi-scale analysis of cementitious materials requires ex-
perimental validation at each length scale. To date, most of the mechanical measure-
ments are performed at meso- and macro- scales. In terms of the micro-scale, especially
for the strength properties, studies are mostly carried out by simulations[4, 6, 14–19] and
the predicted strengths are significantly different depending on the model used. Fur-
thermore, since the mechanical properties of cementitious materials are size dependent
[20, 21], micromechanical properties cannot directly be compared to macroscopic mea-
surements. Therefore, it is highly desirable to perform mechanical tests at the micro-
scale for the calibration and validation of the micromechanical models.

Mechanical testing of cementitious materials at the micro-scale has long be recog-
nized as a challenging task. For other types of materials, micro and even nano scale tests
have been performed and reported in the literature. This is mainly because cementi-
tious materials are tested in the laboratory with sizes in the range of a few centimetres.
The equipment is not possible of testing specimens smaller than a few millimeters in
size. The instrument that can handle the small sized specimen and record accurately
the load-displacement response during the test is still rare.Furthermore, preparation of
micro-scale sized cementitious specimens is challenging as such materials are highly
sensitive to changes in environmental conditions. Therefore, to accomplish the experi-
mentally validated multi-scale modelling scheme, there is an essential need of develop-
ing advanced techniques for preparation and mechanical measurements of the micro-
scale sized specimens.

To this end, this thesis proposes novel approaches to prepare and load the small sized
specimens at micro-scale. On the basis of the proposed mechanical tests, the microme-



1.2. OBJECTIVES AND SCOPE

1

5

(a) (b) (c)

Figure 1.1: Three-scale approach after Wittmann: (a) micro-scale (10−6 − 10−4 m); (b) meso-scale (10−4 − 10−1 m) and (c)
macro-scale (10−1 −10+ m) [12].

chanical models can be calibrated and validated experimentally. Under a multi-scale
modelling scheme, the predicted results can be further up-scaled to serve as input pa-
rameters in the meso-scale models, which can be validated by the conventional fracture
measurements. An experimentally validated multi-scale modelling scheme is therefore
formed.

1.2. OBJECTIVES AND SCOPE

T HE objective of this investigation is to develop an experimentally validated multi-
scale modelling scheme of deformation and fracture for cementitious materials. Two

length scales are considered in this work, i.e. the micro- and meso-scales. The main
objective is achieved through following tasks:

• To develop a set of novel techniques for micromechanical properties characteriza-
tion of cementitious materials. This consists of preparation and testing of micro-
scale sized specimens.

• To assess proper input parameters for the micromechanical modelling on the ba-
sis of the observed experimental fracture mechanism. At the micro-scale, multi-
ple hydration products and capillary pores can be observed in the cement paste
matrix. Therefore, a multi-phase microstructure should be considered. The mi-
cromechanical properties of these phases are needed to be determined from the
experiments. This requires a calibration and validation procedure using the exper-
imental results.

• To up-scale the results from the micromechanical modelling as input for fracture
modelling at a coarse scale, e.g. meso-scale and an intermedia scale termed sub-
meso-scale. Experimental fracture tests at these scales are required as validation
for the adopted multi-scale modelling scheme and up-scaling approach.

• To apply the developed testing and modelling approaches for fundamental under-
standing of how the featured microstructures at different length scales influence
the macroscopic properties of cementitious materials.

In this research, the binder of the investigated cementitious materials, i.e. hardened
cement paste and mortar, is limited to the ordinary Portland cement CEM I 42.5 N, as
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the focus of this this research is on developing of the testing and modelling approaches
and a rich knowledge base is available in the literature for ordinary Portland cement.
However, approaches developed in this work are generic, and can be successfully used
on systems which utilize other binders as well.

1.3. STRATEGY OF THE RESEARCH

I N order to accomplish the aforementioned objectives, the following strategies are de-
veloped and applied:

The micro-scale sized specimens, e.g. micro-cubes (100 µm × 100 µm × 100 µm)
are produced using a micro-dicing technique which is commonly used in the semicon-
ductor industry. The mechanical test at micro-scale is performed using a nanoindenter.
Several test configurations are conducted for calibration and validation of the microme-
chanical models.

A discrete lattice fracture model is used to simulate the fracture behaviour of cemen-
titious materials at different length scales. The model allows a straightforward imple-
mentation of the material heterogeneity at various levels of observation. On the basis of
X-ray computed tomography images, multi-phase material structures of cement paste
are obtained at different length scales. At micro-scale, the material structure of cement
paste consists of capillary pores, anhydrous cement grains and inner and outer hydra-
tion products. At meso-scale and an intermediate scale termed sub-meso-scale, cement
paste is considered as a matrix containing homogenised cement paste and air voids. In
terms of mortar, a geometrical model is implemented to generate and add the "realistic"
shaped sand particles into the matrix.

For upscaling of mechanical properties, an uncoupled volume averaging technique
is adopted. By properly choosing a volume of material structure at small scale which
matches the smallest feature of the larger scale observation, the global mechanical be-
haviour (i.e., load-displacement response under uniaxial tension) of smaller scale sim-
ulation can be used as input local mechanical properties for the fracture modelling at
larger scale. The upscaling approach is validated using a three-point bending test con-
cept of prismatic cement paste beam with a cross-section of 500 µm × 500 µm.

Based on the above modelling strategies, the behaviour of cementitious material at
micro- and meso-scales can be properly simulated. Starting from the micro-scale, an in-
tegrated multi-scale testing and modelling scheme of cementitious materials is formed.
This can help understand the multi-scale fracture mechanism of such materials and de-
sign material with desired properties.

1.4. OUTLINE OF THE THESIS

T HE thesis is composed of four parts including 11 Chapters. The outline is presented
in Figure 1.2.
In Chapter 1, the background, objectives, scope and strategies of the research are

given. Chapter 2 reviews four aspects that are related with the micromechanical mod-
elling. These aspects are techniques for microstructure characterisation, mechanical
properties assessment of individual phases, micromechanical modelling approaches and
up-scaling procedures.
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The second part presents the developed testing and modelling techniques for ce-
mentitious materials at micro-scale. In Chapter 3, an approach to produce the micro-
scale sized specimens is described. A so-called indentation splitting test was performed
on the produced specimens and used to calibrate the micromechanical model. Chapter
4 presents the validation of the micromechanical model on the basis of a so-called one-
sided splitting test. Based on the calibrated micromechanical model, Chapter 5 stud-
ies the stochastic micromechanical properties (tensile strength and elastic modulus) of
cement paste and correlates them with the porosity present in the material structure.
Chapter 6 focuses on the testing and modelling of the deformation and fracture of ce-
ment paste under uniaxial compression at micro-scale. Chapter 7 presents a procedure
for the micromechanical modelling and testing of the interfacial transition zone (ITZ).
The micro-scale sized aggregate-cement specimen is produced and tested. The exper-
imental results are used to build a model to predict the micromechanical properties of
ITZ. The predicted micromechanical properties of cement paste and ITZ are further used
as input for the fracture modelling of cementitious material.

In the third part, the multi-scale modelling scheme is proposed and validated by ex-
perimental testing. Chapter 8 describes the multi-scale modelling approach and the
validation procedure. The up-scaling approach i.e. the uncoupled volume averaging
technique is introduced to transfer the results from the fine scale to the coarse scale. For
the purpose of validation, a three-point bending test at the sub-meso-scale is developed.
Chapter 9 deals with the size effect on strength of cement paste. based on the techniques
developed in Chapter 4 and Chapter 8, the size range of specimens in both experimental
test and numerical model are broadly increased respectively. In Chapter 10, a bench-
mark test of mortar is carried out for the validation of the multi-scale modelling scheme
in which the micromechanical properties of cement paste and ITZ are transferred from
the micromechanical modelling using the uncoupled upscaling approach.

The fourth part, i.e. Chapter 11 summarises the work in this thesis and gives con-
clusions and prospects. Remarks and recommendations for the further research are pre-
sented in this chapter.
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Figure 1.2: Outline of the thesis.



2
LITERATURE REVIEW

This chapter gives a critical review of techniques related with the micromehcanical mod-
elling and up-scaling approaches that pass the micromechanical modelling results to the
models at higher scale. On the basis of the review, knowledge gaps that are going to be
bridged in this thesis are outlined.
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2.1. INTRODUCTION

C EMENTITIOUS materials are heterogeneous at length scales ranging from metres to
sub-nanometres. Consequently, their mechanical properties are affected by vari-

ous factors at all scales [2]. To cope with its multi-scale nature, multi-scale modelling
schemes are commonly applied [3–11].

In the multi-scale modelling scheme, it is generally assumed that the behaviour ob-
served at one level can be explained in terms of the material structure at a lower level. For
example, the creep and shrinkage phenomena in concrete are attributed to the changing
of internal structure of the cement paste at micro-scale. In this way, the knowledge about
the relationship between microstructure of cement paste (basic binding component in
the cementitious materials) and its micromechanical behaviour helps to explain failure
and degradation mechanism observed at the concrete level. In pursuit of fundamen-
tal understanding of this relationship and using it to explain the behaviours observed at
mortar or concrete scale, the following four steps should be considered:

1. The first step is to obtain a realistic microstructure, which is the basis for deter-
mining the properties of a material. This can be achieved with the aid of either
experimental techniques (e.g. scanning electron microscopy (SEM) [22] and X-ray
computed tomography (XCT) [23]) or numerical models (e.g. Hymostruc [24–26],
µic [27, 28] and CemHyd3D [29]).

2. The second step is to determine the local micromechanical properties of different
phases. Usually micromechanical properties of different phases are derived from
nano-indentation measurements [16, 30–32]. An alternative is to apply atomistic
simulations [33, 34].

3. Once the microstructure and the local micromechanical properties are available,
the micromechanical modelling approaches can be applied. Using such models,
mechanical properties of the material at the micro-scale can be determined.

4. The last step is related with up-scaling the predicated properties to a higher level
(meso/macro-scale) model using a certain multi-scale modelling scheme. Con-
current approach or hierarchical approach is commonly adopted.

This chapter provides an overview of the micromechanical modelling of cement paste
and how the resulting micromechanical properties can be up-scaled to the meso-scale
models. This review addresses the techniques that are related to the aforementioned
four aspects. On the basis of the review, knowledge gaps that are going to be bridged in
this thesis are outlined.

2.2. MICROSTRUCTURE CHARACTERIZATION

2.2.1. EXPERIMENTAL APPROACH

I N terms of visualisation of cement paste, several techniques including SEM [22], XCT
[23], scanning laser scanning confocal microscopy [35, 36], focused ion beam nan-

otomography [37, 38], scanning transmission X-ray microscopy [39, 40] can be applied.
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Among those, SEM and XCT are perhaps the most popular techniques. The initial out-
comes from both of these approaches are greyscale level images. Using image segmenta-
tion and thresholding techniques, the morphology and spatial distribution of individual
phases can be derived. These play a crucial role for the micromechanical modelling.

SCANNING ELECTRON MICROSCOPY (SEM)
In the last 30 years, scanning electron microscope has become a general and versatile
instrument for studying the microstructure of hardened cement paste. SEM technique
produces images of a sample by scanning the surface with a focused beam of electrons
and collecting the signals from the interaction between electrons and atoms on the ma-
terial surface. As shown in Figure 2.1, the following three modes can be classified in
terms of the type of the signal that used for the imaging:

• The secondary electron (SE) mode collects low-energy secondary electrons origi-
nating within a few nanometers from the sample surface [41]. This mode results
in images with a well-defined, three-dimensional appearance, which is commonly
used to observe the morphology of individual particles, fracture surfaces or hy-
drate surface.

• Backscattered electrons (BSE) consist of high-energy electrons originating in the
electron beam. The detection of such electrons allows visualization of contrast be-
tween areas with different chemical compositions [41]. This is because the heavy
elements (high atomic number) backscatter electrons more strongly than light ele-
ments (low atomic number), and thus appear brighter in an image. The BSE image
can be used for quantification of spatial distribution and amount of different mi-
crostructural constituents in hardened cement paste matrix.

• The analysis of characteristic X-rays generated throughout the interaction volume
energy-dispersive gives the chemical composition of the local area [41]. Energy
dispersive spectroscopy (EDS) or wavelength dispersive spectroscopy (WDS) are
generally used for this purpose.

Figure 2.1: Schematic view of signal generation in the SEM [22].
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In order to build the microstructure-property relationships, it is necessary to quan-
tify microstructural features. For this purpose, BSE imaging is combined with image
segmentation techniques or EDS mapping. Prior to the BSE imaging, the cement paste
sample is impregnated with epoxy and well-polished. A typical BSE image of a cement
paste surface is shown in Figure 2.2. The anhydrous cement clinker particles are the
brightest; the calcium hydroxide (CH) looks lighter grey and other hydration products
(i.e. calcium-silicate-hydrate, C-S-H) are as various shades of darker grey. Due to the low
average atomic number of the epoxy that is filling the pores, the pores do not scatter elec-
trons and appear black. Such contrast between different features offers an opportunity
for image segmentation, see Figure 2.3. A typical greyscale level histogram of hardened
cement paste is shown in Figure 2.4. In the histogram, several peaks can be observed.
From right to left, these peaks correspond to anhydrous cement particles, CH and C-S-H
respectively. It needs to be emphasized that no distinct peak for porosity occurs in the
histogram. This is partly due to the resolution of the BSE technique and partly due to the
limited pore boundary resolution [22]. Several strategies have been proposed to deter-
mine the threshold between pore and C-S-H reproducible. Depending on whether the
histogram (Figure 2.4) or cumulative curve of the greyscale level (Figure 2.5) is used, the
tangent-slope method [42] or the "overflow" pore segmentation method [43], respec-
tively, is commonly applied. Although reasonable correlation with other measures of
porosity and pore size distribution can be obtained [26], it should be noticed that when
these strategies are used, the areas containing solid intermixed pores could be merged
as solid or pore phases depending on the internal porosity of the local area. Further-
more, it is worth noticing that drying and specimen preparation for the BSE examina-
tion could introduce irreversible changes in the pore structure [23]. An environmental
electron scanning microscope (ESEM) is generally used to overcome the drying process.
However, polishing is still required.

Figure 2.2: An example of an SEM image of cement paste after [44].

As mentioned above, because of the limitation of the resolution, a single pixel in a
BSE image can contain signals from several phases, the relatively broad single peaks are
usually observed in the histogram (Figure 2.4). EDS mapping can be coupled with the
BSE technique to get the detailed chemical quantification of the hydrated matrix. In
terms of identifying the hydration products, Al-Si-Ca system is of main interest.
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(a) (b)

Figure 2.3: An example of a segmented SEM image of hydrated cement paste: (a) Original SEM-BSE image. (b) Segmented
image (blue - pores; green + violet = hydrates (violet - large CH crystals as a part of hydrates); red - anhydrous cement particles)
after [45].

Figure 2.4: Typical greyscale level histogram of hardened cement paste. From the right (highest grey levels) the peaks corre-
spond to anhydrous cement particles, CH and C-S-H respectively. No discrete peak for the porosity is observed [22].

Figure 2.5: Determination of the "overflow" point for the pore segmentation using the cumulative greyscale histogram after
[43].
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Although BSE technique has offered a lot of valuable knowledge for understanding
the features of cementitious materials at the micro-scale, it should be kept in mind that
it can only offer two-dimensional (2D) section observations of a three-dimensional (3D)
microstructure. This leads the challenge to techniques for transforming 2D information
to the 3D. For example, quantitative parameters, such as overall volume fractions of a
phase can be well estimated from 2D sections, but parameters like pore connectivity is
difficult to be accessed.

X-RAY COMPUTED TOMOGRAPHY (XCT)
Due to the ease of sample preparation and non-destructive character, X-ray computed
tomography has become an attractive technique for acquiring a 3D microstructure of ce-
mentitious materials. As schematically shown in Figure 2.6, an object is placed between
an X-ray source and a detector. By rotating the sample, a series of 2D projections is cre-
ated on the basis of measuring transmitted intensities by the detector. These projections
are then used for the reconstruction of 3D material structure. The detected intensity I
during X-ray irradiation is related to the integral attenuation of the various materials
found inside the object following Lambert-Beer Law [46]:

I = I0e−µat (2.1)

where I0 is the intensity of the incident radiation, t the thickness of the object and µa the
attenuation coefficient of the object, in which the attenuation coefficient is a function of
the density and the atomic number of the scanned object. After reconstruction, a stack
of greyscale level based cross-section images of the physical object can be obtained.

Figure 2.6: Schematic illustration of the image acquisition sequence for the 3D reconstruction of the samples analysed by x-ray
computed tomography [47].

In 1990-2000, pioneering works have been conducted on construction materials us-
ing the conventional X-ray tomography [48–51]. The resolution is limited, thus only large
scale features can be observed. With application of the synchrotron microtomography
technique, the capabilities of the tomography systems have increased, making it possi-
ble to obtain a 3D material structure of hardened cement paste with a resolution better
than 0.5 µm [14, 52, 53]. This resolution allows a direct observation of the material fea-
tures of cementitious materials at the micro-scale. First tomographic scans of cement
pastes were reported by Bentz et al. [54].Various microstructures of hardened cement
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paste with high spatial resolution (0.95 µm/voxel) are available on the Visible Cement
Data Set website (https://visiblecement.nist.gov/). Further work was done by Gallucci
et al. [23], who compared a reconstructed slice from XCT with a BSE image acquired at
an equivalent magnification, see Figure 2.7. They concluded that similar phase contrast
is made for these two techniques, although the beam-matter interactions are fundamen-
tally different. The anhydrous cement particles (A) appear as the brightest phase; "inner"
C-S-H and undifferentiated hydration products (B) are grey; CH shows (C) light grey and
pore (D) the darkest phase.

Figure 2.7: (1) Reconstructed slice of a 1-day old cement paste. (2) zoomed part of rectangle in (1). (3) comparison with similar
specimen in SEM. A-anhydrous cement grains, B-inner C-S-H, C-CH, D-unfilled spaces (air or water filled porosity) [23].

To analyse the reconstructed microstructure quantitatively, an image thresholding
procedure is required to segment the material into individual phases. Similar strategies
used for BSE images are generally adopted. As shown in Figure 2.8, because no discrete
peak for the pore can be observed, the aforementioned tangent-slope method [42] or the
"overflow" pore segmentation method [43] are generally used to determine the thresh-
old between the pore and solid phases. Furthermore, due to the limited resolution and
the fact that hydration products such as C-S-H, CH, ettringite and monosulfate have
a similar density, hydration products cannot be differentiated from the greyscale level
histogram. As a consequence, they are generally considered together as a single phase.
An example of a segmented 3D material structure consisting of pore, hydration prod-
ucts and anhydrous cement grains is shown in Figure 2.9, the tangent-slope approach
[22] is used to isolate the pore from the solid matrix, while the tangent slope between
HP and AN is considered as hydration products/anhydrous cement grain phase thresh-
old value. Once the microstructure is available, a variety of computational tools exist
to directly calculate the properties of the extracted digitalized microstructure, e.g. pore
connectivity [52], transport [53, 55] and mechanical [17] properties, based on which the
microstructure-property relationships can be quantified.
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Figure 2.8: Greyscale level histograms of hardened cement paste at different curing time. From the right (highest grey levels)
the peaks correspond to anhydrous cement particles, hydration products. The discrete peak for the porosity disappears with
the hydration going on [23].

Figure 2.9: Spatial phase distribution obtained from XCT scanning and pore structure after thresholding (blue - pores; grey -
hydration products; red - anhydrous cement grain) [53].

2.2.2. COMPUTER-GENERATED MATERIAL STRUCTURE

A number of models have been proposed to simulate the hydration process of cement
paste and thus offering its microstructure for further investigations. Reviews on these
models can be found in references [26, 56–59]. The most important assumptions for
these models involve the kinetics of hydration, initial cement particle packing and spa-
tial distribution of products.

According to the adopted algorithm to describe the microstructure, two types of
models can be distinguished: vector (also termed as continuum) and digital microstruc-
tural models. Commonly used models are summarized in Table 2.1. In vector models,
cement particles are commonly stored as centroid and radii of shells. The hydration pro-
cess is essentially simulated as particle growth with overlaps. On the other hand, digital
microstructural models represent the microstructure using cubic voxels. Each voxel is
occupied by a single phase (e.g. anhydrous cement particle, pore or a hydration prod-
uct).



2.2. MICROSTRUCTURE CHARACTERIZATION

2

17

Table 2.1: Categories of main integrated kinetic cement hydration models [60].

Category Name

Vector model

Model of Jennings and Johnson [61]
HYMOSTRUC3D [24–26]
Model of Navi and and Pignat [62]
Model of Nothnagel and Budelmann [63]
µic [27, 28]
Model of Wang et al. [64]
Ducom [65]

Digital microstructural
model

CEMHYD3D [29]
HydraticCA [66, 67]

VECTOR MODELS

HYMOSTRUC3D and µic are perhaps the most widely used vector models. In HYMOSTR-
UC3D, the initial cement particle size is distributed on the basis of Rosin-Ramler distri-
bution. The largest particle is placed in the centre of a representative volume. The others
are packed around it and a periodic boundary is applied during the packing process. The
hydration is controlled by the chemical composition and particle size distribution of the
cement clinker, the water content and the temperature. With ongoing hydration, parti-
cles gradually dissolve and a porous shell of hydration products consisting of inner and
outer hydration products forms around the particle. A 2D slice extracted from the sim-
ulated microstructure with size of 100 µm × 100 µm × 100 µm is shown in Figure 2.10. It
should be noticed that the latest development of this model allows taking the deposition
of CH into account [60]. Up to now, many mechanical performances, e.g. autogenous
shrinkage [25], drying shrinkage [68] and fracture [4] of cement paste has been predicted
on the basis of the microstructure obtained by HYMOSTRUC3D.

Figure 2.10: A 2D slice from 3D microstructure of cement paste simulated by HYMOSTRUC3D (grey - anhydrous cement
particles; yellow - inner hydration products; red - outer hydration products; blue - pores).

µic is another widely used numerical model for study of microstructure-property re-
lationships of cement paste. It was developed by Bishnoi et al. [27, 28] on the basis
of work presented by Navi and Pignat [62]. In order to efficiently calculate overlap of
spherical grains, several key algorithms involving grid subdivisions and point sampling
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are introduced to the model [27, 28]. Figure 2.11 shows a 2D slice from µic simulated
3D microstructure of cement paste. One of the advantages of this model is that it offers
flexibility to set several parameters defining the reactions, which facilities the under-
standing of the driving mechanisms of cement hydration. Elastic properties [69], creep
and shrinkage behaviour [70] of cement paste have been predicted based on this model.

Figure 2.11: A 2D slice from 3D microstructure of cement paste simulated by µic platform [71] (red - anhydrous cement parti-
cles; blue - C-S-H; green - CH; black - pore).

Although vector models are more computationally effective, the assumption of the
spherical shapes of cement particles has a significant effect on the simulated hydra-
tion progress [72]. Furthermore, it is reported that the assumed morphology of hydrates
in the simulated microstructure significantly influences micromechanics-based elastic
stiffness estimates of cement paste, particularly at very early age [73].

DIGITAL MODELS

CEMHYD3D [29] is the most used digital microstructural model in cement science today.
It permits a direct representation of multi-phase, multi-size and non-spherical cement
particles using SEM images see Figure 2.12. In the current version, the irregular par-
ticles are generated on the basis of the results from XCT [74]. As the output from the
model is already in a discretized form, finite element approach can be easily applied to
calculate its mechanical properties [75–78]. Although this approach is simple and effec-
tive in terms of application for finite element modelling of mechanical properties , the
model requires a trade-off between accuracy and speed [27]. Another criticism of this
model is the time scale in the model is not defined as the physical time because of the
cellular-automata scheme [79] used for the hydration simulation. Essential calibrations
are therefore required [59]. To overcome the aforementioned limitations, a new model
named HydratiCA has recently being proposed on the basis of more fundamental prin-
ciples of reaction kinetics and thermodynamics [66, 67]. Although a lot can be expected
from this model, it is still under development.
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Figure 2.12: A 2D slice from 3D microstructure of cement paste simulated by CEMHYD3D after [80].

2.3. MECHANICAL PROPERTIES CHARACTERIZATION OF INDI-
VIDUAL PHASES

2.3.1. NANOINDENTATION TECHNIQUE

N ANOINDENTATION has become a general tool for the purpose of assessment of mi-
cromechanical properties, i.e. elastic modulus and hardness of individual con-

stituents, of hardened cement paste. As such, it is commonly used for providing input
for micromechanical models. This section reviews its principle, testing strategies and
newly developed test configurations for the strength properties measurements.

PRINCIPLE

The basic idea of nanoindentation is simple: push a very sharp hard tip with known
geometry and mechanical properties into the surface of a material and investigate the
bulk elastic behaviour of the material from the recorded load-displacement curve. For
this purpose, a three sided pyramid Berkovich tip is commonly used. A typical load-
displacement curve and the deformation pattern of an elastic-plastic sample during and
after indentation are shown in Figure 2.13. The indenter is first pressed into a flat surface
under a constant loading rate. To avoid plastic effects, the indenter is held for a few
seconds at the prescribed maximum load (indentation depth), after which the specimen
is unloaded. This allows a direct measurement of the hardness and the elastic modulus
using the method proposed by Oliver and Pharr [81] on the basis of analytical solutions
applicable to homogeneous and isotropic half-space with a flat surface. The hardness H
can be obtained at the peak load P or maximum depth hmax as:

H =
(

P

A

)∣∣∣∣
h=hmax

(2.2)
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(a) (b)

Figure 2.13: (a) A typical load-displacement curve [83] and (b) the deformation pattern of an elastic-plastic sample during and
after indentation [81].

where h is the displacement relative to the initial surface, A the projected area which is
a function of the contact depth hc for an indenter tip with a known geometry. In terms
of assessment of the elastic modulus, it is assumed that during the unloading phase only
elastic displacements are recovered and that the reduced elastic modulus, also known as
indentation modulus M , can be determined using the slope of the unloading curve:

S =
(

dP

dh

)∣∣∣∣
h=hmax

= 2p
π

M
p

A (2.3)

where S is the elastic unloading stiffness defined as the slope of the upper portion of
the unloading curve during the initial stage of unloading. Because M accounts for the
deformation which occurs in both the indented material and the indenter, a correction
is made following Hertz’s contact solution [82]:

M = 1− vs
2

Es
+ 1− vi

2

Ei
(2.4)

where vi and Ei refer to indenter’s Poisson’s ratio and Young’s modulus (0.07 and 1140
GPa, respectively, for a diamond indenter), and vs, Es are the corresponding properties
for the tested material.

NANOINDENTATION OF HYDRATED CEMENT PASTE

As mentioned above, nanoindention is naturally designed for assessing mechanical prop-
erties of homogenous materials, e.g. ceramics [84] and glass [85]. In terms of hetero-
geneous materials, like cement paste, the nanoindentation measurements encompass
mechanical properties of the local (indented) material microstructure but also the mi-
crostructure around the indent (generally termed as the interaction volume [86]) with
the length scale around 3-5 hmax [87, 88].

In order to derive the mechanical properties of individual constituents in cement
paste, several strategies have been developed. Basically, two strategies can be summa-
rized in terms of whether additional instruments are required. The first one is the so-
called statistical nano-indentation. It is based on a combination of grid indentation and
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deconvolution approach with no need of known details (e.g. chemical compositions,
phase deification) of the indented location for each test. As schematically shown in Fig-
ure 2.14, a large number of indents (≥ 400, in general) are performed on the matrix sur-
face. According to the scale separation theory, when the grid size and indentation depth
are chosen properly (a general rule-of-thumb is that hmax ≤ Dc/10, where Dc is the char-
acteristic size of the phases [89, 90]), each indentation test may be treated as an inde-
pendent statistical event, and a subsequent statistical deconvolution of the indentation
results can be applied. Briefly, the deconvolution approach involves fitting n Gaussian
distributions to the experimental probability density function (PDF, see Figure 2.15) or
cumulative distribution function (CDF, see Figure 2.16) and generating the theoretical
PDF for the grid nanoindentation data. More details about the deconvolution approach
can be found in [83, 89] for the PDF and in [91, 92] for fitting the CDF. Furthermore, it is
worth mentioning that, because generation of the experimental PDF requires a choice
of bin-size for histogram construction, it is analytically more convenient to deconvolute
the CDF rather than the PDF [91, 92]. However, it should be noted that the scatter in the
resulting mechanical properties of individual cement phases is high and it is debated in
literature whether this method can be used at all for heterogeneous materials like ce-
ment paste [19, 93–96]. A reason for this is that, although the tip-radius is very small (in
case of the typically used Berkovich tip), it is almost impossible to probe a single phase;
in fact, a composite made up of different phases is probed by indenting the material with
a diamond tip [93].

Figure 2.14: A schematic view of grid indentation technique applied on cement paste (left) and maps of the derived mechanical
properties of the test area [95].

The second strategy relies on the knowledge about the indented microstructure with
aid of SEM. In this strategy, the indents are performed to a material phase with inden-
tation depth smaller than the characteristic dimension of the tested phase. As shown in
Figure 2.17, BSE technique is adopted to visualize and characterize the microstructures
where nanoindentation tests were performed. The intrinsic properties of these indis-
tinct phases (still intrinsic phase porosity underneath h cannot be excluded) can be ob-
tained separately. However, it should be noticed that when dealing with cement paste,
which is a 3D heterogeneous material, the indentation outcome is always influenced by
the underlying material, which can be stiffer and harder than the indented phase or just
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Figure 2.15: Example of statistical deconvolution of PDF after [89].

Figure 2.16: Example of statistical deconvolution of CDF after [92].

the opposite [19]. A possibility to determine whether the local indentation response was
a result of a single- or a multi-phase response, is to couple the grid-indentation with ex
situ scanning electron microscope-energy-dispersive X-ray (SEM-EDS) [88]. As shown in
Figure 2.18, by properly choosing the indentation depth and set up of EDS (accelerating
voltage, beam current and working distance), the interaction volumes probed by each
method match a comparable size. The mechanical information provided by nanoinden-
tation can be therefore correlated with the chemical information provided by SEM-EDS
(Figure 2.19).

Using the grid indentation technique, elastic properties of clinker phases, i.e. C3A,
C2S, C3A and C4AF have been tested and reported in [97]. With respect to C-S-H, nu-
merous indentation tests have been conduced. A comprehensive review can be found
in [83]. For the low-density C-S-H, the average indentation modulus varies from 18.1 to
26.84 GPa, while a range between 29.1 and 36.1 GPa is found for the high-density C-S-H
[16, 17, 89, 98–101]. Note that these reported properties include the effect of porosity
and embedded monocrystalline CH or minor compounds present at smaller scales. The
other hydration product e.g., CH, has been characterised as 38 ± 5 GPa, which is similar
to the high density C-S-H [16].
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(a) (b)

Figure 2.17: BSE image of the indented area to identify the microstructure structure information of each indent (left) by using
the image segmentation on the right side [30].

Figure 2.18: Interaction volumes probed respectively chemically by Wavelength Dispersive Spectroscopy and mechanically by
nanoindentation (right): the left-half of the figure displays results of Monte Carlo simulation of electron beam penetration of
C–S–H gel. The right-half represents finite element results of Von-Mises stresses below the indenter, after [95].

Figure 2.19: (a) Indentation modulus M and (b) indentation hardness H plotted as a function of the volume fraction of CH in
micro-volumes containing CH and C-S-H [88].
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UNIVERSAL TESTING USING NANOINDENTER

While nanoindentation may be considered appropriate for measuring the elastic proper-
ties of cement paste and its individual phases, more complex procedures are needed for
measuring strength properties at the micro-scale. This is because no relation between
the indentation hardness and strength has been found so far for cement based materials
[19]. Therefore, more advanced procedures need to be used.

Recently, use of a nanoindenter has been proposed by several researchers to measure
the tensile strength of cement paste [102] and individual hydration phases [45] using
micro-cantilever bending tests. This technique consists of specimen preparation using
a focused Ga-ion beam milling. With this procedure, micro-cantilevers with a triangu-
lar (Figure 2.20) or rectangular cross-section (Figure 2.21) can be created by milling the
solid matrix. Typically, the length of these micro-cantilevers is up to 10 µm. These can-
tilevers are subsequently subjected to bending by applying a load at the free end of the
cantilever using the nanoindenter or atomic force microscope. This provides a measure
of the elastic modulus and the flexural strength of the micro-volume. Similarly, a micro-
pillar compression technique involving focused ion milling of a micro-pillar in the ma-
terial (Figure 2.22) and a compression test using the nanoindenter has been performed
by Shahrin and Bobko [103] to measure the compressive strength and modulus of the
C-S-H particles in the cement paste matrix. When the in-situ test is applied, special at-
tention should be paid to the unavoidable influence of vacuum and heat which appear
during specimen preparation and in-situ test on the micromechanical performance of
cement pastes. It is reported that both application of vacuum in SEM and high energy
milling for specimen preparation increase elastic moduli of inner and outer products as
well as the tensile strength [104]. Furthermore, a major drawback of this approach is
the time-consuming specimen preparation. Consequently, a relatively small number of
specimens can be prepared and analysed [105]. At small length scales (i.e., micro-scale),
a high scatter of measured mechanical properties is expected [106]. Therefore, a large
number of tests need to be performed for the measurements to be statistically reliable.

Figure 2.20: ESEM image of the micro-cantilever with a rectangular cross-section after [102].
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Figure 2.21: ESEM image of the micro-cantilever with a triangular cross-section after [45]: (a) front view; (b) side view.

Figure 2.22: SEM image of a micro-pillar after [103].

2.3.2. ATOMISTIC SIMULATIONS
An alternative way to derive the mechanical properties of individual phases present in
the cementitious materials is by using atomistic simulations, e.g. ab-initio, Monte Carlo
and Molecular Dynamics, etc. On the basis of these techniques, the elastic response of
the crystalline phases has been analysed. Dolado and van Breguel [58] compared these
computed elastic properties with the experimental measurements reported in the liter-
ature. In terms of the clinker phases, a good agreement can be found for C3S [107, 108],
C2S [107, 108] and C3A [107–109], while a big dispersion occurs for ferrite. No clear ex-
planation is available for this disagreement. With respect to the crystalline hydrates, the
atomistic simulations reproduce well the experimental values of CH (35-48 GPa) [107],
while the complex structure of ettringite introduces a mismatch between the simulation
and measurement [107, 110].

The real challenge for atomistic simulations is the description of C-S-H gel. This is
due to its amorphous structure and lack of direct observations at the atomistic level.
Thus, much of the actual knowledge on C-S-H gel is derived on the basis of simulations
of its mineral analogues (tobermorite and jennite) or different morphological features
presented in both layered models [111–116]. Prediction of the elastic properties of these
crystalline minerals can be found in [33, 107, 116, 117]. On the basis of some basic char-
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acteristics of C-S-H gel measured by nanoscale techniques, a “realistic C-S-H model” as
shown in Figure 2.23 has been proposed by Pellenq et al. [34] using Molecular Dynamic
and the Grand Canonical Monte Carlo. The predicted anisotropic Young’s modulus (55
GPa along y direction, 66-68 GPa along the x-z plane) is in accordance with the value
derived by the nanoindention(65 GPa) [89]. On the basis of the presented C-S-H model,
the tensile strength of the atomistic structure is estimated from 1 to 3 GPa depending on
the relative humidity. Hou et al. [118] implemented a uniaxial tensile test on this model
to study the influence of the size of gel voids on the fracture response of a 138 Å × 138 Å
× 138 Å C-S-H unit, see Figure 2.24. In their study, a significant decrease in terms of the
stiffness and strength is observed due to the presence of the gel pores. This indicates that
the gel porosity at nano-scale is detrimental to the mechanical properties of the C-S-H
gel.

Figure 2.23: A molecular model of C-S-H from [34]: the blue and white spheres are oxygen and hydrogen atoms of water
molecules, respectively; the green and grey spheres are inter and intra-layer calcium ions, respectively; yellow and red sticks
are silicon and oxygen atoms in silica tetrahedral.

Figure 2.24: Configuration of the C-S-H gel with the central void for the uniaxial tension test after [118]: White thick chain
is silicate bond; short thin chain is water molecule; large blue ball represents interlayer calcium atoms and; small red ball
represents calcium atoms in the sheet.

Although atomistic simulations are promising, this is still a new field of research in
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terms of cementitious materials. Furthermore, due to the current computational ca-
pacities, the atomistic simulation can only be performed on a very small piece of mate-
rial (up to 10 nm) [58]. In a typical micromechanical model, the resolution is generally
around 0.5-2.0 µm. As a consequence, the large distance between the micro-scale and
nano-scale is present and cannot be bridged by the atomistic simulation only. Thus, an
intermediate level, termed as sub-micro level, has been proposed to computationally
describe C-S-H gel on the scale ranging from tens to hundreds of nanometres. At this
scale, the high-density and low-density C-S-H can be assembled by these small C-S-H
bricks obtained from the nano-scale on the basis of a packing factor [119, 120]. Although
several pioneering works have been done [121–125], additional research is required in
the development of relations bridging the nano- and micro-scale [126].

2.4. MICROMECHANICAL MODELLING

2.4.1. EFFECTIVE MECHANICAL PROPERTIES
Based on the assumptions of the existence of a representative volume element (RVE),
homogenization techniques derive the definitive effective properties of a heterogonous
material by “averaging” the detailed fields in the RVE. Specifically, for the known stress
fieldσij and εij under certain applied load, the averaged stresses and strains over the RVE
are normally defined as [127]:

σ̄ij = 1

V

∫
V
σijdV (2.5)

ε̄ij = 1

V

∫
V
εijdV (2.6)

where V is the volume of the RVE. When linear elasticity is assumed, Hooke’s law can be
applied as [127]:

σ̄ij =Cijklε̄kldV (2.7)

here Cijkl is defined as the effective stiffness tensor for the homogenized heterogonous
material structure. Thus, in order to calculate the homogenized properties of a material,
the exact solutions of the stress and strain fields at each point are needed. To obtain
these exact solutions, several techniques have been proposed. These techniques can be
divided into two categories: analytical and numerical.

Analytical approaches require idealized geometric models. Mori-Tanaka [128] and
Self-Consistent [129] are commonly used to link the composite geometrical structure
with its effective properties. The basic assumptions in these two schemes are matrix-
inclusion morphology and mechanical interactions in between particles. As shown in
Figure 2.25, at the micro-scale, cement paste matrix is represented by the C-S-H ma-
trix, together with anhydrous cement particles, aluminates, and capillary pores. Since
they are largely disordered and in contact with each other, Self-Consistent scheme is
generally used. However, this approach cannot deal with the clustered structures or mi-
crostructures with large differences between properties of the phases. When big differ-
ence occurs in the stiffness between matrix and inclusions (see Figure 2.26), the Mori-
Tanaka approach should be adopted to consider the mechanical interactions between
inclusions [3, 16]. Due to its high computational efficiency, the application of analytical
homogenization is mainly focused on the predicting the evolution of elastic properties
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of cementitious materials [3, 73, 76, 130]. The influence of the shape of the individual
phases on the predicted effective elastic properties has been reported [73, 130]. Fur-
thermore, the compressive strength of cement paste can be estimated by calculating the
deviatoric stress peak from the elastic energy stored in the RVE [15, 73, 131].

As mentioned above, analytical approaches are only applicable for idealised mate-
rial microstructures. When dealing with more realistic and complex material structure
as mentioned in Section 2.2, numerical approaches have to be used. The finite element
method (FEM) has been extensively used to analyse the elastic properties of complex
microstructure of cement paste obtained from CEMHYD3D [132, 133], XCT [75, 134] and
µic [69] through the homogenization technique. As an alternative to FEM, Fast Fourier
Transform (FFT) has been adopted by Šmilauer and Bittnar to model the evolution of
elastic properties of the hydrating cement paste [135]. A comparison between analyti-
cal and numerical approaches seems to favour the utilization of FEM for microstructure
at early ages where higher porosity exists. Stora et al. [136] concluded that when cap-
illary porosity is above 35 %, the analytical schemes fail to account for the interactions
between inclusions. Although comparable results were found for the numerical and ana-
lytical schemes for sound hydrated paste where spherical and prismatic inclusions exist
in the matrix [137], the volume fraction of inclusion should not exceed 30 % when the
Mori-Tanaka approach is applied.

Figure 2.25: Polycrystalline RVE of “cement paste” built up of C-S-H (yellow), aluminates (red), anhydrous cement particles
(grey) and capillary pores (white) modelled by Self-Consistent scheme, after [16].

Figure 2.26: RVE of matrix-inclusion composite “cement paste” where a spherical clinker phase is embedded in a hydrate foam
matrix (modelled by Mori-Tanaka scheme), after, after [15].
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2.4.2. STRESS-STRAIN RESPONSE
As the failure of cementitious materials at the meso or macro-scale is mostly governed
by the local tensile stress [2], the fracture behaviour of cement paste under uniaxial ten-
sion loading is very important at micro-scale. One of the most important outputs from
such computational uniaxial tension modelling is the stress-strain response, from where
the tensile stress, elastic modulus and fracture energy can be derived. Bernard et al.
[6] incorporated the digitalized microstructure from CEMHYD3D to finite element soft-
ware Abaqus for a fracture analysis. In their work, 3D solid linear finite elements are
used. A Rankine criterion is adopted to model the failure of the different phases. Zhang
and Jivkov [17, 18] applied a site-bond model to predict the micromechanical proper-
ties of cement paste. In the site-bond model, the material volume is represented by an
assembly of truncated octahedral cells, each of which consists of six square and eight
regular hexagonal faces, as shown in Figure 2.27. A homogenization approach is applied
to obtain the mechanical parameters of each cell on the basis of the features, i.e. size
distribution of anhydrous particles and capillary pores obtained from the segmented
XCT images. An energy-based failure criterion is used to determine the failure of the
bond between two cells. The fracture process is modelled by continuously increasing the
strain and removing the failed bond until the prescribed strain is reached. Similar like
the site-bond model, discrete lattice model [138] discretises the material volume as a set
of beam elements with linear elastic behaviour, see Figure 2.28. The crack growth is sim-
ulated by using a sequentially-linear solution procedure [139]. This procedure implies
performing a linear elastic analysis in every step; then, a single element with the high-
est stress/strength ratio is identified and removed from the mesh, thereby introducing a
discontinuity; this procedure is then repeated until a global failure criterion is reached.
On the basis of such model, the fracture process of micro cement paste cubes under uni-
axial tension has been reported by Qian [4] and Luković et al. [19] respectively. Recently,
a crack phase field model has been utilized by Han et al. [14] to analyse the XCT gen-
erated material structure. Such model requires Young’s modulus and Poisson’s ratio for
the solid phase and two key modelling parameters for material degradation, namely the
fracture energy and the diffusive length parameter.

Figure 2.27: Schematic view of a site-bond model: (a) site-bond assembly; (b) unit cell with bonds; (c) normal and shear
springs [17, 18].

The simulated stress-strain curves of the aforementioned works are compared in Fig-
ure 2.29. Although comparable results are found for the stiffness, a large difference in
terms of the strength (peak stress) is observed for these models. This is mainly because
the elastic properties of each phase they considered in the model are more or less the
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Figure 2.28: Schematic view of a discrete lattice model in 2D: (a) regular triangular lattice of beams; (b) external forces and
deformations on a single beam element (c); pure elastic constitutive law for an element [138].

same (normally taken from nanoindention), while other parameters which govern the
crack development, e.g. strength and fracture energy, are difficult to be determined. At
such small length scales, there are no experimental measurements reported in the liter-
ature. The result from Bernard et al. [6] shows the lowest strength. This mostly attributes
to the fact that, in their model, the tensile strength of each phase is assumed as 1/1000
of its elastic modulus. Although this ratio is in accordance with the phenomena ob-
served at macro-scale, it has been shown in [45, 140, 141] that this ratio increases with
the observed scale decreasing. Luković et al. [19] assumed the tensile strength as 1/30
of the material hardness measured from nanoindentation, resulting in a much higher
strength. Han et al. [14] used the modelling results from [19] to calibrate their model.
This is the reason why comparable strengths are obtained for [19] and [14]. Although
identical model and material structure features were used by Zhang and Jivkov [17, 18],
the predicted strength from their earlier work [17] is much higher compared with the
latter [18]. This is because different approaches are applied to homogenise the mechan-
ical properties of each cell. Such homogenization procedure would also decrease the
heterogeneity that could be explicitly present in the model. This leads to a much more
brittle post-peak behaviour compared with the lattice model in which similar strategy is
implemented for the crack development.

Figure 2.29: Comparison of the simulated stress-strain responses of cement paste under uniaxial tension in the literature.

Furthermore, it is worth mentioning that, although the same fracture model is ap-
plied, different elastic properties were obtained from Qian [4] and Luković et al. [19]
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due to different material heterogeneities that have been implemented. Qian [4] used the
microstructure obtained from HYMOSTRUC3D. On the other hand, Luković et al. [19]
overlapped the spatial distribution of mechanical properties from grid nanoindention
measurements directly to the lattice network. In this approach, defects larger than the
interaction volume of indentation test cannot be considered. Consequentially, the lat-
tice system in Luković et al. [19] is stiffer than the one reported by Qian [4]. Thus, the
approach to consider the original heterogeneity in the discrete model also plays an im-
portant role on the predicted mechanical performance.

It is therefore important to note that, apart from the material structure, the predicted
mechanical properties strongly depend on the assigned value of each model parameters.
As the predicted results are going to be up-scaled for the models at meso- or even macro-
scale, it is essential to validate these results at micro-scale. Therefore, mechanical tests at
the micro-scale are highly desired to be conducted to calibrate the input parameters for
the model. In this way, reliable results from the micromechanical modelling can be ob-
tained, which facilities the multi-scale modelling and the understanding of multi-scale
mechanical behaviour of cementitious materials.

2.5. MULTI-SCALE MODELLING STRATEGIES
Multi-scale methods are a collection of different strategies to establish a coupling of me-
chanics at different length scales. In this way, origin and evolution of the targeted phys-
ical processes at a fine scale and their impact at a coarse scale of observation can be
captured. Depending on the tackled problems in which the scales are separated or cou-
pled, there exist two types of multi-scale modelling schemes: hierarchical and concur-
rent. These methods were initially based on two main concepts: scale separation and
RVE [7, 142–144].

In general, hierarchical multi-scale strategies attempt to piece together a hierarchy
of computational approaches where large scale models use the coarse-grained repre-
sentations with constitutive relations obtained from fine scale models [145]. In these
strategies, the relevant cause-effect relations at the lower scale and its relevant effects
for the next higher scale are distinguished on the basis of statistical analysis methods,
homogenization techniques, or optimization methods. In light of Wittmann’s three in-
dependent scales (i.e. macro, meso and micro) [146], the hierarchical multi-scale mod-
elling scheme of cementitious martials has now been extended to five levels so far. At the
nano-scale, individual atoms can be observed, thus atomistic simulations are generally
implemented. Up to the sub-micro-scale, the main focus is on the recognition of col-
loidal and gel-like properties of C-S-H gel. The next level is the micro-scale level where
different constituents are explicitly differentiated in the cement paste. The meso-scale
corresponds to the level where the aggregates are embedded in the cement paste ma-
trix. Finally, when it comes to the macro-scale, the material is generally considered as
homogeneous continuum.

Most of the hierarchical multi-scale modelling crossing more than two scales has
been done using the analytical homogenization approach due to its low computational
demands. A simple three-step analytical homogenization scheme for determining the
elastic properties of hardened cement paste can be found in [147, 148]. As shown in Fig-
ure 2.30, the solid cement paste is represented by a single three-phase composite sphere.
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Figure 2.30: (a) Three-phase composite sphere model for solid cement paste; (b) two-phase composite sphere for UC and IP;
and (c) two phase composite sphere for EI and OP (UC - unhydrated cement; IP - inner product; OP - outer product; EI -
equivalent inclusion [147].

More complicated schemes using analytical homogenization can be found in [3, 15, 16,
130], see Figure 2.31. In these models, different assumptions on matrix-inclusion mor-
phology and mechanical interactions in between these inclusions can be made at differ-
ent length scale [3, 73, 76, 130]. For example, as shown in Figure 2.31, the Mori-Tanaka
scheme is applied at level I, level III and level IV, where strong matrix-inclusion mor-
phology and mechanical interactions in between particles are assumed, while at level
II, a self-consistent scheme is adopted to consider the polycrystalline shaped inclusions
[3]. Another alternative approach is to apply the discrete modelling at each scale and the
solutions at lower scale are then translated into effective constitutive behaviours of sin-
gle discrete element at the upper scale. As shown in Figure 2.32, a multi-scale modelling
framework starting from the microstructure has been proposed on the basis of the dis-
crete lattice fracture model and computer-generated characteristic material structures
at corresponding length scales [4, 5]. A similar scheme can be found in [6] where a two-
scale (micro and meso correspond to cement paste and mortar respectively) multi-scale
modelling framework has been proposed. A scheme combining discrete modelling and
analytical homogenization can be found in [131], showing the flexibility of the hierarchi-
cal multi-scale modelling schemes.

Concurrent approaches attempt to link methods at different scales together in a com-
bined model. In this approach, different scales of the system are considered simultane-
ously and communicate with some type of hand-shaking procedure [145]. Behaviour of
system at each scale depends strongly on what happens at the other scales. This inter-
action characterizes the trans-scale process, where the nonlinear behaviour occurring
in the finer-scale controls the coarser-scale response at the same time. The coupling
between micro/meso and macro scales is generally accounted by considering displace-
ment comparability and momentum balance across the whole structure. In order to
handle the coupling between the coarse scale mesh and the fine scale mesh, domain
decomposition methods [149] and vibrational multi-scale methods [150] are generally
applied. Although concurrent multi-scale methods are advantageous in many applica-
tions, especially studies of material failure, a challenge inherent to the concurrent ap-
proach lies in the efficient algorithms for adaptive addition of fine scale features to the
coarse scale. At present, most of the concurrent simulations of the fracture of concrete
are limited in the two-scale models [8–11, 151]. Nguyen et al. [7] has proposed a three-
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Figure 2.31: Analytical homogenization scheme of cementitious materials, after [3, 16].

Figure 2.32: Parameter-passing multi-scale modelling scheme, after [4].
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scale based concurrent modelling approach (Figure 2.33). However, because of the high
computational demands, it has not been implemented yet. On the other hand, the hier-
archical scheme allows investigating the material behaviour at each scale independently.
It is therefore more popular for the characterization of the material properties at differ-
ent length scales.

Figure 2.33: A macro-meso-micro three-scale concurrent model for concrete fracture modelling proposed by Nguyen et al. [7].

2.6. SUMMARY AND REMARKS
This chapter provides an overview of the multi-scale modelling schemes and aspects
that relate to the micromechanical modelling of cementitious materials. Based on the
above discussion, the following conclusions can be drawn:

• Prediction of micromechanical behaviour of cementitious material requires well-
characterised material structures, proper input parameters and advanced fracture
modelling approaches.

• For the material structure characterisation, numerical cement hydration models
have clear advantages in terms of the efficiency, while the experimental approach
is more "realistic". With micro CT techniques, it is possible to obtain a 3D mi-
crostructure of cementitious materials with a high resolution for modelling of frac-
ture performance of cementitious material at the micro-scale.

• Mechanical properties of individual phases are essential for the prediction of me-
chanical response of cement paste at the micro-scale. The elastic properties of
these phases can be derived from the nanoindentation test or atomistic simula-
tions. However, dealing with the strength characterization remains a challenge.
Although pioneering work has been conducted, there remains significant research



2.6. SUMMARY AND REMARKS

2

35

need in the prediction and measuring of the fracture properties of these phases.

• Several models have been proposed and implemented for the prediction of mi-
cromechanical properties of cement paste. The homogenization approach shows
advantages when predicting the evolution of elastic properties along hydrating,
but this approach cannot be used for the fracture analysis. Discrete model is there-
fore introduced. However, a comparison of the existing predicted stress-strain re-
sponse of the cement paste shows large diverge. Thus, mechanical tests at the
micro-scale should be conducted to calibrate the input parameters and validate
the predicted micromechanical properties.

• Compared with the concurrent multi-scale scheme, the hierarchical scheme al-
lows investigating the material behaviour at each scale independently, which is
more suitable for understanding the structure-property relationship of a material
that behaves differently at each separate length scale.

Therefore, an experimentally validated multi-scale modelling scheme is required for fun-
damental understanding and reliable prediction of the multi-scale mechanical proper-
ties of cementitious materials. To achieve this, advanced techniques in different fields
need to be carefully selected and combined. Further work is needed in the part of exper-
imental calibration and validation of the micromechanical models through advanced
micromechanical measurements.
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3
TESTING AND MODELLING OF

HARDENED CEMENT PASTE

MICRO-CUBE USING INDENTATION

SPLITTING TEST

This chapter provides a method for numerically and experimentally investigating the frac-
ture mechanism of hardened cement paste (HCP) at the micro-scale. A new procedure
was proposed to prepare micro-scale sized HCP cubes (100 µm × 100 µm × 100 µm) and
beams with a square cross section of 400 µm × 400 µm. By loading the cubes to failure
with a Berkovich tip, the global mechanical properties of HCP were obtained with the aid
of a nanoindenter. Simultaneously, the 3D images of HCP were generated by applying
X-ray computed tomography (XCT) to a micro-beam. After image segmentation, a cubic
volume with the same size as the experimental tested specimen was extracted from the
segmented images and used as input in the lattice model to simulate the fracture process
of this heterogeneous microstructure under indenter loading. The input parameters for
lattice elements are local mechanical properties of different phases. These properties were
calibrated from experimental measured load displacement diagrams. With the method
presented in this chapter the framework for fitting of the modelling at micro-scale was
created, which forms a basis for multi-scale analysis of cementitious materials.

Parts of this chapter have been published in Materials 9 (11), 907 (2016) [152].
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INDENTATION SPLITTING TEST

3.1. INTRODUCTION

M ICROMECHANICAL modelling of cement paste requires experimental measurements
at the same length scale for calibration and validation. However, mechanical test-

ing of cement paste at micro-scale is still an challenging task [2]. To this end, this chap-
ter provides a newly developed method for the micro-scale sized specimen preparation
and mechanical measurements. The same size virtual specimen was generated by XCT
scanning and image segmentation techniques. Discrete lattice model was used to model
the fracture process of specimens under the indenter loading. Through inverse analysis,
inputs of the lattice model were calibrated by the experimental measurements. These in-
put parameters would be consistently used in the thesis. This forms the basis for multi-
scale modelling of cementitious materials.

3.2. EXPERIMENTAL

3.2.1. SAMPLE PREPARATION

H EREIN, a new technique for preparing micro-cubes (100 µm× 100 µm× 100 µm) and
micro-beams with a cross section of 400 µm × 400 µm. The micro-cubes are used

for global mechanical performance test, while the micro-beams are for the XCT scan-
ning. Standard grade ordinary Portland cement (OPC) CEM I 42.5 N cement pastes with
w/c ratio of 0.3, 0.40 and 0.5 were cast in PVC cylinders (diameter: 24 mm, height: 39
mm) in sealed condition. After 24 h rotation and curing 28 days at room temperature (20
◦C), specimens were demoulded and two discs with the thickness of 2 mm were cut from
the middle part. One of the pieces was used to create the micro-cubes, while the other
was used to create the micro-beams. The hydration was arrested by solvent exchange
method using isopropanol [153]. In order to enable faster water-solvent exchange, sam-
ples were immerged five times and taken out for a period of one minute. Afterwards,
they were placed for 3 days in isopropanol and subsequently taken out, and solvent was
removed by evaporation at ambient conditions.

To create micro-cubes and micro-beams, the following procedure is followed: The
first step is to make the thickness of the specimens even and equal to 100 µm and 400
µm (for micro-cube and micro-beam creation, respectively) using a Struers Labopol-5
thin-sectioning machine; afterwards, the micro-cubes and micro-beams are generated
by running a precise diamond saw for semiconductor wafers (MicroAce Series 3 Dicing
Saw, with a 260 µm wide blade) in two directions over the thin-section as schematically
shown in Figure 3.1. To prevent chipping of the edges of the micro-cubes and micro-
beams while cutting, a thin layer of soluble glue was applied on the surface of the thin
section, which was later removed by soaking the specimen for a short time in acetone.
The final cubes are at the dimension of 100 µm × 100 µm × 100 µm and beams are with
a cross-section of 400 µm × 400 µm as shown in Figure 3.2.

3.2.2. GLOBAL MICRO-MECHANICAL PERFORMANCE USING MICRO-CUBE IN-
DENTATION

In order to obtain the global mechanical properties, the micro-cubical HCP samples
were placed in an KLA-Tencor G200 nanoindenter and loaded using a Berkovich tip (Fig-
ure 3.3). A displacement controlled test was performed by using the continuous stiff-
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(a) (b)

Figure 3.1: Schematic view of sample generation: (a) micro-cube; (b) micro-beam.

(a) (b)

Figure 3.2: SEM images of prepared specimens: (a) micro-cube; (b) micro-beam.
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ness method (CSM) [154]. This method relies on applying a small harmonic load with
frequency on the nominal load. The CSM settings applied in this study were: 2 nm am-
plitude, 45 Hz frequency and a displacement rate of 50 nm/s. The load-displacement
response up until failure of the micro-cube is shown in Figure 3.4. In total, 8 load-
displacements were measured in the experiments for HCP with a w/c ratio 0.4. Multiple
measurements on different cubes show a high degree of repeatability. Two regimes can
be distinguished from the graph. In regime (I), the load on sample increases monoton-
ically for increasing indenting depth until reaches the peak load. The maximum load
that can be applied before the micro-cube collapses is between 350 mN and 450 mN at
a critical displacement between 10 µm to 15 µm. Once this load is exceeded, the system
transitions from a stable regime (I) towards an unstable regime (II) with rapid displace-
ment bursts. The horizontal line in regime (II) indicates structural collapse of the micro-
cube, which results in an overshoot of the indenter tip towards the substrate. Since dis-
placement control of the nanoindenter is not fast enough, it is not possible at present
to capture the post-peak behaviour of the specimen. Furthermore, the behaviour might
be brittle, and the system cannot capture a snap-back. Therefore, the calibration of the
numerical model was carried out only in regime (I). It is observed that the test results
still show variability which is induced by the inherent heterogeneity of the material.

The failure mechanism of the specimen under tip loading is observed in previous
work [155], where different loading depths were applied. Crack patterns at various depths
were obtained using environmental scanning electron microscope (ESEM). As shown in
Figure 3.5, the typical failure mechanism obtained is the splitting of the material under
the tip and three main cracks running to the sides of the cubes, starting from the three
edges of the Berkovich tip. Complete crushing of the sample was achieved by indenting
the tip further into the specimen.

Figure 3.3: SEM image of the diamond Berkovich tip.

3.2.3. MICROSTRUCTURE CHARACTERIZATION USING XCT
In order to obtain the microstructure of the micro-cube, a generated micro-beam is
scanned using a micro CT-scanner (Phoenix Nanotom). The micro-beam was fixed on
a holder (see Figure 3.6a) and then put on the rotatable stage. The X-ray source tube
worked at 120 kev/60 µA. 2800 images with an exposure of 6 s were acquired on a digital
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Figure 3.4: Measured global mechanical response of HCP micro-cubes prepared with w/c ratio of 0.4: load versus displacement
response.

(a) (b) (c)

Figure 3.5: Three stages in the nano-indentation loading process of micro-cubes observed in SEM: (a) initial stage of loading;
(b) three main cracks running to the sides of the cubes; (c) complete crushing of the sample (adapted from [155]).

GE DXR detector (3072 × 2400 pixels). The voxel resolution under these conditions was
0.5 µm × 0.5 µm × 0.5 µm. To reduce the influence of beam hardening in the XCT ex-
periment, a cuboid region of interest (ROI) with a cross-section of 200 µm × 200 µm and
length of 500 µm was extracted from the middle region of the specimen for the analysis
(Figure 3.6b). The mesh discretization in the fracture model is correlated with the voxel
size from the material structure, and a large number of simulations (more than 100) are
required to be performed in the thesis, which means a huge computational effort were
needed. For this reason, the resolution was reduced to 2 µm/voxel through a "median
method" implemented in the X-ray reconstruction software. Finally, a 3D stack of 8-bit
cross-section images were generated.

Image segmentation was performed using a so-called global threshold approach [17,
22, 23, 53]. In this method, phases were isolated from the original grey-scale map by
choosing corresponding threshold step by step as shown in Figure 3.7. Firstly, two thresh-
old grey values are defined on the basis of grey-level histogram as shown in Figure 3.8:
T 1, pore/solid phase threshold, is assumed as the grey value at the inflection point in the
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(a) (b)

Figure 3.6: (a) Small prism clamped on the special holder for CT scanning; (b) an example cross sectional XCT image of ROI.

(a) (b) (c) (d)

Figure 3.7: 2D schematic view of image segmentation process:(a) original grey-scale map; (b) pore (blue) and solid phases
(yellow) are isolated from the grey-scale map; (c) anhydrous cement (grey) and hydration product (yellow) are isolated form
solid phases; (d) outer product (yellow) and inner product (red) are segmented from hydration product.

cumulative fraction curve of the histogram; T 2, hydration products/anhydrous cement
phase threshold, is a critical point at which the tangent slope of histogram changes sud-
denly. So far three phases: pore, anhydrous cement and hydration product are isolated.
More details about this approach can be found in [17, 53]. However, it is well known that
at least three types of hydration product with different mechanical properties [16, 30–
32] exist: low density C-S-HLD (outer hydration product), high density C-S-HHD (inner
hydration product) and CH. In order to simplify the procedure, CH was not considered
as a separate phase, and therefore was not explicitly modelled. This simplification is
considered not to significantly affect the results of mechanical properties simulation [4].
However, in further work, CH as a separated phase should be considered.

A so called J-T model [156] on the basis of specific surface measurements was in-
troduced here to calculate the volume fraction of C-S-HLD and C-S-HHD. As shown in
Figure 3.9, the inputs for this model are w/c ratio and degree of hydration which can be
estimated on the basis of volume fraction of anhydrous cement Vanhydrous and hydration
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Figure 3.8: Phases evolution through greyscale level histogram of CT images.

products Vhydrated according to equation:

α=
Vhydrated

ν
Vhydrated

ν +Vanhydrous

(3.1)

whereν is defined as volume reaction product /volume reactant ratio and assumed as 2.2
for OPC [24]. Once the volume fraction of those two products are obtained, the threshold
value can be determined on the basis of greyscale level histogram. Finally, a cubical
region of interest with 100 µm (50 voxels) in length was extracted from the segmented
microstructure for lattice fracture analysis.

Figure 3.9: C-S-HHD evolution based on the J-T model [156].

For each w/c ratio (i.e. 0.3, 0.4 and 0.5), one prism was scanned. Based on the de-
scribed procedure, the segmented volume fraction of pore, anhydrous cement grains
and hydration degree of each scanned prism are listed in Table 3.1. The hydration de-
gree is quite close to the one reported by Haecker et al. [77] using non-evaporable water
content method (for w/c =0.3: 63.0 %, w/c=0.4: 80.6 % and w/c= 0.5: 88.4 %). One should
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Table 3.1: Details of segmented microstructures.

W/c Porosity (%) Anhydrous cement grains (%)) Hydration degree (%)
0.3 8.44 15.30 69.65
0.4 11.84 10.64 74.99
0.5 17.50 8.02 80.85

(a) (b) (c)

Figure 3.10: 3D segmented microstructure (100 µm ×100 µm × 100 µm) of HCPs with different w/c ratios: (grey-anhydrous
cement; red-inner product; yellow-outer product; blue-pore).

keep in mind that, owing to the limitation of image resolution, pores smaller than 2 µm
are not detectable and are mixed within the segmented solid phases [157, 158]. There-
fore, the total porosity derived from CT images is significantly lower than the theoretical
total porosity predicted by Powers model (for w/c=0.3: 17.80 %, w/c=0.4: 23.3 % and
w/c=0.5: 29.2 %) [159] and mercury intrusion porosimetry (MIP) test performed on sim-
ilar pastes (for w/c=0.3: 17 %, w/c=0.4: w/c=23 % and 0.5: 31 %) [160] which include the
capillary pores smaller than 2 µm as well as part of gel pores. A virtual cubic specimen
with size of 100 µm for each w/c ratio was shown in Figure 3.10). In this chapter, only the
virtual specimen with w/c ratio of 0.4 was used for the mechanical simulations. Use of
the other virtual specimens were shown later.

3.3. MODELLING

3.3.1. MODELLING APPROACH

A GAIN the aim in this chapter is mainly to determine the micromechanical properties
of local phases in lattice model by fitting the experimental results. The lattice model

is applied in this study to model the observed fracture behaviour of the tested micro-
cubes. In the model, the material is schematized as a grid of beam elements connected
at the ends and all individual elements are defined having linear elastic behaviour. Due
to the low ratio of length and height of beam elements in the network, a Timoshenko
beam element is used to take shear deformation into account [4]. A set of linear elastic
analyses is then performed by calculating the stress distribution at each element for an
imposed particular external boundary condition. Normal force and bending moments
in lattice beam elements are both taken into account by the following general relation:

α=αN
N

A
+αM

max(Mx, My)

W
(3.2)
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(a) Lattice network construction(5×5×5) (b)

Figure 3.11: Schematic view of lattice model generation: (a) lattice network construction (5 × 5 × 5); (b) overlay procedure for
a 2D lattice mesh (yellow-outer product; red-inner product; grey-anhydrous cement).

where A denotes the beam cross-sectional area, W is the cross-sectional moment of re-
sistance; N is the normal force along the element. Mx and My are the bending move-
ments in the local coordinate system. αN and αM represent the normal force influ-
ence factor and the bending influence factor. Their values are commonly adopted as
1.0 and 0.05, respectively [161]. These values were also adopted herein. The influence
of different values of these parameters on the concrete fracture response is discussed
elsewhere[162]. For simplicity,torsion is not included in the fracture law in the current
study. In every analysis step, loading is increased until exactly one beam in the mesh
has a stress/strength ratio equal to one. This beam is then removed from the mesh.
The mesh is then updated and relaxed. This loading procedure is repeated until a pre-
defined stopping criterion (e.g. load or displacement). Consequently, the fracture pat-
tern of the investigated material volume at each step can be obtained as well as their
load-displacement response. The "Berkovich tip loading" test is simulated by applying a
vertical displacement in four nodes in the centre of the top surface. The lattice element
can fail either in tension or compression. The procedure to generate the lattice mesh
and assign mechanical properties of elements is as follows.

The 3D mesh generation is described in Figure 3.11. First, a cubic domain (100 µm ×
100 µm × 100 µm) is divided into a cubic grid with a cell size of 2 µm. Then, a sub-cell
was defined within each cell in which a node is randomly positioned. The ratio between
the length of sub-cell and cell is defined as randomness. As shown in a previous study
[138], the choice of randomness affects the simulated the fracture behaviour of materi-
als, because the simulated crack shape is affected by the orientation of elements in the
mesh. In order to avoid big variations in length of elements and introduce geometry
disorder of material texture, a randomness of 0.5 is adopted. Then, Delaunay triangu-
lation is performed to connect the four nodes that are closest to each other with lattice
elements.

The overlay procedure is applied to realize the heterogeneity of this material, see
3.11b. In this procedure, different micromechanical properties are assigned to corre-
sponding phases. For this purpose, the microstructure of HCP with w/c ratio 0.4 ob-
tained in Section 3.2.3 is used here. Each node is assigned a local phase based on the
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voxel value it belongs to and the lattice element is determined by the locations of its two
nodes. No lattice node is generated in the voxels which represent pore phases, as it does
not contribute global mechanical performance of the specimen. Three solid phases in
the microstructure in six types of lattice elements as listed in Table 3.2. The shear mod-
ulus and Young’s modulus of element i–j connecting phase i and phase j are determined
as [4]:

2

Eij
= 1

Ei
+ 1

Ej
(3.3)

where Ei, Ej and Eij, are the Young’s modulus or shear modulus for phase i, phase j and
element which connects phase i and phase j, respectively. The compressive strength
and tensile strength take the lower value of the connected two phases, which can be
expressed as [4]:

fij = min( fi, fj) (3.4)

where f i, f j and f ij, are the compressive strength or tensile strength for phase i, phase
j and element which connects phase i and phase j, respectively. The mechanical prop-
erties of these pure phases was preferred to be measured in laboratory test, but in the
case of a lack of experimental data, properties of these phases are commonly derived
from the nano-indentation measurements [4, 19]. However, no data is available defin-
ing the relationship between the model parameters (tensile and compressive strength)
and nano-indentation results (indentation hardness). Herein, in order to work out this
relationship, the simulated fracture performance is compared with the experimental re-
sults to find out the best simulation. In the calibration, tensile strength (and compressive
strength) of each phase is assumed proportional to the measured hardness.

Table 3.2: Classification of lattice element types.

Element type Phase 1 Phase 2
A–A Anhydrous cement Anhydrous cement
I–I Inner product Inner product
O–O Outer product Outer product
A–I Anhydrous cement Inner product
I–O Inner product Outer product
A–O Anhydrous cement Outer product

Table 3.3 summarizes the assigned mechanical properties of relevant phases in the
model. The Poisson’s ration follows directly from the origin of the discrete element mesh.
The mesh configuration that is chosen has a Poisson’s ratio of about 0.18. For elasticity
modulus, mean values reported in [30] were used in the current work in which SEM is
adopted to visualize and characterize the microstructures where nanoindentation tests
were performed, more reliable results are therefore expected. Hu and Li [30] report a
lower elastic modulus of anhydrous cement particles than those reported by Velez et
al. [97] in which nanoindentation is performed on different synthesized pure clinker
phases. This is due to the fact that the residual cement particles in HCPs are more porous
[163]. Although the results from Velez et al. [97] have been successfully used in differ-
ent micromechanical models [3, 15, 73, 164–167], for the sake of more reasonable input
model parameters, the more recent outcome [30] was adopted in the current work.
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Table 3.3: Measured mechanical properties of individual local phases from [30].

Phase Modulus of elasticity (GPa) Hardness (GPa)
Anhydrous cement 99.2 8.24
Inner product 31.6 1.14
Outer product 25.2 0.75

3.3.2. CALIBRATION AND DISCUSSION
During the calibration of mechanical properties of local phases, three sets of parameters
as listed in Table 3.4 were evaluated to study their influence on the simulated fracture
performance. The simulated load displacement diagrams are compared with the exper-
imental results as shown in Figure 3.12. A descending branch is observed in regime (II)
for the simulated results, which is missed in the micro-cube indentation measurement.
Their corresponding damaged patterns in the final stage are presented in Figure 3.13.

Table 3.4: Assumed local mechanical properties of individual local phases in HCP.

Set
Anhydrous cement Inner products Outer products
E(GPa) f t (GPa) f c (GPa) E(GPa) f t (GPa) f c (GPa) E(GPa) f t (GPa) f c (GPa)

S1 99.2 0.683 6.830 31.6 0.092 0.92 25.2 0.0583 0.58
S2 99.2 0.683 68.3 31.6 0.092 9.2 25.2 0.0583 5.8
S3 99.2 0.683 ∞ 31.6 0.092 ∞ 25.2 0.058 ∞

Figure 3.12: Comparison between simulated load-displacement diagrams and experimental results.

The adopted compressive strength/tensile strength ratio of local elements has signif-
icant influence on simulated load displacement diagram and damage evolution. Figure
3.13a shows the damage evolution of S1 in which the compressive strength is taken as 10
times higher than the tensile strength (similar with the assumption in [131]). A few mi-
crocracks are initiated around the loading points causing local crushing of the indented
area, thus inducing an unrealistically low load response. On the contrary, in the simu-
lation of S3, no softening branch is found in the simulated load-displacement diagram
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(a) S1 (b) S2 (c) S3

Figure 3.13: Crack patterns in the final failure state: (a) S1; (b) S2; (c) S3; (d) element type (black-damaged element).

Table 3.5: Lattice element types and their mechanical properties.

Element type Young’s modulus (GPa) Tensile strength (MPa)
A-A 99 683
I-I 31 92
O-O 25 58
A-I 47 92
I-O 28 58
A-O 40 58

even when the “indenter” reaches the bottom of the micro-cube specimen. This is be-
cause no compressive failure is allowed for local elements in this particular case. In the
fracture model, the loading points starts out dragging the upper surface down, and ap-
parent load that can be withstood by the specimen becomes unrealistically high.

Simulation of S2 and “measured” curves show a very high degree of consistency on
the peak load and stiffness(slope of the load displacement curve). Due to the fact that
some slip occurs at the beginning of the experiments, the measurements are slightly
shifted, but the slope is similar to the linear part of simulated load displacement curve of
S2. In S2, the assumed tensile strength is 12 times lower than the measured hardness, in
accordance with [131], while the ratio between compressive strength and tensile strength
(100) is much higher than in [131]. This may be because of the different resolutions and
theories applied in these two models. Parameters in S2 is therefore continuously used
in the following chapters for the micromechanical modelling. The resulting mechanical
properties of six element types are listed in Table 3.5.

3.4. CONCLUSIONS

T HIS chapter presents an approach for determining the micromechanical properties
of individual HCP phases. A procedure for micro-scale sized specimen preparation

and testing of global performance using nanoindenter was developed and employed.
As a result, fracture patterns under different loading depth and load displacement dia-
grams were obtained. Two regimes were observed experimentally in the load displace-
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ment diagram. Since the displacement control of the nanoindenter equipment is not fast
enough to capture the fast decrease in load when the specimen fails, a horizontal line ex-
isted in regime (II). Thus, the ascending branch in regime (I) was applied to calibrate the
microstructure-informed lattice model.

The 3D lattice model was built up based on a microstructure of HCP obtained from
XCT. The mechanical properties of local phases were calibrated by validating the simu-
lated results with the experimental results. It is showed in this chapter that the adopted
mechanical properties of local phases are critical for the investigate in terms of load dis-
placement response and failure mechanism. Therefore, it is of great importance to fit
these parameters by designing experiments on the specimens in the same size as well as
under well-controlled boundary condition. As a result, parameters in Table 3.5 is sug-
gested as proper input for mechanical properties of each phase presented in the mi-
crostructure.
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This chapter presents the investigation of micromechanical properties by both numeri-
cal modelling and experimental testing. Micro-cubes with length of 100 µm were split by
a wedge tip mounted on the nanoindenter. A nominal splitting tensile strength was de-
rived from the maximum load of the recorded load-displacement diagram to represent
the global fracture performance of the fractured micro-cube. To achieve this, an analogy
was made between the one-sided splitting test and the standard Brazilian splitting test. To
cope with the inherent heterogeneity of this material at micro-scale, for cement paste with
each water/cement (w/c) ratio (0.3 ,0.4 and 0.5), more than hundred micro-cube specimens
were fabricated, tested and analysed using Weibull statistics. The analysis shows that the
splitting tensile strength of cement paste on the micro-scale is much higher than on the
macroscopic scale but lower than tensile strength of distinct hydrated cement phases mea-
sured at micro-scale. The experimental results were then used to validate the microme-
chanical model which has been calibrated in Chapter 3. A good consistency in terms of
the load-displacement curve and fracture pattern is found between the simulations and
experiments.

Parts of this chapter have been published in Engineering Fracture Mechanics 199, 773-789 (2018) [168].
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4.1. INTRODUCTION

R ECENT studies, both experiments and simulations, found that the tensile strength of
components in cement paste at small scale is much higher than the macroscopic

value of concrete (a few MPa). For example, in molecular dynamics models, tensile
strength of pure C-S-H globules is predicted from 1 GPa to 3 GPa depending on dry or
wet conditions [34], while low and high density C-S-H phases are predicted to have ten-
sile strengths of 66 MPa and 320 MPa, respectively, by means of inverse analysis using
a multi-scale model [131]. In addition, micro-cantilever experimental measurements
(length scale of several µm) show that the tensile strengths are around 264 MPa, 700 MPa
and 655 MPa for outer products, inner hydration products, and calcium hydroxide, re-
spectively [45]. Therefore, it is expected that the studies on cement paste at micro-scale
could fill the gap between nano scale and meso scale.

At the micrometre length scale high scatter of measured mechanical properties can
be expected [106, 169] and that a large number of tests need to be performed for the mea-
surements to be statistically reliable. To this end, the precision micro-dicing technique
developed in Chapter 3 is adopted for micro-scale specimen preparation. In this way, a
large number of micro-cubes can be fabricated in a short period of time. These cubes are
split by applying a line force at centre of the top surface using a wedge tip mounted on a
nanoindenter. Splitting tensile strength is derived from the recorded maximum load us-
ing an analogy with the analytical solution of a classic Brazilian splitting test. Hardened
cement pastes with different w/c ratios (0.3, 0.4 and 0.5) were investigated. Considering
the heterogeneous nature of this material at micro-scale, at least one hundred speci-
mens for each w/c ratio were tested and the so-called Weibull statistics was adopted to
conduct the statistical analysis of measured strength.

In addition to the experiments, a microstructure informed lattice fracture model was
used to study the fracture process of the micro-cube under the one-sided splitting. Such
fracture model requires digitalized microstructure and mechanical properties of individ-
ual phases. The input mechanical properties of individual phases are calibrated in Chap-
ter 3 using the experimental data from where the same size micro-cube was fractured by
a Berkovich tip. It is therefore expected that a validation procedure can be conducted
in the current work by applying different boundary conditions on the micro-cube and
compared with the experimental results. In this way, an integrated system for fitting and
validating micro-scale fracture simulation can be completed.

4.2. MICRO-CUBE ONE-SIDED SPLITTING TEST

4.2.1. MATERIALS AND EXPERIMENTS

T HE same raw materials (Standard grade OPC CEM I 42.5 N and deionized water) and
preparation procedure as described in Section 3.2.1. were used to prepare the 100

µm micro-cubes with w/c ratio 0.3, 0.4 and 0.5.
The micro-cube one-sided splitting test was conducted by applying a line load at

the centre on top surface of the specimen as schematically shown in Figure 4.1, which
was achieved by the KLA-Tencor G200 nanoindenter equipped with a diamond wedge
indenter tip (Figure 4.2). Length and radius of the cylindrical edge are 200 µm and 9.6
µm, respectively. The micro-cube was progressively loaded with a constant displace-
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(a) (b)

Figure 4.1: Schematic illustration of (a) the micro-cube splitting procedure; (b) The contact mechanics between indenter tip,
micro-cube and substrate.

ment increment of 50 nm/s until failure. Force and displacement data were acquired us-
ing the continuous stiffness measurement (CSM) technique [154] and the applied CSM
settings were: 2 nm amplitude, 45 Hz frequency and 100 N/m surface detection. The
maximum load capacity of the instrumented nanoindenter is around 635 mN1. A typical
load-displacement curve recorded by the nanoindenter is shown in Figure 4.3. Clearly
two regimes as well as the maximum load point at failure stage can be distinguished
from this curve. In regime (I), the load on sample increases monotonically until reach-
ing the critical splitting load (maximum load) Pu . Once the load exceeds Pu , the system
transitions from a stable regime (I) towards an unstable regime (II). The horizontal line
in regime (II) indicates an overshoot behaviour of the wedge indenter tip towards the
substrate because of the structural collapse of the micro-cube. As explained in Chap-
ter 3, displacement control of the nanoindenter is not fast enough so it is not possible
at present to capture the post-peak behaviour of the specimen, or the behaviour of the
material might be so brittle that the system cannot capture a snap-back.

Figure 4.2: Top view of the diamond wedge tip with 200 µmm in length and a round apex with a radius of 9.6 µm

1 In Chapter 6, a high load device is installed to increase load capacity of the nanoindenter.
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Figure 4.3: A typical load versus displacement response measured in the micro-cube splitting test.

(a) (b) (c)

Figure 4.4: Three stages in the micro-cube splitting process: (a) initial stage of the loading; (b) crack starts to propagate next to
the tip; (c) splitting failure of the micro-cube.

Additionally, in order to visually observe the fracture mechanism of this test, different
loading depths were applied. After test, the fractured specimens were examined using
ESEM and the micrographs are presented in Figure 4.4. Since the indented specimen is
small enough, the structural damage occurs under a relatively low force and the typical
failure mechanism is splitting of the material in which the main cracks extend and prop-
agate under the tip until the specimen is split in two halves across the plane of loading.

4.2.2. SPLITTING TENSILE STRENGTH ASSESSMENT USING FEM
As a structural collapse happens to the micro-cube once a critical load is reached during
testing, a parameter (i.e. strength) that could represent the global mechanical perfor-
mance can be derived from the critical load. This enables a quantitative study of the mi-
cromechanical performance. Since the boundary conditions of micro-cube splitting test
are similar to a standard Brazilian splitting test (BS-EN 12390-6 [170]) for splitting ten-
sile strength assessment of cementitious materials, it is expected that the tensile strength
can be predicted in a similar way. An analogy between these two tests was made by as-
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sessing the stress distributions of specimens under corresponding loading conditions
using linear elastic, homogeneous, and isotropic finite element modelling (FEM). It has
to be noted that, although the micro-cube paste specimens clearly cannot be considered
as homogeneous and isotropic on this length scale, these assumptions were made in or-
der to enable a relatively simple conversion of measured values to splitting strength by
comparing it to a standard test (i.e. the Brazilian test). The influence of heterogeneity in
the mechanical behaviour of paste on this length scale is discussed later.

In the Brazilian test, a pair of symmetrical line loads are applied by compressing two
parallel bearing strips at the centre of both top and bottom surfaces of cubic specimen,
as schematically shown in Figure 4.5. This geometry and loading conditions lead to a
nearly uniform tensile stress state in the central plane of the specimen and the stress
becomes more uniform as the strips become narrower. Therefore, the expected failure
mode of this test is the splitting of specimens in two halves (similar to the observation in
micro-cube splitting test). According to elastic theory, the maximum stress is a measure
of the splitting tensile strength which is defined as [171, 172]:

fst = 2Ps

πD2 (4.1)

where Ps is the maximum load, D is the length of cube. Simultaneously, a commercial
FEM software package FEMMASSE [173] was used for simulation of stress distribution in
which materials properties were set as homogeneous, isotropic, and linear elastic. For
simplicity, only half of the specimen with 50 × 100 FE grid mesh was simulated. The
loading was simplified as a concentred point load and a vertical displacement support
at symmetry axis as shown in Figure 4.6a. Figure 4.6b presents the simulated contours of
equal principal tensile stress. Clearly the numerical simulated maximum stress is consis-
tent with the analytical solution in Equation 4.1. Afterwards, the numerical modelling for
micro-cube splitting was achieved by clamping the bottom surface as shown in Figure
4.7a, while other parameters remained unchanged. The results are shown in Figure 4.7b.
It is found that the maximum tensile stress for both simulations appear in the central
plane and the ratio between micro-cube splitting and Brazilian splitting is around 0.73.
Although the tension zone is smaller and moved upwards, it is expected that to break
the same brittle-elastic specimen the Brazilian test needs 0.73 load of the micro-cube
splitting test. Therefore, a reduction factor α=0.73 is added in Equation 4.1 to derive the
splitting tensile strength from measured maximum load in the current test:

fst =α 2Ps

πD2 (4.2)

Equation 4.2 was therefore used to convert the maximum load to splitting strength in the
following sections.
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Figure 4.5: Load configuration of Brazilian test on cubic specimen.

(a) (b)

Figure 4.6: 2D FEM computations of Brazilian test:(a)boundary conditions; (b) contours of equal principal tensile stress.

(a) (b)

Figure 4.7: 2D FEM computations of indentation splitting test: (a) boundary conditions; (b) contours of equal principal tensile
stress.
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4.2.3. ELASTIC PROPERTIES MEASUREMENTS OF ADHESIVE LAYER:

As a two-component epoxy adhesive (Araldite 2020) was adopted for bonding glass sub-
strate and cement for micro-cube fabrication. In order to get the micromechanical prop-
erties of the adhesive as input for fracture simulation, grid nanoindentation tests were
performed. The two components were mixed uniformly and dropped on the glass sub-
strate to form a hardened film with a thickness of around 1 mm. Prior to testing, the
adhesive film was ground using sandpaper to reach a relative flat and smooth surface.
After grinding, the film was polished with 6 µm (5 min), 3 µm (5 min), 1 µm (10 min),
and 0.25 µm (30 min) diamond paste on a lapping table. Each suspension was used for
30 min and after each polishing step, samples were soaked into an ultrasonic bath to
remove any residue.

A series of 10 × 10 indents was performed on the polished surface with a spacing of 20
µm between each indent using the Agilent Nanoindenter G200 (Keysight, Santa Rosa, CA,
USA) equipped with a diamond Berkovich tip. The Continuous Stiffness Method (CSM)
proposed by Oliver and Pharr [81], which provides continuous measurements of elastic
modulus as a function of indentation depth, was used to analyse the results. Indentation
depth was set to 1000 nm and the average E modulus was determined in the loading
range between 800-900 nm. For the calculation, Poisson’s ratio of the indented material
was estimated as 0.3. An average value of 3.06 MPa with a standard deviation of 0.42 MPa
was derived from 100 indents indicating that a deterministic value can be used for the
simulation. As the adhesive element in the simulation is not allowed to fail, it has no
contribution to the predicted strength in the modelling. Therefore, there is no demand
for the strength of this element in the simulation.

4.3. MODELLING

T HE modelling approach presented in Chapter 3 was used herein. In order to show
the deviation of the material properties introduced by the heterogeneity of the mi-

crostructure, 10 virtual specimens with w/c 0.4 were randomly from the segmented ma-
terial structures in Section 3.2.3. The discrete lattice model was implemented to model
the virtual specimens under the one-sided splitting. In order to validate the modelling
approach proposed in Chapter 3, the mechanical properties of S2 as listed in Table 3.5
were used. Six types of lattice elements were determined by the three solid phases. Elas-
tic modulus of a beam element was estimated as a harmonic average of the connected
two phases (Equation 3.3), while the lower value of the two phases was considered as
tensile strength (Equation 3.4).

The boundary conditions are shown in Figure 4.8. The nodes at bottom surface were
clamped to represent the glued sample on the glass plate. A vertical displacement was
applied on nodes in the two lines closed to the middle axis of the top surface to mimic
the indenter load. It is emphasized that in order to show a more realistic elastic frac-
ture behaviour of micro-cube under indentation, the lattice elements (coloured grey in
figure) located up to 20 µm from the bottom were set as adhesive elements with a low
elastic modulus of 3 GPa to represent the adhesive layer (AL) between cement paste and
glass substrate. The AL was set to be linear elastic.
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Figure 4.8: Fracture modelling of micro-cube under one-sided splitting.

4.4. RESULTS AND DISCUSSION

4.4.1. EXPERIMENTAL RESULTS AND DISCUSSION

F OR each w/c ratio, at least one hundred micro-cube specimens were fabricated and
tested. Histograms of measured splitting tensile strengths are shown in Figure 4.9.

The results exhibit great dispersion owing to the heterogeneous nature of the material
at this scale. Thus, it is preferable to analyse the experimental data by Weibull statistics.
For samples which have the same volume, the probability of failure Pf can be written as
[174]:

Pf = 1−exp

[
−

(
σf

σ0

)m]
(4.3)

where Pf is the cumulative probability of failure, m is the Weibull modulus (shape pa-
rameter) used to describe variability in measured material strength of brittle materials,
σf is the fracture strength and σ0 is the scaling parameter (characteristic strength). At
the characteristic strength, the value of Pf equals 0.63 indicating that 63 % of specimens
will fail at or below σ0. In the absence of specific requirements, a general rule-of-thumb
is that approximately 30 test specimens provide adequate Weibull strength distribution
parameters, with more test specimens contributing little towards better uncertainty esti-
mates [175, 176]. Therefore, considering the number of specimens tested in each group,
a good regression can be expected if the strength of cement paste at micro-scale can be
represented by the two-parameter Weibull statics. As shown in Figure 4.10, the splitting
tensile strengths are plotted in a Weibull coordinate system. A least-squares method was
used to fit m andσ0, where m is the slope of the least-squares fit andσ0 can be calculated
from the x-intercept of this fit. Note that if the strength values of the specimens in the
group have an infinite scatter, then the fitted line in Figure 4.10 would be vertical and
the Weibull modulus would approach zero. Conversely, a Weibull modulus approach-
ing infinity would correspond to a group with specimens have exactly the same strength
with each other and a horizontal line can be expected in Figure 4.10 for this case. The
fitted results are given in Table 4.1. Although some deviation from the best-fit line oc-
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(a) (b) (c)

Figure 4.9: Measured splitting tensile strength of cement paste micro-cubes with different w/c ratios:(a) 0.3; (b) 0.4; (c) 0.5.

curred at the high strength extreme of cement paste with a w/c ratio of 0.3, a reasonable
agreement is demonstrated between the best straight-line fit and the experimental data
points with a high coefficient of determination (R2). This difference is introduced be-
cause of the limited load capacity of the instrumented nanoindenter, which is around
635 mN corresponding to a strength limitation of 29.5 MPa. Once the response of the
load reached this value, the test was stopped, and this value was recorded as the maxi-
mum load leading to a sharp increase of the cumulative probability at the high strength
extreme.

Figure 4.10: Weibull plot for measured splitting tensile strength of cement paste micro-cubes with different w/c ratios.

Table 4.1: Weibull parameters for the measured splitting tensile strength.

W/c ratio Number of specimens m σ0 (MPa) Average results (MPa)
0.3 115 6.45 22.27 21.28 ± 4.29
0.4 117 5.14 19.48 18.72 ± 3.85
0.5 105 4.86 18.54 16.54 ± 3.71

Table 4.1 shows that m and σ0 increase with the decrease of w/c ratio of the cement



4

62
4. TESTING AND MODELLING OF HARDENED CEMENT PASTE MICRO-CUBE USING

ONE-SIDED SPLITTING TEST

pastes. It indicates that the cement paste with a lower w/c ratio yields a higher fracture
strength and less varying mechanical properties. This can be mainly explained by the
decreased volume and varied size distribution of capillary pores in specimens where the
capillary pore works as the initial defect and introduce local stress concentration upon
loading [177]. Similar observations are also reported in concrete at a higher scale [178].

The present work has, for the first time, shown the values of stochastic tensile strength
of cement paste at micro-scale. These values are much higher than the macroscopic
strengths of cement paste or concrete and one order of magnitude lower than the mi-
croscopic values of distinct hydrated cement phases [45]. This agrees with the scaling
law for quasi-brittle materials: according to this, the strength increases as the sample
size or scale decreases [179], and indicates that different levels defects exist in cementi-
tious materials. On one hand, capillary pores would have a large effect on the decrease
of strength at micro-scale. On the other hand, unavoidable micro-cracks, large capillary
pores and entrapped air voids introduce decrease on strength at a upper scale [2]. To the
author’s best knowledge, the only other reported experimental tensile strength of cement
paste at this scale is from measurements of a single focused ion beam machined micro-
cantilever with rhomboidal cross section (3.5 µm in with, 5 µm in length) and identified
to be 2.67 MPa [102], which is in contradiction to scaling law of strength to micrometres
in quasi-brittle materials [2]. Furthermore, the Young’s modulus of these tested micro-
cantilever is reproduced from the recorded load-displacement curve and seems to be
unrealistically low (less than 0.13 GPa). Therefore, it is not possible to use this test for
comparison. Furthermore, it is worth mentioning that a statistical distribution of me-
chanical properties should be provided by the modelling instead of deterministic value
due to the inherent heterogeneous microstructure and quasi-brittle properties of this
material. This could be done by means of an e.g. random fields model [180].

It is emphasized that, although the way to derive the nominal splitting strength con-
siders the material as perfectly isotropic and linear elastic, the aim of this method is to
set a proper parameter which can be used to represent the global mechanical proper-
ties of the tested material, so that the influence of the change of the microstructure on
the yield strength at this scale can be quantified and compared to each other. In the
current research, it was shown the influence of initial w/c ratio on the micromechani-
cal properties and it is expected that the influence of other factors, i.e. hydration time
and degradation on the micromechanical properties can be investigated quantitatively
by the method proposed in this study.

4.4.2. NUMERICAL RESULTS AND DISCUSSION

Figure 4.11 presents a comparison between simulated load-displacement curves of one
micro-cube under one-sided splitting and those measured experimentally. For com-
parison, the experimental load-displacement curve for 10 specimens were plotted. As
described above, the horizontal line represents the overshoot behaviour of the inden-
ter. The influence of AL on the fracture performance of cement paste is investigated by
comparing the simulations with and without the AL. As the post-peak behaviour can-
not be captured experimentally at present, only the ascending branch was used for the
comparison. Clearly, the simulation considering the AL shows a good agreement with
the experimentally measured curves in terms of the maximum load and slope of load-
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displacement curve (stiffness). Due to the fact that local imprinting of the indenter
into the micro-cube occurs at the beginning of the experiments, the measurements are
slightly shifted, but the slope remains similar to the one in simulated load displacement
curve. In addition, it can be seen from the simulation that the stiffness is significantly
decreased by adding the AL at the bottom, while the peak load is slightly increased. It
is also clear that, in the simulations, a post-peak response can be observed, which is
impossible to observe in the experiment due to limitations of the equipment described
previously. Note that the behaviour in the simulation with glue layer is brittle with sev-
eral snap-backs. This can be captured by the model, but not in the experiments. As
this is one of the first attempts at directly testing cement paste specimens at the mi-
crometre length scale, this is not seen as a problem at the moment. In fact, it should
be noted that, even on the macro-scale, observing of the post-peak behaviour remains a
challenge for certain types of materials, and for such cases it is also necessary to design
specific test setups [181]. The simulated crack pattern of these two cases correspond-
ing to the peak load point are compared in Figure 4.12. It is evident that, in both cases,
the micro-cube was split in half as the maximum tensile stress always exists in the mid-
dle axis below the tip, although some local cracks are observed along the tip edge and
around defects (pores) because of the stress concentration, which is in accordance with
the experimental observation as shown in Figure 4.4. Furthermore, it is observed that a
straighter vertical main crack exists in the micro-cube without AL, while the crack pat-
tern in the simulation considering the AL is more inclined to one side because of the
bottom is confined by the AL. Therefore, a higher load capacity is expected for the one
with the AL.

Figure 4.11: Comparison between the simulated load-displacement curve of micro-cube under one-sided splitting

It is emphasized that the input mechanical properties of individual phases in cement
(e.g. anhydrous cement, inner hydration products and outer hydration products) are
calibrated in Chapter 3 using experimental data from where the same size micro-cubes
were fractured by a Berkovich tip using nanoindenter. It is showed that these input lo-
cal mechanical properties can be applied to lattice fracture simulations under different
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(a) (b)

(c) (d)

Figure 4.12: Simulated crack pattern of one cement paste micro-cube under one-sided splitting: (a) showing the microstruc-
tural features, without the glue layer; (b) showing only the crack, without the glue layer; (c) showing the microstructural fea-
tures, with the glue layer; (d) showing only the crack, with the glue layer.
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boundary conditions and have satisfactory results. Together with the method presented
in Chapter 3 the framework for fitting and validation of the modelling results at micro-
scale is created. The crack patterns at different test stages are plotted in Figure 4.13. It
shows that the crack first initiates around the tip and the middle axis beneath the tip. Af-
ter localising, a relatively straight vertical crack forms in the upper part and propagates
to the bottom and turns to lean to the right-hand side because of the AL.

Figure 4.13: Simulated fracture patterns of micro-cube (considering the AL) under different loading state: (a) initial state which
has 5000 broken elements with a response of 398 mN of load and 1.3 µm of indentation depth; (b) crack pattern with 20000
broken elements, 1.7 µm indentation depth, and responses for 452 mN (c) crack pattern at peak load of 503 mN with 44988
broken elements under indentation depth of 2.1 µm (d) failure state at indentation depth of 10 µm with 50780 broken elements.

It is worth mentioning that the test results show a high variability which is introduced
by the inherent heterogeneity of this material at this length scale. Therefore, 10 voxel-
based digital specimens are generated and tested. The simulated load-displacement
curves are shown in Figure 4.14. Clearly, the stochastic nature of the mechanical prop-
erties can be successfully reproduced numerically by choosing the same size volume
(100 µm × 100 µm × 100 µm) from different locations in the XCT characterised mate-
rial structure. The average nominal splitting strength of these 10 cubes is 21.43 MPa
which slightly higher than the experimentally measured value (18.72 MPa). This can be
attributed to the deviation of the statistics as the number of the investigated digital spec-
imens might not be large enough to represent the stochastic nature of cement paste at
this scale. However, the number of simulations was limited due to the large computa-
tional efforts. Nevertheless, as simulation requires detailed material information from
where porosity can be obtained, the strength-porosity relationship was studied. Figure
4.15 presents the correlation relationship between the predicted splitting strength and
porosity. It is found that the splitting strength decreases with porosity following an ex-
ponential decay. A similar trend is observed experimentally in recent studies on a model
gypsum plaster material [182].
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Figure 4.14: Simulated load-displacement curve of micro-cubes under one-sided splitting.

Figure 4.15: Simulated load-displacement curve of micro-cubes under one-sided splitting.
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4.5. CONCLUSIONS

B ASES on an analogy with Brazilian splitting test, nominal splitting tensile strength
of micro-cube was derived from the measured maximum load. To deal with the

heterogeneity of this material at micro-scale, large amount of data was obtained from
specimens with different w/c ratios and analysed using Weibull statistics. The experi-
mentally measured splitting tensile strength fills the gap between meso-scale and nano-
scale. In parallel with the experiments, the fracture performance of micro-cubes under
the one-sided splitting was simulated using the microstructure informed lattice fracture
model, and a good agreement was found between the simulation and experiment except
the post-peak results which cannot be captured experimentally due to the instrumental
limitation. The following conclusions can be drawn:

• The tensile strength of cement paste at micro-scale is found to be an order of mag-
nitude lower than the values of individual cement hydrated phases, but an order
of magnitude higher than the macroscopic strengths of cement paste or concrete.

• The influence of initial w/c ratio of mixture on the nominal splitting strength is
studied and it is found that with an increasing w/c ratio, the micro-scale speci-
mens are more likely to yield a lower strength and have higher deviation.

• Since the measured displacements also include deformation of the supporting AL
and local imprinting of the indenter into the micro-cube, the stiffness or elas-
ticity of tested micro-cubes cannot directly be obtained from the recorded load-
displacement curves, further investigations are expected to solve this limitation.

• The recorded load-displacement curve is successfully used as a validation for the
micro-scale fracture modelling. Together with the method presented in Chapter
3, the framework for fitting and validation of the modelling results at micro-scale
is created. This method forms also a basis for validation of multi-scale modelling
results at every scale.





5
MODELLING OF STOCHASTIC

MECHANICAL PROPERTIES OF

HARDENED CEMENT PASTE UNDER

UNIAXIAL TENSION

This work presents a study of stochastic fracture properties of hardened cement paste (HCP)
at the micro length scale based on a combination of X-ray computed tomography (XCT)
technique and discrete lattice fracture model. Thirty virtual specimens consisting of poros-
ity, outer hydration products, inner hydration products and anhydrous cement particles
were extracted from 3D images obtained through XCT from real HCP samples. These vir-
tual specimens were subjected to a computational uniaxial tension test to calculate their
tensile strengths and elastic moduli. The predicted stochastic strengths were analysed us-
ing Weibull statistics, showing that specimens with lower w/c ratio yield higher strength
and less variability. The strength-porosity and modulus-porosity relations were investi-
gated based on existing empirical models. It was shown that existing models can pre-
dict the properties in the studied porosity range quite accurately, with the exponential
model having the highest determination coefficient among all the models for both rela-
tions. Finally, by comparing with measurements reported in published literature, it is
found that the smaller HCP specimens have higher modulus/tensile strength ratio than
concrete, which indicates that they are able to have more strain at the peak load.

Parts of this chapter have been published in Construction and Building Materials 183,(2018) [183].
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5.1. INTRODUCTION

A LTHOUGH a lot of valuable micromechanical information was obtained to set a ba-
sis for understanding and improving the macroscopic mechanical performances,

stochastic micromechanical properties of HCP have been rarely studied due to the com-
plex and time-consuming modelling procedure. Furthermore, for a number of reasons
that include problems with producing and measuring miniaturized mechanical sam-
ples, the predicted mechanical properties are difficult to verify experimentally at the
micro scale. As reported in Chapter 4, micro scale sized specimens with a cubic di-
mension of 100 µm were produced by a micro dicing saw and ruptured by a diamond
wedge tip mounted on a nano-indentation system. The splitting tensile strength of the
tested specimens was derived from the recorded critical load and the test results show
a large dispersion, as expected for a highly heterogeneous material at this scale. For
a specific ruptured specimen, detailed microstructure information cannot be obtained
due to technical and instrumental limitations. Therefore, it is hard to correlate the frac-
ture properties with its microstructure for quantitative assessment at the micro scale.
Instead, application of microstructure-informed numerical model that has been cali-
brated and validated respectively in Chpter 3 and 4 offers an opportunity to achieve this.
Therefore, the aim of this chapter is to utilize this calibrated numerical model to study
the stochastic mechanical properties of HCP at micro-scale and correlate them with the
features of microstructures.

5.2. METHODOLOGY

I N order to show the stochastic mechanical properties of HCP at micro-scale, for each
w/c ratio (0.3, 0.4 and 0.5), 10 microstructures with a cubic dimension of 100 µm ×

100 µm × 100 µm were sliced from XCT images (characterised in Chapter 3) of HCP spec-
imens cured for 28-days. These microstructures were then used as input for fracture
simulations performed using the discrete lattice model. Considering the heterogene-
ity of this material, computational uniaxial tension test is performed on three different
loading directions for each cubic specimen, resulting in 30 simulations for each w/c. As
shown in Figure 5.1, The test was achieved by applying a nodal displacement at one side
and fixing the deformation of nodes at the opposite side. For tensile strength and elastic
modulus of each phase, values in S2 of Table 3.4 were adopted. Because these values
have been validated, reasonable modelling results can be expected.

5.3. RESULTS AND DISCUSSION

5.3.1. MODELLING RESULTS

A S an example, the simulated stress-strain diagrams of uniaxial tension tests of a spec-
imen tested in different directions are shown in Figure 5.2. The Young’s modulus

E can be computed from the initial slope of the curve, while tensile strength σf corre-
sponds to the peak point. Fracture energy G f is calculated from the post-peak part of
the stress-strain curve as [184]:

G f =
∫ u2

u1

σdu (5.1)
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Figure 5.1: Schematic view of computational uniaxial tension test.

whereσ is the stress and u the displacement; u1 corresponds to the displacement at peak
stress; u2 denotes displacement at failure state and is regarded as 5 µm in this study. Note
that the calculated fracture energy would be somewhat different if a different “cut-off”
displacement was selected, but the main purpose of this work was to compare the frac-
ture energy between different specimens. Results of all 90 simulations are listed in Table
5.1. Clearly, the strengths obtained at the micro-scale are relatively high compared with
conventional laboratory centimetre sized samples (3 - 6 MPa) [185]. A similar trend was
observed in other quasi-brittle materials such as nuclear graphite both experimentally
[186] and numerically [106]. This is attributed to the fact that at micro-scale, samples
are free from air voids or defects larger than the sample size. However, large scatter is
present in the simulated data as a result of the small volume of material sampled.

Figure 5.2: Comparison of simulated stress strain curves of one specimen with w/c ratio of 0.4 under uniaxial tension from
three directions.
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Table 5.1: Outcome of computational uniaxial tension tests.

W/c ratio Sample
Porosity

(%)
Young’s modulus (GPa) Tensile strength (MPa) Fracture energy (J/m2)
X Y Z X Y Z X Y Z

0.3

S1 7.00 28.51 28.15 28.14 28.19 27.07 27.68 9.02 9.45 6.16
S2 6.26 28.9 28.37 28.77 30.19 25.67 27.69 7.70 7.20 11.50
S3 4.77 32.13 31.63 30.34 31.5 29.30 29.73 8.10 15.41 11.20
S4 6.95 28.42 28.22 28.45 26.53 25.55 25.54 13.08 11.68 9.88
S5 6.86 26.11 26.63 27.05 26.99 22.68 26.11 9.01 8.66 9.61
S6 6.99 26.70 25.11 25.42 22.43 25.34 26.70 13.88 9.96 7.52
S7 12.56 23.1 22.49 22.17 20.80 21.21 18.43 10.49 9.40 7.77
S8 8.54 31.43 28.33 26.46 23.89 24.38 19.60 8.77 9.49 7.52
S9 5.10 33.69 32.34 30.34 32.13 28.07 24.16 13.25 10.09 14.51
S10 9.79 25.07 24.67 24.82 26.40 24.67 24.65 9.87 9.41 8.67

0.4

S1 11.04 21.73 21.44 21.25 21.50 20.15 21.73 6.11 8.75 12.46
S2 15.86 21.75 18.12 17.72 17.85 15.91 16.40 7.22 7.87 8.94
S3 11.92 23.36 22.92 23.12 18.91 17.45 20.20 10.99 9.48 6.72
S4 11.07 21.20 22.86 22.54 21.33 19.90 21.20 8.25 12.60 9.71
S5 17.18 19.30 19.25 18.48 15.67 15.96 13.93 5.57 5.89 5.82
S6 11.53 22.60 20.64 19.86 19.98 15.76 22.60 8.76 8.78 7.69
S7 11.35 24.98 25.31 22.42 20.57 20.88 18.92 8.26 11.54 7.83
S8 13.50 21.83 19.08 19.20 17.65 18.01 16.53 9.69 6.08 6.26
S9 9.76 21.66 22.61 22.52 24.40 20.02 21.66 10.63 9.83 5.33
S10 18.82 19.31 19.19 15.80 16.44 17.69 9.76 4.93 5.89 4.17

0.5

S1 18.85 17.13 16.88 15.23 15.13 15.18 10.50 5.70 4.47 5.28
S2 12.32 21.24 20.84 21.02 21.73 20.15 20.98 6.29 6.80 5.83
S3 25.01 13.09 12.61 11.20 8.71 10.21 8.49 3.54 4.57 3.73
S4 14.76 19.43 21.42 17.06 16.86 19.03 16.31 6.20 5.96 7.05
S5 23.88 15.49 13.10 12.57 13.66 9.55 8.76 8.64 3.41 4.26
S6 20.85 15.51 15.28 13.13 12.44 13.07 9.47 2.96 4.42 4.90
S7 7.77 27.44 29.49 25.95 20.08 25.62 20.21 7.16 4.98 5.96
S8 12.68 20.08 22.18 19.61 18.14 20.43 14.49 5.94 7.30 5.80
S9 11.29 23.67 24.61 21.86 20.15 20.06 17.26 8.90 8.90 7.43
S10 9.55 24.93 26.33 22.45 22.00 23.19 15.63 5.78 7.64 6.16

The average results of each w/c ratio are summarized in Table 5.2. Such high tensile
strengths were experimentally observed by rupturing the same size specimens through
the nanoindentation system in Chapter 4. Furthermore, even higher strength is expected
for samples at smaller length scale (few microns) [45], where distinct cement hydration
phases like inner and outer hydration products containing capillary and gel pores can
be sampled as micro cantilever beams. The final fracture pattern of one of the speci-
mens is presented in Figure 5.3. More than one main crack is observed in the final fail-
ure mode, which was attributed to the distributed pores which act as initial defects and
anhydrous cement grains existing as “stiff inclusions” in the material and thereby de-
flecting the cracks. As the crack patterns are not identical, the strength property varies
more than Young’s modulus which is mostly influenced by the components and their
relative amounts. Figure 5.4 shows the fracture propagation of the presented specimen
under Z direction loading. As can be seen, micro-cracks initiate around the middle
part of the specimen and spread further until the final failure. In addition, an outline
of an anhydrous cement grain is clearly observed in Figure 5.4, similar to the observa-
tion in conventional concrete, in which the micro-cracks always outline the aggregates
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[187, 188]. In addition, as expected, the predicted mechanical properties decrease and
become more variable with increasing w/c ratio. As presented in Figure 5.5, the pre-
dicted average Young’s moduli of HCPs with different w/c ratios almost coincide with
the experimental values from elastic resonance measurements [77] and show a good
agreement with those from other micromechanical models [3, 15, 16, 18, 76]. The only
exception is the predicted modulus of HCP with w/c ratio 0.3 from [76], which is higher
compared with the result in this work, but similar to the result of S9 at X direction (33.69
GPa, see Table 5.1). Therefore, the difference between the predicted modulus in the lit-
erature can be attributed the stochastic nature of this material. One should note that,
to make the data from literature comparable to the current work, the corresponding hy-
dration degree was used to extract results from references [3, 15, 76]. A Poisson’s ratio of
0.24 (the same as assumed in [15]) was used to convert bulk modulus from their work to
Young’s modulus.

Table 5.2: Summary of simulated micromechanical properties.

W/c ratio
Porosity
(%)

Anhydrous cement grains
(%)

Young’s modulus
(GPa)

Tensile strength
(MPa)

Fracture energy
(J/ m2)

0.3 7.48±2.18 14.70±2.86 27.73±2.91 25.78±3.29 9.94±1.50
0.4 13.20±2.89 9.91±2.44 21.067±3.01 18.63±2.99 8.07± 1.62
0.5 15.70±5.76 7.24±1.42 19.36 ±5.03 15.97±5.02 5.86±1.30

(a) (b) (c)

Figure 5.3: One cracked and deformed specimen with w/c ratio of 0.4 under uniaxial tension in three directions: (a) Z (b) Y and
(c) X at failure stage. (black-cracked element; Deformations have been scaled for clarity).
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(a) (b) (c)

Figure 5.4: Fracture pattern of one specimen with w/c ratio of 0.4 under unaxial tension in direction Z at different stage:
(a) fracture pattern at peak load; (b) fracture pattern at 1 % strain deformation; (c) fracture pattern at final stage having an
outline out line of anhydrous cement particles (the anhydrous cement particles are represented by the blue colour and semi-
transparent for clarity).

Figure 5.5: Comparison of predicted Young’s modulus with other micromechanics models together with experimental results.
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5.3.2. WEIBULL ANALYSIS OF STRENGTH
Weibull analysis has been widely used for characterising the scatter in measured frac-
ture strength (which is mostly governed by the weakest link in the system) of a group
of specimens that are nominally identical. Herein, the two-parameter Weibull analysis
(Equation 4.3) was used to analyse the 30 simulated strengths in each group with identi-
cal w/c ratio. The tensile strengths are plotted in a Weibull coordinate system in Figure
5.6. The fitted results are given in Table 5.3. A determination coefficient (R2) higher than
0.95 is observed for all three groups, which means a strong linear relationship between
lnln(1/1-Pf) and lnσf exists and indicates that the fracture process is mostly dominated
by one type of flaw. From Table 5.3, it can be seen that, with the increase of w/c ratio, the
strength decreases and becomes more variable. Consequently, both m and σ0 in terms
of strengths in each group decrease with w/c ratio increasing. This is in accordance with
the experimental observations in Chapter 4. To have further insight into this issue, the
typical fracture pattern of specimens with each w/c ratio are presented in Figure 5.7. It
is apparent that micro-cracks are less localized in the paste with lower w/c ratio due to
the higher amount of anhydrous cement grains and lower porosity in its microstructure,
which results in a more stable crack propagation and branching and therefore higher
and less varied strength is expected, and more fracture energy is released during the
crack propagation. This is opposite to the results from [4] in which the material struc-
ture is generated based on modelling. As cement clinkers are assumed as spheres for
hydration simulation, different material structures, especially the pore structures are ex-
pected [4]. It is important to comment on the nature of the characteristic strength. The
characteristic strength is akin to the median strength below which 50 % of the fractures
would fall. In general, the median and the mean of a distribution are similar but the dif-
ference between the median and the mean depends on the details of the distribution.
Likewise, the characteristic strength and the mean strength are typically similar but not
equal and with respect to this study the characteristic strength is higher than the mean
strength.

Table 5.3: Weibull parameters for the simulated tensile strength.

w/c ratio Weibull modulus m Scaling parameter σ0 Determination coefficient R2

0.3 8.85 26.96 0.99
0.4 6.11 19.42 0.98
0.5 3.17 17.10 0.96
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Figure 5.6: Weibull plot of for simulated tensile strength of HCP with different w/c ratios.

(a) (b) (c)

Figure 5.7: Typical crack patterns in the final failure state of HCP with w/c ratio: (a) 0.3; (b) 0.4; (c) 0.5.

5.3.3. RELATIONSHIP BETWEEN POROSITY AND SIMULATED MECHANICAL

PROPERTIES

In the matrix, pores act as stress concentration sites and promote failure under load-
ing by introducing micro-cracks. Hence, an increase in pore volume reduces the elastic
modulus, fracture energy, and strength of the material [182]. The shapes, sizes and loca-
tions of pores are all parameters affecting the deformation and fracture properties [189].
Among these, porosity is regarded as the governing parameter for mechanical proper-
ties of porous materials [190]. Although many efforts have been made to correlate me-
chanical properties with porosity for cementitious materials [177, 178, 191–195], few of
them have focused on the micro metre scale. In order to study the micromechanical
properties-porosity relation of cementitious materials, the predicted mean strength and
Young’s modulus of specimens are plotted against their porosity in Figure 5.8. It is ob-
served that, regardless of the w/c ratio, these two key mechanical properties decrease
continuously with porosity increasing. Therefore, data of HCP with different w/c ratio
was combined for a micromechanical properties-porosity empirical relation study.
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(a)

(b)

Figure 5.8: Relationship between predicted mechanical properties and porosity: (a) strength-porosity relation; (b) elastic
modulus-porosity relation.

With respect to porous materials, quite a few equations have been proposed and de-
veloped for expressing the effect of porosity on strength and on Young’s modulus in liter-
ature [196–201]. For strength, typically four types of relationships in form of linear (σP =
σp0(1−kP )) [196], power exponent (σP =σp0(1−P )k ) [197], exponential ((σP =σp0e−kP )
[198] and logarithmic (σP = l n(P0/P )) [199], are most widely used. In all these relation-
ships, σP stands for tensile strength at porosity P, σp0 stands for tensile strength at zero
porosity, P0 stands for porosity at zero strength, k is an empirical constant which can be
fit from the experimental results. In analogy to expression for porosity-strength relation-
ships, the Young’s modulus-porosity relationship can be expressed as EP = Ep0(1−kP )
[196], (EP = Ep0(1−P )k ) [200] and EP = Ep0e−kP [201]. Analogously, EP denotes elas-
ticity modulus at porosity P, Ep0 is the elasticity modulus at zero porosity. Results of fit-
ting mentioned models of strength–porosity and modulus–porosity relations are given in
Figure 5.8. All these empirical equations show a good agreement with the simulated re-
sults, while exponential curve yields the highest determination coefficient values in both
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strength–porosity and modulus–porosity fitting (0.947 for strength and 0.941 for modu-
lus). It should be kept in mind that this exponential equation does not satisfy the bound-
ary condition that σP or EP goes to zero as P approaches 1, demonstrating that these
empirically developed equations are valid for a limited porosity range. The predicted re-
sults in forms of exponential and power are quite close to each other and it is reported
in [202] that these results can be made to approximate each other and can be used with
satisfactory results. According to these two equations, uniaxial tensile strength of non-
porous HCP is estimated to be around 36 and 37 MPa, while the modulus is around 36
and 38 GPa. Furthermore, it is also important to notice that the k in the power equa-
tion for modulus-porosity relation indicates the irregularity degree of a pore structure
and it is concluded that, in polycrystalline materials [203], for closed spherical pores
k=2 and for random orientated pores k=4. Therefore, a highly random orientated pore
structure is expected for the investigated material structure at micro-scale according to
k=3.87 in this study. The Logarithmic model determines a percolation threshold as 60.57
% at which porosity the material yields zero strength. However, as shown in Figure 5.8a
when P approaches 0, an infinite strength is predicted, which is of course not possible.
As all empirical models in Figure 5.8a and 5.8b give good fitting results within the tested
porosity range, to determine which model predict more realistic results, it is essential
to broaden the modelling results of specimens with porosity lower than 5 % and higher
than 25 %. This can be done by applying the computational uniaxial tension tests on the
specimens with lower and higher w/c ratios, respectively.

Furthermore, it should be emphasized that the estimated values of the parameter
σp0, P0 and Ep0 may not always provide a reliable estimate due to the limited resolu-
tion of the digitalised material structure and size effect. For example, the sub-micron
features in HCP [157, 158], especially the porosity, cannot be takin into account in the
current work. Therefore, the estimated σp0, P0 and Ep0 involve microstructural details
lower than the current resolution, like density of cement grains, hydration products and
defects [193–195]. Hence, one should be careful with how these fitted parameters are
used in practical applications.

5.3.4. RELATION BETWEEN TENSILE STRENGTH AND YOUNG’S MODULUS

As key mechanical properties of porous materials, the ratio between tensile strength and
modulus is of great interest from which the deformation ability of the material can be
obtained. As shown in Figure 5.9, this ratio is found to be between 800 and 1600 in
this study, although a higher value of modulus/strength (10000) is expected at the con-
crete scale [138]. Recent micro-cantilever measurements of individual components in
HCP matrix show even lower values (outer hydration product: around 90, inner hydra-
tion products: around 48) [45]. This is because less defects are involved in the mate-
rial on small length scales [106]. Griffith concluded from measuring glass fibres with
small diameter that this ratio can approach 9 when no defect is present in the tested
material [204]. Recent measurements of the elastic properties and intrinsic strength of
free-standing monolayer graphene membranes reveal that the intrinsic strength can be
as even high as E/8 [205]. Therefore, the results obtained in this research are regarded
reasonable and it can be concluded that the modulus/strength ratio decreases with the
investigated length-scale decreasing. This indicates that, with respect to HCP, smaller
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specimens will have more strain at the failure stress compared to the larger specimens.

Figure 5.9: Relationship between predicted modulus/strength ratio and strength.

Furthermore, a general trend that the modulus/strength ratio decreases with the in-
creasing of strength (decreasing of porosity) is observed, which means that the strength
is more sensitive to defects compared to elastic stiffness. This can be explained by a
theory proposed by Hasselam [196] as shown in Figure 5.10. While a material is under
loading, a stress-free zone exists above and below the defects in the direction of the ap-
plied stress. Because neither the pore nor the material in the stress-free zone is stressed,
they do not contribute to the strength. Consequently, with increasing porosity, the mate-
rial of load-bearing area oriented perpendicularly to the applied stress would be reduced
not only by the intersected pore but also the additional stress-free zone. Therefore, the
effect of porosity on strength is expected to be more significant than on elastic stiffness.
As a specimen with lower w/c ratio always has a lower porosity than the one with higher
w/c ratio, its modulus/strength ratio is lower. Additionally, two linear bounds were fit-
ted by the data at the edge (Figure 5.9). The area within the bonds covers 92.2 % results.
Note that these bounds are based on data fitting only and should not be confused with
analytical bounds existing for elastic modulus (e.g. Hashin-Shtrikhman or Voigt-Reuss).
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Figure 5.10: Schematic view of the model for the effect of porosity on strength.

5.4. CONCLUSIONS

B ASED on the material structure informed micromechanical modelling approch de-
veloped in Chapter 3 and 4, a comprehensive study on fracture behaviour of HCP

at micro-scale was carried out. The stochastic micromechanical properties of HCP were
successfully predicted by lattice fracture model using microstructures randomly extracted
from XCT images. From the presented numerical simulations, the following conclusions
can be reached:

• The micromechanical properties of HCP vary a lot due to the heterogeneous na-
ture of its material structure. It is found that most of the predicted moduli at micro-
scale fall into the range of the current work, which indicates that the difference be-
tween their predicted results can be mainly explained by the heterogeneous nature
of this material. Therefore, those who are studying the micromechanical proper-
ties of HCP should be careful with the stochastic nature of such material.

• A two-parameter Weibull statistic formula is able to describe the stochastic strength
of HCP prepared with the identical w/c ratio. It is found that Weibull modulus and
characteristic strength of specimens decrease with their w/c ratio increasing. This
reveals that specimens prepared with lower initial w/c ratio have higher and less
variable strength value.

• Over the examined porosity, ranging from 5 % to 25 %, all the tested empirical
equations can be regarded as good representations for both strength–porosity and
modulus–porosity relationships. It is estimated that the micromechanical proper-
ties of HCP can be increased to around 36-37 MPa for strength and 36 -38 GPa for
Young’s modulus, if initial flaws (i.e. pore) larger than 2 µm can be eliminated from
the material structure.

• The modulus/strength ratio falls in the range between 800 and 1600 at the in-
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vestigated length scale, which is larger than the one at molecular scale (8-9) but
smaller than one at meso scale (around 10000). the predicted results are therefore
regarded reasonable and proves that a size effect exists in the modulus/strength
ratio.
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TESTING AND MODELLING OF

HARDENED CEMENT PASTE

MICRO-PRISM UNDER UNIAXIAL

COMPRESSION

The aim of this chapter is to investigate the mechanical performance of hardened cement
paste (HCP) under compression at the micrometre length scale. In order to achieve this,
both experimental and numerical approaches were applied. In the experimental part,
micro-scale sized HCP specimens were fabricated and subjected to uniaxial compression
by a flat end tip using nanoindenter. The recorded load-displacement curves were further
used to calculate the compressive strength and the elastic modulus of tested specimens. In
the modelling part, virtual micro-scale sized specimens were created from digital mate-
rial structures obtained by X-ray computed tomography. A computational compression
test was then performed on these virtual specimens by a discrete lattice fracture model us-
ing the local mechanical properties calibrated in Chapter 3. A good agreement, in terms
of the load-displacement curve and fracture pattern, is found between the experimental
and numerical results. The approach proposed in this work forms a general framework
for testing and modelling the compression behaviour of cementitious material at the mi-
crometre length scale.
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6.1. INTRODUCTION

W ITH respect to the compressive failure, which is one of the most studied loading
cases in the field of cementitious materials, the measurement and understanding

at the micrometre length scale is still missing. With recent advances in multi-scale mod-
elling, the micromechanical properties of cement paste under uniaxial compression are
modelled [15, 131, 164], showing much higher strength compared with the macroscopic
results [206]. Unfortunately, these findings have not been experimentally validated so
far. Therefore, the aim of this work is to develop an approach to conduct the uniaxial
compression test on cement paste at the micrometre length scale.

The procedure developed in Chapter 3 for producing 100 µm-sized hardened cement
paste (HCP) cubes offers an unprecedented opportunity for experimental investigation
of compressive failure performance of HCP at the micrometre length-scale. In this chap-
ter, a flat end tip was mounted on the nanoindenter instrument to apply a uniformly
distributed compressive load on the 100 µm-sized HPC specimens. In order to explain
fracture process of HCP during the experiment, the discrete lattice model was used to
simulate the uniaxial compression test. The X-ray computed tomography (XCT) gener-
ated microstructure in Chapter 4 was used. The elastic-brittle fracture behaviour of local
phases are derived from the previous Chapters. It is believed that with the presented ex-
perimental measuring and numerical modelling, improved insight of the compressive
failure performance of HCP at the micro-scale is provided.

6.2. EXPERIMENTAL

T HREE 28 days cured HCPs with different water to cement (w/c) ratios (0.3, 0.4 and
0.5) were prepared. Following the procedure developed in Chapter 3, micro-scale

sized specimens were fabricated. As shown in Figure 6.1, three types specimens were
prepared for HCP with each w/c ratio: two types of micro-cubes with size of 100 µm and
200 µm, and one prism with the height of 400 µm and cross-section of 200 µm × 200 µm.
With these three types of specimens, the influence of specimen’s size and slenderness
ratio, respectively, on the measured micromechanical properties could be investigated.

6.2.1. UNIAXIAL COMPRESSION TEST

The KLA-Tencor G200 nanoindenter was used to conduct the uniaxial compression test
on the prepared micro-scale sized specimens. A diamond flat end tip with a diameter of
330 µm (Figure 6.2) was mounted on the XP head to apply a uniformly distributed load
on the top surface of the specimen as schematically shown in Figure 6.3. The diameter
of the tip allows an overall cover of the specimens’ surface but avoids touching the other
pillar during the test. To ensure only normal force is transmitted to the specimen, the tip
was aligned with the centre of the specimen. The positioning accuracy was ensured by
an indenter to microscope calibration procedure prior to the test. The compression test
was applied to each specimen under load control with a constant loading increment i.e.
10 mN/s. Prior to the experiments, the indenter was calibrated against a fused silica stan-
dard. A typical load-displacement curve of the compression test is shown in Figure 6.4. It
is evident that three stages can be distinguished. First, the load increases monotonically
until reaching a critical load Pc (stage I). This is followed by a rapid burst of displacement



6.2. EXPERIMENTAL

6

85

(a) (b)

(c) (d)

(e) (f)

Figure 6.1: ESEM images of the fabricated micro-scale sized HCP specimens: (a) an array of 100µm-sized HCP cubes; (b) top
view of one 100µm-sized HCP cube with dimensions; (c) an array of 200 µm-sized HCP cubes; (d) top view of one 200 µm-sized
HCP cube with dimensions; (e) an array of HCP prisms with 400 µm height and 200 µm square cross-section; (f) a zoomed-in
image of one prism on the glass substrate.
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in the second stage, which indicates that catastrophic failure of the specimen occurs. As
the test is performed under load control, the indenter overshoots towards the substrate
until it hits the crushed specimen or substrate and continues to load to the prescribed
maximum load (stage III) which is required by the test method. Furthermore, non-linear
behaviour is observed just prior to catastrophic failure. This allows a forecast for the
catastrophic failure. In order to visualise the cracked specimen prior to the failure, the
test was manually terminated in several cases when the aforementioned behaviour was
observed. Note that this procedure was only performed for several specimens for image
acquiring. The critical load Pc was used to calculate the compressive strength fc of test
specimens:

fc = Pc

D2 (6.1)

where D is the dimension of the square cross-section. From the load displacement dia-
gram, the Young’s modulus was determined by the slope in the range between 50 % and
80 % of the critical load. It is calculated as:

Em = S
hm

D2 (6.2)

where S is the average slope; hm is the height of specimen measured by the length gauge.
Note that the Em directly derived from the load-displacement curve cannot be used to
represent the elasticity of the HCP as the recorded displacement includes also the de-
formation from the underlying materials (AL and glass substrate) which should be elim-
inated for evaluation of the stiffness of the HCP. Compared with the AL, the glass sub-
strate has a limited contribution to the measured displacement. If it is assumed that all
the materials behave linear-elastic in this region, the following equation can be obtained:

hm

Em
= hc

Ec
+ hAL

E AL
(6.3)

where hc is the real height of the specimen and hc = hm −hAL . Ec is the Young’s modulus
of the HCP; E AL represents the elastic modulus of the AL. This equation was used in
Section 6.4.1 to calculate the Young’s modulus of tested HCP specimens.
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Figure 6.2: Top view of the diamond flat end tip with 330 µm in diameter.

Figure 6.3: Schematic illustration of compression test instrumented by the nanoindenter.
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Figure 6.4: A typical load-displacement curve of the load-controlled compression test.
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6.3. MODELLING

6.3.1. DIGITIAL SPECIMENS

O N the base of the segmented microstructure in Chapter 3, two types of virtual spec-
imens were created with respect to each w/c ratio mixture. The first is one having

a cubic shape with size of 100 µm × 100 µm × 100 µm which was extracted from the seg-
mented microstructure (Figure 6.5). The second one is formed by replacing the volume
at bottom up to 20 µm by the adhesive layer (AL) that occurs in the experiments (Fig-
ure 6.6). This allows a comparison between experimental measurements and numerical
modelling.

6.3.2. DEFORMATION AND FRACTURE MODEL
The discrete lattice model was used for the fracture analysis. Values in Table 3.5 were
constantly used in this chapter. The compressive strength of each element was then as-
sumed as 10 times higher than the tensile strength considering the fact that cementitious
materials have a higher resistance to the compressive loading than tensile. In terms of
AL, its elastic modulus is measured by the nanoindention test (3 GPa, same as Chaper 4).
Elements that connect AL phase maintain linear elastic during the simulation.

The compressive boundary conditions were applied as shown in Figure 6.7. In each
analysis step, displacement was applied on the one end and the other end was clamped.
A set of linear elastic analyses was then performed by calculating the stress within each
lattice element using Equation 3.2. As mentioned above, for a system that fails under
tension, a small value (i.e. 0.05) is generally adopted mainly because of the fact that
all beam elements fail in pure mode-I crack [188]. On the other hand, in case of the
compression test, the failure process is a combination of several fracture mechanisms,
thus a large αM (i.e. 0.5) is recommended to depict the failure introduced by bending
[207, 208]. In order to keep the model parameters consistent, the αM is taken as 0.05
when the local lattice element is under tension, while 0.5 is adopted for the compressed
elements. In every analysis step, only one element with the highest stress/strength ratio
is marked. This is followed by one of the two actions: 1) if it is the first time that a beam
element is marked, it degrades from a Timoshenko beam element into a truss element

(a) (b) (c)

Figure 6.5: 3D cubic specimen (100 µm ×100 µm ×100 µm) of HCPs with w/c ratio (a) 0.3; (b) 0.4; (c) 0.5.
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(a) (b) (c)

Figure 6.6: 3D cubic specimen (100 µm ×100 µm ×100 µm) of HCPs considering adhesive layer (AL) with w/c ratio (a) 0.3; (b)
0.4; (c) 0.5.

Figure 6.7: An example of boundary conditions used for uniaxial compression modelling.

for which only the axial stiffness remains (see Figure 6.8); 2) if it is the second time that
an element is marked in a subsequent calculation (using the same failure criteria), the
truss element is removed and a small crack is introduced. The second step simulates
the friction of crack faces in a way. Note that in order to avoid the overlapping of the
neighbouring nodes and to account for the sliding that happened in between the two
surfaces of a crack, the truss element was allowed to fail only in tension. The mesh is then
updated and relaxed. The calculation procedure is repeated until a predefined stopping
criterion (in terms of, e.g., load or displacement) is met.



6.4. RESULTS AND DISCUSSION

6

91

Figure 6.8: Schematic view of the element degradation at first step.

6.4. RESULTS AND DISCUSSION

6.4.1. EXPERIMENTAL RESULTS AND DISCUSSION

C ONSIDERING the heterogeneity of HCP and its influence on the deformation and
fracture performance at the micrometre length scale, for each type specimen, more

than 100 specimens were produced and tested. Table 6.1 summaries the calculated
strength and elastic modulus using Equation 6.1 and 6.3. The number in the parentheses
is the variation coefficient. From this table, the following trends can be observed:

As expected, for the same type of specimen, the mean value of compressive strength
decreases with the initial w/c ratio, while its coefficient of variation increases. The same
trend was observed for the elastic modulus. This is mainly because of the fact that a mix-
ture with a higher w/c ratio always has a more porous and heterogeneous microstruc-
ture. Note that the compressive strength is measured at equal age, not at equal degree of
hydration, for the three w/c ratios (see Table 3.1).

The size of specimens influences the measured compressive strength and elastic
modulus. The smaller cubes have a higher strength and elastic modulus compared with
the larger cubes, as large defects (i.e. capillary pores > 100 µm) are not sampled in the
smaller specimen. Compared with the elasticity, the size effect has more influence on
the strength, since strength is more sensitive to defects compared to elastic stiffness.

Cubic specimens have higher strength compared with prismatic specimens of the
same cross section, which have a slenderness ratio of 2. As a rigid flat end indenter was
used for loading and the bottom of the specimen is fixed on the glass substrate, a rela-
tively high frictional restrained boundary condition is expected for the current uniaxial
compression test, although the bottom is less confined compared to the top of the spec-
imen because of the low stiffness of the AL. As explained in the literature [208–211], a
shear stress between the loading platen and the specimen occurs because of the mis-
match in their lateral expansion and stiffness. Consequently, an area of triaxial com-
pression occurs due to confinement at the two ends of the specimen as schematically
shown in Figure 6.9. It is evident that a specimen with small slenderness has a larger
relative restrained area. Thus, a higher strength is expected to be measured from a low
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slenderness specimen mainly because cementitious material has higher resistance to
the triaxial compressive stress than the uniaxial compressive stress. Unlike the com-
pressive strength, the measured elastic moduli are less influenced by the slenderness
of specimens as shown in Table 6.1. Fracture patterns of specimens prior to the catas-
trophic failure (Figure 6.10 and Figure 6.11) were captured as mentioned in Section 6.2.1.
Clearly, because of the restraint on the ends of the specimen, different crack patterns are
observed. For cubic specimens, typically, an hourglass-shape main crack is formed. On
the other hand, more straight and vertical cracks are observed for the slenderer speci-
mens. This is in accordance with macroscopic observations [2].

Table 6.1: Summary of test results of each type specimen.

W/c ratio quantity Sample size (µm) Young’s modulus (GPa) Compressive strength (MPa)
0.3 131 100 × 100 × 100 22.21 (0.15) 159.52 (0.20)

113 200 × 200 × 200 21.81 (0.19) 124.79 (0.13)
105 400 × 200 × 200 20.34 (0.19) 107.05 (0.20)

0.4 125 100 × 100 × 100 17.16 (0.17) 124.97 (0.28)
111 200 × 200 × 200 16.95 (0.20) 112.40 (0.20)
104 400 × 200 × 200 16.53 (0.19) 99.79 (0.31)

0.5 106 100 × 100 × 100 14.34 (0.26) 110.24 (0.37)
176 200 × 200 × 200 13.78 (0.23) 103.19 (0.32)
111 400 × 200 × 200 13.31 (0.25) 76.71 (0.32)

Figure 6.9: Confined zones due to frictional restraint for specimens of different slenderness (shaded areas indicate parts of the
specimen under triaxial compression).

As more than one hundred specimens were tested for each specimen type, it was
possible to analyse the measured micromechanical properties statistically. For cementi-
tious materials, normal distribution and two-parameter Weibull statistics are commonly
used to describe the statistical distribution of mechanical properties. Their applicability
for the micromechanical properties were investigated using the data from the 100 µm
cubes. As construction of the experimental probability density function largely depends
on the choice of the bin size which would further disturb the fitting results, the approach
considering cumulative distribution function (CDF) was adopted. The CDF of a normal
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(a) (b)

Figure 6.10: Characteristic fracture patterns of cubic specimens prior to the catastrophic failure.

(a) (b)

Figure 6.11: Characteristic fracture patterns of prismatic specimens prior to the catastrophic failure.
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Table 6.2: Fitting results of normal distribution.

W/c ratio Data sample µ σ p
0.3 Elastic modulus 22.21 3.33 0.29

Compressive strength 159.52 31.82 0.19
0.4 Elastic modulus 17.16 2.90 0.57

Compressive strength 124.97 34.70 0.75
0.5 Elastic modulus 14.34 3.78 0.32

Compressive strength 110.24 40.23 0.10

distribution can be written as [212]:

F (x) =Φ(
x −µ

s
) (6.4)

where µ is the mean value, s is the standard deviation, and Φ is the error function. For
the two-parameter Weibull distribution, its CDF is given by Equation 4.3. Note that the
Weibull distribution is derived from the weakest link theory [213], and has been widely
applied for characterisation the strength of brittle or quasi-brittle materials, e.g. con-
crete [212, 214], rocks [215] and ceramics [175]. As the purpose of this study is to see
whether these two distributions can be applied for the measured mechanical proper-
ties, these two distribution functions were used to fit both experimental measured elas-
tic modulus and compressive strength. The fitting results are shown in Figure 6.12. It is
observed that, the theoretical CDF curves from different probability functions are closer
to each other. The goodness of fitting was checked by a Chi-square goodness-of-fit test.
This test determines if a data sample comes from a specified probability distribution.
The test groups the data into bins and calculates the observed and expected counts for
those bins, and computes the chi-square test statistic [216]:

χ2 =
N∑

i=1
(Oi −Ei )2/Ei (6.5)

where Oi are the observed counts and Ei are the expected counts based on the hypoth-
esized distribution. The test statistic has an approximate chi-square distribution when
the counts are sufficiently large. The fitting results are listed in Table 6.2 and Table 6.3
for normal distribution and Weibull distribution, respectively. It is shown that, for all
three materials, the Chi-square test does not reject the null hypothesis (the sample data
comes from the tested distribution with determined parameters) at 5 % significance
level, which indicates that both distributions can be applied for the compressive strength
and the elastic modulus. However, different p values are found. p is the probability of
observing a test statistic as extreme as, or more extreme than, the observed value under
the null hypothesis. It is a scalar value in the range [0, 1] and small values of p cast doubt
on the validity of the null hypothesis. By comprising p value, it is suggested that the
normal distribution is superior to Weibull distribution for the elastic modulus, while the
opposite is found for the compressive strength. This is expected, as the elastic modulus
is more influenced by the properties of material components and their relative amounts,
while the (fracture) strength is also governed by the weakest link in the system.

The mechanical properties of HCP with size of a few hundred micrometres have been
rarely measured by experiments. It is the first time that the compressive strength of
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(a)

(b)

(c)

Figure 6.12: Cumulative probability of 100 µm-sized HCP cube with w/c ratio of (a) 0.3, (b) 0.4 and (c) 0.5 (left: strength; right:
elastic modulus).

Table 6.3: Fitting results of Weibull distribution.

W/c ratio Data sample σ0 m p
0.3 Elastic modulus 23.66 7.44 0.23

Compressive strength 172.13 5.98 0.30
0.4 Elastic modulus 18.39 6.46 0.35

Compressive strength 137.93 4.08 0.79
0.5 Elastic modulus 15.76 4.25 0.30

Compressive strength 123.30 3.27 0.14
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HCP with such size is tested. Compared with the macroscopic compressive strength
of such material or normal concrete [217], the strength measured at the micro-scale is
significantly higher. Even for the specimen prepared with high w/c ratio (i.e. 0.5), a
mean value of 110.24 MPa was measured. Likewise, similar trend has been found in
terms of the splitting tensile strength measured in Chapter 4 and the simulated uni-
axial tensile strength in Chapter 5. This is mainly because of the fact the micro-scale
sized samples are free from air voids or defects larger than the sample size, which could
create more stress concentration spots, thus significantly reducing its material strength
[182, 186]. On the other hand, a large scatter is observed as a result of the heterogeneity
of such material and small volume of material sampled. Recently, Shahrin et al. [103]
prepared micro-pillar of C-S-H specimens (around a few micrometres) using FIB tech-
nique and measured their compressive strengths. The measured compressive strength
of 10 C-S-H specimens varies from 225 MPa to 606 MPa. As expected, the measured
strength from smaller scale shows higher value and a lager variation compared with
current work. However, in their work, a sphero-conical indenter is mounted on the
nanoindenter to apply the load on the top of the micro-pillar. Consequentially, some of
the compressed micro-pillars are split in half, thus the measurements failed to provide
the uniaxial compressive strength but a combination of the splitting and compression.
Therefore, a somewhat lower value of the C-S-H strength is obtained in their work com-
pared with the assumptions in the current work, where low and high hydration prod-
ucts have a compressive strength of 580 MPa and 920 MPa, respectively (see Table 3.5).
Furthermore, it is important to notice that the splitting strengths for the same size speci-
mens measured in Chapter 4 are 21.28 MPa, 18.72 MPa and 16.5 MPa for w/c ratio 0.3, 0.4
and 0.5, which is around one-eighth of the compressive strength. Considering that the
splitting strength is generally about 1.1-1.2 time higher than the uniaxial tensile strength,
it is estimated that the uniaxial compressive strength is around 10 times of the uniaxial
tensile strength at this scale. This is in accordance with the centimetre sized concrete
specimens [217].

Based on the multi-scale modelling, Hlobil et al. [131] give an estimation of com-
pressive strength of HCP at 28 days with w/c ratio 0.297, which equals 147.985 MPa; for
w/c ratio 0.51, its compressive strength is estimated as 52.119 MPa. The former pre-
diction is close to the mean value and the latter approximates the lower bound of the
current measurements. It is therefore advised that for the mechanical properties of HCP
at smaller scale, stochastic results are needed rather than the deterministic results due
to the heterogeneous material structure. On the other hand, Pichler et al. [15] calculated
the deviatoric strength of a representative volume element of HCP composite with size
of 0.7 mm. In order to make their results comparable with the current study, the hydra-
tion degree presented in Table 1 was used. It is estimated that, for w/c ratio 0.5, HCP
with hydration degree of 0.8 has a compressive strength of 37.5 MPa, while the compres-
sive of HCP with w/c ratio 0.35 and hydration degree of 0.6 is calculated as 60 MPa. Their
prediction is much lower compared with the current results, suggesting that a strong size
effect probably exists for such a heterogeneous material. The calculated elastic moduli
of 100 µm-sized HCP cubes using Eq. 3 are compared with available data in the literature
[3, 15, 16, 18, 76, 133], as shown in Figure 6.13.The reported moduli in the current work
are comparable with the results presented in the literature, but seem relatively lower.
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This mainly attributes to the fact that the deformation of the substrate glass is not con-
sidered.

It is worth mentioning that the reported compressive strength in the current work is
limited under a loading rate of 10 mN/s. As reported in [218, 219], the loading rate has
considerable influence on the measured strength, it is therefore expected that various
loading rates would be carried out in the future. This way, the loading rate-compressive
strength relationship at the micrometre length can be quantified. Additionally, both lin-
ear and nonlinear creep behaviours have been observed for the compression test of con-
crete [220, 221], which have a considerable influence on the failure of the tested material.
With respect to the micrometre length scale, the influence of creep on the nanoinden-
tation test has been studied by applying multiple loading cycles on the cement paste
[222]. As a sharp tip (Berkovich tip) was used in the test, a high stress concentration
occurs below the indenter during the test, leading to a significant creep strain. The mag-
nitude of creep in concrete has been found to be proportional to the intensity of applied
stress [217]. A stress concentration occurring underneath a Berkovich indender should,
accordingly, result in high local creep. In uniaxial compression, as tested herein, it is
expected that creep is less pronounced, and is therefore not considered herein. Never-
theless, there is a need for quantifying this effect.

Figure 6.13: Comparison of elastic moduli reported in the literature (reference number in the Figure would be updated in the
final version of the thesis).

6.4.2. MODELLING RESULTS AND DISCUSSION
In order to validate the adopted discrete lattice model, the computational uniaxial com-
pression test was first conducted on the virtual specimens containing AL which is com-
parable with the experimental set up. In Figure 6.14, the simulated load-displacement
curve is compared with the experiments for each w/c ratio. Clearly, a descending branch
after the peak load is obtained from the modelling. However, such post-peak behaviour
cannot be captured by the experimental measuring as the test is run under a load con-
trol model. Consequently, a load plateau is observed as a result of the overshoot of the
indenter. Therefore, the comparison is limited to the pre-peak regime from which the
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compressive strength and elastic modulus are obtained. It is observed that the slope
and peak load from the model are in the range of the experiments, although dispersion
remains in the experimental measurements. Figure 6.15 presents the simulated crack
pattern of 100 µm-sized HPC cube consisting AL at stage of peak load and failure for
each w/c ratio. It is evident that diagonal main cracks form at the side of the cube at
the final crack stage, which agrees with the experimental observations. The comparison
proves that the adopted discrete lattice model can simulate the conducted experimental
compressive measurement and give a reasonable prediction in terms of the compressive
strength and elastic modulus.

(a)

(b) (c)

Figure 6.14: Comparison of simulated results of 100 µm-sized cubes (having 20 µm AL) with experimental measured results:
(a) w/c= 0.3; w/c=0.4; w/c=0.5.
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(a)

(b)

(c)

Figure 6.15: Simulated crack pattern of 100 µm-sized HCP cubes consisting of AL with w/c ratio (a) 0.3, (b) 0.4 and (c) 0.5 at
two stages (left: peak load; right: final failure state. black denotes the crack).
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After validation, the compressive fracture performance of HCP was modelled using
the 100 µm-sized virtual cubes without the AL. The used local mechanical properties of
lattice element remain unchanged as aforementioned. Herein, a high friction compres-
sion boundary condition was applied by restraining deformation of horizontal displace-
ment of the nodes at two ends. Figure 6.16 presents the simulated stress-strain curve
of HCP cube with different w/c ratios. The elastic modulus and compressive strength
were derived from the stress-strain curve and listed in Table 6.4 together with the ten-
sile strength that obtained in [152]. As expected, HCP with lower w/c ratio has a higher
strength and elastic modulus. The ratio of compressive/tensile strength ranges from
7.91 to 9.66, which is in accordance with concrete [2]. Furthermore, it is observed that a
higher strength would be obtained once the AL is removed as the AL has a relatively low
stiffness which reduces the ability to restrain the deformation of the bottom surface of
HPC. The simulated moduli are also higher than those measured from the experiments
due to the fact that Equation 6.3 does not consider the deformation of the substrate glass
and the possible creep of the micro-cubes. Nevertheless, the numerical and experimen-
tal results are comparable. As shown in Figure 6.17, the simulated fracture patterns at
peak load and the final failure stages are presented. Typical inclined fracture pattern is
observed more pronounced in the HPC cube prepared with higher w/c ratio, in which
fewer stiff inclusions, i.e. anhydrous cement particles remain in the microstructure. As
these inclined cracks are distributed by the anhydrous cement particles leading to more
crack branches and stable crack propagation, the cement paste with lower w/c ratio has
a higher load bearing capacity (higher strength).

(a) (b)

Figure 6.16: (a) Simulated stress-strain diagrams of 100 µm-sized HCP cube (without AL) with various w/c ratios; (b) compari-
son between stress-strain diagrams of 100 µm-sized HCP cube with and without AL.

In the end, it is worth mentioning that, for each w/c ratio, only one virtual speci-
men was tested using the developed discrete model. To have a more comprehensive un-
derstanding of compressive failure of HPC at the micrometre length scale, more virtual
specimens need to be created and tested like Chapter 4 and 5 to have a stochastic-based
results. Furthermore, the influence of the size and shape of specimens on their frac-
ture performance as listed in Table 6.1 should also be investigated using the developed
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Table 6.4: Calculated global mechanical properties, compared with tensile strength in the literature [152].

W/c ratio
Young’s modulus
(GPa)

Compressive strength
(MPa)

Tensile strength [152]
(MPa)

Compressive strength
/ tensile strength

0.3 33.27 317.72 32.9 9.66
0.4 25.40 190.52 22.3 8.54
0.5 16.97 136.81 17.3 7.91

model following the approach as discussed in Chapter 9 and [223]. However, compared
with the computational uniaxial tensile test, the compression test requires significantly
more computational time as compressive failure process is more complex and more (mi-
cro) cracks form before the specimen fails. It is expected that the mentioned limitations
would be overcome with more powerful computational facilities and a more efficient
numerical algorithm in the future.
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(a)

(b)

(c)

Figure 6.17: 18 Simulated crack pattern of 100 µm-sized HCP cubes with w/c ratio (a) 0.3, (b) 0.4 and (c) 0.5 at two stages (left:
peak load; right: final failure state. black denotes the crack) when no AL is considered.
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6.5. CONCLUSIONS

I N this chapter, a new approach has been developed to study the compressive failure
of micro-scale sized HCP specimens. The discrete lattice model was used to mimic

the failure process of specimens under compression. Although a stable measuring of
post-peak stage is missing in the experiments because of the limitation of instruments,
a good agreement between modelling (considering the AL) and experiment is found in
the pre-peak stage in terms of the load-displacement curve and crack pattern. Based on
the current study, the following conclusions can be drawn:

• Although slenderness and w/c ratio play a significant role on the compressive
fracture performance of HCP, the experimental measured strength in this work is
much higher than the strength measured from centimetre sized specimens and
lower than the one for smaller sized specimens.

• Both normal distribution and Weibull distribution are applicable to describe the
experimental probability distribution of compressive strength and elastic modu-
lus. While the normal distribution is more suitable for the elastic modulus and
Weibull distribution is better for the compressive strength.

• The input local mechanical properties for the discrete lattice model are calibrated
from the previous chapter, and results in satisfactory modelling results when com-
pared with the experimental measurements. Together with Chapter 5, the lattice
model is capable of simulating both tensile and compressive fracture behaviours
of HCP at the micrometre length scale, which forms the basis for the multi-scale
modelling of cementitious material.

• From both modelling and testing, the compressive strength is almost 10 times of
the tensile strength which is in accordance with the phenomenon that observed
for the centimetre sized concrete specimens.

In the end, it is important to notice the limitations of the current experimental set up.
First, the influence of AL and substrate underneath the HCP on the measured displace-
ment is not considered. Thus, the estimated elastic modulus based on the linear elastic
assumption is relatively low. This is expected to be solved by monitoring the deformation
at two ends of HCP using a high magnification camera during the mechanical test. The
other is that the stable post-peak cannot be captured by the nanoindenter. Therefore, a
more advanced instrument with adequate high-resolution system for displacement con-
trol and measurements is needed.
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The aim of this chapter is to predict the micromechanical properties of interfacial transi-
tion zone (ITZ) by combining experimental and numerical approaches. In the experimen-
tal part, hardened cement paste (HCP) cantilevers (200 µm × 100 µm × 100 µm) attached
to a quartzite aggregate were fabricated and tested using micro-dicing saw and nanoin-
denter, respectively. In the modelling, comparable digital specimens were produced by the
X-ray computed tomography (XCT) and tested by the discrete lattice model. The fracture
model was calibrated by the experimental load-displacement curves and can reproduce
the experimental observations well. In the end, the calibrated model was used to predict
the mechanical behaviour of ITZ under uniaxial tension, which can be further used as
input for the meso-scale analysis of concrete.

Parts of this chapter have been published in Cement and Concrete Composites 104 (2019) [224].
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7.1. INTRODUCTION

C ONCRETE is a composite material consisting of cement paste and aggregate inclu-
sions with various particle sizes. A well-known fact is that, a thin layer of cement

paste with a thickness between generally 30 and 80 µm, having different features, e.g.
morphology, composition and density, with the bulk cement paste matrix occurs around
aggregates [225–229]. This thin layer is the so-called interfacial transition zone (ITZ). Nu-
merous experiments and simulations have established that the ITZ is more penetrable
by fluids and gases [229–232], and appears to be the weakest region [233–235] in con-
ventional concrete. Therefore, it plays a dominant role in determining the overall per-
formance of this composite material.

Concrete is generally considered to be a three-phase material composed of aggre-
gate, cement paste matrix and the ITZ at meso-scale [161, 236–241]. In order to offer
fundamental insight into the fracture mechanisms of such composite material and give a
proper prediction, the input parameters of each phase are required to be calibrated sep-
arately. The behaviour of the matrix phase and the aggregate can be studied in a rather
straightforward manner because these materials can be prepared and tested individu-
ally. Unfortunately, this does not apply to the ITZ, because this zone is an integral part of
the whole microstructure together with the bulk cement paste and the aggregate [242].
Over the past decades, various test configurations have been developed to study the in-
terface fracture at the meso-scale. The specimens are generally made by casting the ce-
mentitious matrix against a flat block of aggregate. Load is then applied to split these
two materials along the interface to quantify the bonding strength. Mode I and mode
II are the mostly adopted loading conditions for the mechanical properties measure-
ments. The mode I loading types include the uniaxial tensile test [243–245], wedge split-
ting [246, 247], flexure test (i.e. cantilever bending [248, 249] and three-point bending
[250–252]) and Brazilian splitting test [251], while mode II experiments contain mainly
push-out test [253, 254] and slant shear test [255]. Based on these aforementioned tech-
niques, a lot of knowledge about the influence of ITZ on the mechanical performance of
concrete has been gained. However, almost all fracture experiments are carried out at
the scales larger than that of real aggregate in concrete. A clear understanding about the
micromechanical properties of the ITZ is still missing, as it is a special material feature
at the micro-scale. At this scale, studies are mostly carried out by simulations [256–258]
due to the technical and instrumental limitations. Consequently, these models cannot
be validated due to the mismatch in terms of the investigated scale length. Therefore,
there is a need for experimental measurements at the micro-scale, which can be used
for the calibration and validation of the micromechanical modelling of the ITZ.

Recent reports document the utilization of nanoindenter as a versatile instrument
for loading micrometre sized specimens [45, 102, 103, 259]. The micro-dicing technique
developed in the previous chapters has proved to be able to produce specimens with
a size of a few hundred micrometres with shape of cube, prism and cantilever beam.
This technique is therefore adopted to produce small HCP cantilevers having one end
bonded to the aggregate. To test the fracture performance of aggregate-cement inter-
face, a load was applied at the free end of the cantilever by the nanoindenter. To the
authors’ best knowledge, it is the first time that fracture of aggregate-cement interface
has been successfully tested at the micro-scale. This offers valuable experimental data
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for the calibration and validation of the micromechanical modelling of the ITZ.
In addition to experiments, a micromechanical model of ITZ is proposed. The model

is built up on the basis of a combination of X-ray computed tomography and discrete
lattice fracture model. It is first calibrated by the experimental results and further used
to predict the micromechanical properties of the pure ITZ. This work presents a funda-
mental study of the fracture testing and modelling of the aggregate-cement interface at
the micrometre length scale. The predicted micromechanical properties of ITZ can be
further used to determine the interface properties between aggregate and HCP in the
discrete fracture modelling of concrete or mortar at the meso-scale.

7.2. EXPERIMENTAL

7.2.1. MATERIALS AND SAMPLE PREPARATION

F OR the sample preparation, standard CEM I 42.5 N Portland cement, quartzite ag-
gregate and deionized water were used. A flat aggregate slice having thickness of

1 mm was made by cutting and thin-sectioning. The thin-sectioning was conducted
by grinding using a Struers Labopol-5 thin sectioning machine. To obtain smooth and
parallel surfaces and to eliminate the effect of different surface roughness, both sides
were ground using discs with grit sizes of 135 µm and 35 µm in a descending order. The
slice was placed at the bottom of a plastic mould. Fresh cement paste with w/c ratio
of 0.3 was mixed following EN-BS 196-3:2005+A1:2008 [260] using a Hobart mixer and
cast on the top of the aggregate slice. After 28 days curing under sealed conditions, the
HCP-aggregate specimen was demoulded. A thin-sectioning procedure was then con-
ducted on the HCP surface to make the thickness of the whole specimens 1.2 mm (0.2
mm cement paste layer and 1 mm aggregate layer, see Figure 7.1a). To fabricate mi-
crometre sized cement paste cantilever having one end attached to the aggregate, the
following steps as shown in Figure 7.1 were conducted using the micro-dicing saw, which
ensures the precision for preparing specimens with size of a few hundred micrometres.
The blade was run in two perpendicular directions as shown in Figure 7.1b and 7.1c to
fabricate the HCP beam with a square cross-section of 100 µm and a length of 200 µm on
the aggregate. The dicing width was set as the sum of the length of the designed cross-
section (100 µm) and the thickness of the blade (260 µm). The blade was cut 20 µm into
the aggregate in order to have a clear boundary between HCP beam and the aggregate
support. A strip of aggregate consisting of a row of HCP cantilevers was then cut off from
the aggregate slice as shown in Figure 7.1d. Afterwards, the morphology of the produced
cantilever beams were checked by an environmental scanning electronical microscope
(ESEM) under the backscattered electrons (BSE) model, see Figure 7.2. A clear boundary
with much higher porosity between the HCP beam and aggregate support can be clearly
observed in Figure 7.2c, indicating a weak bound between the HCP and aggregate.
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(a) (b)

(c) (d)

Figure 7.1: Schematic illustration of the sample preparation procedure: (a) preparing a HCP-aggregate slice; (b) cutting
through HCP at one direction; (c) cutting through HCP at a perpendicular direction; (d) cutting one aggregate strip off.
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(a)

(b)

(c)

Figure 7.2: ESEM image of (a) a row of cantilever beams, (b) one cantilever beam with dimensions and (c) the interface between
HCP beam and the aggregate.
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7.2.2. MECHANICAL TEST USING NANOINDENTER
The test configuration is schematically shown in Figure 7.3. The aggregate strip was at-
tached to a support vertically resulting in a row of HCP cantilevers standing horizon-
tally. A nanoindenter was then instrumented for applying load at the free end of the
cantilever. To eliminate the possible penetration of the indenter into the specimen, the
flat end cylindrical tip with a diameter of 330 µm as presented in Figure 6.2 was adopted
instead of a standard Berkovich tip. The tip was set to be aligned with the centre of the
free end of the beam using the in-situ imaging system. To ensure the positioning ac-
curacy, a microscope to indenter calibration procedure was conducted prior to the test.
The test was run under a displacement-controlled method with a constant displacement
increment of 50 nm per second. The cantilever beams were loaded until failure and the
load-displacement curves were recorded by the nanoindenter for further analysis.

Figure 7.3: Schematic view of the test setup.

7.2.3. EXPERIMENTAL RESULTS
10 cantilever beams were tested. Figure 7.4 shows their load-displacement curves. A
good repeatability can be found and, in general, these curves can be divided into two
parts: ascending and plateau. In the ascending part, the load increases monotonically
with the displacement until reaches a critical load. Afterwards, a displacement jump is
observed. This is because the control of the nanoindenter is not fast enough to enable a
stable post-peak behaviour measurement. Consequently, a catastrophic failure happens
and the indenter overshoots downward. Thus, only the first regime was used for the
calibration of the fracture model in Section 7.4.2. In this regime, the peak load ranging
from 36.96 mN to 49.03 mN and its corresponding displacement (1103.6 - 1432.62 nm)
can be derived. The fluctuation is mainly attributed to the heterogeneous nature of the
material structure, especially the porous interface. Note that these values cannot be used
to calculate the interface properties through simple analytical solutions for bending or
shearing because of the complex boundary conditions at the interface introduced by the
test configuration. In this case, the numerical approach shows advantages when dealing
with such complex boundary conditions.
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After the fracture test, the aggregate strip was checked by the ESEM. Figure 7.5 shows
the remaining aggregate support. This means that the crack occurs along the interface
between the aggregate and HCP. A top view of the fractured surface is shown in Figure
7.6. It can be distinguished from the texture of the surface that part of HCP remains on
the aggregate surface, indicating a tortuous fracture surface. This agrees well with the
macroscopic observations [2].

Figure 7.4: Experimental load-displacement diagrams of the cantilever bending test.

7.3. DIGITAL SPECIMENS

7.3.1. XCT EXPERIMENTS

T HE fracture modelling requires virtual specimen with details of the featured material
structure. In this work, X-ray computed tomography (XCT) and image segmenta-

tion techniques were used to characterize the material structure and build the digital

(a) (b)

Figure 7.5: ESEM micrographs of the ITZ cantilever beams after failure: (a) an intact cantilever and two fractured cantilevers
(b) remains of the microcantilever after failure (higher magnification).
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(a) (b)

Figure 7.6: ESEM micrographs of the fracture surface after ITZ cantilever beam failure: (a) three fracture cantilevers (b) one
cracked surface at higher magnification.

specimens which are comparable with the realistic specimen. As shown in Figure 7.7: a
HCP-aggregate prism was created and clamped on a special holder for the scanning. A
small drop of cyanoacrylate adhesive was added to the surface of the specimen to pro-
tect the sample from breaking during clamping. The prism has a square cross-section
of 500 µm × 500 µm and a length of 3 mm. It was fabricated using a similar approach as
proposed in Section 7.2.1. First, a 3 mm two-layer cement paste-aggregate material (2
mm aggregate substrate and 1 cement paste layer) was made by casting cement paste on
a 2 mm aggregate slice and grinding after 28 days curing. The micro-dicing saw was then
run two perpendicular directions over the slice to create the prisms. In order to separate
these prisms, the saw was set to cut through the aggregate during the dicing.

Figure 7.7: Cement paste-aggregate specimen clamped on the holder for CT scanning.

In the XCT experiment, the holder was fixed in the rotatable stage. The X-ray source
tube was set as 120 Kev/60 µA for the scanning. 2800 projections were acquired using a
digital GE DXR detector (3072 × 2400 pixels). This setup results in a greyscale level-based
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material structure with a resolution of 1 µm × 1 µm × 1 µm. In order to reduce the noise in
the reconstructed XCT images as well as the computational efforts in the discrete fracture
modelling, a binning level of 2 was used in the reconstruction. The resulted final material
structure has a resolution of 2 µm × 2 µm × 2 µm. Afterwards, a stack of 2D slices from
the side view was exported for image segmentation and digital specimen generation. To
reduce the influence of beam hardening in the XCT experiment, a region of interest (ROI)
with a cross-section of 300 µm × 300 µm and length of 1000 µm was extracted from the
central region of the scanned specimen.

7.3.2. MICROSTRUCTURE CHARACTERISATION
In general, aggregate particles are observed as relatively homogeneous in XCT images.
On the other hand, cement paste shows significant heterogeneity due to presence of
porosity and different hydration phases. Therefore, differences in relative grayscale lev-
els can be used to distinguish between the aggregate and the paste phase in XCT images.
This was also done in the current study. First, the fluctuation of the greyscale level along
the height of the ROI was analysed by calculating the coefficient of variation (CoV) of
greyscale level of voxels at each row using:

CoVi = Si

µi
(7.1)

where CoVi is the CoV of greyscale level at height i, Si the standard deviation greyscale
level at height i, µi the mean greyscale level at height i. As shown in Figure 7.8, on the one
hand, the CoV at the aggregate part is relatively low (below 0.1). On the other hand, HCP
has a much higher CoV. It is therefore reasonable to consider the aggregate as a single-
phase material in the model. Note that the CoV value at height i is averaged from the 3D
ROI rather than a 2D slice. Additionally, a significant increase of CoV (from 0.05 to 0.25)
is observed at the boundary between the aggregate and HCP, which was used to separate
the two materials from the original greyscale level-based images.

To consider the heterogeneity of HCP at the micro-scale, both the multi-phase based
material structure (Chapter 3) and continuous greyscale level based material structure
(Appendix A) can be used. Herein, the global thresholding approach that developed
in Chapter 3 was adopted to segment the HCP part into a 4-phase material consisting
of capillary pore (CP), inner hydration product (IHP), outer hydration product (OHP)
and anhydrous cement particle (ACP). This method determines the threshold value of
greyscale value using both cumulative and histogram of the greyscale level in the ROI.
In order to avoid the influence of the ITZ on the determination of the threshold value of
different phases, the region away from the boundary of 150 µm was used, which can be
regarded as the bulk cement paste. The information of the segmented material structure
of bulk cement paste is listed in Table 7.1, which is similar to the results that obtained
in Chapter 3 for a pure cement paste prepared with the identical w/c ratio (0.3, see Ta-
ble 3.1). It should be note that, under the current resolution, the inner or outer product
does not represent any single chemical composite in the HCP but a combination of sev-
eral of them e.g. calcium-silicate-hydrate gel, calcium hydroxide, ettringite and mono-
sulfate, etc. Figure 7.9 shows a comparison between segmented material structure and
its corresponding greyscale level image. With the approach proposed in this section, a
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Table 7.1: Information of the segmented bulk cement paste.

Porosity Anhydrous cement particles Hydration degree
8.35 % 16.96 % 66.69 %

multi-phase material structure can be segmented from these greyscale level based XCT
images.

Figure 7.8: (left) CoV of the greyscale level along the ROI, clearly indicating a more homogeneous greyscale value distribution
in the aggregate compared to paste; (right) A slice from the X-ray CT micrograph of the cement paste/aggregate specimen
(Both shown in 2D for clarity).
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Figure 7.9: (Left) X-ray computed tomography of the ROI; (right) segmented microstructure of the ROI (Both shown in 2D for
simplicity).

7.3.3. DIGITAL SPECIMEN GENERATION
Two types of digital specimens were extracted from the segmented voxel-based images
for the fracture analysis. As shown in Figure 7.10, the first one (Type I) has a cross-section
of 100 µm × 100 µm and length of 220 µm consisting of 20 µm length of aggregate and
200 µm length of HCP. The features of this type specimen are assumed to be the same
as the cantilever beam that is fabricated in Section 7.2.1. This enables the calibration of
the fracture modelling in Section 7.4.2. In order to study the deviation of the mechanical
properties of the investigated material as shown in the experiments, 10 digital specimens
were randomly extracted. The second (Type II) is a pure ITZ specimen which is obtained
by "cutting" off the aggregate and bulk cement paste part from the Type I specimen. The
thickness of this zone was determined by checking the porosity profile perpendicular to
the interface in the ROI, see Figure 7.11. It is clearly that with the position keeping away
from the aggregate surface, the porosity decreases dramatically until reaches the average
porosity (8.35 %) of the bulk cement paste at around 50 µm. Therefore, 50 µm is regarded
as the thickness of ITZ herein, which is in accordance with references [225, 227, 229].
The microstructure within this area was then extracted from Type I specimen to form
the pure ITZ specimen as shown in Figure 7.12. 10 Type II specimens were created to
consider the deviation of the modelled micromechanical properties.
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Figure 7.10: Type I specimen with size of 220 µm × 100 µm × 100 µm (110 voxel × 50 voxel × 50 voxel).

Figure 7.11: Porosity profile of cement paste part in the ROI.

(a) (b) (c)

Figure 7.12: Type II specimen with size of 50 µm × 100 µm × 100 µm (25 voxel × 50 voxel × 50 voxel): (a) side view; (b) view from
the bulk cement paste side; (c) view from the aggregate side.



7.4. DEFORMATION AND FRACTURE MODELLING

7

117

7.4. DEFORMATION AND FRACTURE MODELLING

I N this section, the discrete lattice fracture model, as described in Chapter 3, was used
to predict the mechanical performance of the generated specimens. The Type I speci-

men was used to calibrate the input local mechanical properties using the experimental
measurements. After calibration, the fracture model was applied on Type II specimen to
predict the mechanical properties of pure ITZ.

7.4.1. MODELLING APPROACH
Following the procedure developed in Chapter 3, the fracture process of digiatal speci-
mens genereated in Section 7.3.3 can be analysed by the discrete lattice model. For the
elements that exist in the cement matrix, their mechanical properties have been cali-
brated and validated in the previous chapters and listed in Table 3.5. With respect to
the element within the aggregate, its elastic modulus is taken from [251], i.e. 70 GPa.
Its tensile strength is assumed as 1/1000 of the modulus, i.e. 70 MPa. The adopted
strength/modulus ratio is larger than the one commonly observed at the meso-scale in
order to consider the size effect [261]. Furthermore, because fracture happens at the
cement paste part, the strength of the aggregate has no contribution to the mechanical
response.

It is well known that a rather thin layer forms directly on the aggregate surface, typi-
cally a micron or so in thickness, including the products from any reaction that may hap-
pen between the aggregate and cement paste. These products contain mainly calcium
silicate hydrate, calcium hydroxide and ettringite depending on the specimen prepara-
tion and the size of the aggregate [226, 242, 262–266]. This layer cannot be distinguished
from the XCT images due to limited resolution and segmentation techniques. In order to
take this layer into account, the elements that connect the solid phases in cement paste
and the aggregate are generated, which has a comparable dimension with the thickness
of the layer. For simplification, the mechanical properties of these elements are assumed
proportional to the phases they connect with in HCP. In this way, the elastic moduli and
strengths of these elements can be calibrated through inverse analysis using experimen-
tal measured load-displacement curves. Furthermore, it should be noticed that the el-
ement that connects the anhydrous cement particle and aggregate is removed from the
mesh, as negligible bonding strength is expected for these two solid phases. This results
in two types of interface elements (i.e. Ag-I, Ag-O, see Table 7.2) that are needed for the
calibration.

7.4.2. CALIBRATION AND DISCUSSION
In this section, the discrete lattice model was applied for the fracture analysis of the Type
I specimen. As schematically shown in Figure 7.13, a Type I digital specimen has been
mapped to a lattice mesh. The end of the aggregate part was clamped. In the experimen-

Table 7.2: Lattice element type that need to be calibrated in this chapter.

Element type Phase 1 Phase 2
Ag-I Aggregate IHP
Ag-O Aggregate OHP
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Table 7.3: Calibrated mechanical properties of the lattice elements connecting aggregate and HCP.

Case Boundary Element Young’s modulus Tensile strength Compressive strength
number configuration type (GPa) (MPa) (MPa)

1 Fully contacted
Ag-I 0.2 3 30
Ag-O 0.16 2.5 25

2 Edge contacted
Ag-I 0.17 5 50
Ag-O 0.14 4.2 42

tal test, due to the rotation of the cantilever beam, the contact area between the flat end
tip and the cantilever beam decreases gradually from fully contacted to only the edge of
the indenter with the deformation of beam increasing. However, such dynamic bound-
ary configuration could not be implemented in the modelling. Two extreme boundary
conditions as shown in Figure 7.13 are therefore adopted herein for the purpose of cal-
ibration. The fully contacted loading boundary condition was modelled by adding unit
displacement at nodes within the dash line marked zone (Figure 7.13a), while the edge
contacted boundary condition is mimicked by applying unit displacement at the notes
on the right side edge (Figure 7.13b). Through a trial-and-error approach, satisfactory
load-displacement curves were obtained when the values in Table 7.3 were adopted. As
the fracture pattern for the simulated two boundaries are almost identical and a linear-
elastic constitutive law is implemented for the local beam elements, the simulated load-
displacement curves have similar shapes. Furthermore, the mechanical properties listed
in Table 7.3 are rather low compared with the phases connected by the element in HCP.
This tends to confirm the weak bonding between cement paste and aggregate. Figure
7.14 presents the comparison between the simulated load displacement curve and the
experimental ones. As mentioned above the experiments are not able to measure the
post-peak behaviours, the comparison is only made in the pre-peak regime. Clearly, the
simulation can reproduce the experimental measured results well in terms of the as-
cending slope and the peak load. The simulated fracture patterns at peak load and final
stage are plotted in Figure 7.15. It is observed that, all the cracks happen in the inter-
face (the weakest part of the specimen) until the peak load. At the failure stage, the HCP
beam is debonded from the aggregate. It can be seen from Figure 7.15b that almost all
the interface elements are broken. While, the small amount unbroken interface element
and the crack occurring in the HCP proves that there are some residual HCP left on the
aggregate after the debonding. This is in accordance with the experimental observation.

The identical boundary configurations and input mechanical parameters are used
to model the fracture of other 9 Type I specimens. The simulated load-displacement
curves are shown in Figure 18 for both boundary conditions. The load-displacement
curves of all specimens consist of a linear ascending branch and a zig-zag descending
branch. The zig-zag is a consequence of the use of a sequentially-linear procedure [139]
in the model. After a beam element is removed from the lattice system, much less load is
needed to break the next one(s) until an increasing load is required to continue further.
This is comparable with a small propagation of a crack under a constant loading before
the fracture process becomes stable again. Additionally, as expected, variations between
individual specimens are observed due to the heterogeneity of the material structures.
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(a)

(b)

Figure 7.13: Schematic illustration of the boundary configurations for the modelling of the cantilever under loading: (a) fully
contacted with the indenter surface; (b) contacted with the edge of indenter.
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Figure 7.14: Fit back of the lattice fracture model.
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(a)

(b)

Figure 7.15: Simulated crack patterns at different stages: (a) peak load; (b) failure ( black: crack, green: Ag-I and Ag-O).
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(a)

(b)

Figure 7.16: Modelling results of 10 specimens under: (a) fully contacted boundary conditions (b) edge contacted boundary
conditions.
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7.4.3. PREDICTION OF UNIAXIAL TENSILE STRENGTH OF ITZ
In order to predict the tensile strength and elastic modulus of the ITZ, microstructure
of the pure ITZ as generated in Section 7.3.3 was used. A computational uniaxial ten-
sion test was conducted using the two sets calibrated input mechanical parameters. The
boundary configuration is shown in Figure 7.17 that one end of the material is clamped,
and the nodal displacement is applied on the other. The same crack pattern are ob-
tained for the two sets input parameters (see Figure 7.18, all the interface elements are
broken), as the interface elements are the weakest elements in the system. The simu-
lated stress-strain curves are compared in Figure 7.19. As expected, stress-strain curves
having similar shapes are observed for the two data sets. When implementing the cali-
brated results from case 2, higher stress and stiffness are obtained at the same strain level
because they are proportional to the strength and strength/modulus ratio of the inter-
face elements, respectively. As the two data sets were fitted from two extreme boundary
conditions, the real response of the tested ITZ specimen under uniaxial tension proba-
bly lies in between these two curves. Additionally, it is clear that the stress-strain curves
have two stress peaks, while the first peak is higher than the second. These two peaks
could form because of the two main cracks [2] as shown in Figure 7.20 where the crack
pattern at first, second peaks and the final stages are plotted together with the interface
elements. Before crack happens (see Figure 7.20a), a large number of defects already ex-
ist in the interface layer due to the high effective w/c ratio and the weak bound between
anhydrous cement particles and aggregate. At the first peak (Figure 7.20b), it seems like
a crack starts localizing at the left side, while at the second peak (Figure 7.20c), another
crack going through the middle is observed. In the end, all the interface elements are
broken, the specimen fails entirely, see Figure 7.20d.

Figure 7.17: Boundary configuration of the uniaxial test of ITZ.

In order to show the variations of the mechanical properties of ITZ, 10 specimens
were tested using both data sets. Their stress-strain curves are plotted in Figure 7.21. All
the stress-strain curves have two stress peaks because of the aforementioned reasons.
Furthermore, the peaks of different specimens align almost at the same strain level when
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Figure 7.18: Deformed ITZ specimen at the final stage (black-crack element).

Figure 7.19: Comparison between the simulated stress-strain curves of the ITZ specimens under uniaxial tension.

the same set mechanical properties of local elements are used. In terms of case 1, the first
peak aligns around 0.0005, while the second aligns at around 0.001. At the strain level of
0.005, the stress almost reaches 0. Therefore, it is regarded as the final failure stage.
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(a) (b)

(c) (d)

Figure 7.20: Crack pattern of type II specimens together with interface elements at different failure stage: (a) before loading;
(b) first peak; (b) second peak; (c) final stage (black-crack, green-interface element).
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(a)

(b)

Figure 7.21: Variations of simulated load-displacement responses due to the material structure heterogeneity: (a) case 1; (b)
case 2.
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On the basis of the stress-strain curve, the strength, elastic modulus and fracture
energy are derived and listed in Table 7.4 and 7.5. Note that the fracture energy Gf is
calculated from the post-peak part of the stress-strain curve using Equation 5.1.As ex-
pected, these values are much lower compared with the bulk cement paste at the same
length scale (strength: 25.78 MPa; elastic modulus 27.73 GPa; fracture energy: 9.94 J/m2,
see Chapter 5). When looking at the literature, the reported HCP-aggregate bonding
strength varies a lot, even for the specified aggregate and w/c ratio of ordinary cement
paste. For example, it is measured as 0.78 MPa by Zimbelmann [245] but reported by
Ping and Beaudoin [267] as high as 4 MPa for the bonding strength between cement
paste with 0.3 w/c ratio and “flat” quartzite surface at 28 days. This is partly because the
bonding strength is significantly influenced by the geological properties of the aggre-
gate, especially the surface roughness which is mainly determined by the pre-treatment
process [268] and partly due to the specimen preparation method which has a consider-
able influence on internal stress in the boundary. Furthermore, it should be noted that
a size effect occurs on the strength of cementitious material [261]. The most compara-
ble experimental test that can be found in the literature is made by Jebli et al. [243] in
which a uniaxial tension test has been conducted on a “sandwich” aggregate-cement-
aggregate sample with a square cross-section of 10 mm, giving an estimation of the
bonding strength as 1.6 MPa and an elastic modulus of 4.3 GPa for the composite. As
the aggregate they used is limestone, lower bonding strength is expected for the quartz
aggregate-cement at meso-scale [268]. The modulus reported in [243] is a homogenised
value with the aggregate and bulk cement paste, thus it is higher than the results for the
pure ITZ as reported in the current study. It is reported in [236] that the Young’s mod-
ulus of cement paste at distance of 20 µm away from the aggregate is around 2.2 MPa
after 3 days hydration, which tends to confirm the simulated Young’s modulus falls in
the reasonable range.

Table 7.4: Mechanical properties of the pure ITZ derived from the simulated stress-strain curves of case 1.

No. Young’s modulus(Gpa) Tensile strength (MPa) Fracture energy (J/m2)

1 3.12 1.87 0.16
2 4.57 2.68 0.18
3 2.76 1.65 0.15
4 3.49 2.08 0.14
5 3.91 2.32 0.15
6 3.07 1.82 0.13
7 3.29 1.95 0.14
8 3.46 2.08 0.16
9 4.07 2.44 0.17
10 3.86 2.29 0.16
Average 3.560±0.515 2.118±0.298 0.154±0.014
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Table 7.5: Mechanical properties of the pure ITZ derived from the simulated stress-strain curves of case 2.

No. Young’s modulus (GPa) Tensile strength (MPa) Fracture energy (J/m2)

1 4.42 3.12 0.29
2 6.47 4.47 0.33
3 3.91 2.75 0.26
4 4.94 3.47 0.26
5 5.54 3.87 0.29
6 4.35 3.03 0.24
7 4.66 3.25 0.26
8 4.9 3.47 0.3
9 5.77 4.07 0.31
10 5.47 3.82 0.29
Average 5.040±0.730 3.530±0.498 0.283±0.026

7.5. CONCLUSIONS
This chapter proposes an approach for fracture testing and modelling of the ITZ at the
micro-scale. The micro-scale sized HCP-aggregate cantilever beams were fabricated
and tested both experimentally and numerically. The experimentally measured load-
displacement responses were used as benchmark for the calibration of the numerical
model. After the calibration, the model can reproduce the experimental observations
well including the variation and explain the experiments in detail. The calibrated model
was further used to predict the fracture properties of the ITZ under uniaxial tension. The
following conclusions can be drawn:

• The model shows that the bonding between HCP and aggregate is weak and a high
porosity exists at the interface layer. Therefore, the micromechanical properties of
the ITZ are much lower compared with the HCP at the same length scale. On the
other hand, they are higher than the properties measured at the meso-scale due to
the size effect.

• The XCT scanning technique is able to capture porosity gradients of cement paste
along the distance away from aggregate, which can be further used to distinguish
the ITZ and bulk HCP from the matrix.

• In the end, this work contributes to the multi-scale modelling of the concrete. The
interface properties between cement paste and aggregate in the meso-scale model
can be determined on the basis of the results presented in the current work.

More comprehensive work can be conducted on the basis of the proposed approaches
to investigate the influence of different factors on the micromechanical properties of
the ITZ. Through a multi-scale modelling framework, these influences can be explicitly
visualized at meso-scale.
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8
MULTI-SCALE MODELLING SCHEME

OF DEFORMATION AND FRACTURE

OF HARDENED CEMENT PASTE

This chapter presents a validation procedure of multi-scale modelling scheme by making,
testing and modelling deformation and fracture of hardened cement paste (HCP) beam at
sub-meso-scale (between micro- and meso-scale). Miniaturized three-point bending test-
ing concepts were adopted. HCP beams with a cross-section of 500 µm × 500 µm were fab-
ricated using the micro dicing saw and subjected to bending using nanoindenter. Simulta-
neously, fracture behaviour of the same size specimens was predicted by the microstructure
informed multi-scale lattice fracture model in which input microstructures were obtained
by X-ray computed tomography at two length scales (micro and sub-meso). Uncoupled
volume averaging upscaling approach was used to relate the material’s mechanical be-
haviour at sub-meso-scale with the microstructures at lower scale. A good agreement be-
tween experimental and numerical results was observed which shows that starting from
micro-scale and with relatively simple mechanical considerations it is possible to correctly
reproduce behaviour at upper scale.

Parts of this chapter have been published in Cement and Concrete Research 102,(2017) [269].
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8.1. INTRODUCTION
Under the hierarchical modelling scheme, a so-called uncoupled volume averaging up-
scaling method is commonly applied to bridge any two scales[3–6, 106, 135]. In this up-
scaling method, the simulated global mechanical performance of composites at lower
scale are directly assigned as the local mechanical properties of the matrix in the upper
scale models. This method is often criticized because of its simple mechanical consider-
ations. Furthermore, it is not easy to be verified by experiments at scale where aggregates
exit, because not only the matrix is regarded as a homogenous material but also the ITZ
is introduced in the system, which is indeed another complex issue [227, 270]. There-
fore, the main aim of this work is to verify the upscaling method through a relatively
simple scheme. The verification scale is chosen in between micro-scale and meso-scale
in which the cement paste matrix and air voids or big capillary pores are recognised. As
the investigated length scale is much smaller than the typical laboratory sample size, the
experimental challenges include producing and mechanical testing of such miniaturized
samples.

As a high precision instrument that can record small load and displacement with
high accuracy and precision, nanoindenter is becoming a general tool in small scale
mechanical testing. Utilizing this technique for micromechanics provides a basis for
the development of various miniaturized testing concepts, e.g. micro-beam bending
test [45, 271], pillar compression test [154, 272]and pillar indentation splitting test [273].
Based on the recorded load and displacement data during the test, the basic deformation
mechanisms and behaviour of small mechanical samples can be used to derive elastic,
plastic and fracture material properties. Applications of micro dicing saw on preparation
of small HCP specimens make it possible to prepare the small scale specimens such as
cube and beam. In this chapter, miniaturized three-point bending testing concepts were
adopted. HCP beams with a cross-section of 500 µm × 500 µm were fabricated using the
micro dicing saw and subjected to bending using nanoindenter.

In parallel with the experiments, a multi-scale, lattice-based model is introduced
here to simulate the deformation and fracture performance of these sub-meso-scale
specimens under three-point bending. To consider the heterogeneous and multi-phase
microstructure in the simulation, it is essential to have a well-characterised 3D material
structure. Therefore, 3D X-ray computed tomography (XCT) has been adopted in the
current study to characterize the microstructures of this material at two scales. The un-
coupled upscaling method is then used in this paper to relate the material’s mechanical
behaviour at sub-meso-scale with the microstructures at lower scale. After validation,
influence of porosity on the mechanical performance is studied based on the predicted
results.

8.2. EXPERIMENTAL

8.2.1. MICRO-BEAM THREE-POINT BENDING

28 days cured HCPs (OPC CEM I 42.5 N) with w/c ratio of 0.3,0.4 and 0.5 were investigate
in this study. Micro-beams with a square cross-section of 500 µm (see Figure 8.1) were
fabricated using the approach developed in Chapter 3. Figure 8.2a schematically shows
the setup of miniaturized three-point bending test. The test was instrumented by KLA-
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Tencor G200 nanoindenter system equipped with a diamond cylindrical wedge indenter
tip (radius 9.6 µm, length 700 µm, see Figure 8.2b). The micro-beams were placed in
flutes of a 3D printed support with a span length of 12 mm (Figure 8.2c). A line load was
then applied at the centre of the span by the indenter. To observe the fracture process
during loading, an external camera was added. A video recording the fracture process is
available online1.

Figure 8.1: ESEM image of cross-section of micro-beam with dimensions.

The experiments were run using displacement control with a loading rate of 500
nm/s. Figure 8.3 shows the typical recorded load-displacement diagram in which the
maximum reached force Fmax was used for the flexural strength calculation using elastic
beam theory [274]:

ft = 3FmaxL

2d 3 (8.1)

where L is the length of span and d is the cross-sectional dimension of the square. In the
evaluation of Young’s modulus of the HCP beams, data of recorded load displacements
in the range between 50 % and 80 % of maximum load were used. The plots in this range
are linear to the point of fracture. Young’s modulus E is evaluated as:

E = L3

4d 4 S (8.2)

where S is the average slope in the range between 50 % and 80 % of maximum load.
Since the deflection of the beam cannot be measured directly in the current setup, the
recorded vertical displacement of the indenter is used as an estimate, which may lead to
a somewhat lower value of modulus since the local imprinting of the indenter into the
beams is recorded as well.

1 https://www.sciencedirect.com/science/article/pii/S0008884617308256

https://www.sciencedirect.com/science/article/pii/S0008884617308256
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(a)

(b)

(c)

Figure 8.2: (a) Platform of miniaturized three point bending test. (b) diamond cylindrical wedge indenter tip (c) Miniaturized
beam specimens on the support.
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Figure 8.3: A typical load vs. displacement curve measured in the miniaturized three-point bending test.

8.2.2. FRACTURE PATTERN VISUALIZATION
After testing, one failure micro-beam with w/c ratio 0.4 on the support was bonded by
dropping a tiny drop of transparent instant adhesive on the loading point. The micro-
beam was then taken out of the support and clamped by the holder as shown in Figure
3.6a. The holder was then fixed on the rotatable stage in the Phoenix Nanotom micro-
computed tomography system to visualize the fracture path in the cracked specimen.
The setup for acquiring greyscale level based images and approach for image segmenta-
tion as described in Chapter 3 were used. Three 2D slices of the segmented microstruc-
ture are shown in Figure 8.4. Clearly, the main crack follows a tortuous path across the
tensile surface, similar to the observations in [184, 275, 276]. In addition, it tends to prop-
agate around the anhydrous cement phase. A possible explanation for this observation
could be that, with the highest strength and elastic modulus, anhydrous cement parti-
cles work as local stiff inclusions in the matrix, deflecting the crack. Similar observations
are reported in concrete, due to the influence of aggregates [187, 188].

8.3. METHOD VALIDATION
For validation of the tested method, a commercial objective glass, which is expected to
be a homogenous and isotropic material, with a thickness of 1.6 mm was used. Five
micro-beams with the same size as HCP (0.5 mm × 0.5 mm × 12 mm) were fabricated
using the same procedure described in Chapter 3 and tested under three-point bending.
The recorded load displacement diagrams are presented in Figure 8.5 and show a high
degree of repeatability. The modulus and flexural strength were calculated and listed in
Table 8.1.

Nanoindentation technique was conducted for modulus characterisation as the ref-
erence for the validation of the measured flexural modulus. This technique determines
local mechanical properties of tested material from the indentation load displacement
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Figure 8.4: X-ray computed tomography of cracked beam with a main crack in the middle. (a) 3 D image. (b) (c) (d) 2D slices
of cutaway view (green represents outer hydration products, red is the inner hydration products and yellow is the anhydrous
cement particle).

curve. The analysis was performed with the same nanoindenter system equipped with a
Berkovich tip (three-side pyramidal tip). A grid containing 5 × 5 indents with 100 µm
separation between neighbouring indents was performed using Continuous Stiffness
Method (CSM) proposed by Oliver and Pharr [81]. The indents were displacement con-
trolled with a 0.05/s strain rate targeting the maximum depth of 1000 nm. The average
E modulus was determined in the loading range between 800 - 1000 nm. For the cal-
culation, Poisson’s ratio of the indented material was taken as 0.25 (a common value of
glass material) [277]. A mean value of indentation modulus 72.15 GPa with a standard
deviation 2.34 GPa was obtained.

In terms of modulus, although the three-point bending measured values are some-
what lower than the indentation measurements, a reasonable agreement is found. The
reason for the lower values of three-point bending measurements could be that the recorded
displacement is not the actual deformation of the micro-beam, but of the loading inden-
ter, and it therefore includes the local imprinting of the indenter into the beams. Good
agreement between the methods shows that correct assumptions are used in this tech-
nique.
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Figure 8.5: Load vs. displacement curves measured in the three-point bending test of miniaturized glass beams.

Table 8.1: Elastic properties, tensile strengths of miniaturized glass beams from three-point bending tests.

No. Young’s modulus (GPa) Flexural strength (MPa)
1 69.30 83.91
2 66.86 81.85
3 58.32 79.52
4 58.08 83.87
5 62.25 80.90
Mean value ± standard deviation 62.96±5.03 82.00±1.91

8.4. MODELLING
To include the influence of microstructures at micro-scale, a multi-scale modelling ap-
proach combined with the experimental characterized microstructures is adopted, as
illustrated in Figure 8.6. At the micro-scale, HCP specimens are in the shape of a cube,
and the size length is 50 µm with mesh size 2 µm at meso-scale. At sub-meso-scale, the
microstructures match the size of the test specimens (0.5 mm × 0.5 mm × 12 mm) with a
resolution of 50 µm × 50 µm × 50 µm. Hence, the length 50 µm is the point which connects
the meso-scale model to the sub-meso-scale model. An uncoupled volume averaging
multi-scale modelling approach is adopted in which the simulated output properties of
HCP from meso-scale modelling are used as the input properties for the sub-meso-scale
modelling.

8.4.1. MICROSTRUCTURE
At micro-scale, 3D segmented digital microstructures of HCP were taken from Chapter
3. As presented in Figure 8.6, 4 phases are distinguished in the small cube: anhydrous
cement, outer hydration products, inner hydration products and capillary pores. Owing
to the current image resolution (2 µm/voxel), capillary pores smaller 2 µm and gel pores
are not detectable and are not included in the segmented pores. Although it is reported
that these pores have significant influence on the mechanical properties, especially at
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Figure 8.6: Schematic illustration of multi-scale modelling strategy.

early age [15, 164], again, the main aim of this research is verifying the upscaling method
through a relatively simple scheme and therefore influence of microstructure at lower
scale (smaller than the current resolution) is not taken into account. Considering the
heterogeneous nature of this material, for each w/c ratio, 160 small cubes were randomly
extracted from the segmented microstructures and used as input for the fracture model
to provide a range of local mechanical behaviour at upper scale.

At sub-meso-scale, material structure was considered to consist of two phases: solid
phase (cement paste matrix) and pores (large capillary pores and air voids), see Figure
8.6. The procedure for generating the binary microstructure of micro-beam is schemati-
cally shown in Figure 8.7. A cylindrical HCP specimen (diameter: 24 mm; height: 39 mm)
was first scanned by the CT scanner to form a digitalized microstructure with a spatial
resolution of 50 µm/voxel. The greyscale value at the first inflection point in its cumu-
lative fraction curve was regarded as the threshold to convert the original grey images
to binary imagines. The microstructure of full size micro-beam was then randomly ex-
tracted from the segmented CT images. For each w/c ratio, eight digital microstructures
were investigated.

8.4.2. THREE-POINT BENDING MEASUREMENTS

A lattice type model, as described in Chapter 3, was used for the deformation and frac-
ture analysis. In the lattice model, the material is discretised as a set of beam elements.
In this Chpater, a regular cubical grid of beam elements with equal lengths was used for
the sub-meso-scale specimens, while a random triangular mesh (same as the mesh used
in Part II) was created for the micro-scale simulation.

At micro-scale, a computational tensile test is performed on each of the small cubes
(Figure 8.8a). For these simulations, every beam element is assigned locally brittle be-
haviour on the basis of the extracted microstructure in which tensile strength and elas-
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Figure 8.7: Schematic illustration on extraction of virtual micro-beam from cylindrical specimen.

tic modulus are required. The outcome of the simulation is load–displacement curve.
These curves are then schematised as multi-linear curves, which are the input for ele-
ments in the upper scale system (see Figure 8.8b, the points are taken at: (1) origin; (2)
peak load; (3) first point in response for which load is <75 % of the peak; (4) first point in
response for which the load is <50 % of the peak; (5) first point in response for which the
load is <25 % of the peak; (6) point after which the specimen is considered to be broken
and the simulation is stopped with a displacement of 0.25 µm).

The tensile strengths and elastic moduli of local phases are taken from Table 3.5,
which have been calibrated and validated in Part II. It needs to be emphasized that the
assigned local mechanical properties are influenced by the discretization of digitalized
microstructure: a lower resolution results in a coarser mesh, and lower local mechanical
properties should be adopted since more larger pores and defects are homogenized in
the domain represented by the element or voxel. Furthermore, it is reported a smaller
element size results in smaller crack widths and a somewhat more brittle response when
this type of model is used [138]. This is attributed to the fact that, in a lattice-type model,
the cracked area localizes into the narrowest band permitted by the lattice discretization
(which is, dependent on the structure of the lattice mesh, often one element wide) [278].
More complex approaches are available in the literature (e.g. the approach of Grassl
and Jirásek [279]), in which an isotropic damage constitutive model is used (instead of
the linear elastic-brittle, as used herein), and the resulting crack openings are indepen-
dent of the length of the element. However, in these approaches, the simplicity of lattice
models (i.e. simple constitutive laws and a small number of input parameters) is lost.
Discretization also has effect on the fracture criterion (Equation 3.2). A coarser mesh
makes the bending moment in beam elements higher compared to the normal force,
and therefore has a higher contribution in the fracture criterion causing smaller beams
to break faster. However, this effect is minimized by the selected value of αm (0.05).

At sub-meso-scale, the larger beam specimen is subjected to a computational three-
point bending test (Figure 8.8c). The local element behaviour was randomly assigned
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(a) (b)

(c)

Figure 8.8: Multi-scale modelling concept: (a) a small cube under computational uniaxial tensile test; (b) simulated load dis-
placement curve of a small cube (the red curve is a schematisation with 5 segmentations of the black); (c) boundary condition
of full-size specimens under computational three-point bending.



8.5. RESULTS AND DISCUSSION

8

141

from the lower scale simulations, which was indeed a multi-linear constitutive law (Fig-
ure 8.8b). As a consequence, the beam elements were not completely removed at each
loading step, but if an element reached a maximum stress its stiffness and strength, it
would change according to the specific constitutive relation. This means that the ele-
ment would then adopt the properties of the next point in the local multi-linear load-
displacement curve, as shown in Figure 8.8c.

8.5. RESULTS AND DISCUSSION

8.5.1. THREE-POINT BENDING MEASUREMENTS
The load response versus the vertical displacement of indenter diagrams for all HCP
specimens are depicted in Figure 8.9. Based on measurements, the flexural strengths
and elastic moduli are calculated and summarized in Table 8.2. Mean flexural tensile
strength as well as the Young’s modulus, as expected, decrease as the w/c ratio increases.
The results for tensile strength are in the range between the measured tensile strength at
micro-scale (mean values of 21.28 MPa, 18.72 MPa and 16.54 MPa for HCP prepared with
w/c ratio 0.3, 0.4 and 0.5 respectively in Chapter 4 and meso-scale, typically lower than
10 MPa [185, 280]). This is in accordance with the size effect of quasi-brittle materials in
which theoretical strength increases as the sample size or scale decreases [281].

Table 8.2: Elastic properties, tensile strengths of HCP from three-point bending tests.

W/c ratio Young’s modulus (GPa) Flexural strength (MPa)
0.3 16.68±1.92 20.28±2.63
0.4 12.79±2.13 15.31±2.93
0.5 9.09±1.56 11.71±2.22

8.5.2. MODELLING RESULTS AND COMPARISON WITH EXPERIMENTS

RESULTS AT MICRO-SCALE

As stated, at micro-scale, 160 virtual small cubes with a size of 50 µm × 50 µm × 50 µm
were extracted from microstructures for each w/c ratio (0.3, 0.4 and 0.5) at 28 days curing
age. Each small cube consists of 25 × 25 × 25 voxels, with a voxel size of 2 µm. These small
cubes were then subjected to computational uniaxial tensile test to simulate the load dis-
placement curve from where the uniaxial tensile strength and Young’s modulus can be
derived. Distributions of strengths and Young’s moduli of all microstructures are shown
in Figure 8.10. The histogram of simulated results of modulus are less variable compared
with the strength. The results are summarized in Table 8.3. The average elastic moduli
are quite close to those predicted by other micromechanical models [15, 76]. Clearly,
with increasing w/c ratio, a shift towards lower values is observed in the histograms of
strengths and modulus. However, it should be noted that paste specimens with lower
w/c ratios are stronger on average but there remains a chance to yield a weaker mechan-
ical performance compared with specimens with higher w/c ratios. As the fracture is
mostly governed by the weakest spot, i.e. pores, in the material, the probability of frac-
ture was analysed using Weibull statistics (Equation 4.3).

The tensile strengths are plotted in a Weibull coordinate system (Figure 8.11). The
least squares method was adopted to fit the Weibull modulus and the scaling parame-
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(a)

(b)

(c)

Figure 8.9: Experimental measured load-displacement curves of three-point bending test of HCP with w/c ratio: (a) 0.3, (b)
0.4, (c) 0.5.
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(a) (b)

Figure 8.10: Simulation results of small cubes at micro-scale under uniaxial tension: (a) distribution of uniaxial strength of
small cubes; (b) distribution of Young’s modulus of small cubes.

Table 8.3: Summary of the modelling results at micro-scale(Experimental measured splitting strengths from Chapter 4 are
presented as a comparison).

W/c ratio Porosity (%) Young’s modulus (GPa) Tensile strength (MPa) Splitting strength (MPa)
0.3 2.36±3.56 26.85±5.77 29.41±4.87 21.28±4.29
0.4 6.07±7.32 22.20±2.78 23.96±5.47 18.72±3.85
0.5 8.26±8.07 18.36±2.76 21.05±39.05 16.54±3.71

ter. The fitted results are given in Table 8.4. A coefficient of determination (R2) higher
than 0.9 is observed for all w/c ratios. Both the Weibull modulus and the scaling pa-
rameter decreases with the increase of w/c ratio, which indicates that pore structures
are clustered more inconsistently in paste specimens with higher w/c ratios. A similar
trend is observed experimentally in a micro-cube splitting test at the same scale (Chap-
ter 4). In addition, although the obtained mechanical properties are of the same order of
magnitude as the experimental results, the predicted tensile strengths are almost 30 %
higher than the experimental measured values due to the fact that the experimental in-
vestigated cube specimens have a size of 100 µm (two times larger than cubes in current
studies). Therefore, it is of great importance to perform validation of fracture models of
heterogeneous materials on the same length scale, since size effect plays a considerable
role in their mechanical performance.

Table 8.4: Weibull parameters for the simulated uniaxial tensile strength of small cubes.

W/c ratio Weibull modulus, m Scaling parameter, σ0 (MPa) R2

0.3 8.81 43.36 0.986
0.4 5.03 25.03 0.946
0.5 5.00 22.66 0.904
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Figure 8.11: Weibull plot for uniaxial tensile strength of small cubes with different w/c ratios.

RESULTS AT SUB-MESO-SCALE

Outputs of small-scale simulations were simplified as multi-linear load-displacement
curves and used as input for full-scale simulations as shown in Figure 8.8. Three-point
bending modelling was performed on 8 beam specimens for each w/c ratio. Load vs.
displacement diagrams for all simulations are shown in Figure 8.12. Similar to the exper-
imental observation, mostly linear response till breaking point is found in the simulated
curves. Furthermore, post-peak behaviour is observed in simulations, which could not
be experimentally measured in current study due to the limitation of the equipment. On
the basis of these diagrams, the strength and modulus were calculated and listed in Ta-
ble 8.5. Figure 8.13 presents a deformed mesh resulting from a full-scale simulation at
the final stage. In accordance with experimental observation, a tortuous main crack and
localized small cracks are observed due to the distributed mechanical properties of local
elements and existed initial flaws (pore).

In Figure 8.14, comparisons on flexural strength and modulus between simulated re-
sults and experimental values are given. A same trend is observed as experiments: flexu-
ral strength and modulus decrease with the increasing w/c ratio. On one hand, the simu-
lated strengths are within the experimental scatters, which shows a good agreement be-
tween simulation and experiments. On the other hand, the simulated modulus is higher
than the measured values, but still in a reasonable range. As explained previously, lower
values obtained through experiments are due to the local imprinting of indenter into the

Table 8.5: Summary of three-point bending modelling results of full-size beam.

W/c ratio Porosity (%) Young’s modulus (GPa) Flexural strength (MPa)
0.3 2.36±3.56 19.76 21.89
0.4 6.07±7.32 16.00 16.69
0.5 8.26±8.07 11.98 12.97



8.5. RESULTS AND DISCUSSION

8

145

specimens. The advantages of numerical simulations include that the full details of the
used material microstructure are known. Therefore, more detailed investigation can be
further explored such as the relationship between porosity and predicted mechanical
properties.

The simulated flexural tensile strength and modulus of all beam specimens are plot-
ted with their corresponding porosities in Figure 8.15. In Figure 8.15a and 8.15b, only
pores which can be visualised under current resolution of 50 µm/voxel are considered.
Although a clear decrease with increasing porosity is observed for specimens with the
same w/c ratio, the values of strength and modulus are commonly lower for the spec-
imens with higher w/c ratios. This is because the weaker and variable mechanical be-
haviour of local elements obtained from micro-scale. The mean porosity at the lower
scale microstructures are then added in Figure 8.15c and 8.15d. As can be seen, the
flexural strength decreases exponentially with increasing porosity, while elastic modu-
lus shows a linear decrease. A similar trend is observed experimentally in recent studies
on a model gypsum plaster material [182]. Regardless of the w/c ratio, porosity appears
to be the main factor determining the strength and modulus properties of HCP. This is
in accordance with experimental observations reported in the literature [177, 282].

When comprising with results at micro-scale, decreases in strength and modulus at
bigger scale are observed on the specimens with the same w/c ratio, since large pores
which act as initial flaws in the lattice system and heterogeneity are introduced in the
big scale models. Both the flaws and heterogeneity then cause stress concentrations.
Localised cracks are then formed prior to the main crack. The material’s global perfor-
mance therefore becomes weaker. The natural heterogeneity and initial flaws are sug-
gested as the main factors that cause size effect in HCP based on the simulations.



8

146
8. MULTI-SCALE MODELLING SCHEME OF DEFORMATION AND FRACTURE OF HARDENED

CEMENT PASTE

(a)

(b)

(c)

Figure 8.12: Modelling results of three-point bending test of full-size specimens with different w/c ratios: (a) 0.3, (b) 0.4, (c)
0.5.
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Figure 8.13: Deformed mesh at failure of one lattice modelling (Red colour denotes damaged lattice elements; deformations
have been scaled for clarity).

(a) (b)

Figure 8.14: Comparison between modelling and experimental results in terms of (a) strength and (b) modulus.
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(a) (b)

(c) (d)

Figure 8.15: Mechanical properties vs. porosity: (a) strength vs. porosity (visualised under resolution of 50 µm/voxel); (b)
modulus vs. porosity (visualised under resolution of 50 µm/voxel); (c) strength vs. total porosity including the mean porosity
at lower scale; (d) modulus vs. total porosity including the mean porosity at lower scale.
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8.6. CONCLUSIONS
In this chapter, a miniaturized three-point bending test combining micro dicing and
nanoindenter was developed. The proposed procedures were tested and validated us-
ing an isotropic homogenous material (i.e. glass). The measured mechanical properties
of HCP are in between of the values at micro- and meso-scale reported in the litera-
ture. A multi-scale modelling approach was generated based on the uncoupled volume
averaging upscaling method and feature microstructures at two scales to mimic the frac-
ture performance of same size specimens under loading. The good agreements between
experimental and numerical results show that starting from micro-scale and with rela-
tively simple mechanical considerations it is possible to correctly reproduce behaviour
at upper scale. The following conclusions can be reached from the presented numerical
simulations:

• Uncoupled upscaling method is a valid tool to bridge two scales. Making use of the
combination of X-ray computed tomography and lattice fracture model, the frac-
ture behaviours of HCP at different scales were successfully predicted. By further
extending the proposed modelling approach to the mortar and concrete scale, an
experimentally informed multi-scale modelling approach will be created.

• The predicted strengths at micro-scale of HCP were analysed using Weibull statis-
tics. It shows that, with w/c ratio decreasing, the Weibull modulus and scaling pa-
rameter increases, which results generally in stronger and less variable mechanical
performance of specimens with lower w/c ratio.

• Porosity appears to be the main factor determining the strength and modulus
properties of HCP. With the increasing porosity, the strength decreases exponen-
tially while elastic modulus follows a linearly decay.

• Lower strengths were observed at the sub-meso-scale specimens when compared
with results at micro-scale. The results suggest that initial flaws (pores) at different
level and heterogeneity are the key factors that determine the size effect of cement
based material.





9
SIZE EFFECT ON SPLITTING

STRENGTH OF HARDENED CEMENT

PASTE

In this chapter, cubic specimens in a size range of 1: 400 were produced and tested by
a one-sided splitting concept using different testing instruments. The smallest specimen
with size of 0.1 mm showed a high nominal splitting strength (18.81 MPa), an order of
magnitude higher than the measured strength of 40 mm specimen (1.80 MPa). The test
results were used to fit existing analytical size effect models. Although a good fit can be
found for the existing size effect models, special attention should be given to the physical
meaning behind these empirical parameters. In addition, the multi-scale modelling strat-
egy that considers microstructural features at different length scales was adopted to model
the trend of decreasing strength with specimen size observed in experiments. A good agree-
ment between experimental observations and modelling results indicates that the featured
material structure dominates the observed size effect on measured strength in the consid-
ered size range.

Parts of this chapter have been published in Cement and Concrete Composites 94 (2018) [283].
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9.1. INTRODUCTION

A LTHOUGH the fracture properties of hardened cement paste (HCP) have been stud-
ied extensively [284–287], a clear understanding of the deformation and fracture

behaviour at different length scales is still lacking. This is because the overall material
structure of cement paste covers multiple length-scales (ranging from sub-nanometres
to metres) [158], and the fracture tests of laboratory sized samples (centimetre range in
general) are not capable of investigating the influence of the material structure smaller
than a few millimetres. Furthermore, it has been long known that strength and facture
behaviour of quasi-brittle materials are size dependent [20]. The measured mechanical
properties depend on the sample size and the featured material structures. Therefore,
tests need to be performed at different length scales in order to understand the mechan-
ical and fracture behaviour of such materials.

In practice, failure of HCP is caused by the local tension [2]. It is therefore important
to investigate the tensile strength at different length scales. For the centimetre sized
samples, tensile strength is measured using a variety of test methods: uniaxial tension,
Brazilian splitting, 3-point bending and 4-point bending. However, these techniques are
difficult to apply at the micro-scale, since the equipment is not suitable for manipulating
components with sub-millimetre size [288]. Therefore, more suitable instruments and
advanced test procedures need to be used.

In Chapter 4, a so-called one-sided splitting test has been developed and conducted
on the micro-cubes (e.g. 100 µm × 100 µm × 100 µm). This technique provides an un-
precedented opportunity for experimental investigation of fracture behaviour of HCP
with a significantly improved size range, as the most conventional size of HCP speci-
men is around a few centimetres. In this work, HCP cubes of seven different sizes in a
scale range of 1: 400 were produced and tested by this one-sided splitting concept with
different test instruments.

During past decades, several analytical size effect models, such as Carpinteri’s mul-
tifractal scaling law [289–291] and Bažant’s size effect law [179, 261, 292], have been pro-
posed to predict the strength decreasing with the structure size increasing. The first ap-
proach is based on considerations of the fractal geometry of the microcrack structure
at peak stress [289], whereas the second method is established according to an energy
balance relation [179]. Both models can give good estimations for the laboratory sized
specimens and provide valuable input for the design of concrete structures. On the other
hand, with the development of the advanced computer facilities and algorithms, nu-
merical modelling has become a complementary approach to investigate the size effect.
The use of an experimentally informed discrete model which takes the material struc-
ture into account provides an insight into the relation between material structures and
fracture process [293, 294]. With recent advantages in parallel computing, a 3D lattice
fracture model has been used for studying size effect in concrete [295, 296]. Although
the approach is promising, the size range analysed so far is relatively small (1:8) due to
(still) huge computational demands. In order to broaden the size range in which such
discrete model can be used, the multi-scale modelling strategy reported in Chapter 8
has been adopted herein to simulate the fracture performance of specimens over two
length scales. Microstructures at different length scales were captured by X-ray com-
puted tomography (XCT) and used as input in the model. The modelling results were
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compared with those obtained experimentally, showing a good agreement. With the
large size range of fracture testing and multi-scale modelling of HCP cube under one-
sided splitting, the existing analytical size effect models can be examined and a new in-
sight into the influence of featured material structures at different length scale on the
fracture performance is provided.

9.2. EXPERIMENTAL

9.2.1. MATERIALS AND SAMPLE PREPARATION

T HE tested material was a 28-day-old standard grade OPC CEM I 42.5 N paste with
0.4 water-to-cement ratio. Cubic specimens of different sizes (0.1 mm, 0.2 mm, 0.5

mm, 5mm, 10 mm, 20 mm and 40 mm, see Figure 9.1) were prepared for the one-sided
splitting test. Cement and deionized water were mixed for one minute at low speed and
two minutes at high speed. The fresh mixtures were poured into two types of PVC cylin-
ders: a cylinder with a diameter of 60 mm and a height of 120 mm was used to fabricate
specimens larger than 20 mm, while smaller specimens were obtained from a cylinder
with diameter of 24 mm and height of 39 mm. In order to minimize bleeding, the sam-
ples were rotated at a speed of 2.5 revolutions per minute for 24 hours. Afterwards, the
HCP cylinders were stored for curing in sealed conditions at a temperature of 22±2 °C.
After 28 days, they were demoulded and cut using a diamond saw into final cubic size at
meso-scale (5 mm, 10 mm, 20 mm and 40 mm) as shown in Figure 9.1a, while the fabri-
cation process reported in Chapter 3 was used for the preparation of micro-scale cubic
specimens (0.1 mm, 0.2 mm, 0.5 mm). Environmental scanning electron microscope
(ESEM) images of the 200 µm and 100 µm cube array are shown in Figure 9.1b and 9.1c.
The images were taken in backscattered electron (BSE) mode using 20 kV accelerating
voltage with 10 mm working distance and the magnification was 100 ×.

9.2.2. ONE-SIDED SPLITTING TEST

The setup of the one-sided splitting test is similar to the Brazilian test (NEN-EN 12390-6
Standard) for splitting tensile strength assessment of cementitious materials. As shown
in 9.2, the difference is in the boundary condition at the bottom: in the standard Brazil-
ian test, a linear support is used; for the micro-cube splitting test, the specimen is clamped
(glued) to the bottom. In order to undertake this set of mechanical tests across several
length-scales, three arrangements were used herein.

The first is an KLA-Tencor G200 Nanoindenter. A diamond cylindrical wedge tip (ra-
dius 9.6 µm) was used to apply the load across the middle axis of the micro-scale sized
specimens glued on the glass. A tip with a length of 200 µm was adopted for testing the
cubes of 100 µm and 200 µm, while cubes of 500 µm were split by a wedge tip with a radius
of 50 µm and a length of 700 µm. The experiments were run using displacement control
with a loading rate of 50 nm/s. Figure 9.3a presents the fractured specimens observed
by the ESEM. Since large scatter is expected for the micro-scale sized specimens, 100,
60 and 30 specimens were fabricated and tested for 100 µm, 200 µm and 500 µm cubes,
respectively. A typical load-displacement curve of the smallest sample is presented in
Figure 9.3b. As stated in Chapter 4, the curve shows two distinct regimes. In regime I,
a nearly linear load-displacement curve is observed until the peak. This is followed by
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(a)

(b) (c)

Figure 9.1: Specimens with size range of 1: 400 (a) cubic specimens with size of 5, 10, 20 ,40 mm; (b) ESEM image of sample
size of 200 µm (c) ESEM image of specimens with size of 100 µm.

an unstable regime (regime 2), which signifies a rapid crack propagation and failure of
the micro-cube. This unstable failure could be caused by the following: 1) the displace-
ment control is not fast enough to measure a post-peak behaviour; 2) the behaviour of
the sample might be brittle, but the system cannot capture a snap-back.

Meso-scale cubic specimens with 5 mm and 10 mm length were tested by the second
instrument, a mini tension / compression stage. Two-component glue X60 consisting of
a power Plex 7742 and a fluid Pleximon 801 was used to glue the sample on the test stage.
A steel bar (radius: 0.5 mm) was placed between the loading stage and the specimen to
impose a line load on one end. The test was performed under deformation control with
a constant loading rate of 0.01 mm/s. 15 and 10 specimens were tested using this set up
for the 5 mm and 10 mm cube size, respectively. Figure 9.3c and 9.3d show a cracked 10
mm cubic specimen on the stage and its load-displacement curve. The failure mode is
the cube split into two halves and a relatively brittle post-peak behaviour is observed.
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For testing of larger specimens (20 mm and 40 mm), an Instron 8872 loading device
was used. For the sake of consistency of applied boundary conditions, the specimens
were glued to the bottom steel plane using the same adhesive used in the 10 mm cu-
bic specimen test, while a steel bar with a 2 mm radius was applied at the top (see Fi-
grue 9.3e). A constant loading speed of 0.03 mm/s was used and 10 specimens for each
size family were tested. In Figure 9.3f, a typical load-displacement curve is presented in
which a similar brittle post-peak as specimens tested by the mini tension / compression
stage is found.

Figure 9.2: Schematics of the Brazilian splitting test (left) and the one-sided splitting test (right).

A consistent crack pattern is observed for all tested specimens. Although a brittle
post peak behaviour is measured for specimens larger than 5 mm, no post peak be-
haviour could be measured by the nanoindenter for smaller specimens. Furthermore,
it should be noticed that the displacement was measured directly from the machine.
This means that the measured displacements could be affected to a certain extent by the
stiffness of the loading frame, which cannot be eliminated. Thus, in this work the focus
was only on the splitting strength which was calculated from the peak load P . As previ-
ously shown in Chapter 5, the strength estimation of such test can be analogous to the
Brazilian splitting test using Equation 4.2:

fst =α 2P

πD2 (9.1)

where D is the dimension of the cube. α is estimated as 0.73 from a finite element model
as shown in Chapter 4. Note that this parameter was used for strength estimation for
all specimens over the examined size range, although the HCP specimens can hardly be
considered as homogeneous at any of the size examined. The influence of heterogene-
ity on the mechanical behaviour at different length scale is discussed later. Therefore,
Equation 4.2 was used to estimate the splitting tensile strength of all specimens along
the tested range.



9

156 9. SIZE EFFECT ON SPLITTING STRENGTH OF HARDENED CEMENT PASTE

(a) (b)

(c) (d)

(e) (f)

Figure 9.3: Test configurations for the one-sided splitting test: (a) a cracked 100 µm HCP cube observed by ESEM; (b) a typical
load - displacement curve measured by nanoindenter; (c) a cracked 10 mm cube on the mini tension / compression stage; (d)
a typical load - displacement curve measured by the mini tension / compression stage (e) a cracked 40 mm specimen on the
loading device; (f) a typical load - displacement curve measured by the Instron loading device.
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9.2.3. MATERIAL STRUCTURE CHARACTERIZATION
The mechanical properties of HCP are affected by various factors at different length
scales. In order to understand better the influence of material structure on the decrease
of strength with specimen size, the material structure informed lattice fracture simula-
tion was performed as described in Section 9.3. As input, material structures of HCP
at two levels of observation, i.e., micro- and meso-scale, were captured by X-ray com-
puted tomography (XCT) scanning of different sized specimens. Consequentially, differ-
ent voxel sizes of material structure as well as material structures were obtained.

MICRO-SCALE MATERIAL STRUCTURE

At the micro-scale, multiple hydration products and capillary pores can be observed in
the HCP matrix. Therefore, a multi-phase microstructure should be considered at this
scale. Herein, 10 cubic volumes consisting of anhydrous cement grains, high and low
density hydration products and capillary pores with size of 100 µm (50 × 50 × 50 voxels)
as reported in Chapter 4 were tested by the discrete lattice fracture model. Note that, for
each cubic specimen, different relative amount of each phase is present as a result of the
heterogeneous nature of HCP.

MESO-SCALE MATERIAL STRUCTURE

For the material structure at meso-scale, a cylindrical specimen with a diameter of 24
mm was scanned with a resolution of 100 µm/voxel using XCT. Voltage of 130 Kev and
current of 150 µA for the X-ray source tube was used during the scanning. After image
reconstruction, a binary microstructure comprising air (i.e. entrapped air void or large
capillary pore) and homogenised cement paste matrix was segmented from the initial
greyscale images. The first inflection point in the cumulative fraction curve of greyscale
level was used for the thresholding [18, 23]. In this way, total porosity of 5.29 % (large
pores only) was obtained for the scanned specimen. 5 mm cubic volume (i.e., 50 × 50
× 50 voxels) was randomly extracted from the scanned volume to be used as input in
the fracture simulation (see Figure 9.4). Note that the resolution at the meso-scale was
chosen to match the size of the investigated size of material volume at the micro-scale.
In such a way, a multi-scale fracture modelling approach developed and validated in
Chapter 8 can be implemented. The number of voxels was kept constant for the digital
cubic specimens in different scales to explicitly show the influence of featured material
on the predicted mechanical response. 10 cubic volumes were randomly extracted for
fracture simulation to investigate the fluctuation of simulated results.

9.3. MODELLING

W ITH the multi-scale modelling shceme validated in Chapter 8, material structures
at different levels of observation can be implemented. By properly choosing a vol-

ume size of material structure at small scale which matches the smallest feature of the
larger scale observation, the global fracture behaviour (i.e., load-displacement response
under uniaxial tension) of smaller scale simulation can be used as input local mechan-
ical properties for the fracture modelling at larger scale (see Figure 9.5). It is worth em-
phasizing that this methodology does not consider the representative volume element
(RVE) of cement paste. This is because, for fracture of softening materials, an RVE might
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Figure 9.4: Material structure of specimen with size of 5 mm × 5 mm × 5 mm extracted from XCT experiment.

not exist due to localization issues [297]. The simulation strategy using two scale digital
material structures is as follows:

For the micro-scale simulation, six types of lattice elements were determined by the
three phases. Their elastic moduli and tensile strength can be found in Table 3.5.

For the meso-scale fracture simulation, 10 types of lattice elements were randomly
distributed in the lattice network (after removing element corresponding to the air phase).
Their mechanical properties, i.e., elastic modulus and tensile strength (see Table 9.1),
were taken from the computational uniaxial tension test of the corresponding micro-
scale specimens which have been reported in Chapter 5. For simplification, the aver-
age of modelling results from three directions was used to represent the specimen’s mi-
cromechanical properties. In order to focus on the influence of the microstructural fea-
tures on the fracture behaviour, the constitutive law of local element was assumed to be
linear elastic-perfectly brittle.

The one-sided splitting boundary condition was assigned to the specimens at both
length-scales, as shown in Figure 9.6. The nodes at bottom surface were clamped to rep-
resent the glued sample on the plate and a prescribed vertical displacement was applied
on nodes in the two lines closed to the middle axis of the top surface to mimic the inden-
ter load. The glue between the specimens and glass substrate was not considered in this
work, as it is found in Chapter 4 that its influence on the predicted strength is negligible,
although it does influence the deformation of the loading point significantly.

9.4. RESULTS AND DISCUSSION

9.4.1. EXPERIMENTAL RESULTS AND DISCUSSION

T ABLE 9.2 presents the measured average strength of each size family together with
their standard deviation and coefficient of variation (CoV). As a result of the small

volume of material sampled, a large scatter in measured strength is found for the speci-
mens at small scale. Clearly, the average strength of the micro cube (100 µm) is one order
of magnitude larger than the strength of the laboratory (i.e. centimetre sized) sample.
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Figure 9.5: Schematic illustration of the multi-scale modelling strategy.

Table 9.1: Element types used for the fracture simulation of 5 mm specimens (obtained in Chapter 5).

Element type Young’s modulus (Gpa) Tensile strength (MPa)
1 21.47 21.13
2 19.20 16.72
3 23.13 18.85
4 22.20 20.81
5 19.01 15.19
6 21.03 19.45
7 24.24 20.12
8 20.04 17.40
9 22.26 22.03
10 18.10 14.63

Since the size of specimens is below a few hundred micrometres, they are free from large
capillary pores and air voids which significantly reduce the mechanical performance of
the material. With increasing specimen size, the standard deviation and CoV decrease,
as well as the measured strength. As the failure of micro-scale sized samples largely de-
pends on the spatial distribution of micro-scale pores, a large scatter in measured data is
present. In the meso-scale specimens, a relatively large population of micro-scale pores
exists, therefore their distribution has less impact on the strength and potentially allows
more micro-cracks to occur and coalesce before final fracture [186].

Because of the high scatter that exists in the small size (É 0.5 mm) specimens, it is
advised to present the strength at the small scale by its probability distribution rather
than the average value. Herein, a two-parameter Weibull analysis (Equation 4.3) was per-
formed as the fracture is mostly governed by the weakest spot, i.e., pores. As reported in
Ref. [175, 176], in the absence of specific requirements, approximately 30 test specimens
can provide adequate Weibull distribution parameters and more specimens contribute
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(a) (b)

Figure 9.6: Boundary conditions of one-sided splitting test on two scale specimens: (a) micro-scale specimen; (b) meso-scale
specimen.

Table 9.2: Summary of test results of each specimen size.

Cubic size Number of tested cubes Average strength (MPa) Standard deviation CoV
0.1 100 18.81 3.95 0.210
0.2 60 14.84 2.71 0.182
0.5 30 10.75 1.89 0.176
5.0 15 4.92 0.82 0.170
10.0 10 3.90 0.61 0.156
20.0 10 1.80 0.26 0.144
40.0 10 1.18 0.16 0.135

little towards better uncertainty estimates. Considering the number of specimens tested
in each size group (0.1 mm, 0.2 mm and 0.5 mm), a good regression can be expected
if the strength of HCP at micro-scale can be represented by the two-parameter Weibull
statistics. The estimated regression parameters are listed in Table 9.3 with a high deter-
mination coefficient. A similar Weibull modulus is found for the three specimen sizes
considered. The small difference among the three size families could be caused by the
heterogeneity of the solid phases and the interaction between cracks, or between cracks
and the gradient of the stress field [298]. The fracture probabilities of three size speci-
mens are compared in Figure 9.7. It is apparent that, on one hand, regarding the same
fracture strength (below 30 MPa), the smaller specimen has a lower fracture probability.
On the other hand, for the same fracture probability, the smaller specimen tends to yield
a higher strength.

Table 9.3: Fitting results of the distribution of small size sample.

Family size (mm) m σ0 R2

0.1 5.376 20.27 0.9966
0.2 6.103 15.60 0.9920
0.5 6.089 11.54 0.9912
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Figure 9.7: Fracture probability of cubic specimens with size of 0.1 mm, 0.2 mm and 0.5 mm.

9.4.2. FITTING OF ANALYTICAL SIZE EFFECT MODELS
The large size range (1: 400) of experimental data allows an examination of existing
size effect models for brittle and quasi-brittle materials, which need to be fitted by ex-
perimental data. Among them, the most popular approaches are the Weibull statisti-
cal theory [299], multifractal scaling law (MFSL) developed by Carpinteri [289–291] and
Bažant’s size effect law [179].

WEIBULL SIZE EFFECT

The most well-known theory considering the statistical size effect caused by randomness
of material strength is the Weibull statistical theory [299], also known as the weakest
link theory. This theory assumes that the entire structure will fail once the first (i.e., the
weakest) element fails. On the basis of statistics, the nominal strength σN shows the
following relationship with the structure size D [300]:

σN (D) ∝ D
−n
m (9.2)

where m is the Weibull modulus which can be found by a fit on experimental data and
n denotes the number of dimensions. In case of three-dimensional similarity like in the
present investigation, n=3. When the nominal strength and the size are presented in a
bi-logarithmic plot, the parameters can be approximated with a linear expression:

logσN = a − n

m
log D (9.3)

In the current work, the linear regression was performed using a Trust-Region method
[301]. As shown in Table 9.4 and Figure 9.8, the best fit shows a high determination co-
efficient R2=0.9886 and gives an estimation of the Weibull modulus m=8.1. Note that
if the measurements show little variation from sample to sample, the calculated Weibull
modulus will be high and a single strength value would serve as a good description of the
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sample-to-sample performance. Apparently, this is not the case for HCP. Without pres-
ence of stiff aggregate which enables a more stable crack propagation, HCP is weaker and
shows higher scatter, thus its Weibull modulus is lower than that of concrete (i.e., 12 as
reported by Zech and Wittmann [302]). It has been shown by Van Vliet et al. [214] that a
Weibull size effect is applicable for concrete in uniaxial tension. In their work, m=12 and
n=2 were directly used to fit the Weibull size effect theory and showed good agreement
with experimental data. Herein, a Weibull modulus m=6.0 was estimated from Section
9.4.1 for the HCP, which makes the slope value -0.5 in the logσN − log D plot as n=3. A
determination coefficient of 0.9536 is found meaning a good linear regression exists in
the analytical equation and the measured nominal splitting strength. As m is assumed
from the micro-scale specimens, a better agreement is found at this size range, while a
relatively large discrepancy is observed at the meso-scale. This is because the complex
microstructural features of specimens change with the specimen’s size increasing.

Table 9.4: Fitting results of Weibull size effect.

Case number m a R2

1 8.1 8.05 0.9886
2 6.0 6.44 0.9536

Figure 9.8: Fit of Weibull weakest link theory.

CARPINTERI’S MULTIFRACTAL SCALING LAW

Based on considerations of the fractal structure of material and its effect on mechanical
behaviour, Carpinteri and his co-workers developed the multifractal scaling law (MFSL)
[289–291]. According to MFSL, the nominal strength σN under tension decreases with
increasing the characteristic structure size D , which can be expressed by the following
equation:

σN (D) = ft

√
1+ lc

D
(9.4)
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where ft and lc are empirical constants to be determined from tests. ft presents the
tensile strength of the structure with infinitely large size and lc denotes a characteristic
length representing the influence of disorder on the mechanical behaviour. When D is
below the characteristic length scale lc , a strong size-scale effect is provided by the in-
fluence of disorder which results in a slope of -0.5 on a logσN − logD diagram. Whereas,
when D is higher than lc , the size effect vanishes, and the MFSL grows toward a hor-
izontal asymptote where a constant value of the strength is attained. As shown in the
logσN –logD plot (Figure 9.9), Equation 9.4 is fitted by the Trust-Region method. The
best fitted curve with a determination coefficient (R2) of 0.9676 predicts ft = 2.385 MPa
and lc = 6.823 mm (Table 9.5). Although the determination coefficient is high, the tensile
strength of the material for larger specimens is higher than the experimentally measured
results of the largest specimens (D = 40 mm) herein. For a more reasonable fitting, the
following two cases are assumed for ft : 1) as same as the measured results of the largest
specimens (1.2 MPa); 2) 70 % of the measured strength of the largest specimens (0.84
MPa) for linear regression respectively. Note that the value of 70 % strength of largest
specimen is only an estimation to show the influence of ft on the curve fitting process,
as the parameter ft cannot be measured neither estimated accordingly. A determination
coefficient higher than 0.95 is observed for both regressions, while a big difference in lc

is found with decreasing ft . Thus, a reasonable estimation of ft is necessary for a proper
fitting of such model.

Figure 9.9: Fits of Carpinteri’s MFSL with different ft .

Table 9.5: Fitting results of MFSL.

Case number
ft

(MPa)
lc

(mm)
R2

1 2.225 8.017 0.9676
2 1.200 28.36 0.9616
3 0.840 58.30 0.9530
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BAŽANT’S ENERGETIC-STATISTICAL SIZE EFFECT THEORY

According to Bažant and his co-workers [261, 292, 303], there are two (independent)
sources of size effect in brittle and quasi-brittle materials: energetic and statistical. The
energetic (also known as deterministic) size effect is caused by formation of a region
of intense strain localization with a certain volume, i.e., fracture process zone (FPZ). In
turn, the statistical size effect is a result of the randomness of material strength as de-
scribed above, which can be expressed by the Weibull weakest link theory. Combining
the size effect and Weibull statistical theory, a general energetic-statistical size effect the-
ory (ESSET) [292] can be written as:

σN (D) = fr

((
Lb

D +L0

) r×n
m + r Db

D + lp

) 1
r

(9.5)

fr , L0, lp , Db and r are empirical constants to be determined from tests. fr is the nom-
inal strength for very large structures (assuming no Weibull statistical size effects). L0 is
the statistical characteristic length, controlling the transition from constant properties
to local Weibull statistic via strength random field, while Db drives it from elastic-brittle
to quasi-brittle. lp represents the characteristic length of the microstructure influencing
both the size and spacing of localized zones, which is introduced to satisfy the asymp-
totic requirement to have a finite plastic limit when D approaches infinite size. Exponent
r is a geometry-dependent factor, which controls both the curvature and the slope of the
size effect and is constant when geometrically similar structures are considered.

This analytical equation is regarded as the asymptotic matching of large-size statisti-
cal and small-size deterministic size effects as it satisfies the following three asymptotic
conditions: (1) for small sizes D → 0, the asymptotic prediction reaches the plastic limit;
(2) for large sizes D →∞, the Weibull size effect become dominant; (3) for m →∞ and
L0 →∞, the prediction leads to a deterministic size effect law. Figure 9.10 presents the
best fit of Equation 9.5. Although a high determination coefficient (0.9992) is found, the
Weibull modulus m is below 0.1, which is obviously unrealistic. Furthermore, although it
is reported that the value of r should be close to 1 for two dimensional beams [292, 304],
the value for the cubic specimen is unknown. Thus, several assumptions on m were
made with r =2 (from the best fit curve in the current work) and r =1, respectively. the
fitted results were listed in Table 9.6. The value of m controls the slope at the large size
range and a higher value of m corresponds to a gentler decrease of strength with the
size increasing which means a more disordered material has a stronger size effect on
the strength decreasing. For the same m value, the cases in which r =1 predicts a higher
fr . Note that the predicted fr in Table 9.6 is higher than the ft (2.225 MPa) predicted in
Section 4.2.2 by the MFSL, because the nominal strength for very large structures in the
Bažant’s ESSET does not take the statistical size effects into account. Although, it is sug-
gested that fr should be calculated from the finite element modelling [292], this cannot
be achieved with current test technique.

GENERAL DISCUSSION

As shown above, all three analytical models are able to describe the decreasing trend of
strength along the tested specimen size range. Assuming that the Weibull modulus m=6
for HCP under such one-sided splitting test, the fitting results of case 2 in Table 9.4, case
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(a) (b)

Figure 9.10: Fits of Bažant’s ESSET with different m: (a) r =2; (b) r =1.

Table 9.6: Fitting results of the empirical parameters in Equation 9.5.

Case number
ft

(MPa)
L0

(mm)
m

Db
(mm)

lp
(mm)

r R2

1 5.73 759.5 0.0566 0.6947 0.04214 2 0.9992
2 5.05 0.7549 10 1.083 0.06969 2 0.9934
3 6.92 0.741 8.1 0.4755 0.048 2 0.9944
4 9.02 1.133 6 0.1954 0.01371 2 0.9962
5 6.822 19.61 1.713 0.3744 0.1122 1 0.9991
6 7.097 0.6107 10 0.4386 0.1617 1 0.9936
7 9.45 0.557 8.1 0.2045 0.09583 1 0.9936
8 9.635 1.269 6 0.1558 0.05734 1 0.9963

3 in Table 9.5 and case 4 in Table 9.6 are plotted together in Figure 9.11 for comparison.
In the range of tested specimen sizes, Bažant’s ESSET is capable to shift to any point
apart from the linear line (Weibull size effect), while MFSL gradually grows from a slope
of -0.5 at small-scale asymptote towards a horizontal line for the large-scale specimen. It
is interesting to mentation that both the Weibull size effect model and Carpinteri’s MFSL
behave linear in the small-scale asymptote with a slope of -0.5. Such slope at small-scale
asymptote is inherent to the MFSL. The agreement between the Weibull size effect and
MFSL might prove that the role of microstructural disorder and of self-similar features
dominate the damage and fracturing processes of HCP at the micro-scale [305]. How-
ever, Bažant’s ESSET gives a constant strength for small specimen sizes (plastic limit).
Even with the unprecedented size range of experimental data, such plastic limit could
not be captured in current work. For strength measurements of specimens smaller than
10 micrometres, it is possible to use a focused ion beam for specimen preparation and
the nanoindenter for mechanical testing [45, 102]. However, when the specimens are so
small, the measured strength is not representative of cement paste any more, as the ma-
terial might only contain a single cement phase (for example, calcium-silicate-hydrate
or Portlandite). Thus, the small-size asymptote can never be measured experimentally
for HCP. In turn, the attention might be put on validation of these size effect models
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at large-scale (structure size scale), which is more of practical importance. As shown
in Figure 9.11, a different trend is found between the ESSET and MFSL at this size range.
Specifically, Bažant’s ESSET (Equation 9.5) turns to be parallel with the Weibull size effect
in the large-scale asymptote with a slope value -0.5 in this case, because the parameter
Db is close to 0. Whereas Carpinteri’s MFSL shifts to a horizontal line. Large sized exper-
iments should therefore be carried out for validation. The challenges related with such
large-scale experiments are the demands of the testing instruments which can operate
the big size specimen and have enough load capacity, and the specimen preparation
which might make it impossible use HCP as a material because of the shrinkage and
eigenstress which will develop in large specimens during the hydration process.

Figure 9.11: Comparison of the fitting result of three analytical models.

9.4.3. MODELLING RESULTS AND DISCUSSION
Using the multi-scale modelling strategy described in Section 3.2, the one-sided split-
ting test was simulated on specimens of two sizes: 0.1 mm and 5 mm. As the simu-
lated mechanical behaviour of 0.1 mm has been validated in 4 by comparing both the
load-displacement response and crack pattern with experimental data, herein the fo-
cus is on the different fracture response of specimens of different sizes. Simulated load-
displacement diagrams of each size family are plotted in Figure 9.12. For each size family,
10 specimens were simulated to show the scatter. Compared with the 0.1 mm specimens,
a relatively brittle post peak behaviour is found for the 5 mm specimens (note again
that, due to the limitations of the tests performed, the post-peak was not measured ex-
perimentally). This is mainly because of the different material structures. For 0.1 mm
specimens, a more tortuous and distributed crack pattern is found (see Figure 9.13), due
to presence of the capillary pores and anhydrous cement particles. More specifically, on
one hand, capillary pores introduce stress concentrations and micro cracks initialize in
their vicinity. On the other hand, the anhydrous cement particles work as stiff inclusions
in the matrix which disturb the crack pattern propagation path when crack localization
starts. In the 5 mm specimens, the capillary pores and anhydrous cement particles are
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(a) (b)

Figure 9.12: Simulated load-displacement curve of the digital specimens with size of (a) 0.1 mm and (b) 5 mm.

homogenised as the cement matrix, although the distributed cracks can be found due
to the presence of large capillary pores or entrapped air voids, the ‘stiff inclusion effect’
disappears as the particle size is only visualized within the micro length scale.

In order to assess whether the proposed microstructure-informed lattice model is
capable of accurately predicting the strength of HCP at multiple scales, the nominal
splitting strength was calculated from the peak load using Equation 4.2, and compared
with experimental results (see Figure 9.14). The calculated average splitting strengths
are 22.00 MPa for 0.1 mm size specimen and 5.27 MPa for the 5 mm specimen. The
fluctuation is captured by the modelling strategy: a CoV of 0.095 is found for 5 mm size
specimen, while a higher CoV value (0.260) is obtained for 0.1 mm size specimen. Note
that the simulation covers a wide size range of 1: 50. Although smaller than the tested
size range, it is still 6 times larger than the simulated range in previous studies [295, 296].
It is known that with a constant resolution and increasing the material size in the 3D
discrete model, the computational demands are increased as a power law and thus the
investigated size range was limited. A multi-scale modelling strategy as proposed herein
is capable of enlarging the prediction size over several length scales to have more insight
into the influence of microstructural features on the material’s fracture behaviours.

As shown in Chapters 5 and 8, such model offers further insight into the relation be-
tween the microstructural features and its corresponding mechanical properties. For
example, the influence of the population of micro-scale pores on the micromechanical
properties has been studied in previous chapters. In this chapter, the influence of the
micro pores is taken indirectly in simulations of specimens as the homogenised cement
paste matrix. The relation between the meso-scale porosity (É 100 µm) and simulated
strength is plotted in Figure 9.15. Clearly, the nominal splitting strength decreases expo-
nentially with increasing population of meso-scale pores. The scatter can be attributed
to the variation of pore size distribution and its spatial distribution in each single speci-
men. Both factors are known to play an important role in the fracture process [182, 306].
Based on the modelling approach proposed herein, further studies could be carried out
using advanced image analysis methods and pore structure characterization approaches
(e.g., Ref. [14]) to have more quantitative investigation on the influence of the multi-
scale pore structures on the fracture process.
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(a)

(b)

Figure 9.13: Spatial distribution of pores (left) and fracture pattern (right) of the digital specimens with size of (a) 0.1 mm and
(b) 5 mm (blue–pore, black-crack).
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Figure 9.14: Comparison between the modelling results and experimental results in terms of the nominal splitting strength.

Figure 9.15: Relationship between nominal splitting strength and population of meso-pore for the 5 mm specimens.
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9.5. CONCLUSIONS

T HE experimental basis for the size effect (size range: 0.1–40 mm) study has been
successfully extended by the present work. Based on the unprecedented size range

of strength measurements, existing analytical models for size effect are critically exam-
ined. A microstructure-informed discrete model has been used to simulate the fracture
of specimens at both micro and meso-scales. Based on the presented results, the follow-
ing conclusions can be drawn:

• It is confirmed by the experimental measurements that the splitting tensile strength
of HCP at micro-scale is significantly higher than the one measured from the lab-
oratory (centimetre sized) scale. Together with the measured average strength, the
scatter (CoV) of the measurements decreases with the specimen size increasing.

• The two-parameter Weibull analysis reveals that, on one hand, regarding the same
fracture strength (below 30 MPa), the smaller specimen has a lower fracture proba-
bility, while, on the other hand, for the same fracture probability, the smaller spec-
imen tends to yield a higher strength.

• Although all examined analytical models can be fitted with a high determination
coefficient, special attention should be should be given to the physical meaning
behind the empirical parameters used in these models. Controversial trends were
found in both small and large size asymptotes for multifractal scaling law and
energetic-statistical size effect theory, which could not be validated nor disproved
by the experiments performed herein.

• The lattice model is able to predict strengths that are in good accordance with
the experimental measurements for both 0.1 mm and 5 mm specimens as well
as the fluctuations. With the multi-scale modelling strategy adopted herein, the
size range of microstructure-informed 3D discrete model on strength prediction is
significantly enlarged.

• Because of the presence of capillary pores and anhydrous cement particles, a higher
degree of heterogeneity is observed in the model at the micro-scale. This results
in a more tortuous and diffuse crack pattern as well as a more ductile post-peak
behaviour.

The current model can provide a link between the material structure and the pre-
dicted mechanical properties. An exponential equation is proposed to express the re-
lationship between predicted strength and porosity that is explicitly presented in the
model. The dispersion between the proposed empirical strength-porosity relationship
and numerical modelling results can be attributed to the variation of pore size distribu-
tion and its spatial distribution in each single specimen. By combining more advanced
image analysis methods and pore structure characterization approaches, the proposed
modelling approach can offer insight into the relation between the pore structure and
fracture properties of materials.
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MODELLING OF FRACTURE OF

MORTAR USING OUTPUT FROM

MICROMECHANICAL MODELLING

This chapter presents a validation process of the developed multi-scale modelling scheme
on mortar. Special attention was paid to make the material structure of real and virtual
mortar specimens comparable at the meso-scale. The input mechanical parameters of ce-
ment paste (both bulk cement paste and interfacial transition zone) at the meso-scale were
derived from micromechanical modelling using the volume averaging approach. Differ-
ent constitutive relations for local elements were tested. By comparing with the experi-
ments, the model using linear-elastic constitutive relation can reproduce the experimental
load-displacement response satisfactorily in terms of the elastic stage and peak load. More
realistic load-displacement curve in the non-elastic stage can be simulated by considering
the softening of cement paste using a step-wise approach. More importantly, the experi-
mentally validated multi-scale modelling scheme offers the opportunity for the meso-scale
model to become fully predictive.
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10.1. INTRODUCTION

T HE meso-scale model deals with material structures consisting of cement matrix,
aggregates with different particle sizes and air voids. Numerous publications can

be found in the literature to model the fracture process of concrete using both discrete
lattice models [138, 162, 279, 307–312] and finite element models [313–320]. However,
quantitative prediction of the fracture behaviour in terms of the crack pattern and stress-
strain response is still a challenging task. This is partly because of the complex material
structure: between aggregate and cement paste matrix, there exists a so-called interfa-
cial transition zone (ITZ). This zone is a highly porous region of the cement paste with
a thickness between 30 and 80 µm and appears to be the weakest spot [233–235]. Thus,
a large number of micro-cracks take place in this zone before coalescence. To explic-
itly represent this zone in the meso-scale model is computationally expensive. Conse-
quently, most of the studies are limited to 2D which cannot predict non-planar 3D frac-
ture surfaces. There are several attempts using 3D discrete-element models [162, 295,
307, 311, 312, 321, 322] and finite element models [238, 316, 323–329] but mostly with
rather coarse mesh discretization. Moreover, the determination of the input parameters
in the models is mostly done through inverse analysis, which decreases the predictive
capabilities of the models.

In light of the multi-scale modelling approach, the constitutive relation of the bulk
cement paste matrix and ITZ should be preferably derived from lower-scale (i.e. micro-
scale) simulations or measurements. With the aid of the micro-dicing saw and nanoin-
denter, micro-scale sized specimens have been successfully prepared and tested. Based
on the experimental measurements, micromechanical models, for both bulk cement
paste (see Chapter 3) and ITZ (see Chapter 7), have been calibrated. Therefore, reli-
able results can be expected from the micromechanical modelling which are competent
as input for the meso-scale modelling. Another concern is related with up-scaling of
micromechanical properties to the meso-scale model. This has been validated in the ce-
ment paste system (Chapters 8 and 9). However, when dealing with mortar or concrete,
the modelling scheme is further complicated by the presence of ITZ. Thus, a validation
is required at the meso-scale in terms of a system consisting of aggregate, ITZ and bulk
cement paste matrix.

To this end, a comparison between experimental test and numerical modelling is
carefully designed. As size effect [20, 305] occurs in such material, the material volume
in the model and test has to be identical. Thus, herein the sample size is set to be 10
mm as a compromise between computational efficiency and experimental possibilities.
Sand aggregates with realistic shape were modelled and placed using a so-called Anm
particle packing model [330]. The discrete lattice fracture model is used to model the
fracture process of the computational generated material structure. Uniaxial tensile test
was performed experimentally and numerically. The good agreement between simula-
tions and experiments shows the feasibility of the volume averaging approach to link the
micro-scale and meso-scale models.
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10.2. EXPERIMENTAL

10.2.1. MATERIALS AND SAMPLE PREPARATION

T HE mortar mixture was prepared using standard CEM I 42.5 N Portland cement,
deionized water and crushed quartzite sand with particle size between 1 mm and

2 mm. The specimens were prepared with a water to cement (w/c) ratio of 0.3 and sand
was added at 70 % of cement mass. The amount of sand and particle size is chosen on
purpose to make the comparison between numerical simulation and experimental mea-
surement easier. Sand was mixed first with dry cement in a bowl using Hobart mixer for
30 s, and then deionized water was added into the mixture within 10 s. This was followed
by mixing for 90 s at low speed. The mixer was then stopped for 30 s during which paste
adhering to the wall and the bottom part of the bowl was scrapped off using a metal
scraper and added to the mix. The mixing was then resumed for additional 90 s. The
total mixer running time was around 3 min. After mixing, the fresh mixture was cast in
a cylindrical mould (24 mm diameter, 39 mm height) and vibrated for 30 s to minimize
the amount of entrapped air. The cylinders were then sealed and cured for 28 days at
lab conditions (temperature: 22±2 °C). After curing, cubic specimens with size of 10 mm
(see Figure 10.1) were sawn out from the cylinders. Two notches (1 mm depth and 1 mm
thick) were sawn in mid-height, see Figure 10.1.

Figure 10.1: Dimension of the prepared mortar specimen fort the uniaxial tension test.

10.2.2. UNIAXIAL TENSION TEST

For the uniaxial tension test, an Instron 8872 loading device was used. The test con-
figuration is shown in Figure 10.2. A two-component glue (X60 consisting of a power
Plex 7742 and a fluid Pleximon 801) was used to bind the 10 mm mortar to the two fixed
steel plates. The displacement between the two steel plates was measured continuously
by two linear variable differential transformers (LVDT) at the notched sides. A loading
speed of 15 nm/s constant increment was used, which was controlled by the average of
two LVDT’s.
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Figure 10.2: Configuration of uniaxial tension test of the 10 mm mortar.

10.2.3. EXPERIMENTAL RESULTS

Three specimens were prepared and tested. One fractured specimen is shown in Fig-
ure 10.3. It is clear that the cube fractured in the middle where two notches exist. Due
to the heterogeneity of the material structure, the surface is quite tortuous. The mea-
sured load-displacement curves are shown in Figure 10.4. As the test is under displace-
ment control using LVDT, a stable fracture process is measured. Typical quasi-brittle
behaviour is observed. In the pre-peak branch, the load increases monotonically with
displacement, while decreasing in the post-peak branch. A four-stage fracture model [2]
can be used to describe the measured load-displacement curves. In the pre-peak branch,
the material behaves linear elastic at stage I (below 0.2 kN, in this case), after which the
stiffness decreases gradually (stage II). In the post-peak branch, a significant load drop
(stage III) is observed after the peak. This is followed by a long shallow tail. The exper-
imentally measured load-displacement and observed failure pattern are further used to
validate the adopted modelling strategies. More details about the fracture propagation
can be obtained by the simulation and used to explain the observed load-displacement
response.

Table 10.1 shows the Young’s modulus, strength and fracture energy calculated from
the load-displacement curve. The modulus is calculated from the linear-elastic stage.
Strength is derived from the peak load. Fracture energy is derived from the post-peak
branch using Equation 5.1. The maximum displacement used for the calculation is 20
µm. As the specimen is 4 times larger than the biggest aggregate (2 mm), small variations
occur in the measured Young’s moduli and strengths [2]. A large deviation (coefficient
of variation > 0.1) is observed in terms of the fracture energy, because the post-peak
response is governed by the crack localization process, which can be disturbed by the
flaws or stiff aggregate present in the matrix.

10.3. GEOMETRICAL MODELS

T HE composite geometrical structure of mortar can be represented by a model con-
sisting of sand, entrapped air voids and cement paste matrix at the meso-scale. In
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Figure 10.3: Fractured specimens under uniaxial tension: (a) side of view; (b) front view.

Figure 10.4: Experimentally measured load-displacement curves of the 10 mm specimens.

Table 10.1: Measured mechanical properties of the 10 mm mortar specimens.

Sample Young’s modulus (GPa) Tensile strength (MPa) Fracture energy (J/m2)
T1 26.38 5.84 29.28
T2 26.85 6.14 33.38
T3 25.84 5.25 19.80
Average 26.36 5.74 27.49
Coefficient of variation 0.015 0.064 0.2069
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the presented work, the real-shaped aggregates were created using a so-called Anm model
[330]. Spherical shaped air voids were created on the basis of the pore size distribution
obtained from XCT image analysis. After packing, the continuum geometrical model was
digitalised into a microstructure with a resolution of 100 µm/ voxel. The resolution is
chosen on purpose to match the size of the investigated material volume at micro-scale
from the previous chapters. In such a way, the volume averaging up-scale approach can
be implemented.

10.3.1. ENTRAPPED AIR VOIDS

As the entrapped air voids act as initial flaws in the material structure and have consider-
able influence on the mechanical properties of the specimen, it is essential to explicitly
consider them in the model. The porosity and pore size distribution are commonly used
to characterize the pore structure. They were determined by X-ray computed tomogra-
phy (XCT) scanning and image processing techniques and used as reference to generate
the spherical shaped air voids in the container.

For the XCT scanning, a cylindrical specimen (24 mm diameter, 39 mm height) as
described in Section 10.2.1 was used to form a digitalized microstructure with a spatial
resolution of 100 µm/voxel. During the scanning, voltage of 150 Kev and current of 150
µA for the X-ray source tube was used. After image reconstruction, the global thresh-
olding method using the over-flow point as described in Chapter 3 was implemented to
segment the pores from the initial greyscale level based images. This results in a poros-
ity of 3.56 %, which is in accordance with Ref. [1]. Assuming spherical shape for air
voids, the experimental pore size distribution can be obtained (see Figure 10.5). The
experimentally characterized porosity and its pore size distributions were then used as
reference to generate the database of the air voids (diameter range: 0.2 mm to 2.4 mm)
which are going to be placed into a pre-defined container (10 mm × 10 mm × 10 mm).

Figure 10.5: Cumulative porosities of experimental and simulated material structures.
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10.3.2. IRREGULAR SAND PARTICLES

It is well-known that aggregate shape and size in the model has a significant influence
on the simulated mechanical performance of mortar or concrete [238, 315, 331]. In or-
der to have a quantitative prediction of the material behaviour, realistic aggregate shape
and size should be used. Using spherical harmonic series, the Anm model can represent
the irregular aggregate shape well. An example of a sand particle described by spheri-
cal harmonic expansion is shown in Figure 10.6. The aggregates were selected from a
database containing 806 crushed sand particles and scaled up or down (using pseudo-
random number based algorithms) to the size between 1 mm to 2 mm and placed into
a pre-defined container (10 mm × 10 mm × 10 mm) one after another until reaching the
prescribed volume ratio.

Figure 10.6: An irregular shape sand particle created by Anm model [330].

10.3.3. DIGITAL MORTAR SPECIMEN

In order to properly model the aggregate structure in mortar, the realistic volumetric
ratio of sand should be considered. According to the mixture design, the volumetric
ratio of sand is calculated as follows:

Given that the specific gravity of sand and cement is 2.60 kg/ m3 and 3.15 kg/ m3 re-
spectively, the volumetric ratio of cement: sand: water is: (1/ 3.15): 0.7/ 2.60: 0.3 = 0.317:
0.269: 0.3. On a percentage basis, the volumes are as follows: cement (dry) = 35.803; sand
= 30.363; water = 33.834. In terms of the given case, 70 % of the cement has hydrated after
28 days (Chapter 3). Consequently, continuing in percentage volume units, the volume
of anhydrous cement equals 10.741 and the volume of hydrated cement 25.062. Assum-
ing volume of combined water is 0.23 [1] of the mass of hydrated cement, i.e. 0.23 ×
25.062 × 3.15 = 18.157 and the free water is 15.677. On hydration, the volume of the solid
products of hydration becomes smaller than the sum of volumes of the constituent ce-
ment and water by 0.254 of the volume of combined water [1]. Hence, the volume of
the solid products of hydration is: 25.062 + (1 - 0.254) × 18.157 = 38.607. Because the air
content is 3.56 % as measured by XCT, the volume of the remaining materials must add
up to 96.44 % of the total volume of mortar. Therefore, the volumetric ratio of sand is:
0.9644 × (30.363) / (10.741 + 38.607 + 30.363 + 15.677) = 0.307.

In terms of placing or packing air voids and sand particles in the predefined con-
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tainer, no overlap was allowed. Pseudo-random number based algorithms were im-
plemented to position and rotate the packing objects (No rotation is needed for the air
voids). In order to improve the packing efficiency, large particles are placed first. Con-
sidering that the realistic specimen was sawn from the cylinder, to avoid the “wall effect”
when depositing the aggregates, periodic boundary conditions are applied. This permits
a particle to pass through the surface of the simulation box and the part outside the sim-
ulation box is put on the opposite surface by placing a duplicate particle with the same
orientation. After packing, the simulated vector-based composite geometrical structure
was digitalized into the digital specimens with a resolution of 100 µm/voxel, resulting in
a 100 × 100 × 100 voxels microstructure, see Figure 10.7.

(a) (b) (c)

Figure 10.7: Simulated composite geometrical structure of 10 mm mortar specimen: (a) sand particles and air voids are embed
in the continuum cement paste matrix; (b) spatial distribution of sand particles; (c) spatial distribution of air voids (orange:
aggregate; grey: cement paste; blue: pore).

10.4. DEFORMATION AND FRACTURE MODELLING

10.4.1. DISCRETIZATION AND BOUNDARY CONDITIONS

Th E discrete lattice mesh was generated following the approach described in Chap-
ter 3. It has 1000000 nodes and 7084561 Timoshenko beam elements. Digital

material structure that generated in Section 10.3 was considered by utilizing the overlay
procedure as shown in Figure 10.8. Three types of element were defined according to the
location of the two ends of the element, namely: cement paste, interface and aggregate.
This was used to define the properties of each lattice element. In this way, different me-
chanical properties can be assigned to different phases presented in the material struc-
ture. The cement paste element and aggregate element represent the cement paste and
aggregate respectively. The interface element is introduced to consider the interaction
between cement paste and aggregate. Additionally, no element is generated to connect
the pore phase, which results in the initial flaws in the model.

As shown in Figure 10.9, the computational uniaxial tension test is performed by ap-
plying nodal displacement at one end and fixing the other. Because fixed plates are used
in the experiment, the rotations at the ends are restricted in the simulation. To consider
the restrictions introduced by the high stiffness of steel plates, no lateral deformation is
allowed at both ends in the model.
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Figure 10.8: Schematic view of overlay procedure for lattice mesh.

Figure 10.9: Boundary condition of the computational uniaxial tension test of the mortar.
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10.4.2. USING LINEAR-ELASTIC CONSTITUTIVE RELATION
For the sake of simplification, a prefect elastic brittle constitutive relation is generally
assumed at the element level [19, 161, 241, 295, 332]. The up-scaling approach presented
in Chapter 9 was used to determine the input mechanical properties of all phases. The
mechanical properties (Young’s modulus and tensile strength) of bulk cement paste were
taken from Table 5.1 and assigned randomly to the cement paste elements. With respect
to ITZ, its mechanical properties are taken from Table 7.5, which are the upper bound
of the predicted micromechanical properties of ITZ. For the sand aggregate, a perfect
linear elastic constitutive law is assumed. Its elastic modulus is taken from [251], i.e. 70
GPa. Its tensile strength is assumed as 1/1000 of the elastic modulus. This ratio is larger
than commonly observed at the meso-scale, as it is found in Chapter 5 that it increases
with the length scale decreasing . Moreover, in case of the current study, no cracking is
expected in the aggregate. Consequently, strength of the aggregate has no contribution
to the mechanical response of the simulated mortar.

As shown in Figure 10.8, the interface element takes up a piece of aggregate and a
piece of cement paste (ITZ). The strength of this type element was assumed as the bond-
ing strength between the cement paste and aggregate, while its Young’s modulus E is
calculated using a Reuss (series) model:

2

Einterface
= 1

EITZ
+ 1

Eaggregate
(10.1)

where EITZ and Eaggregate are elastic moduli corresponding to ITZ and aggregate, respec-
tively. The resulting mechanical properties of the interface elements are listed in Table
10.2.

Table 10.2: Mechanical properties of the elastic-brittle interface element up-scaled from Table 7.5.

Number Young’s modulus E (GPa) Tensile strength ft (MPa)
1 8.22 3.12
2 10.13 3.82
3 11.85 4.47
4 7.36 2.75
5 9.19 3.47
6 9.89 3.87
7 8.17 3.03
8 8.73 3.25
9 9.06 3.47
10 10.55 4.07

As shown in Figure 10.10, the simulated load-displacement (termed as case E) re-
sponse is compared with the experimental measurements. It shows that, the model can
reproduce the load-displacement response in a qualitative sense. It is worth mentioning
that, without any calibration at the meso-scale, the predicted Young’s modulus (27.67
MPa) and tensile strength (5.56 MPa) are in accordance with experimental measure-
ments, except that the fracture energy (17.36 J/m2) is much lower. Moreover, as shown in
Figure 10.11, the simulated fractured specimen shows a similar crack pattern compared
to the experiments.

The fracture patterns at different loading stages are plotted in Figure 10.12. Figure
10.12a shows the crack pattern at point a in Figure 10.10. Clearly, up to the end of the
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Figure 10.10: Simulated load-displacement curve using linear elastic constitutive relation (compared with experimental re-
sults).

(a) (b)

Figure 10.11: Simulated fractured specimen at the failure stage of case E: (a) view from the notch side; (b) view from the non-
nothced side.
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linear-elastic stage, only interface elements are cracked. No crack in cement paste ma-
trix is observed. With the load increasing, micro-cracks start to nucleate and grow in the
bulk cement paste around the notches (see Figure 10.12b). This leads to the curved pre-
peak load-displacement diagram. At the peak load, two macro-cracks initialized at the
notches are observed (10.12c). Furthermore, a large number of interface elements are
broken, which is in accordance with optical microscopy observations [333]. Two cracks
are then formed as macro-cracks (see Figure 10.12d and Figure 10.12e )in stage III, lead-
ing to the significant drop of the load bearing capacity of the material. As shown in Figure
10.12f, the overlap between the two main cracks leads to the long tail before failure.

In sense of quantitative analysis, the simulated stiffness in stage II decreases more
than the experimental results. As shown in Figure 10.10, a significant drop of the slope
can be observed at the end of stage I, which indicates that a lot of interface elements
crack at once under the same load. This is unrealistic. Furthermore, a steeper drop in
stage III and a long tail with lower load are observed. In previous studies, this brittle-
ness was explained by the relatively coarse mesh which cannot explicitly consider the
influence of small aggregate and 3D effect (for a 2D model) [139, 334]. Compared with
2D model, more crack branches and overlaps can occur in 3D model. This enables a
more stable crack development and more ductile post-peak behaviour. In the current
study, these influences have been eliminated by using sand aggregate larger than 1 mm
in both modelled material structure and real material and a 3D mesh with relatively high
resolution (0.1 mm). The brittleness present in the current simulation is therefore at-
tributed to the adopted linear-elastic constitutive relation, which neglects the softening
of cement paste. Thus, the approach developed in Chapter 8 is further used to pass
the post-peak information to the meso-scale model. As it has been shown in a simi-
lar type model,i.e., lattice discrete particle model, the simulated load-displacement re-
sponse would be more ductile [223].

10.4.3. USING STEP-WISE SOFTENING LAW

As presented in Chapter 8, instead of removing beam element immediately from the
mesh, a step-wise reduction of both the Young’s modulus and strength is used. With
respect to bulk cement paste, the reduction was made using the simulated stress-strain
curve of 100 µm cement paste cube under uniaxial tension presented in Chapter 5. The
process is schematically shown in Figure 10.13 in which a multi-linear curve with six
segments is created. The points were taken at: (1) origin; (2) first cracking; (3) peak load;
(4) first point in response for which load is < 75 % of the peak; (5) first point in response
for which the load is < 50 % of the peak; (6) first point in response for which the load
is < 25 % of the peak; (7) point for which the strain reaches 0.015. After the last point,
the cement paste was regarded as failed. To consider the heterogeneity of bulk cement
paste, 10 stress-strain curves simulated in Chapter 5 were schematized and listed Table
10.3. These multi-linear constitutive relations were randomly assigned to the cement
paste elements.

Two sets of input constitutive relation of ITZ were considered using stress-strain
curves presented respectively in Figure 7.21a and Figure 7.21b, and implemented re-
spectively. Unlike cement paste matrix, ITZ specimens have two peaks in the simulated
stress-strain response. The stress-strain curve was schematized as a multi-linear curve
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(a) (b)

(c) (d)

(e) (f)

Figure 10.12: Simulated fracture pattern of case E at different loading stage in Figure 10.10: (a) point a, end of the linear-elastic
stage; (b) point b, middle point at stage II; (c) point c, peak load; (d) point d, at which load starts decreasing significantly; (e)
point e, start of the long shallow tail (f) point f, material failures.(only cracked elements are plotted: violet - interface element;
dark - cement paste element).
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Figure 10.13: Approximation of non-linear stress-strain response of cement paste using multi-linear curve.

Table 10.3: Step-wise constitutive relation of cement paste up-scaled from the micro-scale modelling (Chapter 5, 100 µm × 100
µm × 100 µm).

Number
Mechanical
parameters

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5 Segment 6

1
E (GPa) 27.10 22.49 14.78 8.12 2.06 0.34
ft (MPa) 7.07 21.21 15.90 10.59 5.30 2.86

2
E (GPa) 29.40 24.67 16.83 10.02 2.79 0.34
ft (MPa) 8.23 24.67 18.50 12.34 6.14 2.38

3
E (GPa) 31.48 25.11 16.15 8.50 2.17 0.38
ft (MPa) 10.78 25.34 19.00 12.67 6.34 3.05

4
E (GPa) 31.86 26.63 14.60 9.52 3.26 0.22
ft (MPa) 6.76 22.68 17.04 11.54 5.65 1.73

5
E (GPa) 37.11 28.15 21.35 11.77 2.99 0.28
ft (MPa) 12.77 27.07 20.32 13.54 6.67 2.18

6
E (GPa) 35.67 28.22 18.80 10.82 2.16 0.39
ft (MPa) 11.49 25.55 18.66 12.94 6.39 2.81

7
E (GPa) 36.05 28.33 21.30 12.67 3.68 0.39
ft (MPa) 11.36 24.38 18.68 12.21 6.09 2.51

8
E (GPa) 29.92 28.37 18.86 12.48 3.98 0.38
ft (MPa) 11.04 25.67 19.26 12.96 6.42 2.63

9
E (GPa) 35.31 31.63 24.61 16.61 6.24 0.38
ft (MPa) 10.89 29.30 22.17 15.37 7.32 2.26

10
E (GPa) 33.66 32.34 27.92 14.02 4.91 0.41
ft (MPa) 13.36 28.07 21.44 14.27 7.03 2.56
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Figure 10.14: Approximation of non-linear stress-strain response of ITZ using multi-linear curve.

with four segments as shown in Figure 10.14. The five points to make the segmentation
were taken at: (1) origin; (2) peak load; (3) second peak load; (4) first point in response
for which the load is < 50 % of the peak; (5) point for which the strain reaches 0.005. For
each set, 10 specimens that have been simulated in Chapter 7 were schematized. The
constitutive relation of aggregate remains elastic brittle as in the case E. Equation 10.1
was used to calculate Young’s modulus of the interface elements at all stages, while the
strength at each stage equals to ITZ’s. The resulting two sets of constitutive relation of
the interface elements are, respectively, listed in Table 10.4 and Table 10.5 . Values in
Table 10.4 were then assigned to the interface elements in simulation termed as case L,
while Table 10.5 was distributed to the simulation termed as case U.

The simulated load-displacement curves of case L and case U are compared with
case E and the experimental results in Figure 10.15. The calculated Young’s modulus,
strength and fracture energy are listed in Table 10.6. The simulated fractured specimen
at failure stage is shown in Figure 10.16 and 10.17 for case L and case U respectively.
Simulated crack patterns at different stages are shown in Figure 10.18 and 10.19 for case
L and case U respectively.

Clearly, the simulated load-displacement curves using the step-wise approach are
closer to the experimental results. As higher strengths and Young’s moduli are assigned
to interface elements in case U, the simulated mechanical properties of case U are higher
than case L. Due to the same reason, less interface elements are cracked in case U, see
Figure 10.16-10.19. The simulated Young’s modulus, strength and fracture energy in Ta-
ble 10.6 show a reasonable agreement with the experimental results in Table 10.1. It is
worth mentioning that, in case L, the first segment of interface elements has lower mod-
uli and strengths compared with case E. Even though, case L has higher stiffness and
peak load in stage II than case E as well as a more ductile post-peak response. This is
because of the fact that softening has been implemented in case L and less interface el-
ements are removed from the mesh, see Figure 10.13 and Figure 10.18. Table 10.7 lists
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Table 10.4: Step-wise constitutive relation of interface element up-scaled from the simulated lower bound of load-
displacement response of ITZ (Chapter 7, 50 µm × 100 µm × 100 µm).

Number
Mechanical
parameters

Segment 1 Segment 2 Segment 3 Segment 4

1
E (GPa) 5.91 3.61 0.96 0.11
ft (MPa) 1.87 1.69 0.85 0.29

2
E (GPa) 7.31 4.13 1.33 0.10
ft (MPa) 2.29 1.94 0.97 0.25

3
E (GPa) 8.58 4.74 1.48 0.01
ft (MPa) 2.68 2.25 1.12 0.03

4
E (GPa) 5.28 3.22 0.81 0.12
ft (MPa) 1.65 1.54 0.77 0.29

5
E (GPa) 6.62 3.88 1.21 0.02
ft (MPa) 2.08 1.82 0.91 0.06

6
E (GPa) 7.13 4.31 1.32 0.04
ft (MPa) 2.32 2.05 1.03 0.10

7
E (GPa) 5.87 3.48 1.03 0.03
ft (MPa) 1.82 1.64 0.82 0.08

8
E (GPa) 6.28 3.65 0.94 0.01
ft (MPa) 1.95 1.68 0.84 0.03

9
E (GPa) 6.52 3.94 1.10 0.12
ft (MPa) 2.08 1.87 0.93 0.29

10
E (GPa) 7.62 4.50 1.27 0.07
ft (MPa) 2.44 2.08 1.04 0.18

Table 10.5: Step-wise constitutive relation of interface element up-scaled from the upper bound load-displacement response
of ITZ(Chapter 7, 50 µm × 100 µm × 100 µm).

Number
Mechanical
parameters

Segment 1 Segment 2 Segment 3 Segment 4

1
E (GPa) 8.22 5.06 1.36 0.16
ft (MPa) 3.12 2.82 1.42 0.48

2
E (GPa) 10.13 5.78 1.88 0.14
ft (MPa) 3.82 3.23 1.62 0.42

3
E (GPa) 11.85 6.62 2.09 0.01
ft (MPa) 4.47 3.75 1.87 0.05

4
E (GPa) 7.36 4.52 1.14 0.17
ft (MPa) 2.75 2.57 1.28 0.48

5
E (GPa) 9.19 5.43 1.71 0.03
ft (MPa) 3.47 3.03 1.52 0.10

6
E (GPa) 9.89 6.03 1.86 0.06
ft (MPa) 3.87 3.42 1.72 0.17

7
E (GPa) 8.17 4.88 1.45 0.04
ft (MPa) 3.03 2.73 1.37 0.13

8
E (GPa) 8.73 5.11 1.33 0.01
ft (MPa) 3.25 2.80 1.40 0.05

9
E (GPa) 9.06 5.51 1.55 0.17
ft (MPa) 3.47 3.12 1.55 0.48

10
E (GPa) 10.55 6.29 1.79 0.10
ft (MPa) 4.07 3.47 1.73 0.30
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Figure 10.15: Simulated load-displacement curve using step-wise constitutive relation (compared with the experimental re-
sults).

Table 10.6: Simulated mechanical properties of the 10 mm mortar specimens.

Sample Young’s modulus (GPa) Tensile strength (MPa) Fracture energy (J/m2)
Case L 25.96 6.07 25.29
Case U 27.67 6.50 31.84

the amount of cracked elements (i.e. removed from the mesh) in different stages. As ex-
pected, case U has the fewest cracked interface elements compared with the others, thus
it has the least stiffness deduction in stage II and behaves more ductile in the post-peak
branch. The real crack pattern would be expected in between case L and case U, as they
are the two bounds for the ITZ phase derived from Chapter 7. However, it is very dif-
ficult, if not impossible, to validate these simulated crack patterns due to the technical
limitations. For example, ESEM cannot be used to validate the interface cracks, as a im-
pregnation procedure is required and the epoxy cannot go to the isolated cracks. In-situ
XCT test might be a solution. However, the resolution of scanning is not high enough and
there is still a challenge on the segmentation between aggregate and cement paste. Thus,
the simulated crack pattern is not further validated in this thesis. More importantly, the
purpose of this chapter is to show the potential of multi-scale modelling and not to have
an ’exact’ match. It offers the opportunity for the meso-scale model to become fully
predictive as no calibration work is required at this length scale. In sense of quantita-
tive prediction of fracture process of mortar at the meso-scale, the step-wise softening
law has to be used for cement paste matrix and ITZ phase to consider the influence of
heterogeneity at the micro-scale.
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(a) (b)

Figure 10.16: Simulated fractured specimen at the failure stage of case L: (a) view from the notch side; (b) view from the non-
nothced side.

(a) (b)

Figure 10.17: Simulated fractured specimen at the failure stage of case U: (a) view from the notch side; (b) view from the
non-nothced side.

Table 10.7: Summary of totally cracked element amount at different fracture stages.

Sample name
Cracked elements at peak Cracked elements at failure stage
Interface Cement paste Interface Cement paste

Case E 268657 1839 316769 49584
Case L 44664 877 90437 30086
Case U 23764 1304 64617 38126
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(a) (b)

Figure 10.18: Simulated fracture patterns of case L at (a) peak load and (b) failure stage.

(a) (b)

Figure 10.19: Simulated fracture patterns of case U at (a) peak load and (b) failure stage.
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10.5. CONCLUSIONS

I N this chapter, a comparison between numerical simulation and experimental mea-
surement is carefully designed to validate the multi-scale modelling scheme for mor-

tar composites at the meso-scale. Special attention was paid to make the material struc-
ture of real and virtual mortar composites comparable. Two constitutive relations (linear-
elastic and step-wise softening) of local elements were assumed to up-scale the mi-
cromechanical modelling results as input for the meso-scale model. The comparison
shows that the scheme using elastic constitutive relation is able to predict the realistic
modulus and strength of the mortar composites. However, this does not hold for stage
II and the post-peak branch. The experimental measured results behave more ductile
compared with the modelling result using elastic constitutive relation. By considering
the softening behaviour using the step-wise constitutive relation, the simulations show
more realistic load-displacement response. In terms of crack pattern, case L has more
fully cracked interface elements compared with case U. More advanced techniques are
required to validate the simulated crack patterns, which is not further investigated in this
thesis, because the purpose of this chapter is just to show the potential of multi-scale
modelling and not to have an ’exact’ match. It offers the opportunity for meso-scale
model to become fully predictive as no calibration work is required at this scale.



IV
CONCLUSIONS AND PROSPECTS

191





11
CONCLUSION

In this chapter, a brief summary of the work presented in this PhD thesis is given. Addi-
tionally, general conclusions and findings of this research are presented and discussed. In
the end, recommendations for further work are given.
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11.1. RETROSPECTION

T HE main aim of this PhD thesis is, starting from the micro-scale, to develop an exper-
imentally validated multi-scale modelling scheme for cementitious materials. Dis-

crete lattice fracture model is used as the numerical tool. Volume averaging approach
is used as the upscaling approach to bridge any two adjacent scales. Two main sub-
jects were dealt with: designing and performing micro-scale tests for the calibration and
validation of the micro-scale model and sub-meso- or meso-scale experiments for the
validation of adopted up-scaling approach. As developing a quantitatively sound model
requires combined experimental and numerical research with different geometries un-
der a wide variety of loading situations, the following works have been conducted in the
current research.

In Chapters 3, 4, 5, and 6, the mechanical responses of hardened cement paste (HCP)
micro-cube under different loading situations are studies. Micro-cube specimens are
fabricated through thin-sectioning and micro-dicing, and tested by the nanoindenter.
virtual micro-cubes are created by a combination of X-ray computed tomography (XCT)
and image segmentation, and analysed through the discrete fracture lattice model. A set
of input mechanical properties of each phase was calibrated through a so-called inden-
tation splitting test presented in Chapter 3. The unique set of parameters was validated
in Chapter 4 and Chapter 6 respectively, through the one-sided splitting and uniaxial
compression tests and used to predict the stress-strain response of the micro-cube un-
der uniaxial tension in Chapter 5.

In Appendix A, an alternative approach based on the combination of XCT and nanoin-
dentation for micromechanical modelling of cement paste is proposed. In this approach,
a link is made between the greyscale value and the micromechanical properties. With-
out the need for explicit identification of distinct phases, the intrinsic heterogeneity of
cement paste is directly implemented using original greyscale images obtained by XCT.
Compared with the approach used in Part II, the one proposed in Appendix A is more
generic and direct, as no processing of the XCT images and the measured micromechan-
ical properties is required.

Chapter 7 develops an approach to quantitatively study the interface properties be-
tween HCP and aggregates through a combined experimental and numerical approach
at micro-scale. Micro-scale sized HCP-aggregate cantilever beams are fabricated and
loaded by the nanoindenter. Microstructure informed lattice model is used to model the
fracture process. The model is first calibrated by the experimental measurements and
further used to predict the debonding process between aggregate and ITZ which is char-
acterized by a locally more porous zone using XCT. The predicted stress-strain response
is further used as input for the fracture modelling of mortar at the meso-scale in Chapter
10.

In Chapter 8, the so-called volume averaging up-scaling approach is validated by
comparing the results obtained by testing and modelling respectively of a HCP beam
(500 µm square cross-section) under three-point bending. Two levels of microstructure
of HCP are generated by the XCT and image segmentation techniques and analysed by
the lattice model. The good agreement between experimental and numerical results
shows that, starting from the micro-scale and with relatively simple mechanical con-
siderations, it is possible to reproduce the fracture behaviour of HCP at higher scale.
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Based on the experimental techniques and modelling approaches that have been
developed or validated in the previous chapters, the size effect is studied in Chapter
9. The size range that can be experimentally measured has been greatly extended to
1: 400, while the size range that can be numerically modelled is extended from 1:8 to
1:50. The good agreement between experimental observations and numerical results in-
dicates that the featured material structure dominates the size effect on the measured
strength in the considered size range.

Chapter 10 designs a uniaxial tension test on the 10 mm cubic specimens on the
purpose of validation of fracture modelling of mortar at meso-scale. The constitutive
relations of cement paste matrix and HCP-aggregate interface element are derived from
the micromechanical modelling results presented in Part II through the volume averag-
ing up-scaling approach which has been validated in Chapter 8 and 9. A good agree-
ment is found in the linear stage and peak load when assuming elastic-brittle consti-
tutive relations for local elements, while the relatively brittle softening branch in the
modelling indicates that softening needs to be considered at the element level. This
softening is further implemented using a step-wise constitutive relation derived from
the results of the micro-scale simulations. When softening is considered, the simulated
load-displacement become more realistic because less interface elements are broken
and more crack branches are formed during the fracture process.

11.2. GENERAL CONCLUSIONS

I N every chapter of the thesis, conclusions related to that part of the work are drawn.
Here, some general conclusions are given.

• Cement paste has extremely high strength at the micro-scale
It is found in Part II, both tensile and compressive strengths of cement paste at
micro-scale are one order of magnitude higher than meso-scale. Porosity appears
to be the main factor determining the strength and stiffness of cement paste at the
micro-scale, which has a high correlation with the predicted strength. The matrix
prepared with higher w/c ratio results in a more porous microstructure, thus lead-
ing to a lower strength but higher variation.

• Attention has to be given to the deviation of micromechanical properties of cemen-
titious materials
In Part II, micro-cubes under different loading conditions are modelled and tested.
It is found that a large deviation exists due to the heterogeneity of the microstruc-
ture. Therefore, it is suggested that the mechanical properties at the micro-scale
should be given statistically, e.g. Weibull rather than a deterministic value. There-
fore, a large number of tests need to be performed for the experimental measure-
ments or numerical modelling to be statistically reliable.

• Care has to be taken when comparing the modelling and experimental results
The first aspect is related with size effect. As seen in Chapter 9, the material struc-
ture of specimens at different length scales are different. Micro-scale sized spec-
imens are free from flaws larger than the specimen size. These flaws reduce the
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mechanical performance of the material significantly. Consequently, the mechan-
ical properties predicted by the micromechanical model are not comparable with
the measurements of centimetre sized specimens. The second is related with the
tested boundary conditions, which has considerable influence on the response of
tested material. To date, it remains a challenge to control the boundary conditions
in micro-scale tests. As seen in Chapter 7, two ideal extreme loading boundaries
are assumed to model the experimental loading configurations which changes
with the test going on.

• Volume averaging up-scaling approach is a valid tool to bridge two adjacent scales
In the volume averaging up-scaling approach, a volume size of material structure
at small scale is chosen to match the smallest features in the larger scale model. In
this way, the global fracture behaviour (i.e. stress- strain response) of smaller scale
simulation can be used as input local constitutive relation for the fracture mod-
elling at larger scale. It has to be remarked that the input local constitutive relation
of models in sub-meso or meso-scale are directly derived from the micromechan-
ical model in Part II, without further parameter-fitting process at the higher scale,
the model can predict satisfactory stiffness, strength and crack pattern of cemen-
titious materials under various loading boundary conditions. This enables that
the model has fully predictive capabilities at the meso-scale and offers the oppor-
tunity of investigating in more detail the influence of the microstructure on the
material response and engineering properties.

• Discrete lattice model is a robust tool for fracture modelling of cementitious material
at both micro- and meso-scale
Fracture process of specimens with different geometries and under a wide variety
of loading situations are simulated using the discrete lattice model at both micro-
and meso-scales. A unique set of input parameters which has been determined
in Chapter 3 is consistently used in the thesis and shows a quantitatively good
prediction of the mechanical performance of investigated material. The mate-
rial structure can be easily implemented in the lattice model. With the develop-
ment of advanced computing facilities, the model would become a powerful tool
for fundamental understanding the relationship between material structure and
mechanical performance.

11.3. RECOMMENDATIONS FOR FURTHER RESEARCH

A N attempt was made to construct an experimentally validated multi-scale modelling
framework of cementitious material. Many issues were tackled, while others arose or

were left untouched. In the future, the following experiments and numerical simulations
are recommended:

• Extending the micro-scale testing and modelling approaches that have been de-
veloped in Part II to study the influence of addition of micro-particles (e.g., slag,
fly ash, microcapsules, microencapsulated phase change materials), and micro or
nanoparticles e.g., carbon nanotube, silica nanoparticles, titanium dioxide (TiO2)
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nanoparticles, zinc dioxide (ZnO2) nanoparticles, calcium carbonate (CaCO3) na-
noparticles, and nano-clays on the micromechanical performance of the hard-
ened pastes. This helps designing cement composites with enhanced or novel
properties and functions.

• Extending the research scope to the nano-scale. At the nano-scale, atomistic sim-
ulations could be carried out to model the constitutive behaviour of each phase in
HCP. With a certain packing scheme at sub-micro-scale, e.g. Jenning’s model [119],
hydration products with different densities can be obtained and their mechanical
properties can be further analysed and used as input for the micro-scale model.
Micro-scale testing techniques that has been developed in Part II can be applied
to validate these input parameters as well as the modelling strategies at nano- and
sub-micro-scale.

• Extending the study of size effect in Chapter 8 to the other boundary conditions
(e.g. uniaxial compression and indentation splitting). Fracture of specimens with
size range 1: 400 would be experimentally tested and numerical modelled. The
comparison between modelling and experiment would give more insights into the
origin of this phenomenon and be of practical interest.

• Extending the multi-scale modelling scheme to study the mechanisms underlying
the phenomena of creep, fatigue and shrinkage at the micro-scale and their influ-
ences on the meso-scale. Experiments at both micro- and meso-scales could be
carried out in case of validation of the modelling.

• Extending the developed multi-scale modelling scheme to study and design fibre
reinforced concrete. At the micro-scale, the mechanical properties of the cement
matrix would be studied using the approach developed in Part II. The bond be-
tween fibre and cement matrix can be studied both numerically and experimen-
tally [335]. These micromechanical properties would be further used as input for
the meso-scale modelling (consisting of matrix and packed fibres) in which a set
of appropriate matrix properties and the fibre/matrix bond would lead to multiple
micro cracks and increase the ductility, a strain hardening capacity can be even
obtained. The developed multi-scale modelling scheme would offer a guidance
and reference for designing and modifying fibre reinforced concrete.

• Coupling the fracture lattice model with lattice transport model on multiple length
scales [241] to study the ions ingress in cracked cementitious materials. Starting
from the material structure of cement paste at the micro-scale, both mechanical
and transport properties of each phase could be numerically or experimentally
determined. Through the volume averaging approach, the information from the
micro-scale would be passed to the level of mortar, calculated again, and passed
to the concrete scale. In this way, the influence of cracks at different length scales
on the transport properties can be quantitatively studied.
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A
CORRELATION BETWEEN X-RAY

COMPUTED TOMOGRAPHY AND

STATISTICAL NANOINDENTATION:
AN APPLICATION FOR

MICROMECHANICAL MODELLING

This work proposes a method for numerically investigating the fracture mechanism of ce-
ment paste at micro-scale based on X-ray computed tomography and nanoindentation.
For this purpose, greyscale level based digital microstructure was generated by X-ray mi-
crocomputed tomography with a resolution of 2 µm/voxel. In addition, statistics based
micromechanical properties (i.e. Young’s modulus and hardness) were derived from the
grid nanoindentation test which was set to have an interaction volume the same as reso-
lution of digital microstructure. A linear relationship between the two probability density
functions of greyscale level and local Young’s modulus was assumed and verified by the
two-sample Kolmogorov-Smirnov (K-S) statistic. Based on this assumption, the fracture
and deformation of a digital cubic volume with a dimension of 100 µm under uniaxial
tension was simulated using the lattice fracture model. Furthermore, the influence of het-
erogeneity on fracture response was studied. The proposed method was compared with
the results obtained from the approach used in the previous chapters.

Parts of this chapter have been published in Composites Part B: Engineering 157: 109-122 (2019) [336].
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A.1. INTRODUCTION

M ICROMECHANICAL modelling of cement paste has generated considerable research
interest recently as it provides an insight into the link between the material’s mi-

crostructure and its global functional performance. In order to simulate the fracture
behaviour of cement paste, the microstructure and micromechanical properties of its
constituents need to be characterized.

Cement paste is a multi-phase material comprising several phases, most importantly
calcium silicate hydrate (C-S-H), calcium hydroxide (CH), anhydrous cement clinker
and pores. Consequently, micromechanical models consider, in general, a multi-phase
microstructure. This microstructure can be obtained either by numerical modelling
[24, 28, 29] or experiments [22, 23, 50, 51]. Both of these approaches rely heavily on the
theoretical knowledge of the microstructure evolution of the material. Compared with
the experiments, numerical cement hydration models have clear advantages in terms of
time effort and ease of use. In such models cement clinkers are commonly modelled as
spheres [24, 28]. This simplification, however, has an influence on the simulated hydra-
tion of cement [72]. Cement hydration models that consider realistic particle shapes are
still rare [29, 337]. Regarding with the elasticity estimation, the simulated microstruc-
ture has a strong influence on early-age [73]. Although the microstructure has less influ-
ence in the later hydration stage, where phase volume fractions dominate the elasticity,
it plays a key role in determining the material strength. On the other hand, X-ray com-
puted tomography (XCT) is becoming a general technique for three-dimensional mi-
crostructure characterisation of cement-based materials [51–53, 338]. X-ray computed
tomography can visualise the spatial distribution of cement phases with different den-
sities by greyscale levels. The phase segmentation can then be performed to identify
the spatial distribution of distinct hydration phases. However, phase segmentation is
not a standardized technique: many methods exist, and it is difficult, if not impossible,
to ascertain which segmentation method produces more accurate results. For example,
the identified pore phase volume varies significantly depending on the applied segmen-
tation method. In the literature [18] and [14], XCT images with similar resolution are
obtained. However, a tangent-slope method merely depending on the greyscale level
histogram results in a lower calculated porosity (8.65 % [18]) compared with the one
from [14] using theoretical porosity from Power’s model (30 %) as criteria to conduct
segmentation. Since this is only the first step in micromechanical modelling, there is
uncertainty already in the input. As the models are built up, there are additional sources
of uncertainty, and it would be of great use to minimize the subjectivity involved in the
thresholding procedure of the multi-phase material structure. To this end, this article
tries to address the following question: can we avoid thresholding and use directly the
greyscale material structure obtained from X-ray computed tomography as input for the
micromechanical modelling of cement paste?

Another important aspect for the micromechanical modelling of cement paste are
the micromechanical properties of local hydration phases. These micromechanical prop-
erties can be measured by statistical nanoindentation [16, 86, 90, 97] or calculated us-
ing molecular dynamics simulations [34, 118]. At the moment, it is difficult to directly
use the data from these simulations as the real crystalline structures in cement paste
are more complex compared with the ideal situation. Furthermore, the input mechani-
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cal properties are resolution-dependent for the discrete micromechanics models [168].
This is because the material components and their relative amounts within the voxel
(3-dimensional pixel) vary with the resolution. In the statistical nanoindentation test,
a large number of indentation tests are performed in a grid without prior knowledge of
the microstructure of the probed microvolume-generally termed the interaction volume
[86]. The micromechanical properties (stiffness and hardness) of individual phases (an-
hydrous cement clinkers, inner and outer hydration products) are extracted by analysing
the histograms with statistical methods such as the deconvolution method [86, 93, 94].
These values are widely used as input to perform micromechanical simulations [3, 14–
16, 18, 30, 76, 135]. However, it should be noted that the scatter in the results is big and
it is debated in literature whether this method can be used at all for heterogeneous ma-
terials like cement paste [19, 93–96]. A reason for this is that, although the tip-radius is
very small (in case of the typically used Berkovich tip), it is almost impossible to probe
a single phase; in fact, a composite made up of different phases is probed by indenting
the material with a diamond tip [93]. Furthermore, when dealing with cement paste,
which is a 3D heterogeneous material, the indentation outcome is always influenced by
the underlying material, which can be stiffer and harder or just the opposite [19]. On
the other hand, a question always arsing is how many phases should be considered in
the modelling as it is still debated whether two clearly distinct phases with distinct mass
densities exist [13, 16, 119, 339, 340]. Therefore, the following question is addressed: can
we avoid deconvolution or averaging and use directly the micromechanical properties
obtained from nanoindentation as input for the micromechanical modelling of cement
paste?

This work proposes a new method for micromechanical simulations of cement paste
based on a combination of statistical nanoindentation and XCT technique without the
need for explicit identification of distinct phases. The material structure of cement paste
was characterized by XCT and corresponding histogram of greyscale distribution. The
probability density function (PDF) of micromechanical properties (i.e. histogram of mi-
cromechanical properties) was quantified using statistical nanoindentation. Without
image segmentation or histogram deconvolution, micromechanical properties were di-
rectly correlated with the greyscale level by a linear equation. The linear relationship as-
sumption was further verified by two-sample Kolmogorov-Smirnov (K-S) statistics. The
influence of heterogeneity on fracture and deformation behaviour was studied by ran-
domizing the “realistic” microstructure. Furthermore, the newly developed approach
has been compared to the method considering distinct phases, previously used in the
previous chapters. Strengths and drawbacks of both methods are compared and dis-
cussed.

A.2. EXPERIMENTAL

A.2.1. MATERIAL

T HE tested material was a standard grade OPC CEM I 42.5 N paste with 0.4 water-to-
cement ratio. First, cement was mechanically mixed with deionized water and cast

into a PVA cylinder mould (diameter 24 mm, height 39 mm). After 28 days hydration,
the sample was demoulded and cut into discs with thickness of 2 mm using a diamond
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saw. Solvent exchange method using isopropanol was used to stop hydration of cement
paste [55]. The middle portion of the slices was cut out to prepare the specimens for
nanoindentation test.

A.2.2. XCT SCANNING

For acquiring greyscale based digital material structure, a small cement paste prism with
cubic cross-section of 500 µm × 500 µm and length of 2 mm was produced by grinding,
polishing and micro-dicing, and scanned by a Micro CT-Scanner (Phoenix Nanotom,
Boston, MA, USA). The readers are referred to Chapter 3 for more details about the spec-
imen preparation procedure. The X-ray source tube was set as 120 kev/60 µA during
scanning. 2800 images with an exposure of 6 s were acquired on a digital GE DXR de-
tector (3072 × 2400 pixels). The voxel resolution under these conditions was 2 × 2 × 2
µm3/voxel. Reconstructed slices were carried out with Phoenix Datos|x software and a
3D stack of 8-bit cross-section images were generated in the end. A cubic region of in-
terest (ROI) with a length of 200 µm was extracted from the specimen for the statistical
analysis. To diminish the influence of beam hardening in the XCT experiment, the mid-
dle region of the specimen was chosen and analysed.

A.2.3. NANOINDENTATION

Prior to nanoindentation, the samples were ground and polished to achieve a smooth
surface. For purpose of grinding, sandpapers (180, 240, 400, 600 and 800 and 1200 grit)
were used in order and each sandpaper was used for 5 min-10 min. Instead of water,
ethanol was used as a cooling liquid to prevent further hydration of residual cement
clinkers. After grinding, samples were polished with diamond paste (6 µm, 3 µm, 1 µm,
and 0.25 µm) on a lapping table in order and soaked into an ultrasonic bath to remove
any residue between each polishing step. Sample preparation was performed just prior
to testing to avoid carbonation of the tested surface.

KLA-Tencor G200 nano-indenter with a diamond Berkovich tip was used for nanoin-
dentation tests. Quartz standard was indented before the test to ensure accuracy. Three
specimens in total were tested. The indentation depth was 700 nm. For each specimen,
a series of 25 × 20 indents were performed on a tightly spaced grid, with spacing of 20
µm between indents. This makes 1500 indents in total covering an area of 0.6 mm2.
The Continuous Stiffness Method (CSM) developed by Oliver and Pharr [81] was used.
This method consists of superimposing a small oscillation on the primary loading sig-
nal and analysing the response of the system by means of a frequency-specific amplifier.
As a consequence, it enables a continuous measure of contact stiffness as a function
of indentation depth and not just at the point of initial unloading. Therefore, hardness
and indentation modulus are obtained as a continuous function of surface penetration
depth.

The nanoindentation measurements encompass mechanical properties of the local
(indented) material microstructure but also the microstructure around the indent, gen-
erally with the length scale around 3–5 hmax, where hmax is the maximum indentation
depth [87, 88]. This ratio between the indentation depth and interaction length (and
volume) has been proposed in the literature [341–343], where correlation of microme-
chanical and chemical properties measured by nanoindentation and wavelength disper-
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sive spectroscopy measurements was performed. In order to compare the results from
nanoindentation and CT scan, it was necessary to make the interaction volume the same
as the voxel size in CT scan. Therefore, the average E modulus and hardness were de-
termined in the displacement range between 400 nm and 660 nm. For the calculation,
Poisson’s ratio of the indented material was taken as 0.18 in the CSM method.

A.2.4. EXPERIMENTAL RESULTS AND ASSUMPTIONS
As shown in Figure A.1a), the XCT provides visualization of the attenuation coefficients
of material by greyscale level. Therefore, greyscale level of each individual voxel is de-
termined by the attenuation coefficient of that voxel. It has been shown in the literature
that the greyscale value can be correlated to the density and atomic number of the ma-
terial [344]. For a constant applied voltage of the X-ray tube, there is a linear relationship
between the greyscale level and the material density [345]. By virtue of this relationship,
X-ray tomography can be used to measure local density variations within the material
given proper calibration [346–348]. However, due to the complex material structure of
cement paste, purely analytical solution mapping the attenuation to physical density
has not been achieved to date. Still, greyscale level map can be assumed to represent the
density distribution [18, 23, 51]. In this case, the reconstructed image is coded on 8-bit (0
to 255) greyscale level. Value 0 is black corresponding to minimum density. Value 255 is
white corresponding to maximum density. A greyscale level histogram of a volume with
200 µm × 200 µm × 200 µm (100 × 100 × 100 voxels) is shown in Figure A.1b), which is
expected statistically representative for cement paste at this scale. Note that this does
not mean that this is a representative volume element (RVE) of cement paste. If an RVE
exist depends on the process that is being considered, for fracture of softening materials
an RVE might not exist due to localization issues [297].

Similar to the greyscale level, there is a relation between density and mechanical
properties [349]. Therefore, an attempt is made here to correlate two values that are both
density dependent: greyscale level obtained from XCT, and micromechanical properties
of cement paste. With respect to bone material, elastic modulus can be linked to the CT
number for the finite element model [350–352]. The CT number is represented by the
Hounsfield unit and has a linear relationship with the greyscale level [353]. For cement-
based materials, no published data was found defining this relationship because of the
complex material structure. As the main aim of this study is to show the possibility
of using a continuous model for micromechanical modelling of cement paste, a sim-
ple linear relationship between the greyscale level and elastic modulus was assumed.
Nevertheless, this relationship has to be validated before it can be used as input for the
modelling. The distribution of the local Young’s modulus and hardness are plotted in
Figure A.2 with a bin size of 1 GPa from 0 to 120 GPa. To test this approach, a two-
sample Kolmogorov-Smirnov (K-S) test was performed. The K-S test is a non-parametric
test, which quantifies the distance between the cumulative distribution functions of two
samples [354, 355]. The null hypothesis of K-S test generally sets as that the samples are
drawn from the same distribution. For two given one-dimensional PDFs, the K-S statistic
is:

Dn,m = sup
∣∣F1,n (x),−F2,m (x)

∣∣ (A.1)

where F1,n and F2,m are the empirical distribution functions of the first and second sam-
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(a)

(b)

Figure A.1: Results of XCT: (a) a cubic volume of a reconstructed 3D microstructure; (b) histogram of greyscale level distribution
of a volume having 106 voxels (8 × 10 6 µm3).
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ple respectively, and sup is the supremum function. The null hypothesis is rejected at
level α if

Dn,m > c(α)

√
n +m

nm
(A.2)

where n and m are the sizes of first and second sample respectively. In general, the value
of c(α) is given by [356]:

c(α) =
√
−1

2
ln(

α

2
). (A.3)

Figure A.2: Histogram of Young’s modulus from nanoindentation experiments on cement paste

As shown in Figure A.3a, the two PDFs are linearly normalized to the range of 0 to 1
with a bin size of 0.01 and their cumulative probability functions are plotted in Figure
A.3b. Commonly, with respect to a porous material, its stiffness approaches zero before
its porosity equals 1 and a critical porosity (<100 %) always exists to represent the poros-
ity leading to the zero stiffness [357]. In the XCT scan, voxels with porosity higher than
the critical value can be detected (i.e. the air voxel with 100 % porosity has a greyscale
level equals 0). However, a micro volume with zero stiffness cannot be tested by nanoin-
dentation. Furthermore, a gap between the zero indentation modulus and minimum
detected modulus between 1 and 2 GPa with a probability of 0.3 % is also observed in
the PDF of elastic modulus. Therefore, to make these two distributions comparable,
voxels having undetectable indentation modulus have to be eliminated from the PDF
of greyscale level. For this purpose, a greyscale level (at the left tail) having the same
probability as the detectable stiffness was chosen as the threshold value (Tg=42). Voxels
having greyscale level lower than the threshold were then removed from the probability
distribution measurements. This makes the initial greyscale level have the same prob-
ability as the minimum detected indentation modulus. Note that the probability of the
minimum detected indentation modulus might change with the selected bin size. A bin
size of 1 GPa was adopted herein.
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(a)

(b)

Figure A.3: Comparison of distributions of Young’s modulus and greyscale level with normalized axis: (a) probability density
function; (b) cumulative probability function.
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In this case, Dn,m is regarded as the maximum distance between the two cumulative
probability curves which is calculated as 0.0348, and the c(α) is equal to 0.0351 with
respect to a common level of α=0.05 with m=1500 and n=125000 from Equation A.3.
Therefore, it is concluded from the K-S test that the null hypothesis cannot be rejected
indicating that the two samples are supposed to be drawn from the same distribution
with a 95 % confidence level. Therefore, for a specific greyscale level g of one voxel, its
local Young’s modulus can be addressed as:

Elocal = Min(F (x)+ (Max(F (x))+Min(F (x)))
g −Tg

255−Tg
, (A.4)

where Tg is the greyscale that corresponds to the voxel having modulus equals to zero
and equals 42 in this case. Min(F(x)) and Max(F(x)) are the minimum and maximum
values that can be derived from Young’s modulus histogram, and equal to 1 GPa and 120
GPa respectively. This procedure is schematically shown in Figure A.4.

Figure A.4: A sketch of the interval conversion.

Another parameter that obtained by nanoindentation is the microhardness which
can be further linked to the ultimate tensile strength of the probed micro volume. The
ratio between micro hardness and tensile strength varies between 3 to 183 for different
materials [358]. For cement paste, this ratio is found to be around 12 in Chapter 3. In
this study, micro-cubes of cement paste were created and split using a nanoindenter.
Tensile strength of individual phases in the material was then determined through in-
verse analysis. Since hardness of cement phases is known, a ratio between hardness and
tensile strength was then obtained. The PDF of measured hardness is plotted against
the greyscale level as shown in Figure A.5a. The two-sample K-S statistics as descripted
above shows a maximum distance: D =0.4392 ( Figure A.5b), which is greater than the
critical value c( α ) (0.0351) at the significance level: α = 0.05. This indicates that the
microhardness cannot be correlated with the greyscale level through a linear relation. In
order to determine the microhardness, an empirical model in a form of power exponent
(Hlocal = aElocal

b) is proposed to correlate the hardness with its corresponding Young’s
modulus and shows a good fit with a determination coefficient (R2) of 0.90 (Figure A.6).
Therefore, the local tensile strength can be determined as:

Flocal =
aElocal

b

12
(A.5)
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(a)

(b)

Figure A.5: Comparison of distributions of Young’s modulus and greyscale level with normalized axis: (a) histogram of two
distributions; (b) cumulative probability of two distributions.

where a and b are the empirical constants fitted from the experimental results. In this
case, a = 0.004288 and b = 1.626. Relationships developed in this section are used in the
micromechanical model as further described.

A.3. MODELLING APPROACH

F OR micromechanical modelling, the lattice-type model was used. The material het-
erogeneity can be easily considered by overlaying a material structure to the lattice

mesh. In the current study, the digitalized greyscale level based material structure was
used. The modelling details are as follows:

First, a volume of cube with length of 100 µm (50 voxels) was randomly extracted
from the greyscale images obtained by XCT (Figure A.7). The red colour represents the
material with highest density, while blue denotes the lowest density. For each voxel,
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Figure A.6: Relationship between hardness and Young’s modulus from nanoindentation.

its corresponding Young’s modulus and tensile strength were assigned according to its
greyscale level (as described in Section A.2.4). For the simulations at this scale local brit-
tle behaviour (a linear elastic, purely brittle constitutive law at beam level) is assumed.

Figure A.7: A greyscale based digital material structure of cement paste with a cubic dimension of 100 µm × 100 µm × 100 µm.

The extracted volume was then used to map the heterogeneity to the mesh that has
been generated in Chpater 3. Elasticity modulus of beam element was ascribed as the
harmonic average of the two connected voxels, while the tensile strength was assigned
as the lower value of the two. The elements connecting to the voxels with greyscale level
lower than Tg (determined in Section A.2.4) were removed from the mesh as these voxels
have undetectable indentation modulus. These removed elements represent the pre-
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(a)

(b)

Figure A.8: Distribution of assigned mechanical properties of beam elements: (a) Young’s modulus; (b) tensile strength.

existing defects in the system (see Section A.2.4). The distributions of input local me-
chanical properties are presented in Figure A.8.

After mapping micromechanical properties on the lattice mesh, a computational
uniaxial tensile test was performed. Nodal displacement was imposed at one side while
the deformation of nodes at the opposite side was completely restrained, see Figure A.9.

A.4. NUMERICAL REUSLTS AND DISCUSSION

A.4.1. RESULTS OF PROPOSED METHOD

F IGURE A.10 shows simulated stress-strain curve from where Young’s modulus (E),
tensile strength (ft ) and fracture energy (G f ) can be calculated. The Young’s modulus

can be computed from the initial slope of the curve, while tensile strength corresponds
to the peak point. Fracture energy was calculated from the post-peak part of the stress-
strain curve using Equation 5.1. The failure was set when displacement reaches 1 µm.
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Figure A.9: Lattice system under uniaxial tension.

Note that the calculated fracture energy would be somewhat different if a different "cut-
off" displacement was selected, but the main purpose of this work was to compare the
fracture energy between different specimens. Herein, the simulated micromechanical
properties are listed in Table A.1. Such high strength of cement paste at micro-scale was
recently experimentally measured in Chapter 4. For cement paste with w/c=0.4 (pre-
pared in the same way and using the same materials as that used in the present study),
the nominal splitting strength was found to be 18.72 MPa on average with a standard
deviation of 3.85 MPa. The tensile strength at this scale is almost one order of magni-
tude lager than the value of laboratory centimetre sized samples. This trend has been
shown by the material structure informed multi-scale fracture modelling as presented
in Chapter 8. Similar trend was observed in other quasi-brittle materials, e.g. nuclear
graphite both experimentally [186] and numerically [106]. The value of Young’s modulus
obtained in the simulation (28.53 GPa) is in between the results reported by Lukovic et al.
(around 33 GPa) [19] and Chapter 5 (21.07±3.01 GPa), and close to the elastic resonance
measurements (around 25 GPa, Chapter [77]). The difference between the results re-
ported in the literature could be explained by the heterogeneity nature of such material
which introduces the fluctuation of its micromechanical properties.

Table A.1: Simulated micromechanical properties of Portland cement paste (w/c=0.4), corresponding with A.10.

Young’s modulus Tensisle Strength Strain at peak load Fracture Energy
(GPa) (MPa) (%) (J/m2)
28.53 20.01 0.08 5.89

The deformed specimen in the final failure state is presented in Figure A.11a. The
red elements represent material with relatively high modulus and strength, which can
be regarded as the stiff inclusion in the structure (possibly anhydrous cement clinkers).
It is clear that a main crack disturbed by the stiff inclusion forms through the middle
part of the volume. Similar behaviour was reported by Lukovic et al. [184]. Furthermore,
crack branching and trapping are also observed. In order to have a clear look of the crack
distribution and formation progress, the fracture patterns at certain failure stage are pre-
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Figure A.10: Simulated stress-strain curve of cement paste under uniaxial tension test (points for which crack patterns are
displayed are marked).

sented following. As shown in Figure A.11b, the distributed microcracks tend to initiate
in the vicinity of the pre-existing defects where stress concentrations occur. After a cer-
tain level, the distributed micro cracks start localizing and nucleating and failure of the
specimens follows (Figure A.11c). At the final stage (Figure A.11d), a main crack perpen-
dicular to the loading direction is formed, leading to the failure of the test specimen.

A.4.2. INFLUENCE OF HETEROGENEITY

In order to investigate the influence of heterogeneity on the micromechanical perfor-
mance of material structure, micromechanical properties presented in Figure A.8 were
randomly distributed to the same lattice mesh, which means that each value of modu-
lus/strength is simply randomly assigned to a lattice element in the mesh. This way, the
connectivity of phases is neglected. Note that elements having no strength/stiffness are
kept at the same locations. In this way, a randomized microstructure was formed and
its fracture performance under uniaxial tension was computed and compared with the
results considering the “realistic” microstructure. The simulated stress-strain curve and
its corresponding micromechanical properties are presented in Figure A.12 and Table
A.2. It is observed that the two cases have similar stiffness with difference in a range of
5%, because the input micromechanical properties have the same PDF. Unlike the elastic
modulus of composite materials that is influenced by the properties of material compo-
nents and their relative amounts, the (fracture) strength is governed by the weakest link
in the system. Furthermore, the connectivity of weak phases (or pores) is present in the
“real” system but is lost in the “random” system. As presented in Figure A.13, a com-
pletely different fracture pattern is observed. The main crack leading to the final failure
shifts to the upper side. More distributed micro cracks are formed before the localization
and nucleation happen in the randomized microstructure. Therefore, as expected, the
randomized microstructure has significantly higher strength, enables more deformation
when reaches the peak load, and releases more fracture energy. Furthermore, it is worth



A.4. NUMERICAL REUSLTS AND DISCUSSION

A

215

(a) (b)

(c) (d)

Figure A.11: Simulated fracture pattern of greyscale based microstructure: (a) deformed specimen with cracked elements at
the final stage with a strain of 0.01; (b) crack pattern at elastic stage with 5000 elements cracked; (c) crack pattern at peak
load with 14281 cracked elements; (d) crack pattern at the final stage with 53097 cracked elements (black represents cracked
element; blue elements in the crack pattern represent elements having no strength/stiffness which are considered as the pre-
existing defects in the simulation).
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mentioning that a sharper decrease occurs after reaching the peak load for the random-
ized microstructure, which is mainly attributed to the larger amount of pre-peak micro
cracks compared to the “realistic” microstructure. On the other hand, for the “realistic”
microstructure, localized cracks develop around the “stiff inclusions” (mainly anhydrous
clinker particles) after the initial cracking stage [19]. These cracks tend to interconnect
more easily, but make more tortuous crack patterns, which enable more stable post-peak
behaviour.

Figure A.12: Comparison of simulated stress-strain diagrams for realistic microstructure and randomized microstructure
(points for which crack patterns are displayed are marked).

Table A.2: Simulated micromechanical properties of randomized material structure.

Young’s modulus Tensisle Strength Strain at peak load Fracture Energy
(GPa) (MPa) (%) (J/m2)
30.08 64.99 0.3 20.45

A.4.3. COMPARISON WITH METHOD CONSIDERING DISCRETE PHASES
For comparison, the method considering discrete phases (4-phase method) was per-
formed on the same material structure. The input micromechanical properties of indu-
vial phases and their relative volume amount were derived from the statistical nanoin-
dentation as shown in Figure A.14. This was achieved by a statistical deconvolution
method consisting of fitting the experimental cumulative distribution of the measured
modulus as described in [92]. It is assumed in this method that the distribution of each
parameter is a combination of several Gaussian distributions, each corresponding to a
different phase. Three phases, namely outer hydration products (Phase 1), inner hydra-
tion products (Phase 2) and anhydrous cement clinkers (Phase 3) were determined and
listed in Table A.3. It is important to notice that these hydration products are averages
overall all types of hydrates (including Portlandite, Ettringite, and Calcium Silicate Hy-
drates (C–S–H) of different mass densities) and small capillary pores. Although it is still
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Figure A.13: Simulated fracture pattern of randomized microstructure: (a) deformed specimen with cracked elements at the
final stage with a strain of 0.01; (b) crack pattern at initial stage with 5000 elements cracked; (c) crack pattern at peak load with
63677 cracked elements; (d) crack pattern at the final stage with 121464 cracked elements (black represents cracked element;
blue elements in the crack pattern represent elements having no strength/stiffness which are considered as the pre-existing
defects in the simulation).
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under debate whether 3 phases should be distinguished from the statistical nanoinden-
tation and what they indeed represent, again, the purpose of adopting this deconvolu-
tion method is to compare with the method using a continuous material structure pro-
posed in this work. The distinction of two types of hydration products, inner and outer
hydration products, is adopted here for simplification.

The elastic moduli of distinct phases (Table A.3) determined in the current work are
somewhat different from those reported results in the literatures [16, 86, 97]. This is be-
cause the current results are derived from a different indentation depth, which results in
a different interaction volume. The next step is related with segmentation phases from
the greyscale level based microstructure. For this purpose, the global threshold method
was applied. The cumulative distribution of greyscale level was used to determine the
threshold value (see Figure A.15). In the current work, the upper threshold value of capil-
lary pore (P) was determined by the tangent-slope method [43] in which greyscale value
at inflection point in the cumulative distribution curve is used. This point represents
the critical point where a small increment in the threshold value will cause a sharp in-
crease in the segmented volume fraction of pores. The threshold of the rest phases were
set to meet their relative amount determined by statistical nanoindentation. The deter-
mined relative amount is 0.0949, 0.6184, 0.2128 and 0.0740 for capillary pores (P), outer
hydration products (O), inner hydration products (I) and anhydrous cement clinkers (A)
respectively. The four intervals are then formed, and the voxel’s phase can be labelled
according to the interval its greyscale level falls in. The segmented material structure
and its corresponding lattice mesh are presented in Figure A.16 and Figure A.17 respec-
tively. Note that elements connecting the voxel labelled as pore were eliminated from
the mesh. Therefore, six types of elements with different mechanical properties were
generated (Table A.4).

Figure A.14: Experimental and theoretical probability density function plots of Young’s modulus from statistical indentation

As shown in Figure A.18, the simulated stress-strain curve of the 4-phase composite
is compared with the results from greyscale level based microstructure. Although sim-
ilar stress-strain response is found for the two methods, the 4-phase composite has a
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Table A.3: Micromechanical properties of distinct solid phases determined by the deconvolution method and Equation A.5.

Phase name
Young’s modulus Tensisle Strength Relative amount
(GPa) (MPa) (%)

Outer hydration products 23.82 61.94 68.51
Inner hydration products 42.06 156.13 23.99
Anhydrous cement clinkers 90.30 540.78 7.5

Figure A.15: Schematic view of threshold value determination.

somewhat lower stiffness but higher strength and fracture energy (Table A.5). The lower
stiffness is mainly attributed to the higher porosity included in the material [182], while
the higher strength is because of the big difference between assigned mechanical prop-
erties. For example, the anhydrous cement particle works as the stiff inclusion in the
matrix, forcing the crack to propagate around it. This results in a more tortuous and over-
lapped crack pattern. Thus, a more stable crack propagation and higher strength can be
expected. The higher porosity in the 4-phase method reduces the number of elements
in the lattice system, which makes the main crack forms with less cracked elements, as
more pre-existing defects can be localized or nucleated to form to the main crack. Fig-
ure A.19 shows the cracked 4-phase composite at final stage and the crack patterns at
certain deformation levels. Although it is observed that the crack patterns at pre-peak

Table A.4: Local mechanical properties of lattice elements.

Element type Young’s modulus (GPa) Tensisle Strength (MPa)
A-A 90.30 540.78
A-I 57.89 156.13
A-O 37.70 61.94
I-I 42.06 156.13
I-O 30.42 61.94
O-O 23.82 61.94
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Figure A.16: 4-phase microstructure segmented from greyscale level based microstructure in A.7.

Figure A.17: Lattice discretization of 4-phase microstructure.

stage are different for these two methods because of the difference in the pre-existing
defects spatial distribution, the final crack patterns at final stage are almost identical to
each other. This indicates that, on one hand, the pre-peak crack propagation is mainly
governed by pre-existing defects, one the hand the stiff inclusions have more influence
on the post-peak crack propagation and localization. This is in accordance with expec-
tations: the pre-peak phase is characterised by microcrack growth, which is influenced
by the defects, while the post peak phase is characterised by bridging and branching,
which are influenced by the inclusions.

A.5. GENERAL DISCUSSION

A S shown in the comparison, a similar fracture pattern and stress-strain response is
found in between the 4-phase method and greyscale level based method. It is dif-
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Figure A.18: Comparison of simulated stress-strain diagrams for greyscale level based microstructure and 4-phase microstruc-
ture (points for which crack patterns are displayed are marked).

Table A.5: Simulated micromechanical properties of 4-phase composite microstructure.

Young’s modulus Tensisle Strength Strain at peak load Fracture Energy
(GPa) (MPa) (%) (J/m2)
22.61 22.64 0.12 8.28

ficult to determine which method gives more satisfactory results on the micromechan-
ical modelling, but the proposed approach is more generic and direct. It requires less
processing steps (no need for deconvolution or averaging of properties, which might in-
troduce errors) and can be always applied once the link is made between the greyscale
value and the micromechanical properties. As the intrinsic heterogeneity of cement
paste is directly implemented from the XCT scanning, no additional assumptions need
to be made with regard to distribution of local micromechanical properties. The 4-phase
method distinguishes four homogeneous phases with distinct material properties (no
gradients are considered due to deconvolution and averaging); in reality, none of the
phases considered is completely homogeneous, and a gradient of material properties in
each of the phases might exist. This is probably captured better with the current model.
With respect to the application, the grey-scale based method requires less prior knowl-
edge, as no processing of the XCT images and the measured micromechanical properties
is required. Therefore, the greyscale level based method shows advantages in microme-
chanical modelling of a composite material with limited knowledge on the microstruc-
ture and micromechanical properties of its constituents. However, it should be noted
that the local micromechanical properties should be the representative of the XCT reso-
lution. This is because, with resolution variation, different amounts of capillary porosity
or defects may be included in a voxel thereby introducing different micromechanical
properties of the voxel. Therefore, when this method is applied, the interaction volume
probed by the nanoindenter must be kept the same as the image voxel size. It is worth
mentioning that this issue should also be considered when using the 4-phase method.
Furthermore, it is possible to improve the spatial resolution of current microstructure
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(a) (b)

(c) (d)

Figure A.19: Simulated fracture pattern of the 4-phase composite: (a) deformed specimen with cracked elements at the final
stage with a strain of 0.01; (b) crack pattern at initial stage with 500 elements cracked; (c) crack pattern at peak load with 1848
cracked elements; (d) crack pattern at the final stage with 23917 cracked elements (black represents cracked element; blue
elements in the crack pattern represent elements having no mechanical properties which are considered as the pre-existing
defects in the simulation).
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to 0.5 microns by XCT scanning without changing the scanned size of the specimen,
or to 50 nm resolution with different setting [359, 360]. But, again, the corresponding
micromechanical properties should be determined from a smaller interaction volume.
This can be achieved by deriving data from a shallower depth of nanoindentation test
or using other techniques such as atomic force microscopy [361]. Furthermore, current
limitations of the proposed method should be addressed. As we focus on the feasibility
of the proposed continuous method, the relationship between the greyscale level and
local mechanical properties was determined by assumption and statistical analysis. Al-
though a validation procedure was carried out to prove the correctness of the assump-
tion, a physical explanation is still lacking. Therefore, a throughout understanding of the
relationship between the greyscale level and local mechanical properties is expected to
be gained in the future to achieve the automatic assignment of local micromechanical
properties from XCT data for the micromechanical modelling.

A.6. CONCLUSIONS

I N this work, a new approach for micromechanical modelling of cement paste is pro-
posed. Without the need for explicit identification of distinct phases, the intrinsic

heterogeneity of cement paste is directly implemented using original greyscale images
obtained by XCT. The PDFs (i.e. histograms) of nanoindentation measurements (both
Young’s modulus and microhardness) and greyscale value were normalized linearly and
tested by a two-sample K-S statistics, showing that a strong linear relationship exists
between Young’s modulus and greyscale level, while microhardness has a weak linear
correlation with grayscale value. An empirical model in a form of power exponent was
therefore proposed to correlate the hardness with its corresponding Young’s modulus
and showed a good fit. The micromechanical properties (E modulus and micro hard-
ness) were then mapped to the voxels according to their greyscale level.

The deformation and fracture of a greyscale level based microstructure was simu-
lated using a discrete lattice model. The influence of material heterogeneity and phase
distribution on the mechanical performance is studied by comparing a “realistic” and
a “randomized” microstructure. Although similar elastic moduli are obtained, much
higher strength and more distributed micro cracks are observed in the “randomized” mi-
crostructure. Therefore, the distribution of heterogeneous phases in a composite quasi-
brittle material like cement paste is critical when it comes to the overall mechanical be-
haviour. Phase connectivity plays an important role in the process of crack propagation
and growth. If the phases are clustered in stiff and strong particles and weak interfaces, it
will lead to a much lower strength of the composite than in the case the same properties
are randomly distributed over the sample. This leads to strong limitations when use of
RVE and homogenization are considered for composites with crack localization.

The fracture behaviour of greyscale level based microstructure is also compared with
the method considering discrete phases. The comparison shows that the strength of
material obtained by the method considering discrete phases is higher compared to the
method of greyscale level based microstructure. This might be attributed to the addi-
tional processing steps that are applied in the method considering discrete phases: de-
convolution and averaging. Errors and biases might occur in any of these steps.

The proposed method is promising, because it captures the gradient of material prop-
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erties in cement paste that is more realistic. However, a physical understanding behind
the relationship between the XCT data and local micromechanical properties is still not
sufficiently understood and deserves further study. It is expected that, in the future, the
fracture behaviour of different types of binders at the micro-scale possibly can be stud-
ied based only on XCT and the reliable link between the greyscale value obtained by
XCT and micromechanical properties measured by nanoindentation as proposed in this
study.
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[315] W. Trawiński, J. Tejchman, J. Bobiński, A three-dimensional meso-scale modelling
of concrete fracture, based on cohesive elements and x-ray µct images, Engineer-
ing Fracture Mechanics 189 (2018) 27–50.

[316] O. Yılmaz, J.-F. Molinari, A mesoscale fracture model for concrete, Cement and
Concrete Research 97 (2017) 84–94.

[317] I. Carol, C. M. López, O. Roa, Micromechanical analysis of quasi-brittle materi-
als using fracture-based interface elements, International Journal for Numerical
Methods in Engineering 52 (1-2) (2001) 193–215.

[318] P. Wriggers, S. Moftah, Mesoscale models for concrete: Homogenisation and dam-
age behaviour, Finite elements in analysis and design 42 (7) (2006) 623–636.

[319] M. Tijssens, L. Sluys, E. Van der Giessen, Simulation of fracture of cementitious
composites with explicit modeling of microstructural features, Engineering Frac-
ture Mechanics 68 (11) (2001) 1245–1263.

[320] L. Snozzi, A. Caballero, J.-F. Molinari, Influence of the meso-structure in dynamic
fracture simulation of concrete under tensile loading, Cement and Concrete Re-
search 41 (11) (2011) 1130–1142.

[321] G. Lilliu, J. Van Mier, On the relative use of micro-mechanical lattice analysis of
3-phase particle composites, Engineering Fracture Mechanics 74 (7) (2007) 1174–
1189.

[322] J. Kozicki, J. Tejchman, Modelling of fracture process in concrete using a novel
lattice model, Granular Matter 10 (5) (2008) 377–388.

[323] G. Ruiz, A. Pandolfi, M. Ortiz, Three-dimensional cohesive modeling of dynamic
mixed-mode fracture, International Journal for Numerical Methods in Engineer-
ing 52 (1-2) (2001) 97–120.

[324] A. Caballero, C. López, I. Carol, 3D meso-structural analysis of concrete specimens
under uniaxial tension, Computer Methods in Applied Mechanics and Engineer-
ing 195 (52) (2006) 7182–7195.

[325] A. Caballero, I. Carol, C. López, A meso-level approach to the 3D numerical analy-
sis of cracking and fracture of concrete materials, Fatigue & Fracture of Engineer-
ing Materials & Structures 29 (12) (2006) 979–991.



REFERENCES

A

249

[326] J. M. Sancho, J. Planas, A. M. Fathy, J. C. Galvez, D. A. Cendon, Three-dimensional
simulation of concrete fracture using embedded crack elements without enforcing
crack path continuity, International Journal for Numerical and Analytical Methods
in Geomechanics 31 (2) (2007) 173–187.

[327] X. Su, Z. Yang, G. Liu, Finite element modelling of complex 3d static and dynamic
crack propagation by embedding cohesive elements in abaqus, Acta Mechanica
Solida Sinica 23 (3) (2010) 271–282.

[328] S. Shahbeyk, M. Hosseini, M. Yaghoobi, Mesoscale finite element prediction of
concrete failure, Computational Materials Science 50 (7) (2011) 1973–1990.

[329] Y. Huang, Z. Yang, W. Ren, G. Liu, C. Zhang, 3D meso-scale fracture modelling and
validation of concrete based on in-situ x-ray computed tomography images using
damage plasticity model, International Journal of Solids and Structures 67 (2015)
340–352.

[330] Z. Qian, E. Garboczi, G. Ye, E. Schlangen, Anm: a geometrical model for the com-
posite structure of mortar and concrete using real-shape particles, Materials and
Structures 49 (1-2) (2016) 149–158.

[331] C. Du, L. Sun, S. Jiang, Z. Ying, Numerical simulation of aggregate shapes of
three-dimensional concrete and its applications, Journal of Aerospace Engineer-
ing 26 (3) (2011) 515–527.

[332] L.-Y. Lv, H. Zhang, E. Schlangen, Z. Yang, F. Xing, Experimental and numerical
study of crack behaviour for capsule-based self-healing cementitious materials,
Construction and Building Materials 156 (2017) 219–229.

[333] P. Stroeven, Some aspects of the micromechanics of concrete, Ph.D. thesis, Delft
University of Technology, Delft, The Netherlands (1973).

[334] A. Vervuurt, E. Schlangen, J. G. Van Mier, Tensile cracking in concrete and sand-
stone: Part 1—basic instruments, Materials and Structures 29 (1) (1996) 9–18.
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inspiring discussions since the first beginning of this project.

Special thanks also goes to my office mates: Shi Xu (Qilin Wang), Wenjuan Lyu, Xuhui
Liang, Kamel Arbi. Our office is perhaps the most quietest but efficient one in the 6th

floor. It is my true pleasure to share my research life day and night with all of you.
I would like to thank Yading Xu and Yidong Gan. Thanks for walking with me in the

journey. Thanks to them, I am not alone in the lab. I remember every moment when we
sit in the chairs waiting for the results of laboratory tests. It is my honour to work with
these two brilliant and unselfish young PhD researchers.

I am very thankful to those who make our lab work possible: Arjan Thijssen for his
helping in ESEM and XCT scanning, Maiko van Leeuwen for operating the Instron ma-
chine and making such enjoyable atmosphere of the lab, Johon van den Berg and Ton
Blom for their kind helps. Many thanks goes to Paul Vermeulen, who always helps me
with repairing the small tension/compression stage. I also want to thank our secretaries:
Jacqueline, Iris, Claire, Nynke. Thanks for all their kind helps with all these “little things”.
Without them, these “little things” would become big troubles for me.

My gratitude also goes to Stefan Chaves Figueiredo and Bianca Fraga Silva, Yu Chen,
Claudia Romero Rodríguez and Fernando Franca de Mendonca Filho, Marija Nedeljković
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