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CHAPTER 1

GENERAL INTRODUCTION

This chapter introduces the background and motivation of the current research. The
urgency and challenges of ageing concrete structures are addressed. The focus is then
fixed to one of the typical ageing phenomena, i.e., the fatigue of concrete. The layout of
the thesis, objectives, methodology and scope of the research are given.



CHAPTER 1

1.1 RESEARCH BACKGROUND

1.1.1 GENERAL AGEING PHENOMENON

Ageing is an inherent feature of natural and man-made materials, including
cementitious materials [1]. Ageing can be defined as the change of performance of
materials, structures or systems with elapsed time. The origin of ageing can be traced
back to the atomic scale, where fundamental entities are continuously moving with a
probability to leave their original position. It is the nature of all matter and lies at the
basis of ageing processes. In addition, a variety of gradients at different scales, e.g.
temperature, humidity and ion concentration, are driving forces of ageing, promoting
changes with elapsed time. Therefore, ageing research must be multi-scale and multi-
disciplinary.

The ageing phenomenon involves slow and irreversible alteration of chemical or
physical (micro)structures, which is generally detrimental to the material properties. It
may lead to the gradual loss of the function of a structure or a system with increasing
likelihood of failure. According to [2], a substantial part of the world’s infrastructure
structures has been built between the fifties and eighties of the past century. Their
average service life is around 50 to 80 years. This means that these structures have
experienced ageing for along time and will reach the end of their lifetime in the coming
decades. A vast investment on the maintenance and repair of the structures is inevitable,
and is already becoming a huge financial burden for the society.

Although the awareness of ageing has increased recently, one major concern is
that people simply do not know what condition a structure is in, nor how its condition
is changing over its lifetime. In other words, it is difficult to predict the ageing process
as it may start already in the stage that a structure is still performing well according to
its specifications. Figure 1-1 illustrates the evolution of the performance of an ageing
system. It indicates that after a short period of ‘teething’ problems, the system will reach
the required level of performance. That is the level at which the system should
demonstrate its capacity to meet safety and functional criteria. This seems to be a
dormant period, where ‘nothing happens’ at the macroscale. However, multiple hidden
ageing processes atlower scales are actually ongoing and lead to imperceptible changes
of system performance. After a certain period, the performance of the system starts to
decay. If timely and appropriate maintenance or repair is not provided to the system,
this may lead to disastrous consequences.
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Figure 1-1 Evolution of the performance of an ageing system [1]

The understanding of ageing mechanisms at the material level is the key to dealing
with ageing issues. Based on the knowledge at the fundamental level, reliable models
can be developed to describe and predict the change of performance of a system with
time. An associated challenge is the development of appropriate tests, which are also
needed to validate these predictive models. By using these predictive tools, we should
be able to design materials and structures such that their service life can be extended
and savings can be harvested, and to better plan and predict repair and maintenance
activities. Furthermore, it may help in making decisions whether a structure should be
demolished or repaired.

1.1.2 FATIGUE OF CONCRETE

As one of the typical ageing phenomena, fatigue is usually defined as a process of
progressive, permanent change in the internal structure of the material [3,4]. These
changes are mainly attributed to the progressive growth of internal microcracks, which
may eventually coalesce into macrocracks and lead to the complete fracture [5,6]. Many
concrete structures, such as off-shore structures, tall buildings, roads and bridges, are
inevitably subjected to fatigue or some kind of cyclic loading [7-9]. As far as the cyclic
loading is concerned, this could be caused by environmental factors, e.g., winds, waves
and temperature differences, or it may also be due to mechanical effects such as the
passage of vehicles or trains, machine tool loading and impacts.

The fatigue of concrete has received considerable research attention. There are
several reasons for the recent interest in this type of loading for concrete [10]. Firstly, it
has been recognised that the fatigue loading may have significant influence on the
material properties, especially on the mechanical and transport properties. Secondly,



CHAPTER 1

the growth of serious overloading due to the raising number of heavy vehicles on
concrete bridges or pavements is a major cause for accelerating ageing of
transportation infrastructures. In addition, more slender and light concrete structures
have recently been built thanks to the application of high strength concrete and
lightweight concrete, accompanied by reductions in safety margins. This further
increases the percentage of the live load in the total load and accelerates the fatigue
damage evolution in concrete structures. Generally, fatigue failure in structural
components occurs suddenly under cyclic loads with a magnitude much lower than
their static load bearing capacity [6,11]. Moreover, hardly noticeable fatigue induced
damage that accumulates over a long time could also severely deteriorate concrete
structures [12,13]. Therefore, a clear understanding the fatigue behaviour of concrete
is of great importance for ensuring the safety and durability of these structures.

The phenomenon of concrete fatigue is very complex as it involves multiple spatial
scales owing to the multiscale heterogeneous nature of concrete [14,15]. Figure 1-2
illustrates the material structures of cement-based material at different length scales:
at the nanoscale, the calcium-silicate-hydrate (C-S-H) is generally considered as the
‘basic building blocks’ of concrete [16], which has a sheet-like molecular structure [17];
the packing of these C-S-H sheets further forms the C-S-H globule (or C-S-H particle) at
the sub-microscale [18]; for the main binding phase in the concrete, i.e., the cement
paste, different packing densities of C-S-H particles, along with unhydrated cement
(UHC) grains, capillary pores and other hydration products can be recognised at the
microscale; while at the mesoscale, the cement paste becomes the main constituent of
the mortar, which also comprises small aggregates and the interfacial transition zone
(ITZ) between the aggregate and the paste matrix; when the larger aggregates are
added, the length scale moves up to the concrete level; eventually, at the macroscale or
structural level, the concrete can be simply considered as a homogeneous and isotropic
solid, which facilitates the design of concrete structures. Besides, the presences of
numerous pores and cracks ranging from sub-nanometres to centimetres, along with
the wide scope of sizes of ingredients in concrete, lead to complex mechanical
interactions, i.e. fracture and crack propagation, at different scales [19]. Therefore, the
concrete can be considered as a complicated system [20]. To address the essential
question of how the fatigue fracture process happening at smaller scales affects the
macroscopic fatigue performance of concrete, experiments and simulations are needed
at every scale.



CHAPTER 1

Macroscale
>10" m
Conerete structure

Mesoscale
102~10"'m
Concrete

Mesoscale
10°~107 m
Mortar

Microscale
104 m
Hydration products and clinker

Sub-microscale
107 m
C-S-H gel and capillary pore

Nanoscale
10°m
" C-S-H sheets

Figure 1-2 A multiscale view of heterogeneous cement-based materials adapted from [17,21-23]

1.2 OBJECTIVE AND SCOPE

This work aims to improve the knowledge regarding the fatigue behaviour of
cementitious materials at the microscale and to develop a multiscale modelling scheme
from micro- to mesoscale to estimate the fatigue properties. This study also aims to
reveal the fatigue damage and residual deformation evolution in cementitious
materials, and offer a reference to engineers and researchers for assessing the ageing
of concrete structures subjected to the cyclic loading, and to designers for designing
structures to meet their expected service life. The main objective is achieved through
the following objectives:

» Development of novel experimental techniques for characterisation of
mechanical and fatigue properties of cementitious materials at the microscale. This
includes preparation and testing of micrometre sized specimens.

» Investigation of fatigue fracture, fatigue damage and residual deformation
evolution of cement paste and ITZ at the microscale.
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» Development of a modelling approach for simulating the micromechanical and
fatigue behaviour of cementitious materials. The microstructures of cement paste and
ITZ need to be considered in the model. The input parameters for micromechanical and
fatigue properties of constituents in cement paste and ITZ need to be identified through
a calibration and validation procedure using experimental results.

» Development of a proper upscaling approach that could bridge two scales, i.e.
micro and mesoscale. In this approach, the mechanical and fatigue properties obtained
at the microscale can be directly used as the inputs in the mesoscopic simulations of
mortar. Therefore, the origin and evolution of the fatigue fracture process at a lower
scale can be captured and their impacts at a higher scale of observation can be
reproduced.

« Investigation of the effect of material structure at different length scales on the
macroscopic fatigue performance of cementitious materials using the developed model.

In this research, ordinary Portland cement CEM 142.5 N is used as the binder of
cementitious materials. In total three w/c ratios, i.e. 0.3 0.4 and 0.5, are used in this
study. All specimens are cured in sealed conditions at room temperature for 28 days.
The experimental work focuses on the flexural fatigue properties of cementitious
materials. With regard to the fatigue loading scheme, only the cyclic load with a constant
stress amplitude is used. In the numerical investigation, both the flexural and uniaxial
fatigue behaviour is simulated and analysed. Since significant computational time is
required for the fatigue simulation, the two-dimensional (2D) modelling is used in
current study.

1.3 STRATEGY OF THE RESEARCH

The strategy to achieve the objectives of this research is as follows:

« Firstly, a precision micro-dicing machine is used to fabricate micrometre sized
samples. With the help of a nanoindentation measurement device, micro-bending tests
are performed to study the flexural fatigue behaviour of two major components in the
mortar, i.e, the cement paste and the interfacial transition zone (ITZ). The fatigue life,
stiffness evolution and residual deformation can be obtained from these tests. The
fatigue fracture surface and damage evolution are assessed using an Environmental
Scanning Electron Microscope (ESEM) and X-ray computed tomography (XCT).

« Secondly, a numerical model using a 2D lattice network is developed to simulate
the fatigue behaviour of cementitious material at the microscale. Images of 2D
microstructures of cement pastes and ITZ obtained from XCT tests are used as inputs
and mapped to the lattice model. Different local mechanical and fatigue properties are
assigned to different phases of the cement paste and interfacial transition zone. A cyclic
constitutive law is proposed for considering the fatigue damage evolution. Fatigue
experimental results obtained at the same length scale are used to calibrate and validate
the model.
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» For upscaling of the mechanical and fatigue properties, a parameter-passing
scheme is adopted. In this way, the simulated output properties of cement paste from
the microscale modelling are used as input properties for mesoscale modelling. The
local mechanical and fatigue properties considered in the multiscale modelling mainly
consist of strength, elastic modulus and the relationship between the fatigue life and
stress level.

» By using the above modelling strategies, the effects of material structures on the
global fatigue performance of cementitious materials can be properly simulated. This
can help to understand the multi-scale fracture mechanism of such materials under
fatigue loading. Possible strategies to mitigate fatigue related ageing process are
discussed based on the obtained knowledge in this study.

1.4 OUTLINE OF THE THESIS

This thesis is divided into eight chapters, including an introduction (Chapter 1)
and conclusions (Chapter 8). The thesis layout is given in Figure 1-3. This current
chapter presents the general introduction. Chapter 2 gives a literature survey of the
knowledge regarding fatigue behaviour of cement-based materials.

Chapter 3 presents an experimental investigation of fatigue properties of cement
paste at the microscale. Micro-cantilever cyclic bending tests are performed using a
nanoindenter. The size dependency of flexural fatigue life of cement paste specimen is
investigated. Microscopic observations with ESEM on both static and fatigue fractured
surfaces are compared. The fatigue damage evolution is assessed based on the loading
stiffness evolution and observations with the XCT technique. The possible mechanisms
for the development of residual deformation for cement paste subjected to cyclic
loading are discussed.

In Chapter 4, the flexural strength and fatigue properties of ITZ are experimentally
investigated at the micrometre length scale. The hardened cement paste cantilevers
attached to a quartzite aggregate surface are prepared and tested under monotonic and
cyclicload. The comparison of micromechanical and fatigue properties between the ITZ
and cement paste is conducted. The results presented in Chapter 4, together with
previous experimental investigations on the cement paste provides an experimental
basis for a multiscale analysis of mortar in the following chapters.

Chapter 5 and Chapter 6 present a numerical model using a 2D lattice network to
investigate the fatigue behaviour of cement paste and ITZ at the microscale.
Microstructures and local mechanical and fatigue properties are assigned to the model.
The flexural fatigue properties, in terms of S-N curve, stiffness degradation and fracture
pattern, are obtained. The uniaxial tensile fatigue behaviour of the cement paste and
ITZ are also simulated. The effects of microstructure and stress level on the fatigue
fracture are studied using the proposed model.
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Chapter 7 focuses on the multi-scale modelling scheme. The obtained mechanical
and fatigue properties at the microscale are used as inputs in the mesoscopic modelling.
The mesostructure of mortar is considered in the mesoscopic model. The obtained
numerical results are compared with available experimental data in literature.

Chapter 8 summarizes the work in this thesis and gives conclusions and prospects.
Remarks and recommendations for further research are presented.

{ Chapter 1 Introduction J

[Chapter 2 Literature reviewJ

Experimental study Numerical study
4é )

Chapter 3 Micromechanical Chapter 5 Lattice modelling
and fatigue properties of of fatigue response of
cement paste at microscale cement paste at microscale

r Y
Chapter 4 Micromechanical Chapter 6 Lattice modelling
and fatigue properties of ITZ of fatigue behaviour of ITZ
at microscale at microscale
\_ 4 \_

Chapter 7 Mesoscopic
modelling of fatigue behaviour
of mortar using output from the

microscopic modelling

|
[ Chapter 8 ConclusionJ

Figure 1-3 Outline of the thesis
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CHAPTER 2

LITERATURE REVIEW

This chapter gives an overview on fatigue behaviour of cementitious materials. Firstly,
the influencing factors for fatigue behaviour are briefly reviewed. Afterwards, a literature
survey of experimental characterisation techniques for fatigue damage evolution is
presented. Moreover, general models and theories for fatigue analysis are summarized.
Based on the current literature state of the art, knowledge gaps that are going to be
bridged in this thesis are outlined.
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2.1 INTRODUCTION

The word fatigue originated from the Latin expression fatigare, which means ‘to
exhaust’. Even though it is commonly used to describe the physical or mental tiredness
of people, the word fatigue has also become a widely accepted term in engineering
vocabulary for describing the damage and failure of materials under repeated loading
[1]. Studies on fatigue date back to the nineteenth century, during which several
disastrous railroad accidents due to fatigue were reported [2]. These tragic accidents
forced railway engineers to pay serious attention to fatigue issues in metallic materials.
At the beginning, fatigue was thought to be a mysterious phenomenon because fatigue
failure occurred abruptly without any visible warning [3]. Therefore, numerous
investigations have been conducted to understand the nature of fatigue in metals.
Noteworthy research on fatigue was done by the German engineer August Wohler, who
performed the first systematic fatigue investigations on railway axles during the period
1852-1869 [4]. He developed the well-known Wohler curve and recognised that the
fatigue is a fracture phenomenon occurring after a large numbers of load cycles with
the loading magnitude much lower than the strength.

Despite the early attention on fatigue of metallic materials, the interest on fatigue
of cement-based material lagged for nearly 40 years. Considére and De Joly conducted
the first fatigue tests on mortar specimens [5,6]. Investigations on concrete fatigue, like
those on metal fatigue, were also motivated by practical problems. In general, two types
of fatigue loading can be defined [7], i.e. the low-cycle fatigue with high stress levels
(such as earthquakes, storms, etc.) and the high-cycle fatigue with relatively low stress
levels (traffic loading, wind and wave loading, etc.). Numerous concrete structures
suffer from serious safety and durability issues caused by these two types of fatigue
loading [7-9]. Therefore, it is important to understand the fatigue behaviour of concrete
for practical purposes. Since concrete is a quasi-brittle material with multiscale
heterogeneous material structure, the mechanisms of fatigue are quite different from
those of metallic materials. Fatigue crack propagation in concrete is a very complex
process, involving damage accumulation at multiple length scales. The macroscopic
fatigue performance of concrete not only depends on the material structure and fatigue
properties of components at different scales, such as w/c ratio [10,11], porosity [11-
13], binder type [14-16], addition of fibre [17-21] and aggregate type [22,23], but is
also influenced by several external factors, such as temperature [24], moisture content
[24,25], maximum stress level [8,26], loading frequency [27,28] and rest period [29,30],
etc.

Over the past century, tremendous efforts have been devoted to concrete fatigue
[31-34]. Unlike the relatively well-understood fatigue mechanisms in metal fatigue, a
clear understanding of fatigue behaviour of concrete is still missing. Many important
scientific problems still remain unsolved. These problems include atleast: (1) how does
the multiscale heterogeneous material structure of concrete affect the fatigue
behaviour; (2) how does fatigue damage evolve inside the concrete; (3) how to properly
simulate and predict the fatigue behaviour?
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This review will be directed toward research efforts on understanding, evaluating and
simulating concrete fatigue. This chapter is organized as follows: firstly, several factors
influencing the fatigue behaviour of concrete are briefly reviewed; afterwards, a
literature survey of experimental characterisation techniques for fatigue damage
evolution is presented; in addition, general models and theories for fatigue analysis are
also summarized; at the end, knowledge gaps that are going to be bridged in this thesis
are outlined.

2.2 FACTORS INFLUENCING FATIGUE BEHAVIOUR

Fatigue behaviour of cementitious materials can be influenced by many factors.
These factors can be roughly divided into two categories, i.e., the factors for material
composition, such as the w/c ratio, binder type, addition of fibre, and factors for loading
scenarios, such as loading frequency, rest period and variable amplitude. In this section,
the effect of each factor on fatigue behaviour is briefly reviewed.

2.2.1 FACTORS FOR MATERIAL COMPOSITION

EFFECT OF W/C RATIO

Antrim [35] investigated the effect of w/c ratio on the compressive fatigue
behaviour of cement paste and plain concrete. It was found that, for both paste and
concrete, the number of cycles to failure is much higher for the 0.45 w/c ratio than for
the 0.70 w/c ratio at a given stress magnitude. This is mainly due to the increased
porosity for a higher w/c ratio. However, it should be noted that when the percentage
of static strength is plotted against the fatigue life (S-N curve), there seems to be no
discernible difference in S-N curve with a varying w/c ratio. This is because the w/c
ratio can also substantially affect the static strength of cementitious materials [36].
Similar results have also been reported by Klaiber and Lee [10], who investigated the
flexural fatigue behaviour of concrete with the w/c ratio from 0.32 to 0.60. It was found
that the fatigue life decreased for lower w/c ratio (0.32) concretes. This is probably due
to the shrinkage-induced damage that increased at lower w/c ratios [37,38].

EFFECT OF BINDER TYPE

Tse et al. [14] studied the compressive fatigue properties of concretes containing
fly ash. Different replacement ratios of fly ash were tested. Compared on the basis of
stress as a percentage of strength, no significant difference between fatigue strength of
concrete with 50% cement replacement by fly ash and that of plain concrete was
observed. However, when compared on the basis of absolute value of the applied
compressive stress, the fatigue strength of concrete with 25% or 50% cement
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replacement by high-calcium fly ash was significantly higher than that of plain concrete,
while the fatigue strength of concrete with low-calcium fly ash was significantly lower
than that of plain concrete. The authors suggested that 25% replacement of cement
with low-calcium fly ash, or high-calcium fly ash with 50% replacement in concrete can
lead to equivalent or even higher compressive and fatigue strengths at 28 days
compared to plain concrete. Guo et al. [15] investigated the effect of different
proportions of ground granulated blast-furnace slag (GGBS) on the flexural fatigue
performance of 197 days old concretes. It was found that the brittleness of concrete was
decreased by the incorporation of GGBS. This resulted in higher fracture energy and
more tortuous cracking path of concrete. Moreover, potential hydration and pozzolanic
effect of the presence of GGBS in the matrix prolonged the fatigue life compared to that
of plain concrete. Specifically, the effect of GGBS on the fatigue behavior of concrete is
more obvious at the lower stress levels.

EFFECT OF FIBRE ADDITION

Studies on the fatigue behaviourof plain and fibre-reinforced concrete have been
reviewed by Lee and Barr [34]. It was shown in the majority of studies that the inclusion
of fibres can improve the fatigue performance of concrete. Grzybowski and Meyer [21]
suggested that the addition of fibres has a dual effect on the cyclic behaviour of concrete.
On one hand, fibres are able to bridge microcracks and retard their growth, thereby
enhancing the composite’s performance under cyclic loading. On the other hand, the
presence of fibres increases the pore and initial microcrack density, resulting in a
decrease of strength. Therefore, the overall outcome of these two competing effects
depends on the fibre content.

2.2.2 FACTORS FOR LOADING SCENARIO

EFFECT OF LOADING FREQUENCY

Grafand Brenen [39] investigated the effect of loading frequency on the fatigue life
of concrete. They found that the loading frequency in the range between 4.5-7.5 Hz had
little effect on the fatigue life, but when it decreased below 0.16 Hz the fatigue life
decreased. Mudock [40] suggested that when the stress level was less than 75% of the
tensile strength, frequencies between 1 and 15 Hz had little influence. The study of
Sparks and Menzies [41] showed that for a stress level larger than 75%, the loading
frequency greatly affected the fatigue life, but when the stress level is lower than 75%,
frequencies between 0.1 and 100 Hz had no effect on the fatigue life. It was also argued
that since the loading frequency determines the loading rate of fatigue tests, a higher
loading rate may enhance the static and fatigue strength of cementitious materials
[28,42].
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EFFECT OF REST PERIOD

In view of the intermittent nature of traffic loading, the effect of the length of the
rest period was also studied by several researchers [29,30,43]. Hilsdorf and Kesler [29]
investigated the influence of rest period on the flexural fatigue behaviour of plain
concrete at the age of 7 days. They found that the fatigue strength of plain concrete
increases with the introduction of periodic rest periods, indicating the occurrence of
partial recovery during the rest period. This beneficial effect was found to be a function
of the length of the rest period when the length is less than 5 minutes. Further
increasing the length of the rest period from 5 to 27 minutes did not affect the final
result. Raithby and Galloway found that a very short rest period (only 2 s) had no effect
on the fatigue strength of concrete. However, it is clear that increasing rest period (up
to several days or weeks) can raise the fatigue strength due to continuing hydration [40]
or self-healing in the presence of water [44].

EFFECT OF VARIABLE AMPLITUDE

Most fatigue studies have been performed to determine the influence of constant
amplitude loading [45]. However, in actual concrete structures the stress cycles vary
greatly in both magnitude, number and order. Oh [46] performed variable-amplitude
fatigue tests on concrete beams and found that the fatigue failure of concrete is greatly
influenced by the magnitude and sequence of variable-amplitude cyclic loadings. When
the magnitude of fatigue loading was gradually decreased, the generated fatigue
damage seemed to be larger than in the concrete subjected to increasing loading
magnitude. Unfortunately, the complex damage accumulation process in concrete
exposed to a more random loading is still unclear and only a few cumulative fatigue
damage hypotheses have been proposed for concrete [46-48]. Among them, the
Miner’s law is often applied to consider the effect of variable loading amplitude [49] and
it states that if there are k different stress levels and the average number of cycles to
failure at the i-th stress, S;, is Nj, then the damage fraction, D, is:

D= i"— @1

where n; is the number of cycles accumulated at stress S;. In general, when the damage
fraction D reaches 1, fatigue failure occurs. The applicability of this law in concrete
fatigue has been examined by several researches [45-47,50]. Slemes [47] found that
Miner's rule is useful for describing the cumulative damage due to variable-amplitude
loadings. Similarly, Cornelissen and Reinhardt also suggested that Miner’s law is a safe
failure criterion in general. However, it was found by Holmen [50] that the variable
amplitude loading seems to generate more damage than predicted by Miner’s law. This
is probably due to sequence effects present by variable loading. However, limited

16



CHAPTER 2

information regarding the damage accumulation process in concrete under variable
loading amplitudes can be found in the literature.

2.3 EXPERIMENTAL CHARACTERISATION OF FATIGUE DAMAGE

In past decades, many experimental techniques have been used to characterise the
fatigue damage in concrete. Depending on how the fatigue damage is revealed, these
techniques can be classified into two types: direct and indirect approaches.

1) Direct approaches include the microscope, scanning electron microscopy (SEM)
and X-ray computed tomography (XCT) technique, which are able to visualise the
propagation of microcracking under fatigue loading.

2) Indirect approaches include the stiffness degradation measurements, acoustic
emission technique, electrical resistivity measurements, variations in pore
structure and transport properties. In this case, the fatigue damage is indirectly
evaluated by monitoring the change of other properties. In this section,
experimental characterisations of fatigue damage evolution using these two types
of method are reviewed and some obtained insights are presented and discussed.

2.3.1 DIRECT APPROACH OF DAMAGE CHARACTERISATION

2D MICROSCOPE OBSERVATION

Through direct microscopic observation many characteristics of fatigue cracks,
such as the size, number and distribution, can be examined. However, due to the
limitation of nano- and micro-structural characterization techniques, the fatigue
fracture behaviour can only be examined at a certain length scale. In the late 1980s,
Saito [51] used a stereoscopic microscope to determine the type and amount of
microcracking in slices cut from normal weight concretes specimens, which were
subjected to static and fatigue tensile loadings. The microscopy results showed that the
cyclic loading merely results in a few more microcracks than the static loading. This is
probably due to the limited magnification of the microscope (15-30x) used in his study.
Instead, Shah and Chandra [52] observed a significant increase in microcracking by
using a microscope with a higher magnification (200x). There were nearly three times
as many microcracks compared to those created by the static loading with the same
stress. Moreover, they also found that microcracking under cyclic compressive loading
consisted of extensive branching in the paste matrix plus a substantial amount of
cracking at the aggregate-paste interface. Similarly, Toumi et al. [53] observed a higher
number of interface cracks using a SEM technique. More diffuse microcracks in the
matrix were also detected compared to the static crack pattern. When plotting the
measured crack length versus the number of cycles, a steady stage with a constant crack
growth rate depending on the upper loading level can be identified. This stage
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corresponds to the phase Il in Figure 2-5. In addition, a new fatigue fracture mechanism
was observed by Li et al. [54], who conducted a SEM analysis on fibre-reinforced
concretes subjected to compressive fatigue loading. A clear trace of ‘friction’ was
observed in the fatigue failure surface. The authors speculated that this may be caused
by the crushing and friction process occurring between crack surfaces and fibres.

By using fluorescent microscopy and SEM, Thiele [55] examined the damage in
concrete at three stages of fatigue. Examples of obtained microscopy and SEM images
of the crack pattern in damaged concrete are shown in Figure 2-1. It was found that
both the crack length and crack width increase dramatically before fatigue failure.
Nevertheless, the changes in the crack pattern are insignificant in both phase [ and
phase Il indicated in Figure 2-5. The author further assumed that damage also occurs
on a smaller scale than considered in their research (presumably smaller than 1 pm).
Similar findings have also been reported in [11,56]. In addition, it was also noted by the
author that even before unloading of the sample, the microstructure of the sample
shows a pronounced pattern of cracks, which is likely due to the shrinkage during
hydration. Moreover, owing to the destructive nature of microscopy investigations, it is
not possible to follow up further development of crack patterns that had been identified
in previous loading cycles.

In a recent work performed by Schaan et al. [57], the transmission electron
microscopy (TEM), combined with a focused ion beam (FIB) sample preparation, were
employed to investigate the compressive fatigue damage in Ultra-High Performance
Concrete (UHPC). At the early stage of fatigue loading, several needle-shaped regions
have formed with alength of 150 - 250 nm and a width of 20 - 35 nm in the bulk matrix,
as is shown in Figure 2-2. Meanwhile, the C-S-H compounds become denser during the
fatigue process. Other components of the material, such as aggregate or unhydrated
cement clinker, and silica fume particles, remain unaffected. These needle-shaped
structural regions, which are initially believed to be the precursors of nanocracks,
continuously grow in number and increasingly deplete with surrounding C-S-H as
fatigue progresses. However, upon further investigation with the energy-dispersive X-
ray spectroscopy (EDS) technique [58], the author concluded that these regions are
related to locations where formation of ettringite occurs. It was argued that, since
ettringite can readily recrystallize upon changes in environmental parameters, a
recurring dissolution and crystallization can exert pressure on the surrounding
material, leading to solidification and, eventually, the formation of nanocracks [58].
However, as yet very limited information regarding fatigue fracture behaviour at the
nanoscale is available in literature.
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Figure 2-1: (a) A microscope image of microcracks oriented parallel to the load direction with crack
widths in a longitudinal section of a specimen that has been damaged for up to 90% of the fatigue life;
(b) SEM image of the crack pattern near an aggregate; (c) SEM image of the crack pattern in paste
matrix. Adapted from [55]
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Figure 2-2: High-angle annular dark field STEM images of UHPC cement paste under the
compressive fatigue loading adapted from [57]
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3D X-RAY COMPUTED TOMOGRAPHY

For traditional microscopy observations of fatigue damage, the tests have to be
stopped and the specimens need to be cut in order to prepare the samples for the
investigations. Moreover, the preparation of the samples may introduce some
unwanted damage, which damage is difficult to distinguish from fatigue cracks.
Therefore, the non-destructive X-ray computed tomography (XCT) technique seems to
be a good alternative. The XCT technique has been widely used to characterise the
internal microstructure of materials, due to its non-destructive nature and ability to
track and visualize 3D details of the microstructure, including different phases,
interfaces, pores and cracks [59,60]. Recently, several studies have employed the XCT
technique to investigate the fatigue damage evolution in concrete. Sharma et al. [61]
performed in-situ XCT tests on concrete specimens subjected to compressive cyclic
loadings. The local fracture mechanisms, such as the crack opening and closing, crack
tip extension and diversion and crack tip blunting were observed in the XCT images at
different cycles. It was also revealed that there are many microcracks generated before
the occurrence of macrocracks. Obara et al. [62] proposed a new method to estimate
the damage using the XCT technique. In their work, the Three Dimensional Medial Axis
Analysis (3DMA) was employed to analyze the damage evolution in concrete specimens
subjected to a cyclic loading. The cyclic loading is programmed as variable amplitude
loading with step-wise increase in the maximum load. The burn number and medial
axis of the parameters in the 3DMA were used to evaluate the width and length of cracks,
respectively. Generally, the larger values of these parameters represent a higher degree
of damage. The obtained damage distributions in concrete specimens with different
stress levels are shown in Figure 2-3, indicating a damage localization phenomenon. It
was concluded that the XCT with 3DMA method is useful to evaluate damage in a
specimen while under loading. However, only cracks with a width of more than 50 ym
could be detected reliably by XCT.

Fan and Sun [63] also applied the XCT technique with a spatial resolution of 1
um3/voxel to investigate compressive fatigue damage evolution in cylindrical concrete
specimens of 50 mm in diameter and 100 mm in height. The fatigue crack at different
stages can be clearly visualized, as shown in Figure 2-4(a). The observed fatigue crack
expanded with the increasing number of cycles, and the crack width was in the range of
0.6-1.7 mm at 90% of the fatigue life. The change of porosity of the specimen was also
determined based on XCT images and used as an indicator to describe the degree of
damage, see Figure 2-4(b). It was found that the porosity gradually increased and
reached a value of 20% at 90% of the fatigue life. However, it should be noted that the
resolutions of most commerecially available XCT instruments are often not sufficient to
detect extremely small fatigue-induced damage. Therefore, the XCT can only detect
relatively wide cracks shortly before fatigue failure [11,56].
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Figure 2-3: The distribution of medial axis (the warm color is a small burn number and the cold color
represents a large burn number; the red color represents burn number 1) and the amount of burn
number in cubic concrete specimens (10 x 10 x 10 mm3) under the stress level of (a) 0%, (b) 60% and
(c) 90% adapted from [62]
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(b) The evolution of detected pores

Figure 2-4: The ICT images for (a) the fatigue damage evolution in concrete specimens with the size
of 50 mm in diameter and 100 mm in height under compressive fatigue loading and (b) the distribution
of detected pores under the stress level of 80% adapted from [63]

2.3.2 INDIRECT APPROACH OF DAMAGE CHARACTERISATION

STIFFNESS DEGRADATION

In addition to direct observations, fatigue damage evolution in cementitious
material can also be evaluated by using indirect approaches. In general, the initiation
and propagation of cracks causes a continuous decrease in stiffness. Since the stiffness
can easily be derived from the stress-strain curves, many researchers have used the
change of stiffness as an indicator for fatigue damage [19,23,27,64,65]. It was found that
the evolution of global stiffness under fatigue loading exhibits an ‘S’ shaped curve, which
can be divided into three stages: the first stage is a rapid drop of stiffness; the second
stage is characterised by a steady and slow decrease of stiffness and the third stage
corresponds to a dramatic decline of stiftness. Kolluru et al. [65] found that the
measured crack growth during fatigue loading shows a trend similar to the change in
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stiffness. The degradation rate of stiffness largely depends on the loading frequency and
maximum stress level [27,66]. However, this macroscopic damage indicator can only
provide a global trend for the damage evolution.

ACOUSTIC EMISSION TECHNIQUE

To obtain additional information regarding the damage propagation inside the
specimen, several researchers have applied the acoustic emission (AE) technique to
evaluate the fatigue crack growth in concrete [56,67-69]. This non-destructive
technique also enables real-time monitoring of microscopic processes as well as crack
propagation inside the concrete. Different AE parameters, such as the amplitude,
energy, count and duration, are often considered in terms of their quantitative
distribution to detect the degree of generated damage and crack distribution [67,68].
Recently, Oneschkow et al. [69] investigated the fatigue behaviour of mortar and
concrete samples using the AE technique. A higher AE activity was observed for
concrete compared to mortar due to the presence of coarse aggregate. Moreover, a
gradually increasing AE activity in the concrete was observed at the lower stress level,
which cannot be reflected by the change of specimen stiffness. This indicated a damage
process at very small scales (perhaps on a sub-microscale) during the fatigue process.

ELECTRICAL RESISTIVITY MEASUREMENT

Cao and Chung [70] attempted to detect minor fatigue damage by measuring the
electrical resistivity of mortar specimens. It was found that the baseline resistivity
irreversibly increased as cycling progressed due to damage generation (ie.,
microcracking), which was most significant in the first few cycles, and diminished as
cycling progressed. Later, a follow-up study on concrete fatigue conducted by the
authors [71] showed that the measured resistivity decreased during the loading stage
of the compressive fatigue cycle due to defect diminution (i.e., closing of microcracks).
It then increased during the unloading stage due to the defect extension (i.e,
propagation or enlargement of microcracks). Moreover, a comparison between results
of cement paste and mortar samples showed that the interface between the paste and
aggregate contributed to the defect diminution effect. As an alternative option to
monitor the real-time damage accumulation non-destructively, the electrical resistivity
measurement provides some new insights into the fatigue damage evolution in
concrete.

PORE STRUCTURE CHANGES
A study of Zhang [12] demonstrates that several characteristics of the pore

structure, such as the porosity and specific surface area, can be used as micro- or
mesoscopic indicators to evaluate the macroscopic damage of concrete under fatigue
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loading. The testing results based on mercury intrusion porosimetry (MIP), helium
pycnometry and nitrogen adsorption methods showed that, under flexural fatigue
loading, the magnitudes of all these indicators increased almost linearly with the
increasing number of cycles. Both porosity in mortar (mainly macro pores) and
interface between mortar and coarse aggregates (interfacial cracks) developed at a
similar rate. The experimental results also showed good correlations between
macroscopic mechanical properties (e.g, residual bending strength and Young's
modulus) and micro- or mesoscopic parameters (porosity and mean pore size
distribution). By using the MIP, Schaan et al. [57] also observed an increase of pore
volume in the 30 - 500 nm pore radius range in cement paste specimen due to fatigue
loading. Similar findings have also been reported Shen et al. in [72]. However, a
continuous and accurate characterisation of the pore structure subjected to fatigue
loadings is still a challenging task. Instead of direct examination of the pore structure,
the fatigue damage evolution may also be reflected by the variation of transport
properties. Fu et al. [73] investigated the chloride penetration in fatigue-damaged
concrete with various loading levels. A quantitative correlation between the residual
strain and the apparent chloride diffusivity of fatigue-damaged concrete has been
established. In general, the chloride diffusivity increases with fatigue damage. It was
found that when the maximum fatigue load is greater than 30-35% of the ultimate
tensile load, the chloride penetration dramatically increased, suggesting that a
substantial damage had been generated. Similarly, Desmettre and Charron [44]
examined the real time variations of water permeability of normal-strength concrete
and fibre-reinforced concrete under cyclic loading. It was found that the addition of
fibres could arrest the fatigue crack growth as indicated by the smaller growth of water
permeability compared to that in normal-strength concrete. However, due to the
presence of water in the specimens in these tests, the transport properties may be
affected by the self-healing process and, therefore, may not be a precise indicator for
the fatigue damage.

2.3.3 GENERAL REMARKS

Many macroscopic fatigue damage indicators have been proposed to monitor the
global fatigue damage evolution of concrete under the cyclic loading. It is clear that
fatigue damage occurs at the macroscopic level in the form of stable crack growth.
Recent applications of XCT offer an opportunity to continuously evaluate the fatigue
damage evolution atlower scales and demonstrate the influence of mesoscopic features.
However, less is known at the nano- and microscopic levels where the accumulations
of fatigue damage in different components, and how they contribute to the global
damage remains largely a matter of conjecture. Therefore, more advanced techniques
may be needed to characterise the fatigue behaviour at these scales.
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2.4 MODELS AND THEORIES FOR FATIGUE ANALYSIS

Besides experimental investigations, many models and theories have been
developed over the past decades to predict and simulate the fatigue behaviour of
cementitious materials. A review on the existing fatigue models is given in the following
sections.

2.4.1 WOHLER CURVE

Fatigue of materials is commonly characterised by an S-N curve (stress level
versus fatigue life), also known as the Wohler curve [74]. The stress level is generally
calculated by dividing the maximum fatigue stress by the static strength of an identical
specimen. If N is plotted on a logarithmic scale and S on a linear scale, the S-N curve will
become approximately a straight line. To consider the effect of minimum fatigue stress
on the fatigue life, Aas-Jakobsen [75] proposed a modified S-N relationship
incorporating the stress ratio R (the ratio of minimum fatigue stress to the maximum
fatigue stress), which is based on the observed linear relationship between S and R.
Moreover, due to the significant scatter in fatigue life data, a family of S-N curves with
a certain probability of failure, known as S-N-P plots, is also used [76,77]. The S-N curve
is found to be largely affected by the mix composition of concrete and also the loading
history. Generally, considerable experimental data is required to draw the S-N curves.
These experimentally obtained S-N curves are widely adopted and remain the primary
design tool for predicting the fatigue life of concrete structures. However, the major
drawback of the S-N method is that it is purely phenomenological, without any
information regarding the physical processes in the microstructure. The lack of
generality of this method limits its application for different concrete mixtures.
Moreover, it has been recognised that designers should not only know when fatigue
failure occurs, but also how much damage has been accumulated during the structure’s
service life [78]. Therefore, researchers tend to accomplish a more ambitious goal, i.e.,,
to predict, or to at least understand, the fatigue damage evolution or propagation of
cracks at lower scales rather than just observing the macroscopic results.

2.4.2 PARIS' LAW

Thanks to the advent of fracture mechanics, designers and engineers are able to
investigate the fatigue phenomenon on a theoretical basis [79,80]. Since the fatigue of
material involves initiation and propagation of microcracks, fracture mechanics is
found to be a useful tool for studying the fatigue fracture process. In general, there are
three stages for the fatigue fracture process [34,55], as shown in Figure 2-5. The first
stage is the crack initiation stage. The initiation of a crack is always associated with
stress concentrations, which may be due to flaws, surface discontinuities or pre-existing

25



CHAPTER 2

cracks. The crack initiation process in concrete can be ignored as there is already alarge
number of pre-existing cracks in the material even prior to any loading. The second
stage is the stable crack propagation stage, which is characterised by slow and
progressive growth of multiple cracks to a critical size. At this stage, the residual strain
of concrete increases with an almost constant rate. Meanwhile, multiple cracks
gradually propagate in the concrete with the increasing number of cycles, resulting in a
decrease of stiffness. This is followed by the final stage of rapid crack growth. In the final
stage of concrete fatigue, when a sufficient number of cracks have propagated and
coalesced, a continuous macrocrack is formed, eventually leading to the failure.

Most studies into the fatigue phenomenon focus on the crack propagation stage as
it generally accounts for the largest portion of the fatigue life [79,81,82]. According to
experimental observations on metallic materials, Paris and Erdogan [81] proposed a
law to describe the fatigue crack growth rate by relating it to the amplitude of the stress
intensity factor range AK:

da

oy = c@nm (2-2)
where C and m are experimentally obtained constants dependent on the material,
da/dN is the crack growth per cycle. Meanwhile, the Paris’ law is well-known and its
modifications have gained wide acceptance for the application in metals. The first study
attempting to apply the Paris’ law for concrete was conducted by Baluch et al. [83].
Following their study, many numerical and analytical models based on the Paris’ law
have been developed to predict the fatigue life of concrete [84-86].
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Figure 2-5: Illustration of the fatigue damage evolution under compressive fatigue loading adapted
from [55]
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In addition, several attempts have been made to modify the original Paris’ law in
order to improve the prediction accuracy. For instance, Bazant and Xu [80] proposed a
size-adjusted Paris’ law to consider the size effect of fracture in concrete specimens. The
effect of variable amplitude cyclic loading was also included in the Paris’ law by Slowik
et al. [87]. In a recent theoretical study by Le and Bazant [88], the Paris’ law was
physically justified for brittle and quasi-brittle materials based on atomic fracture
mechanics and an energetic analysis, which relates the fatigue kinetics of a macrocrack
to the growth rate of nanocracks. This law was then used to relate the probability
distribution of critical stress amplitude to the probability distribution of fatigue lifetime.
It was found that the proposed theoretical model yields a power-law relation for the S-
N curve. In their work, the propagation of a nanocrack is assumed to be the result of the
fracture between nanoscale elements [89]. Such nanoscale elements can be either an
atomic lattice block representing a crystal grain of brittle ceramic, see Figure 2-6(a), or
a completely disordered system of nanoparticles of the calcium silicate hydrate (C-S-H)
in concrete, see Figure 2-6(b). For more details regarding the physical explanations and
formulations of the nanoscale crack propagation under the cyclic loading, the reader is
referred to [88-90].
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(a) Atomic lattice block (b) Nanoparticles of C-S-H

Figure 2-6: The assumed fracture of the nanoscale element for (a) an atomic lattice block; (b) a
disordered system of nanoparticles of the calcium silicate hydrate adapted from [88]

However, it is known that in front of the crack tip in concrete there exists a so-
called fracture process zone (FPZ), which is assumed to consist of many closely spaced
microcracks [91,92]. This zone offers resistance to the crack growth owing to various
toughening mechanisms, such as particle interlock, aggregate bridging, surface friction
and crack branching, among others [93]. Due to the presence of a large fracture process
zone, the Paris’ law based on the linear elastic fracture mechanics may give erroneous
results even with carefully modified versions [93,94]. Hence, for a better understanding
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of the fatigue crack propagation phenomenon in concrete, the nonlinear behaviour in
front of the crack tip needs to be properly described [95].

2.4.3 COHESIVE ZONE MODEL

In the work of Hillerborg et al. [96], a non-linear fracture mechanics model has
been proposed to simulate the complex tensile fracture behaviour in concrete under
monotonic loading conditions. In this model, the fracture process zone is modelled as a
fictitious crack that can transfer cohesive stresses, as is shown in Figure 2-7(a). In
reality, this cohesive crack corresponds to the diffused microcracking zone in concrete
with some remaining ligaments that allow the stress transfer. The maximum cohesive
stress that can be transmitted is assumed to be a decreasing function of the crack-
opening displacement [96]. Note that for simplicity the linear or bilinear softening
curve is often assumed [97,98]. Therefore, the crack growth can be readily simulated as
a consequence of continuous de-bonding of the fracture process zone [98-100].
Moreover, the energy balance can also be considered in the model. As is depicted in
Figure 2-7(b), the amount of energy absorbed per unit crack area in widening the crack
from zero to w1 can be calculated as the area between the curve and the coordinate axes.
The proposed cohesive crack model is found to yield realistic results regarding the
crack formation and propagation under the monotonic loading [96].

Crack length [

Required energy
4

0, ©

(a) Fictitious crack model (b) Stress-crack width relationship

Figure 2-7: The fictitious crack model adapted from [96] (a) the assumed stress distribution near the
crack; (b) the assumed linear relationship between the stress and the crack opening displacement

Due to its success in monotonic fracture cases, the principle of the cohesive zone
model was then applied for simulating the fatigue fracture of concrete [101-104]. Based
on Hillerborg’s model, an extended version considering the cyclic loading conditions
was proposed by Gylltoft [105]. By introducing a cyclic softening stress-strain
relationship, the model is able to describe the progressive tensile fatigue failure of
concrete. Afterwards, many attempts have been made to modify the shape of the cyclic
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softening curve [101-103]. Among them, Hordijk [102] proposed the continuous
function model (CFM), which provides an accurate approximation of the complete
unloading-reloading cycle, see Figure 2-8. Based on a close inspection of experimental
results, four analytical expressions were used for the CFM and each of them represents
a certain stage of the cyclic constitutive law, i.e., (I) the post-peak envelop curve, (1) the
unloading curve, (IIT) the gap on the envelop curve and (IV) the reloading curve. Hordijk
[102] found that after one unloading-reloading cycle, the intersection point between
the reloading curve and the envelop curve will not be the original unloading point. This
deviation (winc) is thought to be caused by the material degradation during the loading
cycle and can be determined using the following expression:

where f; is the tensile strength of concrete. Other parameters can be found in Figure 2-
8. An appealing feature of this approach is that the analytical expression can be easily
implemented as a mathematical subroutine in numerical simulations. This provides
new solutions to simulate the complex fatigue fracture behaviour of concrete.
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Figure 2-8: The description of continuous function model adapted from [102]

However, most cohesive crack models focus on describing the behaviour of a
single macroscopic crack in concrete. Only until recently, Gong et al. [106] developed a
mesoscopic fatigue model based on the Rigid Body Spring Method (RBSM). The
constitutive laws used for the cyclic loading, which are similar to the principle of
cohesive zone model, were developed at normal and shear directions for the mortar
and interfacial transition zone (ITZ). The fracture pattern and the strain history under
tensile fatigue loading can be obtained by this model, as shown in Figure 2-9. A good
agreement was found between the simulation results and experimental data, in terms
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of S-N curve and strain history. But still, the knowledge regarding the fatigue fracture
mechanisms at lower scales and the effects of microstructural features on the growth
of multiple cracks is rather limited. Therefore, more efforts are still needed with respect
to the multiscale investigation of concrete fatigue.
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(a) Tensile fatigue fracture pattern (b) Strain history in fatigue simulation

Figure 2-9: The numerical results of mesoscopic model based on RBSM for tensile fatigue adapted
from [106]: (a) an example of the tensile fatigue fracture pattern (red particles represent aggregate and
grey for mortar) (b) the strain history in fatigue simulation under 80% of tensile strength

2.4.4 DAMAGE MECHANICS

An alternative method to consider the fatigue damage evolution in concrete is the
damage mechanics. Damage mechanics has been extensively used to model the
progressive degradation of mechanical properties of materials caused by the
propagation and coalescence of microcracks, microvoids and similar defects [107-109].
In this approach, damage variables need to be introduced to describe the degree of
deterioration of the material. Afterwards, constitutive equations of damage evolution
for these variables are formulated in the framework of thermodynamics [108]. These
equations are calibrated and validated with experimental data to model different
damage processes [110-113]. It is known that the concrete subjected to fatigue
loadings will experience gradual accumulation of damage in terms of the microcracking,
which manifests itself in the degradation of mechanical properties such as stiffness.
Therefore, the damage mechanics approach may be suitable for describing the fatigue
behaviour of concrete. Over past decades, many phenomenological macroscopic
damage models have been developed [113-117]. Suaris et al. [113] proposed a stress-
based damage model for monotonic and cyclic behaviour of concrete. The damage
evolution law was obtained using an approach similar to the bounding surface plasticity
theory [118]. The macroscopic behaviour of concrete under compression, tension and
cyclicloading can be well predicted by this model. By combining the concepts of damage
mechanics and fracture mechanic, Fathima and Kishen [116] proposed a damage model
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for the case of constant amplitude cyclic loading. In their work the damage evolution
law was proposed through a closed form expression for dual dissipation potential,
which was derived using the principles of thermodynamics and dimensional analysis.
Progressive stiffness reduction due to the fatigue loading can be captured by the model.
The same authors further extended the analytical model to consider the variable
amplitude cyclic loading in [48]. In the work of Liang et al. [119], the fatigue behaviour
of large reinforced concrete structures was simulated by implementing the constitutive
damage model into the finite element analysis. The damage distribution and the
potential fatigue damage failure pattern of concrete structures can be reasonably
predicted by the model.

In addition to the macroscopic models, a few mesoscopic fatigue damage models
have been proposed recently [120-122]. Grassl and Rempling [120] developed a
damage-plasticity interface constitutive model to describe the irreversible strain under
the cyclic loading. This calibrated interface model was then inserted into the mesoscale
simulation of concrete by considering an idealized heterogeneous mesostructure. It has
been demonstrated that the typical hysteresis loops for cyclic loading and the
macroscopic damage evolution can be modeled as a structural result of localized
irreversible strains on the constitutive level. A different strategy to consider the fatigue
damage evolution was proposed by Sun and Xu [121]. In their work a fatigue damage
variable was established by homogenizing the collective effect of microscale cracks,
while crack growth was determined based on the Paris’ law. The mesoscopic
heterogeneity of concrete was also introduced by introducing probability distributions
to material properties. The effectiveness of the model was verified by comparing
calculated results with experimental results.

Even though the macroscopic and mesoscopic damage phenomena of concrete
can be predicted quite reliably with damage mechanics, the underlying physical origin
of fatigue at the microscale is still not clear. Moreover, only very limited information
regarding the damage evolution of basic constituents and their effects on the overall
fatigue behaviour of concrete can be found in available literature.

2.4.5 GENERAL REMARKS

Various types of models have been developed to describe the macroscopic fatigue
behaviour by establishing a law for propagation of local cracks. Several semi-empirical
equations with some theoretical considerations [88,90] or purely phenomenological
models [101-103] have been proposed. Both qualitative understanding and
quantitative predictions of concrete fatigue can be obtained with these models.
However, the complex microstructural mechanisms in concrete, e.g. material
properties and material structures at different scales, have not been considered in these
models yet. As a results, they may have less applicability once different material
compositions are used. Furthermore, substantial experimental evidences have
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confirmed that many microscopic (or mesoscopic) features of cementitious materials
can significantly affect the macroscopic fatigue behaviour.

To efficiently cope with the multiscale nature of concrete, multiscale modelling
schemes are often applied [123]. The aim of a multiscale model is to establish a relation
between macroscopically observed phenomena and their lower-scale origin. When
dealing with the multiscale heterogeneity of concrete, it is preferable to consider the
material structures and local properties of basic components at different scales in the
model in order to increase the prediction accuracy [124]. In recent decades, great
progress has been made in multiscale modelling strategies of static fracture of concrete
and examples of such models can be found in literature [123,125-127]. Despite the
achievements in modelling static fracture, little work has been done to simulate the
fatigue fracture behaviour of concrete in a multiscale manner. There are two main
reasons for this. Firstly, it has been recognized that fatigue cracking behaviour is more
complex than static fracture. Basic knowledge of static mechanical properties of
concrete is an essential starting point for the analysis of more complex fatigue fracture
[102]. Only the maturing and reliable multiscale modelling scheme for the static
fracture analysis can be further extended to simulate fatigue behaviours. Therefore,
most research efforts are initially devoted to this aspect [125,128]. Another reason is
that the knowledge regarding the fatigue behaviour of cementitious materials at nano-
and microscales is very limited. As suggested in previous sections, there is a technical
challenge to experimentally characterise fatigue damage evolution at low scales. So far,
most fatigue models only focus on the macroscopic or mesoscopic fatigue damage
evolution, which is much easier to measure and compare. It is necessary, however, to
develop more advanced techniques and appropriate multiscale modelling schemes to
predict macroscopic fatigue properties of concrete.

2.5 CONCLUSION

Based on the presented state of the art on fatigue of concrete, the following
conclusions can be drawn:

(1) From past experimental work it can be learned that microstructural features of
concrete can significantly affect its macroscopic fatigue behaviour. For a reliable
and accurate prediction of concrete fatigue, it is essential to first improve the
understanding of the fatigue behaviour of concrete and its constituents at different
scales, and then to establish quantitative relationships between microscopic
features and macroscopic fatigue performance.

(2) Most literature studies focused on developing macroscopic indicators to describe
the global fatigue damage evolution of concrete. However, the knowledge
regarding the fatigue damage accumulation at lower scales is rather limited.
Therefore, more advanced techniques are needed to characterise the fatigue
properties at lower scales.
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(3) A brief review of existing fatigue models indicates that the complex
microstructural effects on macroscopic fatigue of concrete have not been
considered in these models. Even though multiscale modelling schemes provide a
promising solution to cope with the multiscale nature of concrete, little work has
been done on this aspect, mainly due to the limited knowledge of fatigue
behaviour of concrete at lower scales. Therefore, more efforts are needed in the
development of both experimental characterisation and multiscale modelling of
concrete fatigue.

In the following chapters, a new experimental technique will be proposed and
developed to characterise the fatigue behaviour of cementitious materials at the
microscale. A multiscale modelling scheme will be proposed to link fatigue damage
mechanisms of cementitious materials at the micro- and mesoscale.
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CHAPTER 3

MICROMECHANICAL AND FATIGUE PROPERTIES
OF CEMENT PASTE AT MICROSCALE

This chapter presents an experimental investigation of fatigue properties of cement paste
at the microscale. Micro-cantilever beam (MCB) specimens are prepared using a
precision micro-dicing machine. The fatigue bending tests on the MCCB specimens are
carried out with the help of a nanoindenter. The fatigue properties of cement pastes in
terms of fatigue life, stiffness degradation and residual deformation are studied. A
comparison of static and fatigue fractured surfaces by means of microscopic observations
of these surfaces is performed. X-ray computed tomography (XCT) technique is also used
to assess the fatigue damage accumulation of cement paste. General discussions
regarding the evolutions of fatigue damage and residual deformation are also provided

*Parts of this chapter have been published as Gan, Yidong, et al. "Experimental study of flexural fatigue
behaviour of cement paste at the microscale." International Journal of Fatigue 151 (2021): 106378.
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3.1 INTRODUCTION

Many concrete structures, such as off-shore structures and bridges, are inevitably
subjected to a large number of cyclic loadings [1-3]. Understanding the fatigue
behaviour of concrete is of great importance for ensuring the safety and durability of
these structures. However, the phenomenon of concrete fatigue is very complex as it
inherently involves multiple spatial scales owing to the multiscale heterogeneous
nature of concrete [4,5].

Over the past several decades, most research efforts devoted on the concrete
fatigue focused on the macroscale [3,6-11]. Nowadays, the use of empirical S-N curves
(stress level versus fatigue life), based on extensive experimental results, remain the
primary method to study and describe the macroscopic fatigue performance of
concrete due to its convenience for structural design. Some researchers have also
modified the S-N approach by considering the probabilistic nature of concrete fatigue
[1,12]. However, this approach fails to achieve a clear and thorough understanding of
fatigue fracture process at the lower scales. In a recent theoretical work of Le and
Bazant [13], nano-scale crack growth has been related to macroscopic fatigue strength
of quasi-brittle materials based on fracture mechanics. The authors assumed that the
propagation of nano-scale cracks is governed by thermally activated breakage of atomic
bonds or rupture of nano-particle connections [13-15]. The proposed theoretical
model yields a power-law relation for the stress-life curve, which agrees with the
Basquin’s law [16]. As for the scales between the nano- and the macro-scale, micro- and
mesostructural mechanisms are believed to play an important role in the fatigue
fracture process. At the mesoscale, concrete comprises cement paste, various sizes of
aggregates and the interfacial transition zone (ITZ) between them (e.g. Figure 1-2).
When subjected to the fatigue loading, it is found that the pre-existing cracks are
situated mostly in the regions of the ITZ, will propagate first and then coalesce with the
fatigue cracks in the cement paste matrix [17-24]. Even though both the ITZ and matrix
are experiencing fatigue damage, fatigue crack growth in ITZ seems to be faster than
that in the matrix. The effects of some meso-scale features, such as the aggregate type,
air content and properties of pastes, on the fatigue performance of concrete have been
investigated by several researchers [6,17-23,25,26]. It is clear that the meso-structure
of concrete and local mechanical properties of its constituents, including both static and
fatigue properties, have a strong influence on the global fatigue performance. Whereas
the mesoscale fatigue behaviour of concrete has been extensively studied in recent
years, the available data concerning the fatigue behaviour of cement paste at the
microscale is rather scarce. Since cement paste is the binding phase in concrete,
knowledge regarding the microscopic changes of cement paste subjected to fatigue
loading is considered most important for fatigue analysis of concrete and requires
deeper understanding.

This chapter presents an experimental investigation of fatigue properties of
cement paste by conducting microscale tests. The miniatured cement paste specimens
are first fabricated and then subjected to both monotonic and cyclic loading to assess
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their flexural strength and fatigue properties, respectively. The microscopic
observations on the fracture surfaces are also performed to gain a better understanding
of the cement paste fracture under different loading conditions. General discussions on
the evolution of fatigue damage and residual deformation are also provided.

3.2 EXPERIMENTAL APPROACH

3.2.1 MATERIALS

Cement pastes with w/c ratio of 0.4 and 0.5 were prepared using standard grade
CEM142.5 N Portland cement (ENC], the Netherlands) and deionized water. The Blaine
fineness of cementis 2840 cm?/g (provided by the manufacturer). The pastes were first
cast in plastic cylindrical moulds with 24 mm diameter and 39 mm height. The fresh
paste was rotated at a speed of 2.5 rpm for 24 hours at room temperature (20 °C) to
prevent bleeding. The samples were cured under sealed condition at room temperature
for 28 days. After demoulding, the hardened cement paste specimens were cut into
slices with the thickness of 3 mm. The slices were then immersed in isopropanol to
arrest the hydration [27].

3.2.2 PREPARATION OF MICRO-CANTILEVER BEAMS

Micro-cantilever beam (MCB) specimens were prepared using a precision micro-
dicing machine (MicroAce Series 3 Dicing Saw), which is generally used to cut
semiconductor wafers. Firstly, cement paste slices were ground to obtain two smooth
and parallel surfaces using a Struers Labopol-5 thin sectioning machine. In this grinding
process, two grinding discs of 135 pm and 35 pm were used in sequence. The thickness
of each slice was controlled at 2150 um. Afterwards, two perpendicular cutting
directions with the same cutting spacing were applied on the samples using the micro-
dicing machine. In this way, multiple rows of cantilever beams with a square cross
section of 300 um x 300 pum were generated. The cutting depth, i.e. the cantilevered
length, was approximately 1650 um * 10 pm. The cutting process is schematically
shown in Figure 3-1.

The cross-sections of several beams have been examined by using an
Environmental Scanning Electron Microscope (ESEM), see Figure 3-2. No cracking as a
consequence of the cutting process has been observed. An overall accuracy of the cross-
sectional dimensions of *1.5 pm can be reached with this fabrication process.
Precautions have also been taken to minimize the carbonation of the samples before
testing by storing the beams in isopropanol. Due to the low surface tension, it is
generally agreed that the isopropanol immersion could reduce shrinkage stresses that
cause microstructural changes in normal drying [27].
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Figure 3-2 Backscattered electron image of the cross-sections of MCB with w/c 0.4

3.2.3 EXPERIMENTAL SET-UP

Quasi-static and fatigue tests were performed using a KLA Nano-indenter G200.
The Nano-indenter was equipped with a cylindrical wedge indenter tip with a length of
200 um (Figure 3-3). It was used to apply vertical line loads at the free end of the MCB.
Before testing, the angle and centre of the tip were calibrated by probing into a standard
aluminium reference sample. Afterwards, the baseplate of MCB was attached on a metal
surface using cyanoacrylate adhesive, and the angle of beam was carefully adjusted
under the in-situ microscope in the nanoindenter to ensure that the line load is applied
perpendicular to the beam’s longitudinal axis. The experimental set-up is schematically
shown in Figure 3-4. Before starting the test, the coordinates of the loading position and
the fixed end were recorded under the microscope to determine the loading length L of
each beam. All tests were conducted in a well-insulated chamber preventing any
significant change of temperature and RH. The average temperature and RH during the
tests were 26.1 + 0.6 °C and 34.4% =+ 0.7%. Prior to the tests, the samples were kept in
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the chamber for temperature equalization until the thermal drift rate was below 0.05
nm/s. Itis well known that the size of the specimen indicated by the volume to surface
ratio considerably affects the drying process [29]. Due to the extremely thin cross-
section with the volume to surface ratio of only 0.07 mm, the MCBs quickly equilibrated
to the ambient RH prior to the tests. In consideration of the low RH used in this study, it
can be expected that there is little free water in capillary pores [30].

Figure 3-3 Secondary electron image of the diamond cylindrical wedge tip with an enlarged view of
the tip head

Metal surface

Adhesive

Baseplate
Indenter

Canlilever beam =

Figure 3-4 Schematic diagram of test set-up

QUASI-STATIC BENDING TEST

Before fatigue testing, the mechanical properties of MCBs, i.e. flexural strength and
static elastic modulus, should be determined. For each w/c ratio, 30 cantilever beams
were monotonically loaded to failure. The loading procedure was displacement-
controlled with a constant loading rate of 50 nm/s. The load and displacement

45



CHAPTER 3

responses were measured by the Nano-indenter. In general, a major crack initiates near
the fixed end of the beam during loading, which eventually leads to complete fracture
of the beam. After the static failure, the coordinates of the fracture point were also
recorded to determine the fractured length d of each beam. The maximum load Fiaxand
slope of load-displacement curve k (in the range between 40% and 60% of the
maximum load) during loading are used to determine the flexural strength f; and static
elastic modulus Esarc respectively, according to the classical beam theory [28,31,32]:

Frnaxdh

fi= % (3-1)
kL3

Estatic = 3 (3-2)

where d is the fractured length, h is the side length of the square beam cross-section,
and I=h*/12 is the moment of inertia. Since the end of the cantilever beam is not
perfectly fixed, there may be some additional displacement under loading due to the
deformation of baseplate and the adhesive layer. By using the finite element method
[28], it was found that the deformations of the baseplate and the adhesive layer account
for 14 + 0.2% and 0.5 £ 0.1% of the total displacement, respectively. These additional
displacements will be excluded from the determination of the elastic modulus.
Moreover, in order to validate the experimental protocol, five glass cantilever beams
were fabricated and tested. The measured average elastic modulus of glass beams
through bending tests is 69.1 + 1.2 GPa, which has been calibrated by excluding the
effects of the baseplate and the adhesive layer. For comparison, the conventional
nanoindentation technique equipped with a Berkovich tip was used to measure the
indentation modulus of glass. In total, 10 indents were performed, and the measured
average indentation modulus is 70.1+ 1.8 GPa, which is very close to the result obtained
with the developed cantilever bending tests. Therefore, the methods of testing and
interpretation of the results used in the current paper are considered reliable.

FATIGUE BENDING TEST

The fatigue bending tests were carried out under load control. The cyclic loads
were applied in the form of triangular loads with a constant amplitude at a loading
frequency of 0.55 Hz, see Figure 3-5. For each value of the w/c ratio, 30 MCBs were
tested under different loading levels. For w/c 0.4 series, the maximum loading level
ranged from 50 mN to 70 mN, corresponding to around 75-95% of static flexural
strength, and the minimum loading level was kept around 1.5-2.1 mN. The maximum
loading level of w/c 0.5 series varies from 35 mN to 50 mN, which corresponded to
approximately 70-95% of static flexural strength. The minimum loading level for this
series was around 1.0-1.5 mN. The stress ratio R between minimum and maximum
cyclicload was kept equal to 0.03. During the fast loading-unloading regime, the loading
magnitude was not perfectly controlled by the Nano-indenter. Small disturbances (2-5%
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ofloading amplitude) for both upperload and lower load were observed. Therefore, the
recorded actual loading level was used for the determination of the stress level. Before
each fatigue test, the MCB was preloaded to the maximum load and completely
unloaded to reduce the possible plastic deformation generated under the indenter tip.

Due to the technical limitation of the testing duration capacity of the used nano-
indenter, the fatigue testing procedure was separated into multiple cycle blocks with
identical loading procedure. Each cycle block contains 500 loading-unloading cycles
and is automatically conducted in succession with a very short rest period (around 100
s). The beam is completely unloaded after finishing one cycle block and then reloaded
for the next cycle block. Run-out tests were stopped at the limit of 200,000 cycles. At the
end of each cycle block, the nano-indenter will apply a constant low load with around
0.01% of maximum load to measure the drift rate and automatically calibrate the
displacement responses. However, most of the measured drift will be affected by the
viscoelastic recovery because of the viscoelastic nature of cement paste [33]. Therefore,
the calculated drifts were deducted from the calibrated total time-dependent
displacements for all tests. Many researchers found that the deformation of
cementitious material exhibits a three-stage behaviour, which can be used to evaluate
the development of fatigue damage [2,34-37]. Figure 3-6 shows the typical
displacement-cycles number curve of MCB. Overall, the displacement evolution can also
be divided into three stages: the first stage is unstable and comparatively transient,
which accounts for only 1-2% of the total test duration. With the continuation of cyclic
loading, the displacement curve turns into a stable stage, which covers around 99% of
the whole test duration. In the third stage, the displacement increases rapidly within a
few cycles until the MCB suddenly fails, which results in an overshoot of the indenter
tip, as is shown in Figure 3-6.

10 0

Time (s) h t d
short rest rio
/ 1st cycle block 2nd cycle block
ik

Load

Figure 3-5 Cyclic load history applied in MCB fatigue tests
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Figure 3-6 Typical displacement-number of cycles curve

Another important characteristic investigated in most fatigue studies is the
increase of the strain at the maximum or minimum loading level during the loading
cycles [2,34-36,38]. In this study, the change of strain at the maximum loading level is
defined as the residual strain, and the fatigue compliance C(t) was defined by dividing
the residual strain by half of the applied maximum stress (0max/2). For each MCB, the
time-dependent strain g(t) at the upper fibre at the fixed end of the beam and the
corresponding fatigue compliance were calculated based on the classical beam theory:

&(t) = % (3-3)
Cety = 2¢&(t)
®=— (3-4)

where § is the measured displacement of the indenter tip. Figure 3-7 shows the typical
development of residual strain at the upper fatigue load. For each individual cycle block
the residual strain development after a few cycles (initial stage) turns into a stable stage.
Only in the last cycle block the residual strain starts to increase rapidly before the
fatigue failure. For each MCB the residual strain and the corresponding fatigue
compliance of each cycle block at the second stage have been calculated and averaged.
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Figure 3-7 Typical development of residual strain at the maximum fatigue load

Attempts have also been made to assess the fatigue damage inside the cement
paste by using the non-destructive X-ray computed tomography (XCT) technique
[39,40]. As is shown in Figure 3-8, the region of interest (ROI) in the initial
microstructure of MCB, i.e. the local region near the fixed end of beam with the size of
300x300x600 um3, was first scanned before the fatigue test was performed. The
scanned MCB was then subjected to cyclic loadings up to 200,000 cycles with a stress
level of 90% of the static strength. Afterwards, the damaged sample was scanned again
to evaluate possible fatigue damage. After acquiring the grey-value based XCT images,
pore segmentation was conducted using the global threshold method [41]. Three
additional intact beams for each w/c ratio were also scanned and segmented to
determine the total porosity. The X-ray source tube was set at 90 kV/100 pA during
scanning, resulting in a voxel resolution of 0.5 x 0.5 x 0.5 pm3.

Micro-cantilever beam

> \*

1650 um

A

MCB on the glass holder XCT visualization Segmented pores

300 gm 30040

Figure 3-8 The CT scanning of the micro-cantilever beams and segmented pore structure
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3.3 EXPERIMENTAL RESULTS AND DISCUSSION

3.3.1 MECHANICAL PROPERTIES MEASURED IN QUASI-STATIC TESTS

Figure 3-9 shows the typical load-displacement of MCB under the monotonic
loading. The static mechanical properties, as well as porosities of cement pastes
measured by XCT for both w/c ratios at the age of 28 days, are summarized in Table 3-
1. As was expected, alower w/c ratio, and hence a lower porosity, leads to higher elastic
modulus and strength. Note that pores smaller than the image resolution (i.e. 0.5 pm)
cannot be detected by XCT. Therefore, the porosity measured by XCT is much lower
than the result of the mercury intrusion porosimetry (MIP) [42]. Nevertheless, the
difference in porosity for different w/c ratios is clear. When the measured elastic
moduli are plotted against flexural strengths in Figure 3-10, a general positive
correlation between these two properties can be observed for both w/c ratios. Due to
the highly heterogeneous nature of cement paste at the microscale, the results exhibit a
large scatter, as was expected [28,31]. More specifically, the local spatial distribution of
pores and hydration products at the fixed end of the beam may largely affect the
strength of MCB, while the global microstructure of MCB accounts for the variation of
the elastic modulus. The relationship obtained in Figure 3-10 will be used in the analysis
of fatigue results.

Table 3-1. Measured porosities and mechanical properties of MCBs (28d)

w/cratio Porosity (XCT results) Estaic (GPa) fi (MPa)
0.4 7.40% % 0.43% 15.09 + 2.06 24.23 £2.90
0.5 12.06% % 0.75% 10.19+2.46 19.47 +4.38
100
Static failurg Overshoot of tip
80 N
Z 60
E
E 40
204
0

T T T
0 10000 20000 30000 40000
Displacement (nm)

Figure 3-9 Typical load-displacement curve of MCB (w/c 0.4, 28d) under monotonic loading
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Figure 3-10 The relationship between the elastic modulus and flexural strength (28d)

3.3.2 FATIGUE LIFE AND S-N CURVES

Fatigue behaviour of materials, both from a scientific and engineering perspective,
are normally described by the so-called S-N curves. These curves usually present a
(linear) relationship between the logarithm of the number N of cycles and the
maximum fraction of the strength, i.e. stress level S. This relationship is known as the
Wohler fatigue equation [3], and is given by:

S=—-a-log(N\)+b (3-5)

where a and b are experimental coefficients. Note that there is another fatigue equation
[6,43,44], which considers the ratio of minimum fatigue stress to the maximum fatigue
stress. Since this stress ratio was kept low and constant (i.e. 0.03) for each fatigue test,
the fatigue equation Eq.(3-5) is adopted in current study. In general, the average
strength measured in static tests is used to determine the nominal stress level for
fatigue experiments. This engineering approach is used for convenience, as negligible
variation of sample strength is expected at the macroscale. However, the large
variations of mechanical properties at the microscale may undermine the correctness
and practicality of this method. To consider the variation of strength of each MCB, the
initial elastic modulus (determined by the slope of the stress-strain curve in the range
0f 40-60% of strength) was used to predict the strength based on the linear correlation
obtained in Figure 3-10. Although the correlation is far from perfect, this allows to
reduce the scatter originating from the variation of material properties. One should also
note that, in comparison to quasi-static testing at lower strain rates, the accelerated
cyclic loading tests with faster loading rates may lead to higher flexural strengths due
to the strain rate sensitivity of cementitious materials [45-48]. Consequently, the
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calculated stress levels are likely to be artificially higher than ‘true’ stress levels
determined as a function of static strengths measured at strain rates equivalent to the
loading rate during the fatigue tests. Nevertheless, these stress levels determined in this
study are only used as guidelines. For comparison, both the nominal stress levels Syom
using the average strengths measured in previous quasi-static tests and the modified
stress levels Smod considering individual sample strength, which is based on elastic
modulus, have been calculated.
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Figure 3-11 The nominal stress level versus number of cycles to failure
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Figure 3-12 The modified stress level versus number of cycles to failure

The S-N curves using the nominal and modified stress levels are shown in Figure
3-11 and Figure 3-12. Based on the least-squares method, linear regression analyses
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were carried out to determine the parameters in the Wohler equation, i.e. Eq.(3-5). In
Figure 3-11, it is difficult to find a clear trend when the nominal stress level is used. The
fatigue life for the same nominal stress level is very scattered at the microscale, as
illustrated by the low coefficients of determination (R2). The results in Figure 3-12 show
higher coefficients of determination when the variation of strength for individual
samples is considered. Nevertheless, the value of R? is still low. It seems difficult to
consider all the sources of scatter. For all modified stress levels (Smoa), the fatigue life of
w/c 0.4 sample is generally higher than that of w/c 0.5 sample.

It has been reported that the fatigue behaviour of quasi-brittle materials in terms
of fatigue life and crack growth rate are strongly dependent on the specimen size
[13,15,23,49-55]. When the results obtained in this study are compared to the
macroscopic fatigue results of cement paste presented in the literature [56,57], it is
found that, given the same nominal stress level, the fatigue life of microscopic cement
paste specimen is apparently longer. For instance, at the nominal stress level of 80%,
the number of cycles to failure for cement paste subjected to compressive cyclic loading
at the macroscale lies in the range of 102-10* [56-58], which is almost two orders of
magnitude lower than the flexural fatigue life of MCB at the microscale. For stress levels
lower than 80%, the difference in fatigue life becomes even larger. Note that the
compressive fatigue resistance of cementitious materials is found to be only slightly
higher than their tensile fatigue resistances at the same stress levels [59]. It is also
suggested by [3] that similar S-N equations can be used for both compressive and
flexural fatigue.

It has been widely reported that the fatigue life of cementitious materials
decreases with decreasing loading frequency [34,44,60]. In this study, the MCBs were
subjected to cyclic loading with loading frequency of only 0.55 Hz. This is much lower
than the commonly used frequency in macroscopic tests (5-10 Hz) [34,44,60,61], but
the samples still exhibit longer fatigue life. It should also be pointed out that, if one
considers the absolute magnitude of the stress, the number of cycles to failure at a
particular stress is much higher for small samples than for large samples [23], as the
strength of cement-based specimen is also size-dependent [62,63]. The fatigue size
effect of quasi-brittle materials was first demonstrated in the works of BaZant and co-
workers [50,51] and has recently been tested and analysed by Kirane etal. in [49]. The
fatigue crack growth rate, which is related to the Paris’ law coefficient, is found to
exhibit a substantial size effect, analogous to the size effect of fracture under monotonic
loading [49]. In other words, the fatigue damage evolution becomes slower for smaller
samples and, consequently, the fatigue life tends to increase with decreasing sample
size [23,49,50]. In contrast to normally used laboratory-scale cement paste samples, the
MCBs at the microscale do not contain initial large defects, like meso-cracks and air
voids (> 300 um), which could eventually reduce the overall fatigue resistance [64].
Furthermore, due to the extremely thin cross-section of MCB, very low moisture
gradients would be expected before and during the testing. This may result in a lower
degree of shrinkage-induced eigenstresses compared to larger samples, which could
also give rise to the better fatigue performance [18].
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3.3.3 EVOLUTION OF FATIGUE DAMAGE

It has been recognized that cement-based materials under fatigue loading
experience progressive damage accumulation, which is mainly attributed to the
initiation and propagation of microcracks [22,65]. In general, the gradual development
of fatigue damage causes a steady decrease in the stiffness of the material [66].
Therefore, degradation of stiffness can be used as an indicator of fatigue damage
evolution. In addition, direct examination of the microstructure through XCT technique
could also help to reveal possible growth of microcracks. In this study, both approaches
were attempted to characterize the fatigue damage.

CHANGES IN MCB STIFFNESS

The stiffness of MCB is determined by the slope of the ascending load-
displacement curve under cyclic loading. For each w/c ratio, the variations of stiffness
of 10 MCBs with the highest nominal stress levels were normalized to the initial
stiffness (kinc) and plotted against the normalized number of cycles. The result is shown
in Figure 3-13. Despite the small fluctuations, the stiffness of most samples decreased
only slightly with the number of cycles during the whole fatigue life, and some of them
even remained unchanged before fatigue failure. The average reduction in stiffness
before failure is calculated as 2.76 + 1.31% for w/c 0.4 samples and 4.01 * 3.06% for
w/c 0.5 samples. Unlike most macroscopic fatigue results obtained from mortar or
concrete samples [34,66,67], where distinct stiffness reductions of around 10-40%
were observed and damage generated mainly at the interfacial transition zone (ITZ),
the cement paste at the microscale seemed to experience very slow and limited damage
accumulation during most of the fatigue life. Once nano- or microcracks nucleate and
form a major crack under cyclic loading, the MCB fails immediately. It turns out that a
very small degree of fatigue damage is sufficient to cause a complete fatigue failure of
MCB. Note that slight increases in mechanical properties of concrete samples after
fatigue tests have also been reported in theliterature [37,67,68]. This phenomenon may
be attributed to possible strengthening mechanisms such as the consolidation or
compaction of cement paste or relief of eigenstress under cyclic loading in the regions
surrounding the cracks. These effects may also account for the observed low stiffness
degradations of MCBs. Since the remaining strengths of run-out MCBs were not
measured after fatigue tests, these possible strengthening mechanisms could not be
verified in the current research.
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Figure 3-13 Stiffhess degradations of 10 MCBs (28d) for each wi/c ratio under cyclic loading (note that
vertical axis does not start at zero)

FATIGUE DAMAGE EVALUATION THROUGH XCT

XCT observations were carried out on a group of MCBs. Owing to the large scatter
of fatigue results, accurate prediction of fatigue life and damage monitoring at the
microscale are extremely challenging. As a result, several samples have failed before the
second scanning (200,000 cycles). Nevertheless, two remaining samples (w/c 0.4) were
scanned and analysed. The fatigue damage evaluation through XCT is schematically
shown in Figure 3-14. After the pore segmentation, the average porosity of the region
of interest (ROI) changed from 7.72 * 0.45% to 7.80 + 0.38%. It appears that the
porosities measured by XCT are almost identical for original and damaged samples.
This may suggest that most of fatigue damage occurred at much smaller length scale, at
least lower than the XCT resolution (i.e. 0.5 um), which cannot be detected by the XCT.
Note that, for concrete samples the fatigue damage at later stage is often visible and can
be clearly identified using XCT [40,66,69,70] when a significant number of cracks with
large crack widths is generated near the ITZ. The fatigue damage in cement paste could
be in the form of cracking and crack propagation at the nanoscale or associated with
separations between nano-gel particles of the calcium silicate hydrate [13]. Therefore,
XCT with limited resolutions may not be an appropriate approach to capture minor
fatigue damage of cement paste at the microscale. More sensitive non-destructive
techniques, such as electrical resistivity measurement [71], dual-CT approach [72] and
ultrasonic pulse attenuation [73], could be useful in this case. However, the difficulty in
setting up small-scale measurement would become another challenging technical
mission.
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Figure 3-14 XCT examination of fatigue damage in MCBs (w/c 0.4)

3.3.4 ESEM ANALYSIS OF FRACTURE SURFACE

For a better insight into the fatigue failure, ESEM image analyses were performed
to study the fractured surfaces of MCBs after static and fatigue failure. The fractured
beams were examined using both secondary electron (SE) and backscattered electron
(BSE) modes in an ESEM. Figure 3-15 compares the BSE and SE images of the typical
static and fatigue fracture surfaces of MCBs at the magnification of 500x. At a first glance,
the overall difference between the static and fatigue fracture at this magnification is not
obvious. It is known that the critical crack under flexural loading is mostlikely to initiate
and propagate in the tensile zone of the cross-section (marked as red box in Figure 3-
15). Therefore, particular attention was paid on these areas, as is shown in Figure 3-16
and Figure 3-17.

Based on the BSE and SE images, multiple phases can be identified in the cement
paste at the microscale, such as calcium hydroxide (CH), ettringite and calcium-silicate-
hydrate (C-S-H). Some small cracks can also be found from these images at higher
magnifications. The detected small cracks were marked for static and fatigue fractured
surfaces (w/c 0.5) and presented in Figure 3-18 and Figure 3-19, respectively.
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(a) BSE, static fractured surface (b) SE, static fractured surface
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Figure 3-15 The overview of static and fatigue fractured surfaces (w/c 0.5)
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Figure 3-16 The (a) BSE image; (b) SE image of tensile zone of MCB after static failure (w/c 0.5)

57



CHAPTER 3

q . $ Cluster of needle-like
La'el i S Ettringite and plate-like CH -
UnHydrated Gement particle, 7 =3,

“ and inner CSH..=

(a) BSE image (b) SE image

Figure 3-17 The (a) BSE image; (b) SE image of tensile zone of MCB after fatigue failure (w/c 0.5)

Compared with the static failure samples, a higher density of cracks can be
observed in fatigue fracture surfaces. Most of these small cracks are found in the
fractured C-S-H phases, which are generally distributed around the stiff particles (e.g.
unhydrated cement particle and CH) or near the pores. More importantly, most of them
are nano-scale cracks and have a crack width less than 500 nm. Note that a few
observed fractures of CH (see Figure 3-17, near the neutral axis of the cross-section of
beam) are believed to be caused by unstable cracking behaviour in the final stage of
fatigue tests. It is suggested that, under the fatigue flexural loading, fatigue damages in
the form of multiple nano-cracks were generated and developed in the tensile zone of
the cantilever beam. The fatigue crack growth behaviour at the nanoscale may be
associated with the rupture of connections between C-S-H gel particles [13]. The slow
stiffness degradation might be attributed to the accumulation of these minor damages.
Furthermore, the randomly distributed nano-cracks with a relatively higher crack
density could also explain the large scatter of the fatigue life to a certain degree as any
small crack has the potential to develop into the primary crack, resulting in final
fracture. By contrast, there are much fewer small cracks propagating during the
monotonic flexural loading. This is also in accordance with findings reported in
[13,15,50], where much larger fracture process zones (FPZ) were measured in fatigue
tests than in the static tests. In several fatigue studies [43,74], some traces of “friction”
were found on the fatigue fractured surfaces. Several researchers believe that
dissipative mechanisms, such as internal sliding and friction between crack surfaces,
are the main sources of fatigue damage evolution [75,76]. However, this kind of damage
could not be detected in the ESEM images with current magnifications, and is possibly
not significant in flexural fatigue tests.

The combined XCT and ESEM observations indicate that apparently sound
material was already damaged before the fatigue failure occurred. The nanoscale
fatigue crack growths in C-S-H phases could explain the limited stiffness degradation of
MCB:s. Since it is currently not possible to trace all local sub-microscopic damages, a
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more appropriate approach is to consider fatigue as an essentially statistical effect of
events on a nano-scale, as is suggested in [12,77].

— 100 ————

Figure 3-18 Three static fractured surfaces of MCBs and marked cracks
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(a) Nr= 63544

(b) Nr=35045

(c) Nr=10328

Figure 3-19 Three fatigue fractured surfaces of MCBs and marked cracks with (a) Nr= 63544; (b) Nr=
35045 and (c) Nr=10328
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3.3.5 DEVELOPMENT OF FATIGUE COMPLIANCE

Figure 3-20 displays the typical fatigue compliance evolution of MCB subjected to
multiple cycle blocks. The fatigue compliances increase with the number of cycles,
showing two distinct stages, which are similar for different cycle blocks. Despite the
discontinuity between each load block, the development of residual displacement
shows an overall increasing trend with a nearly identical slope.
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Figure 3-20 The evolution of fatigue compliance for (a) w/c 0.4 and (b) w/c 0.5
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It is documented in literature that the first stage is characterised by a rapid
increase of deformation, which is generally believed to be caused by the initiation and
propagation of initial material defects, like microcracks and pores [34,61,78]. The
second stage, presenting an almost linear increase of deformations, is explained by the
stable crack growth [61,78]. This stable growth of deformation at the second stage,
which occupies almost 95% of fatigue life, depends on the amplitude of the stress
intensity factor near the crack tip [13,15,49]. The third stage before fatigue failure,
which is shown in Figure 3-7, always shows a dramatic increase in deformation due to
an unstable crack growth. However, as has been found previously for the stiffness
evolutions and XCT observations of MCBs, the fatigue damage of cement paste at the
microscale seems to be very small and slow. The linearly increased deformation at the
second stage cannot be explained solely by the minor damage accumulation. The cyclic
creep, or so-called fatigue creep, must be included in the fatigue deformation of cement
paste due to the visco-elastic/plastic nature of C-S-H [2,31,79-81]. Note that the term
‘creep’ used here is mainly referred to the time-dependent deformation behaviour of C-
S-H [82,83]. It has been suggested by Gao et al. in [2] that the residual strain of concrete
in the first stage is mainly caused by the cyclic creep effect, while the coupling of cyclic
creep and fatigue damage determines the irreversible strain accumulation in the
second stage [2,79].

In order to examine the viscoelastic deformation of cement paste under cyclic
loading, the Boltzmann superposition principle (BSP) is adopted here [84]. This
principle allows the calculation of linear viscoelastic deformation of a material
subjected to an arbitrary stress history by assuming an independent response to any
given load. The basic creep compliance evolution of cement paste under constant
loading can be determined by the combinations of rheological models or experimental
data. In this study, the power-law function suggested in [31,85-87] is used. The
formulation of the BSP for a multistep viscoelastic strain . of cement paste reads:

n

t—t;
ve(0,) = Z[a(ti) ~ ot [« (3-6)

i=1

where o(t;) - o(ti-1) is the actual stress increment in time interval (ti—ti-1). « and 8 are
two creep parameters, where the inverse of a is the so-called creep modulus [85]. These
two parameters may slightly differ for each individual sample because of the
heterogeneity of cement paste at the microscale. If the w/c 0.4 samples are considered
here, the average creep parameters, which have been experimentally measured in the
author’s previous work [33], are 1.47 and 0.203 for o and B, respectively. By inserting
the real cyclic loading history (Figure 3-5) in the equation, the viscoelastic deformation
is obtained. Figure 3-21 presents the comparison of fatigue compliance for w/c 0.4
samples, obtained from experiments and the BSP-based calculation. As shown in Figure
3-21, the viscoelastic deformation based on BSP seems to account for most of the
residual deformation of cement paste under cyclic loading, especially in the first stage.
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With the increase of the number of cycles, the viscoelastic deformation seems to
account for most of the measured fatigue compliance, whereas a slight deviation from
the experimental results is observed at the later stage. This deviation could probably be
explained by the coupled effect of fatigue crack growth and intrinsic viscoelastic
deformation [2,79]. Overall, the major portion of the measured residual strain can be
attributed to the viscoelastic deformation of cement paste. In addition, the numerical
work of Corrado and Molinari [18] indicates that eigenstresses locally released around
the cracks may induce a mismatch between the crack surfaces, which inhibits a perfect
crack re-closure and contributes to the observed residual strain. However, their
numerical results show that the simulated values of residual deformation due to
eigenstresses are only a small portion of the experimentally measured residual
deformations. The possible concomitant effect of another mechanism suggested by the
authors [18] is the formation of small debris, which may further prevent the crack
closure [26]. Despite the complex deformation behaviour of cement paste in the second
stage, the increase of the density of fatigue cracks and crack width along with the
propagation of fatigue cracks are the main reasons for the development of residual
fatigue compliance at the final stage.

—=— Average test data for w/c 0.4 samples
9 { [ Error band for test data
»— BSP based viscoelastic deformation for w/c 0.4

Fatigue compliance (x10°/MPa)
(4]
1

T T T T
0 200 400 600 800 1000
Time (s)

Figure 3-21 The comparison of fatigue compliance curves for w/c 0.4 between test data and BSP based
calculations

3.4 CONCLUSIONS

In this chapter, micro-cantilever cyclic bending tests have been performed to
investigate the fatigue properties of cement paste at the microscale. The following
conclusions can be drawn from the experimental results:
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(2

3

4

Given the same stress level, the fatigue life of microscopic cement paste specimen
is almost two orders of magnitude longer than that of macroscopic cement paste
specimen, indicating a strong size dependency of fatigue behaviour for the paste
specimen.

The microscopic fatigue damage evolution in cement paste is found to be very slow,
indicated by the longer fatigue life as well as the little generated damage compared
to macroscopic fatigue of concrete.

The fatigue damage accumulation in cement paste specimens, in the form of nano-
scale crack propagation, is very small, even under high stress levels (70-95%).
Compared to the static fracture, a higher density of nano-scale cracks can be
observed in fatigue fractured samples. Most of these cracks are a result of the
fractured C-S-H phases, which are generally found at stress concentrations. This
suggests that, under fatigue loading, multiple nano-cracks propagate
simultaneously inside the C-S-H gel particles and coalescence into a major crack
before failure.

Three distinct stages of the development of residual deformation can be identified.
The residual deformation of cement paste measured at the microscale is not caused
only by the growth of fatigue crack. Assuming linear viscoelastic behaviour, the
viscoelastic deformation under cyclic loading seems to account for most of the
measured residual deformation, especially in the initial stage of fatigue tests. In a
later stage, the residual deformation could be explained by coupling of fatigue crack
growth and viscoelastic deformation.

The knowledge regarding the fatigue properties of cement paste at the microscale

will help to gain insights on the fatigue behaviour of concrete. However, in order to fully
understand this behaviour, the fatigue properties of other components in concrete, i.e.
ITZ, also need to be studied. The next chapter will focus on the fatigue behaviour of ITZ
at the microscale.
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MICROMECHANICAL AND FATIGUE PROPERTIES
OF ITZ AT MICROSCALE

In this chapter the flexural strength and fatigue properties of the interfacial transition
zone (ITZ) are experimentally investigated at the microscale. Hardened cement paste
cantilevers (150 um x 150 um = 750 um) attached to a quartzite aggregate surface are
prepared and tested under monotonic and cyclic load. The mechanical and fatigue
properties of the ITZ are obtained and compared with the results of cement paste
specimen (Chapter 3). The microscopic observations on the fracture surfaces are also
performed to gain a better understanding of ITZ fracture under different loading
conditions. The possible size effect of ITZ bonding strength is examined by comparing it
with the macroscopic test results reported in literature. Discussions on the nature of ITZ
bonding strength and the fatigue behaviour of ITZ at the microscale are provided.

*Parts of this chapter have been accepted by Cement and Concrete Composites as Gan, Yidong, et al.
"Flexural strength and fatigue properties of interfacial transition zone at the microscale."



CHAPTER 4

4.1 INTRODUCTION

Concrete is generally considered as a three-phase composite at the mesoscale
(millimeter to centimeter scale), comprising aggregate, cement paste matrix and the
interfacial transition zone (ITZ) - a highly porous zone between the aggregate particles
and the cement paste matrix. The ITZ plays an important role in the mechanical
performance of concrete. Numerous studies have been devoted to the microstructure
and the mechanical properties of ITZ [1-6]. The ITZ is generally characterized by a high
porosity, deposition of crystals with preferential orientations and fewer cement
particles than in the bulk cement matrix. The major origin of this porous ITZ is due to
the so-called ‘wall effect’, which disrupts the packing of the cement grains against the
relatively flat aggregate surface [1]. Moreover, a water film which forms around
aggregate particles in fresh concrete also leads to a higher local w/c ratio in the vicinity
of aggregate particles. Another important microstructural feature of ITZ is the excess
content of large ettringite (AFt) and calcium hydroxide (CH) crystals with preferential
orientations deposited in the vicinity of aggregate, which forms the porous framework
of ITZ at the early age of hydration [6]. With ongoing hydration, the remaining space is
further filled with calcium silicate hydrate (C-S-H) gel and smaller crystals of AFt and
CH.

In general, the porous ITZ is considered to be the weakest link in conventional
concretes and is prone to microcracking under loading. Knowledge of the mechanical
properties of ITZ is essential for understanding the fracture behaviour of concrete. In
the literature, various testing approaches have been developed to investigate the
mechanical properties of ITZ [1-7]. While most studies focus on the macroscopic
behaviour of ITZ, the typical thickness of the ITZ is at the microscale, i.e. 20-100 pm.
Recent application of indentation techniques provide valuable information on the
hardness and indentation modulus of the ITZ [8,9]. Unfortunately, the strength of ITZ
cannot be measured directly by conventional indentation techniques. This can be
overcome by fabricating small cement paste cantilevers attached on the aggregate and
performing bending tests with the aid of a nanoindenter, as described in [10]. Zhang et
al. [10] performed micro-bending tests on small ITZ cantilever beams with the
dimension of 200 x 100 x 100 um3. The measured load-displacement curves were then
used to calibrate and validate the micromechanical model and set the basis for
multiscale modelling of mortar. In this study, the method developed by Zhang et al. [10]
is modified by increasing the size of specimens to 750 x 150 x 150 um3, which allows
direct measurement of flexural strength of ITZ with negligible shear effect.

Unlike the static mechanical properties, the fatigue properties of ITZ have never
been examined directly at any length scale. It is known that the fatigue-induced damage
may severely affect the macroscopic mechanical properties of concrete [11-13]. The
fatigue loading can also cause acceleration of unavoidable ageing phenomena resulting
in a decay of performance of a system with elapsed time [14]. Therefore, a clear
understanding of fatigue behaviour of ITZ is of great importance for predicting the
fatigue of concrete structures. According to fatigue tests of cement paste presented in
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Chapter 3, the stiffness degradation of cement paste was very limited, even after a large
number of loading cycles. However, the fatigue damage accumulation in concrete is
more noticeable [15,16]. This indicates that most of the fatigue damage occurs in the
ITZ. Maybe the pre-existing cracks and pores situated in the ITZ promote the
development of fatigue cracks in concrete when subjected to cyclic loading [15,16].

This chapter aims to study the flexural strength and fatigue properties of ITZ at
the microscale. The miniatured ITZ specimens are first fabricated using a method
similar to that developed by Zhang et al. [10]. The specimens are then subjected to both
monotonic and cyclic loading to assess their flexural strength and fatigue properties,
respectively. The microscopic observations on the fracture surfaces are also performed
to gain a better understanding of the ITZ fracture under different loading conditions.
The possible size effect of ITZ bonding strength is examined by comparing measured
results with macroscopic test results reported in literature. Discussions on the nature
of ITZ bonding strength and the fatigue behaviour of ITZ at the microscale are also
provided.

4.2 EXPERIMENTAL APPROACH

4.2.1 MATERIALS AND SAMPLE PREPARATION

Standard CEM 142.5 N Portland cement (ENCI, the Netherlands) was mixed with
deionized water to prepare the cement pastes. Two w/c ratios (0.3 and 0.4) were used
in this study. The Blaine fineness of cement (provided by the manufacturer) is 2840
cm?/g. Before sample preparation, a chemically inert quartzite aggregate was cut and
ground to obtain a thin slice with the thickness of 1 mm, see Figure 4-1(a). This was
achieved by using a Minitom low-speed cutting machine and a Struers Labopol-5 thin
sectioning machine, respectively. Both sides of aggregate were ground using two
grinding discs with grit sizes of 135 pm and 35 pm in sequence. Each grinding step
lasted for about 5 minutes. The prepared aggregate slices were then dried in an oven
(60°C) for 48 hours. The surface texture of the aggregate is an important factor affecting
the mechanical properties of ITZ [4,17,18]. By means of mechanical interlocking with
the aggregate surface at different length scales, the bonding strength of ITZ is higher for
rough surface than for a smooth surface [5]. The microscopic mechanical interlocking
is mainly caused by the epitaxial growth of cement hydration products (mostly CH and
AFt) on the aggregate surface. The surface roughness of the ground aggregate was
examined using a digital microscope (Keyence VHX-7000) with a z-axis resolution of 1
um. The 3D contour map of surface roughness is shown in Figure 4-1(b). Note that the
height is calculated using an averaging technique in between two focal lengths. Two
areas of 1000 x 1500 um? were examined and the arithmetic mean height (S.) and the
root mean square height (Sy) are calculated as 4.5 + 0.1 um and 5.6 + 0.1 pm. Clearly,
the measured roughness in this study is much lower (almost 1 to 3 orders of magnitude)
than the surfaces of natural aggregate and crushed aggregate reported in literature
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[19,20], but similar to the ground and polished aggregates [7]. In addition, the surfaces
of slices were examined by using backscattered electron images (BSE), secondary
electron (SE) images and energy dispersive spectrometer (EDS) analysis, see Figure 4-
1(c). The accelerating voltage for EDS was chosen at 15 kV. It is confirmed from EDS
analysis that the used aggregate mainly contains silica. Therefore, the chemical bonding
is not the major source of the bonding strength between the cement paste and
aggregate surface in the prepared ITZ sample. However, the electrostatic attraction
between solid surfaces could possibly play a role, which will be further discussed in
Section 4.2.3. Moreover, it can be seen from SE images of aggregate in Figure 4-1(d) that
the typical crystal size of quartz used in current study is around 7~15 pm.

The next step is to cast the fresh cement pastes on the top surface of aggregate
slice. Note that the casting procedure also affects the formation of ITZ [21]. The slice
needs to be placed at the bottom of the plastic mould in order to avoid possible micro-
bleeding effect [22]. The prepared samples were then cured under sealed conditions at
room temperature for 28 days.

For the fabrication of micro-cantilever beams containing the ITZ, a precision
micro-dicing machine (MicroAce Series 3 Dicing Saw) equipped with a resin blade was
used. To meet the required cutting depth of this machine, the hardened cement paste-
aggregate samples were further ground to reach the total thickness of around 1.75 mm
(with approximately 1.00 mm aggregate + 0.75 mm cement paste). For more details
regarding the sample preparation, the reader is referred to [10]. Only a brief description
is given here: two perpendicular cutting directions with the same cutting spacing were
applied on the cement paste side of the sample using the micro-dicing machine. In this
way, multiple rows of cement paste cantilever beams with a square cross section of the
beam of 150 x 150 um?, which are attached on the aggregate surface, were fabricated.
The cutting depth was set to 0.85 mm to ensure that the resin blade has cut into the
aggregate. Hence, a clear boundary between the cement paste beam and the aggregate
was generated, see Figure 4-2(a). The resin blade may experience some attrition and
damage with time especially when cutting into the hard aggregate, which may
undermine the quality of cutting. In this case, the replacement of new resin blade is
required.
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Quartzite aggregate slice

|

Digital length gauges 0.00pm 0.00pm

(a) Quartzite aggregate slice (b) 3D contour map of surface roughness

(c) BSE image and EDS of aggregate surface (d) SE image of quartz crystals

Figure 4-1 (a) A slice of quartzite aggregate with the thickness of around 1 mm; (b) 3D
contour map of surface roughness; (c) BSE image and EDS of aggregate surface and (d) SE
image of quartz crystals

Note that the number of successfully prepared ITZ bond specimens is lower than
that of prepared pure cement paste specimen fabrication. This is mainly because the
ITZ is more heterogeneous than the bulk paste and tends to exhibit a larger variation of
bond strength, which is in general much lower than the average strength of the bulk
paste [10-12,23,24]. Since the ITZ bond specimens will inevitably experience some
minor damage and shrinkage during the grinding and cutting procedure, an ITZ beam
may be damaged or even fail before testing due to the high local porosity or the
presence of shrinkage-induced cracks. Nevertheless, in successfully fabricated ITZ
beams, no apparent cracking was observed in cement paste beam or ITZ region as a
consequence of the cutting process. An overall accuracy of the cross-sectional
dimensions of 2 pm can be reached with this fabrication process. The distance
between the free end of cement paste and the edge of aggregate surface is defined as
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the effective cantilever length. In general, it is difficult to obtain a perfectly flat and
smooth surface of aggregate with the employed manual grinding procedure. Therefore,
a slightly inclined aggregate surface is obtained, see Figure 4-2(b). This results in
variations in effective cantilever lengths of the samples. The length of all samples were
measured and recorded under the in-situ microscope before testing. Even though
precautions were taken to minimize carbonation of the samples by storing the beams
in isopropanol [25], the surfaces of the small cement paste beams were slightly
carbonated when exposed to the ambient air, as can be seen in Figure 4-2(a). Moreover,
arelative rough boundary between the cement paste and aggregate can be observed at
the higher magnification. This relatively rough surface at the smaller scale along with
the filling of carbonation products in pores could potentially enhance the mechanical
interlocking behaviour of ITZ to a certain extent [26].

15042 pm

(a) Side view of ITZ sample

15042 pm

===

(b) Cross-sections of ITZ sample

Figure 4-2 Backscattered electron images of (a) the side view of ITZ and (b) the cross-
sections of ITZ samples with w/c 0.4, 28 days
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The microstructures of four ITZ samples were examined using X-ray computed
tomography (XCT) [27]. The X-ray source tube was setat 90 kV /170 pA during scanning,
resulting in a voxel resolution of 0.5 x 0.5 x 0.5 pm3. After acquiring the grey-scale based
XCT images, pore segmentation was conducted using the global threshold method
[28,29]. The segmented XCT images were used to determine the porosity distribution
along the beam. In Figure 4-3, it is clear that the local porosity near the aggregate
surface is larger than that of bulk paste [10]. The average porosity of the bulk paste,
which is around 150 pm away from the edge of aggregate surface, is detected as 5.31
1.08% for two samples with w/c ratio of 0.3. For two samples with w/c 0.4, the average
porosity of bulk paste is 8.42 + 1.63%. Note that pores smaller than the image resolution
in XCT (i.e. 0.5 pum) cannot be detected. Therefore, alower porosity is detected using the
XCT compared to the mercury intrusion porosimetry method [30]. It is generally
accepted that the ITZ is not a definite zone, but rather a region of transition. The
microstructure of ITZ varies with the mix composition, hydration degree and casting
procedure, etc [1,21]. Moreover, the local ITZ microstructures around one aggregate
particle can significantly differ even in the same concrete sample [1]. Due to the
ambiguous boundary with the bulk paste, it becomes extremely difficult to determine
the ‘average’ effective width of ITZ. Therefore, the approximation of ITZ width instead
of the accurate quantification of ITZ width is performed here.

ITZ beam samples 3D XCT sample 2D slice Porosity distribution

o052

o5k

(i) 2oepms 2jeSa135e 2y wory duwlSIY

° 3 8 8 & 8
Detected porosity (%)

Figure 4-3 The 3D XCT results of w/c 0.3 ITZ beam samples and the detected porosity
distribution calculated based on segmented 2D slices

For demonstration, the region of interest (ROI) with a length of 400 pm cement
paste + 100 pm aggregate was extracted from the XCT obtained samples, see Figure 4-
4. It is found that the changes in porosity in the regions, which are approximately 30-
100 um from the aggregate surface, are most significant. Herein, these regions are
roughly considered as the ITZ. It should also be noted that, in some cases, the local
porosity in ITZ is even similar to the bulk cement paste. As a result of the so-called wall
effect [1,2], the unhydrated cement particles tend to be fewer and smaller in the ITZ.
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This effect can also be observed in Figure 4-4. Due to the limited resolution and similar
density, other components, such as CH, AFt and monosulfate (AFm), cannot be
distinguished from the CT images owing to their densities similar to those of the main
hydration product, i.e. C-S-H.

Il Pore
B Cement particle

w/c 0.3 samples
I Aggregate

}7 I

Figure 4-4 The segmented pores and unhydrated cement particles in the ROI of two ITZ
samples per w/c ratio (grey represents hydration products)

w/c 0.4 samples

Bulk paste
400 pm
cement paste

ITZ

97 um

80 pum
63 um| H

100 um
aggregate

4.2.2 QUASI-STATIC AND FATIGUE BENDING TEST

Quasi-static and fatigue bending tests were performed on the fabricated ITZ
cantilever beams using the same test set-up developed in the previous chapter. A KLA
Nano-indenter G200 equipped with a cylindrical wedge indenter tip was used to apply
vertical line loads at the free end of the cantilever beams. Before testing, the angle and
centre of the indenter tip were calibrated by probing into a standard aluminum
reference sample. One side of aggregate was attached on a metal surface using
cyanoacrylate adhesive, and the angle of the cement paste beam was carefully adjusted
under the in-situ microscope to ensure that the line load is applied perpendicular to the
longitudinal axis of the beam. The experimental set-up is schematically shown in Figure
4-5. For each test, the coordinates of the loading position and the edge of aggregate
surface were recorded under the microscope to determine the loading distance d, see
Figure 4-5. All tests were conducted in a well-insulated chamber preventing any
significant change of temperature and RH. The average temperature and RH during the
tests were 26.5 + 0.5 °C and 34.1% =+ 0.8%, respectively. Prior to the tests, the samples
were kept in the chamber for temperature equalization until the thermal drift rate was
below 0.05 nm/s.
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150 x 150 pm
Cement paste

Figure 4-5 Schematic diagram of test set-up (d is the distance between the load point and the
boundary of the aggregate)

QUASI-STATIC BENDING TEST

The static mechanical properties of ITZ cantilever beams, i.e. flexural strength and
static elastic modulus, were determined before performing fatigue tests. For each w/c
ratio, 20 cantilever beams were monotonically loaded to failure. The static test was
displacement-controlled with a constant loading rate of 50 nm/s. The measured load-
displacement curves for two w/c ratios are shown in Figure 4-6. Generally, these curves
can be divided into two parts: the pre-peak region and the catastrophic failure region.
In the pre-peak region, the load increases with the displacement until a critical load is
reached. Despite some discontinuities, the pre-peak load-displacement curve is almost
linear. Afterwards, a rapid burst of displacement is observed due to the catastrophic
failure of the specimen. This is probably because the nanoindenter is not fast enough to
capture the post-peak behaviour of the specimen and the ITZ sample is intrinsically
brittle.

20

i
Pre-peak region 1 Catastrophic failure of the sample
'

Load (mN)
¢

—=—w/c 0.3 ITZ samples
—=—w/c 0.4 ITZ samples

T T
4000 8000 12000

Displacement (nm)

Figure 4-6 Load-displacement curves for ITZ samples with two w/c ratios
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In order to determine the flexural strength f; and static elastic modulus Estaic of the
ITZ sample, the maximum static load Pmax and the loading slope of the load-
displacement curve k (in the loading range between 40% and 60% of the maximum
load) are used according to the classical beam theory [12,23,31]:

Prnaxdh
fo==5 (1)
kd?
Etatic = 37 (42

where d is the measured effective cantilever length, h is the side length of the square
beam cross-section, and I=h*/12 is the moment of inertia. After failure of the sample,
the fracture location is examined to check whether the fracture occurs at the ITZ region.
The fractured surfaces of specimens on the aggregate side were also examined using
the scanning electron microscope.

FATIGUE BENDING TEST

Fatigue flexural tests of ITZ samples were carried out under load control. In total
15 ITZ specimens for each w/c ratio were tested under different cyclic loading ranges
(maximum fatigue force Finax and minimum force Fiin). The cyclic load was applied with
a constant amplitude (Fmax - Fmin) at a loading frequency of 0.55 Hz, the same as in
Chapter 3. The loading protocol is schematically shown in Figure 4-7. The pattern of
cyclic loading controlled by the nano-indenter is approximately a triangular load, but
with a very short dwelling time (0.2 s) at the maximum and minimum loads. The
corresponding maximum flexural stress at the upper fibre of the ITZ sample under the
maximum fatigue force was calculated using Eq.(4-1). Note that even under the same
magnitude of the load the calculated stress may be different due to the small variation
of the effective cantilever length. The corrected maximum stress level S (0max /f;) for the
fatigue test varies between 60% and 90% of the static flexural strength for both w/c
ratios. At the same time, the minimum stress level for fatigue stress ratio R (Omin/0max)
was maintained at a constant level of 0.07 throughout the test. The number of loading
cycles at failure of the specimen was denoted as the fatigue life, N. During the fast
loading-unloading regime, small disturbances (2-5% of loading amplitude) for both
maximum and minimum fatigue load may occur. Therefore, the recorded average load
level was used to determine the stress level. Before each fatigue test, the ITZ sample
was preloaded to the maximum load and completely unloaded to reduce the possible
plastic deformation generated under the indenter tip [11].

Due to the limited test duration in the nano-indenter, the fatigue loading protocol
was separated into multiple cycle blocks with identical load history. Each cycle block
contains 500 loading-unloading cycles. Two cycle blocks are connected with a short rest
period (around several minutes), see Figure 4-7. The beam is completely unloaded after
finishing one cycle block and then reloaded for the next cycle block, as shown Figure 4-

80



CHAPTER 4

8. The so-called run-out tests are stopped at the limit of 200,000 cycles. At the end of
each fatigue test, the nano-indenter will apply a constant low load at around 0.01% of
the maximum load to measure the drift rate and calibrate the displacement responses.
However, most of the measured drift may be affected by creep recovery because of the
viscoelastic nature of cement paste [32]. Therefore, the calculated drifts were deducted
from the total time-dependent displacements.
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Figure 4-7 Illustration of cyclic load history applied in MCB fatigue tests
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Figure 4-8 Examples of load-displacement curves for two cycle blocks

Two major characteristics of fatigue of cementitious materials are the evolution of
residual deformations and sample stiffness [11]. A MATLAB code was developed to
extract both quantities from the recorded load-displacement curve in each cycle block.
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Figure 4-9 illustrates the calculation of residual deformation and loading stiffness
during the fatigue test. The load amplitude and the displacement during the loading
stage Sioaa Were used to determine the stiffness of sample at the i-th cycle. The residual
displacement 6. is defined as the change of displacement at the maximum load level
relative to the corresponding displacement at the first cycle. The corresponding
residual strain is calculated as the strain g(t) at the upper fibre of the fixed end of the
beam based on the classical beam theory [31]. The fatigue compliance C(t) is
determined by dividing the residual strain by half of the applied maximum stress
(0max/2). For each ITZ specimen, the residual strain and the corresponding fatigue
compliance were calculated according to the Eq.(3-3) and Eq.(3-4).

Load

min

Displacement

Figure 4-9 Illustration of residual displacement and loading stiffness calculation

4.3 EXPERIMENTAL RESULTS AND DISCUSSION

4.3.1 MECHANICAL PROPERTIES MEASURED IN QUASI-STATIC TESTS

Figure 4-10 shows the flexural strength and elastic modulus of ITZ samples. In
general, the mechanical properties increase with the decreasing w/c ratio. For
comparison, flexural strengths and elastic moduli of cantilever beams made of pure
cement paste (28 days) at similar length scale (300 x 300 x 1650 um3) in Chapter 3 and
Ref.[33] are also presented in Figure 4-10. As is expected, the mechanical properties of
ITZ samples are lower than that of pure cement paste samples, mainly due to the higher
porosity of the ITZ. The average flexural strength of ITZ samples for both w/c ratios is
approximately 44-50% of the paste matrix, while the elastic modulus is around 40-41%.
However, there are large variations of flexural strength and elastic modulus indicated
by the calculated coefficient of variation i.e. 21-25% for both w/c ratios. Note that the
average flexural strength of the microscopic ITZ specimen is significantly higher than
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the bonding strength (0.75-3.9 MPa) of macroscopic laboratory-scale specimens
[3,4,34]. This aspect is further discussed in Section 4.2.6.
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Figure 4-10 The comparison of (a) the flexural strength and (b) elastic modulus of ITZ
sample (28 d) and the cement paste sample obtained in [23]

4.3.2 FATIGUE PROPERTIES

The relationship between the fatigue life N of ITZ specimens and the stress level S
is plotted in Figure 4-11. For comparison, the fatigue results of cement paste beams in
Chapter 3 were also included. The figure shows that the fatigue life data exhibit a
considerable scatter, which is typical for fatigue tests [35]. Consequently, a clear trend
for the S-N relation is difficult to be discerned for any of the investigated w/c ratios. The
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observed scatter of fatigue results may arise from the microstructural heterogeneity of
the material, the variation in specimen size, as well as assumptions made in the fatigue
analysis [11]. During most of the fatigue life, the fatigue fracture is characterized by
diffuse microcracking. Instead of instantly turning to the localization of microcracking,
the fatigue microcracks gradually propagate at numerous randomly distributed weak
spots, e.g. pores and pre-existing cracks [13]. Therefore, the moment of final fatigue
fracture depends on a series of time-dependent processes during the loading and
unloading cycles. These processes could be related to the stress redistribution, friction
process, shrinkage, self-healing and ageing, etc. This is completely different from the
static fracture and could also be the reason for the pronounced scatter observed in
fatigue data. Nevertheless, it is clear from Figure 4-11 that the fatigue strengths of ITZ
specimens for both w/c ratios are apparently lower than the strength of pure cement
paste beams at the microscale. This indicates that the ITZ is more vulnerable to the
fatigue loading and is most likely to provide locations promoting crack propagation in
concrete, which is in accordance with the findings reported in [15,16]. To the best of the
authors’ knowledge, there is currently no available data for the direct fatigue testing of
the ITZ, either at the microscale or the macroscale. Therefore, the possible size effect on
the fatigue of ITZ cannot be verified here. Further studies on the macroscopic fatigue
behaviour of ITZ are needed.
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Figure 4-11 The S-N curves for ITZ samples and the comparison with the results of pure
cement paste samples

4.3.3 FRACTURE SURFACE

In general, the fracture occurs at the ITZ of the specimen regardless of the loading
protocol, i.e. both in static and fatigue conditions. Figure 4-12(a) and (b) show the front
and side views of several fractured surfaces of ITZ specimens under monotonic and
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cyclic loading, respectively. No apparent difference between the static and fatigue
fractures is found as the critical crack always occurs at the interfacial zone. It should
also be noted that the fracture surface might be different from case to case, reflecting
the high heterogeneity of the ITZ. One common characteristic for some fracture surfaces
is that the cement paste beam including the ITZ is completely detached from the
aggregate surface except for a few remaining cement paste debris. This indicates that
the major part of the critical crack is formed along the surface of the aggregate and only
a small portion of the cracking path penetrates into the ITZ. This failure mode is mainly
caused by the weak bond between the hydration products and the aggregate.

Front view: Side view

Aggregate

50 pm

Front view i e Side view

(b) Fractured ITZ samples subjected to cyclic loading

Figure 4-12 The front views and side views of fractured ITZ samples subjected to (a)
monotonic loading and (b) cyclic loading

Another failure mode is observed in some fractured beams, as shown in Figure 4-
13(a). The major part of the critical crack passes through the porous ITZ and exposes a
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lot of debris on the aggregate surface. The debris mainly consist of amorphous C-S-H
gel, CH crystals and some calcium carbonate (CaCOs) cubes formed after the air
exposure of the fractured surface. In addition, some minor ettringite (AFt) needles are
detected on the aggregate surface. It can be seen in Figure 4-13(a) that some large CH
crystals (around 10-40 pum) with preferential orientations are anchored in the
aggregate surface and surrounded by other hydration products. Similar observations
have also been reported in [2,36]. Note that the preferential orientation of large CH
crystal plates may result in different behaviours for direct tensile and flexural tests.

Itis suggested by several researchers [8,27] that the epitaxial growth of hydration
products (e.g. CH and AFt) and their precipitation in small cavities on the aggregate
surface, e.g. Figure 4-13(b), contribute to the mechanical interlocking effect. This
mechanical interlocking effect can be observed at different length scales depending on
the roughness of the aggregate surface. Figure 4-13(c) illustrates the microscopic
mechanical interlock mechanism at the ground aggregate surface. Even though the
aggregate has been ground to a certain extent, numerous cavities remain on the surface
and facilitate the deposition of hydration products. Zimbelmann [4] suggested that the
transfer of load from the cement paste to the aggregate is mainly done by the anchored
CH crystals and, to a smaller extent, by the AFt and C-S-H. It is also believed that large
CH crystals formed in the highly porous ITZ would favour the formation and
propagation of microcracks under mechanical load [37,38]. It is clear that the ITZ
contains more CH compared to the bulk paste, but the distribution of CH is not
connected around the aggregate surface, especially in real concrete samples [2]. This
highly heterogeneous microstructure further complicates the fracture behaviour of ITZ
at the microscale.

Besides this mechanical effect, the relatively weak electrostatic interaction
between reaction products and aggregate could also play a role in developing the bond
strength [39,40]. With reference to the zeta-potential measurements and microscopic
observations, Ouyang et al. [39] suggested that the adhesion mechanism between C-S-
H particles and silicate filler is driven by an attractive ion-ion force. Since the C-S-H and
silicate particles have similar surface charge properties, the electric interaction
between the C-S-H surface and the silicate surface is similar to that between two C-S-H
surfaces. The ion-ion correlations between C-S-H particles have been confirmed in the
molecular dynamics simulations and direct-force measurements by atomic force
microscopy [41,42]. The authors [39] suggested that two surfaces (silica and C-S-H) are
separated by a dielectric continuum, in which Ca2* ions are free to move. The attractive
ion-ion correlation force is generated due to the charges of the excess of Ca?* ions on
one side resulting in an overall positive charge, and the deficit on the other side
resulting in an overall negative charge. It can be seen in Figure 4-13(b) that many C-S-
H particles directly precipitate on the aggregate surface. Moreover, this electrostatic
interaction effect on the bonding strength may be different for other crystal phases on
the aggregate surface. Therefore, in addition to the distribution of pores, the deposition
of different hydration products may also affect the final failure mode.
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(c) Schematic presentation of the hydration products distribution on the aggregate surface

Figure 4-13 (a) Some large CH crystals with preferred orientation observed on the aggregate

surface after static fracture; (b) the images of hydration products and small cavities at higher

magnifications and (c) schematic presentation of the hydration products distribution on the

aggregate surface (Note that the sketch is used for illustration purposes only and the shape
and sizes of hydration products are not exact)
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4.3.4 RESIDUAL DEFORMATION

The measured residual displacement curves for different w/c ratio specimens are
shown in Figure 4-14. There are large variations in these curves, mainly due to the
microstructural heterogeneity. In general, the curves can be divided into two stages: the
initial stage and the subsequent stable stage. In the initial stage, the residual
deformation increases with a decreasing rate and then reaches to the stable stage with
a constant growth rate. Before the fatigue failure, the evolution curves increase sharply
within a few cycles. The fatigue compliance evolutions in the first two stages are
calculated based on Eq.(3-4) and shown in Figure 4-15. The average fatigue compliance
seems to increase with increasing w/c ratio. It is suggested that the residual
deformation in cement paste is mainly caused by the fatigue crack growth and the
viscoelastic nature of C-S-H [11]. By increasing the w/c ratio, the porosity and the
probability of drying shrinkage-induced cracking also increase [44]. Therefore, the
fatigue crack growth of the pre-existing microcrack as well as the creep deformation
increase in higher w/c ratio ITZ and cement paste samples [15,29]. Figure 4-15 also
shows a comparison of the fatigue compliance evolution between the ITZ and cement
paste test results. It appears that for the same w/c ratio (0.4), the fatigue compliance of
the ITZ specimen is slightly higher than that of pure cement paste specimen, which
could mainly be explained by the higher local porosity and microcrack density. Note
that the viscoelastic deformation may be affected by the relatively higher amount of
non-creeping CH crystals in the local area of ITZ specimens [38]. These two deformation
mechanisms observed in fatigue tests are very complicated and, therefore, they are
mostly treated separately without considering their coupled effects [13,45]. Neville and
Hirst [46] indicated that cyclic creep can be considered as an accelerated and
irrecoverable static creep. The acceleration effect is explained using Ruetz's model [47].
In that model the applied cyclic stress would disrupt the movement of the adsorbed
water layer in C-S-H gel and thus promote the creep deformation. However, the creep
effect on the fatigue cracking behaviour is still not clearly understood and should be
further investigated.
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Figure 4-14 The evolution curves of residual displacement for (a) w/c 0.3 and (b) w/c 0.4
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Figure 4-15 Comparison of fatigue compliance curves for ITZ and cement paste specimens
from Chapter 3

4.3.5 STIFFNESS VARIATION

The normalized loading stiffness evolutions of ITZ specimens are examined and
presented in Figure 4-16 and Figure 4-17. It can be seen in Figure 4-16 that the change
of stiffness with increasing number of cycles is very small. However, at the final cycle
block of the test, see Figure 4-17, the loading stiffness of beams decreased fast in a few
cycles before failure. It is worth mentioning that in some fatigue tests the loading
stiffness was almost constant and even some slight increases were also observed.
Similar observations have also been reported in literature [48,49]. This may indicate
some possible strengthening mechanisms during the fatigue tests, such as carbonation
[26], consolidation or compaction of cement paste or the relief of eigenstress in the
regions surrounding the cracks under cyclic loading [50]. The stiffness degradation of
microscopic ITZ specimens seems to be slow and limited, which is similar to the
findings for cement pastes in Chapter 3. When a critical crack is formed as a result of
the propagation and coalescence of multiple nano-scale cracks, a sudden fatigue failure
occurs. In comparison to the pure cement paste specimens, the extent of damage
needed for fatigue failure is much less in I'TZ specimens than in cement paste specimen,
as indicated by the lower fatigue strength (Figure 4-11). Due to the higher porosity and
density of microcracking in the ITZ region of ITZ samples, the formation and
propagation of the critical fatigue crack is easier.
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Figure 4-17 Normalized stiffness evolution at the final cycle block

4.3.6 GENERAL DISCUSSION

It is well known that the strength of quasi-brittle materials is size-dependent [51].
The flexural strength of the ITZ (10.49-14.15 MPa) obtained in this study is significantly
higher than the bond strengths measured in conventional laboratory-scale samples
using polished aggregate. For instance, Hsu and Slate [52] found that the bond strengths
between polished aggregates (sandstone and granite) and cement pastes (w/c 0.265-
0.36, age 30 d) were only 1.54-2.39 MPa, which is about 40-61% of the tensile strength
of cement matrix. Similar results have also been found in the work of Jebli et al. [5], in
which the bond strength (around 1.6 MPa) is around 60% of the strength of bulk paste
(w/c 0.5, age 28 d). A relatively high tensile bond strength of around 2.3-3.9 MPa
between ground quartzite aggregate surface (R.= 3.0 um) and cement paste (w/c 0.37,
age 26-28 d) has also been found in an experimental study conducted by Tasong et al.
[3,7]. Furthermore, these authors also tested the bond strength of ITZ specimen using
much higher surface roughness aggregates (e.g. fractured surfaces with R, equals to
103.8 um), which is around 3.25 MPa. Zimbelmann [4], on the contrary, observed a
much lower bond strength (around 0.75 MPa) between the polished quartz and the
cement paste (w/c 0.35, age 28 d), which is only 16% of the tensile strength of bulk
paste. Gu et al. [53] also examined the bond strength between the aggregate and mortar
(w/c 0.4) using similar surface roughness (R.=2.3-4.7 um) and found that the bond
strength was around 1.9 MPa. It is worth mentioning that the strength of ITZ also
depends on how the sample is prepared. The shrinkage of the paste, which might
introduce eigenstresses in the ITZ [54], could be relieved to a certain extent if the ITZ
specimen is cut from a larger sample as in this study. Slightly different strength may be
obtained if the ITZ sample is directly cast in the mold, e.g. in [3,7,52]. Despite the small
differences in the size of macroscopic specimens (i.e. centimeter sized) and mix

92



CHAPTER 4

composition, the bond strength of ITZ reported in the literature is almost one order of
magnitude lower than the measured flexural strength of ITZ at the microscale.

It is interesting to note that similar size effect in the splitting strength of cement
paste measured on paste cubes with a size range from 0.1 to 40 mm has also been
studied experimentally by Zhang et al. [55]. They found that the average splitting
strength of a micro-cube (100 um) sample is also one order of magnitude larger than
the strength of the laboratory (40 mm) cement paste sample [55]. Even though the
compositions and microstructures of ITZ and bulk cement paste are different, they both
exhibit similar quasi-brittle fracture behaviour to some extent. Moreover, large
capillary pores and air voids that are equivalent to or larger than the dimension of the
ITZ specimen are completely excluded during the cutting process. Hence, the
significantly higher flexural strength of ITZ measured at the microscale seems
reasonable.

It is worth mentioning that the success ratio of preparing the miniaturized ITZ
sample is lower than that of pure cement paste sample, mainly due to the weak bonding
strength. As a result, there could be possible survival bias in the measured strength as
the remaining samples subjected to the destructive cutting and grinding process would
originally exhibit stronger bonding properties, while the weak samples with high local
porosities or shrinkage-induced cracks would have been eliminated during the sample
preparation process. Therefore, the obtained ‘average’ results may not be fully
representative for the true mechanical and fatigue properties. More advanced and
nondestructive experimental techniques may be needed. One should always be careful
when interpreting the testing results of ITZ specimens, especially considering the
strong microstructural heterogeneity at the microscale.

It is clear that the ITZ is the weakest link in ordinary concrete [6]. The much lower
strength and lower fatigue resistance of ITZ promote the development of multiple
microcracking in concrete samples under monotonic and cyclic loading. However, to
further investigate the effect of local ITZ properties on the macroscopic performance of
concrete, a multi-scale modelling approach is required. All mesoscopic features, such as
aggregate shape, ITZ and paste matrix properties, should be considered to provide a
reliable quantitative prediction. The measured ITZ properties in this study could serve
as the important basis for the multiscale modelling scheme [13,56].

4.4 CONCLUSIONS

In this chapter, the flexural mechanical and fatigue properties of ITZ were
investigated for the first time at the micrometre length scale using micro-cantilever ITZ
specimens. The flexural strength of ITZ obtained in current study was compared with
results in literature. The following conclusions can be drawn:

(1) The strength of ITZ at the micrometre length scale is almost one order of
magnitude higher than that of centimeter sized specimens in macroscopic tests
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2

3

reported in literature. In addition, the measured mechanical properties of ITZ, i.e.
the strength and stiffness, are much lower than that of bulk cement paste at similar
length scale. The flexural strength of ITZ is around 44-50% of the cement paste,
while the elastic modulus is around 40-41%.

The origin of the bond strength between siliceous aggregate and cement paste is
discussed. From experimental results it is inferred that the mechanical
interlocking at different length scales helps to transfer load. Besides, the
electrostatic interaction effect is assumed to play a role in contributing the bond
strength.

A lower fatigue resistance was observed for ITZ compared to that of bulk cement
paste. This may indicate that, when the concrete is subjected to the cyclic loading,
multiple microcracks accumulate preferably in the ITZ and then coalesce with the
cracks in paste matrix leading to the fatigue failure. Relatively higher fatigue
residual deformation has been observed in ITZ tests than in tests on cement paste
samples with the same w/c ratios and ages. The complex residual deformation
development is believed to be caused by the combined effect of creep and fatigue
crack propagation. However, their coupled effects remain unclear and need
further investigation.

Both the static and the fatigue properties of ITZ investigated at the microscale are

useful for the validation of the microscopic model, which can be further used in the
multiscale modelling scheme to predict the fatigue fracture behaviour of concrete at the

macroscale. A numerical approach will be developed in the next chapter to simulate the
fatigue behaviour of cementitious materials.
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LATTICE MODELLING OF FATIGUE RESPONSE OF
CEMENT PASTE AT MICROSCALE

In this chapter a numerical model using a 2D lattice network is developed for
investigating the fatigue behaviour of cement paste at the microscale. Images of 2D
microstrictures of cement pastes obtained from XCT tests are used as input and mapped
to the lattice model. Different local mechanical and fatigue properties are assigned to
different phases of the cement paste. A constitutive law considering the fatigue damage
evolution under cyclic loading is proposed. Flexural fatigue experiments performed at
the same length scale are used to calibrate and validate the model. The proposed model
can reproduce well the flexural fatigue experimental results, in terms of S-N curve,
stiffness degradation and residual deformation. The validated model is then used to
predict the uniaxial tensile fatigue fracture of cement paste. The effects of microstructure
and stress level on the fatigue fracture are studied using the proposed model. This model
forms a basis for the multiscale analysis of concrete fatigue.

*Parts of this chapter have been published as Gan, Yidong, et al. "A numerical study of fatigue of hardened
cement paste at the microscale." International Journal of Fatigue 151 (2021): 106401.



CHAPTER 5

5.1 INTRODUCTION

As we have seen in previous chapters, concrete is a complex system with the
multiscale heterogeneity ranging from nanometres to centimeters [1-3]. The
phenomenon of concrete fatigue inherently involves multiple spatial scales. Nowadays,
there is an increasing interest for multiscale modelling [4], which could connect the
heterogeneous material structure and properties at finer scales with the macroscopic
behaviour of concrete. Several attempts have been made to investigate the effect of
mesostructure of concrete on the global fatigue behaviour [5-7]. The content and shape
of aggregate and the local fatigue properties of the paste matrix and the interfacial
transition zone (ITZ) can be properly considered in these mesostructure-informed
models. However, no model has been developed to date for fatigue of cement paste at
the microscale. At this scale, the cement paste is mainly composed of calcium hydroxide
(CH), unhydrated cement (UHC), calcium-silicate-hydrate (C-S-H) and pores of various
sizes. For a complete and sophisticated multiscale modelling scheme, the model has to
be established and validated at different subsequent scales. Therefore, the present
study aims to develop and validate a microstructure-informed model for investigating
the fatigue behaviour of cement paste at the microscale.

Since the presence of heterogeneities at different levels of observation
complicates fatigue fracture, the first challenge is to choose an appropriate model to
consider the heterogeneity. From the perspective of statistical physics, lattice type
models have shown to be quite useful in dealing with the disorder in quasi-brittle
materials [8]. Lattice models have been successfully used for simulating the fracture
and deformation behaviour of cementitious materials [9-15]. In these models, the
material is discretized into a network (i.e. lattice) of elements. Different properties of
interest, e.g. mechanical and transport properties, could be assigned to these elements
[14,16,17]. The material heterogeneity at various levels of observations can be directly
implemented into the model by adjusting the local properties of lattice elements [18,19].
When the fracture of cement-based material under monotonic loading is examined, the
cracks simulated by lattice fracture are very realistic and resemble the experimentally
observed cracks [4,20,21]. In the current study, the lattice fracture model is extended
to simulate the fatigue fracture process of cement paste at the microscale.

In this chapter the fatigue lattice model is first established by considering the
microstructure of cement paste and local fatigue damage evolution. Microscale flexural
fatigue test results from the Chapter 3 are used to directly calibrate and validate the
model. Then uniaxial tensile fatigue simulations are performed to investigate the effects
of microstructure and stress level on the global fatigue fracture behaviour. The fatigue
simulations are also compared with static simulations to better understand the fatigue
fracture process.
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5.2 NUMERICAL APPROACH

5.2.1 EXPERIMENTALLY-OBTAINED 2D VIRTUAL SPECIMENS

In general, the heterogeneous microstructure of cement paste can be obtained by
either experimental methods, e.g. scanning electron microscopy (SEM) [7] and X-ray
computed micro-tomography (XCT) [13,18], or computer-generated approaches, e.g.
HYMOSTRUC [22], pic [23] and CEMHYD3D [24]. In this study, miniature cement paste
specimens fabricated in Chapter 3 are scanned by XCT to obtain the realistic
microstructure. Three beams for each w/c ratio are then scanned using XCT to obtain
greyscale-based 2D images, see Figure 5-1(a). The segmentation procedure using the
global thresholding method [15,25] is performed on these CT images. Three threshold
values are defined to segment different components in the cement paste based on the
grey-scale histogram. These threshold values are determined by using either the
inflection point of the cumulative grey-scale value curve or the change of the tangent
slope [15,25].

The hydration degree and w/c ratio are also used as inputs to segment the main
hydration products [26]. As is shown in Figure 5-1(b), four main phases, i.e. unhydrated
cement (UHC), high-density (HD) C-S-H, low-density (LD) C-S-H and pores, can be
distinguished after the segmentation. It should be mentioned that other hydration
products, e.g. calcium hydroxide (CH), ettringite (AFt) and monosulfate (AFm), are not
segmented in this study, but embedded in other segmented phases. More details on the
segmentation procedure can be found in [15,17,25]. Before the construction of the
lattice network, the spatial resolution of XCT images is reduced to 5 pm/pixel using the
bilinear interpolation algorithm to save computational time. Note that, if a different
resolution would be used in the model, the calibration process should be repeated.

Pore

300 umy’ 300 W

(a) CT image (b) Segmentation results for micro-cantilever beam

Figure 5-1 (a) the CT image of a micro-cantilever beam; (b) segmentation results for different w/c
ratios
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5.2.2 GENERAL DESCRIPTION OF LATTICE MODEL

DOMAIN DISCRETIZATION

The first step of lattice model construction is to discretize the material structure
by a lattice network. A group of cells is generated based on the pixel images obtained
from XCT tests, and each cell coincides with a single pixel. In each pixel, a sub-cell is
created and the length ratio of the sub-cell to the cell, which is defined as the
randomness, is set to be 0.5 here [27]. Subsequently, a node is randomly created inside
each sub-cell by using a pseudo-random number generator. Delaunay triangulation of
the domain is then performed on these nodes as is described in [16,28,29]. The
neighboring nodes are connected to form the lattice network, see Figure 5-2. The
reason for using irregular lattice networks is to introduce local heterogeneity and
disorder and avoid mesh dependence of crack paths [9]. By assigning these beams with
different properties, the microstructure of the material can be mapped on the lattice
network. Figure 5-2(b) shows the generated lattice models for two w/c ratios based on
the segmented 2D virtual specimens, which are 2D slices randomly selected from the
3D CT-scanned specimen.

Node i

Cell
Element i-j

T
Node j
Sub-cell — B

Colors represent different phases

(a) Schematic diagram of lattice network generation

N EVZRN
AN/ \

(b) Generated lattice network

Figure 5-2 Lattice element generation procedure
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MECHANICAL CONSTITUTIVE LAW

In the lattice model, the cement paste is discretized as a set of Timoshenko beam
elements. All beam elements are assumed to exhibit linear elastic brittle behaviour with
different elastic modulus and maximum strength, depending on the XCT images. Under
pre-defined boundary conditions, a linear elastic analysis is performed and the node
displacement of each element is calculated. Details about the numerical algorithms can
be found in [15,29,30]. To simulate the fracture process, removing (or partially
removing) of lattice beams is done step-by-step upon reaching a certain criterion [9,12].
For the determination of fracture criterion in the case of monotonic loading, the
comparative stress o is calculated as the combination of normal force and bending
moment [9], as follows:

N M
0. = ay Z + [24Y] W (5'1)

where A denotes the cross-section area of the beam element; W is the cross-sectional
moment of resistance; N and M are the local normal force and bending moment,
respectively. an and am represent the normal force influence factor and the bending
influence factor, which are generally chosen as 1.0 and 0.05, respectively [27,29,31].
The effect of these factors on the overall fracture behaviour is discussed elsewhere [32].
The stress level in each element is calculated by dividing the comparative stress with
the defined local tensile strength f; of the element. The critical element, which has the
highest stress level, is then partly removed from the system following the softening
cyclic constitutive law described in Section 5.2.3 to represent the cracking. The local
elastic moduli E, and tensile strengths f; of different phases, obtained in the author’s
previous work [15], are summarized in Table 5-1. The strain at the peak stress &, for
each phase is also given. Note that, for interface elements between two different phases,
lower values of mechanical properties among these two phases are assigned [15].

Table 5-1. Local properties for different phases of hydrated cement paste [15]

Phases fi (MPa) E, (GPa) o (Lg)

UHC 614.7 84.2 7300
LD C-S-H 522 213 2451
HD C-S-H 82.8 264 3136

The experimental results of bending tests on cement paste beams in Chapter 3 are
used here to calibrate and validate the model. In the simulations, the same boundary
condition with the experiments is applied on virtual samples, as is illustrated in Figure
5-3(a): the static load is imposed on one side of the virtual sample and the other end of
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the sample is fixed. A typical simulated stress-strain curve as well as the fracture pattern
for a flexural static test is shown in Figure 5-3. Generally, the major crack will initiate at
the weakest locations near the fixed end and propagate into the beam, leading to
complete fracture. The red zig-zag lines observed in the post-peak response can be
explained by the fact that after a beam element is removed, much less load is required
to break the next beam in the system, after which again a higher load is needed to
continue further. Such local snap-backs, which are difficult to be measured
experimentally, can be simulated since the solution algorithm of lattice model allows
the system to relax and be reloaded afterwards. This behaviour demonstrates the local
instabilities during the crack formation and propagation in quasi-brittle materials. The
local mechanical properties will serve as the initial properties in the following fatigue
simulations.

Static load l

(a) w/c 0.4 sample

w
o

Testing results for static fracture
—————— Simulation results for static fracture

N N
o o
! 1

Stress at the fixed end of beam (MPa)

T T
0 500 1000 1500 2000 2500 3000

Strain at the fixed end of beam (ue)

(b) Stress-strain curve

Figure 5-3 Simulation results of one w/c 0.4 sample (1650 um x 300 um): (a) the fracture pattern
under static loading; (b) the comparison of the stress-strain curve with experimental results
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5.2.3 FATIGUE LATTICE MODEL

CONSTITUTIVE LAW FOR CYCLIC LOADING

If the model is subjected to the cyclic stress with the magnitude lower than the
macroscopic strength, the lattice system will never fail. Therefore, a constitutive law
incorporating the fatigue damage evolution is used here to consider the degradation of
mechanical properties under fatigue loading. In reality, the fatigue damage of
cementitious material mainly consists of the progressive growth of internal
microcracks [33,34]. The growth of a microcrack manifests itself through degradation
of macroscopic properties, such as stiffness. To account for this behaviour, the cyclic
constitutive law for a lattice beam element is proposed, as is shown in Figure 5-4. The
cyclic stress-strain curve for describing the mesoscopic fatigue behaviour is originally
developed by Nagai et al. [35], and further modified by Gong et al. [5]. This cyclic law is
similar to the continuous-function model developed by Hordijk [36] for simulating the
post-peak cyclic behaviour of the crack in concrete.

At each analysis step of the fatigue fracture simulation, the maximum fatigue load
is imposed on the system. The comparative stress and corresponding stress level in
each lattice element are calculated. Based on the stress levels and the number of cycles,
the calculated fatigue damage in the form of mechanical degradation is assigned to all
damaged beams. For the unloading stage it is assumed that the unloading process will
not generate any damage such that the reloading curve (blue arrow) will overlap with
the previous unloading curve (red arrow). Moreover, based on experimental
observations [5,37,38], there are always residual strains under cyclic loading.
Therefore, the unloading curve in each loading cycle will not pass through the origin
(see Figure 5-4). More details regarding the determination of residual strain will be
discussed later. After unloading, the system will be updated due to the new stiffness
matrix and the remaining strength of each element. If the global stiffness of the system
falls below 20% of its original stiffness, the simulation is stopped and the system is
considered to have failed. Otherwise, another analysis step is executed. Note that an
analysis step does not always represent one loading cycle, as explained in the next
paragraph.
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Figure 5-4 The constitutive law of individual lattice elements subjected to cyclic loading

As is shown in Figure 5-4, the beam is assumed to be purely linear elastic in
compression and neither compressive failure nor compressive fatigue damage will
occur. Only the mechanical properties of beams subjected to comparative tensile stress,
see Eq.(5-1), will gradually decrease depending on the stress level and number of cycles.
When in tension, the pre-peak regime is characterized by the initial strength f; and
elastic modulus (fi/€0) of the beam element, which are identical to the static mechanical
properties (Table 5-1).

There are two scenarios for the implementation of fatigue damage at the
microscale. Firstly, if the calculated highest comparative stress is lower than its
remaining strength (i.e. o«<f;), the mechanical properties of all the beams will be
reduced based on the current stress level (green lines in Figure 5-4. Each phase in
cement paste is assigned with a fatigue property following the phenomenological S-N
approach [39,40], which reads as:

S;=—a-log(N;))+b (5-2)

where S;is the stress level of the element at the i-th analysis step; N;is the corresponding
fatigue life; a and b are two parameters deciding the fatigue properties of hydration
product phases. In this study, the parameters a and b for different phases, namely LD C-
S-H and HD C-S-H, will be determined by fitting the simulation results to experimental
results. Based on Eq. (5-2) the fatigue life can be calculated if the stress level is known,
and vice versa.

Another important parameter is the fatigue damage index D, defined as the
reduction percentage of strength with respect to the initial strength of the element. The
remaining strength of the damaged element is calculated as (1-D)f. When D=0, the
element is assumed to be undamaged, and when D=1 the element will be removed from
the mesh. Note that the same fatigue damage index is used for the elastic modulus of a
damaged element in the current scenario. Generally, the fatigue damage D for each
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element should be accumulated with increasing number of cycles, and a higher stress
level results in a higher degree of fatigue damage. Since the stiffness matrix is always
updated due to the fatigue damage, the stress in the element will be redistributed in
each loading cycle. Therefore, in order to consider the effect of redistribution of stress
during the cyclic loading, the fatigue damage D; at the i-th step is calculated based on the
Miner’s rule [41] and the fatigue damage in the previous step D;.1:

nC
D; = ﬁl +D;_4 (5-4)

where n. is defined as the cycle block for each analysis step and N; is the fatigue life
calculated from Eq.(5-2) based on the i-th step of stress level. It should be mentioned
that, even though the Miner’s law may not precisely reflect the actual fatigue damage
evolution of cementitious materials and may lead to non-conservative results, this law
is widely used for its simplicity [36,42-44]. An alternative would be to consider the
fatigue damage evolution using thermodynamic concepts under the damage mechanics
framework, as proposed in [45,46].

In general, a high-cycle fatigue test of cement paste under a moderate stress level
involves tens of thousands of cycles. It is inefficient to explicitly simulate every loading
cycle. Therefore, a proper strategy is preferred for fatigue damage simulation. To this
end, the “block cycle jump” technique, in which a certain number of cycles are packaged
as one block loading case, is usually adopted [47]. Similarly, an appropriate number of
cycles is chosen as the cycle block defined in Eq.(5-4) to speed up the fatigue simulation
in this study. The effect of cycle block size on the simulated fatigue life and
computational time is shown in Figure 5-5. It can be seen that the increasing of cycle
block size from 10 to 1000 leads to a slightly higher fatigue life. However, the
computational time is reduced significantly. In this study, a pre-defined number of 1000
cycles is used for the cycle block. This means that the fatigue damage for 1000 cycles
can be considered in one analysis step. It should also be noted that, if the cycle block
value is very close to or even higher than the final fatigue life, the simulation may
generate unrealistic results. Therefore, the value of a cycle block will be adjusted for
each simulation until it is at least ten times lower than the final fatigue life.
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Figure 5-5 The effect of cycle block value on the simulated fatigue life and computational time

The second case for considering the fatigue damage is that when the calculated
highest stress level for the critical element exceeds 1 (i.e. os/fi>1), a post-peak cyclic
softening behaviour is assumed for this element, see Figure 5-4. In this case the
remaining strength of the element is gradually reduced following a linear softening
curve [35,36,48]. For simplicity, it is assumed that only four softening steps are required
for an element to reach the final fracture. At each softening step a certain percentage of
reduction dsor in strength is assumed for this element, e.g. fa=(1-dsof) f and fo=(1- dsott) %fr.
Therefore, the fatigue damage index of this element at the i-th step should be Di=1-(1-
dsoft) (1-Di-1). Following the approach described in [5], a constant strain (e.=-400 pe) at
the compression branch is introduced for all phases to determine the percentage of
reduction for elastic moduli and the residual strains (e.g. &1 and &p;). When the
maximum strain &max is also known, the residual strain &y and the corresponding
damaged elastic modulus Eq; of the element can be calculated with the following
equations:

dsoftgc (30 B Smax)

&1 = T (5-4)
_ A -D)fe
Eqy = T (5-5)

Note that the unhydrated cement (UHC) phase is assumed to have infinite fatigue
life without any fatigue damage accumulation. Only the two C-S-H phases in the cement
paste are assumed to experience fatigue damage. The calibration of parameters for
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characterizing the fatigue damage evolution and residual deformation will be
performed in the next section.

RESIDUAL DEFORMATION

Another important characteristic of fatigue test is the residual deformation. It has
been suggested that the residual deformation is mainly attributed to the creep
deformation and fatigue crack growth [39,49]. For each analysis step in the fatigue
simulation, the local residual deformation of each element will be determined and then
imposed on the lattice elements to calculate the macroscopic residual deformation
through the approach described in [15]. In this study, the change of strain at the
maximum fatigue load is defined as the residual strain and the fatigue compliance is
defined by dividing the residual strain by half of the applied maximum stress.

For the case of o/fi>1, the residual deformation of the critical element is
determined based on the post-peak cyclic behaviour as is depicted in Figure 5-4. If the
stresses in all elements are lower than their strengths, the residual deformation of each
element will be calculated considering the creep and fatigue crack growth. In this case
the cycle block is also used to accelerate the fatigue analysis in one analysis step. Bazant
and Hubler [49] developed a theoretical model to relate the macroscopic deformation
of concrete with the microscopic fatigue crack growth based on the Paris’s law.
According to Bazant et al. [49], the total material compliance Jic under cyclic loading is:

Jrot =J (& to) + A (5-6)
t—t,
J(t,t0) = ac(——)F (5-7)
1
Ao\
A]f = Ct “t fHZ (f) (5-8)

where J(tto) is the basic creep compliance given in [50,51]. It is defined as the creep
strain at time ¢ caused by a unit stress applied at the beginning time ¢. t; is the time unit.
a. and . are two creep parameters for each phase and Az is the fatigue compliance due
to crack growth under cyclic loading [49]. The exponent y is a constant with the value
of 4 [5,49] and (. is a fitting parameter [5]. Ao is the fatigue stress amplitude of the
element and fuz is the loading frequency. The time needed for one complete cycle equals
the inverse of loading frequency, i.e. 1/fuz. Therefore, the number of cycles N can be
calculated as t *fiiz. Note that the current model is only applicable for the fatigue loading
with alow loading frequency. When a higher loading frequency is used, the inertia effect
of fatigue loading begins to play a role and should be taken into account [52,53].
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5.3 MODEL CALIBRATION AND VALIDATION

The flexural fatigue tests on the MCBs are performed in Chapter 3. The
experimental results in terms of S-N curves, stiffness degradations and residual
deformation evolutions of MCBs have been used to calibrate the 2D flexural fatigue
lattice model. As there is almost no other available experimental data for the fatigue of
cement paste at the microscale in literature, the validation is carried out by simulating
samples that have not been used in the calibration phase. These samples differ in
microstructures and w/c ratios. In the validation phase, parameter adjustment is not
permitted. The calibration is first conducted on the sample with the w/c of 0.4. The
calibrated parameters for two C-S-H phases are summarized in Table 5-2.

For the calibration of parameters determining the fatigue compliance evolution at
the free end of the beam, the same loading protocols as the experiments described in
Chapter 3, in terms of loading frequency (0.55Hz), number of cycles (500) and stress
level (80%), are used in the simulation. The value cycle blockis chosen as 1 for this case.
It means that each of the 500 cycles is explicitly simulated. The creep parameters for
two C-S-H phases are calibrated using the recently obtained basic creep compliance
results [54]. From a trial-and-error method, the parameters responsible for the fatigue
crack growth are obtained (Table 5-2). Since it is currently impossible to measure the
strain capacity of each phase at this scale, both C-S-H phases are assumed to have the
same maximum strain &max (3200 pe), which is slightly larger than the strain at the peak
stress & (3136 pe). In Figure 5-6, the fatigue compliance curves of different virtual
samples are compared with the experimentally measured fatigue compliance (average
values with standard deviations). The figure shows that most of the simulated fatigue
compliance curves using calibrated parameters lie in the range of the experimental
results. Large scatter still exists in the magnitudes of simulated fatigue compliance for
different virtual samples. This large scatter is mainly due to the 2D heterogeneous
microstructures.

Table 5-2 Calibrated parameters for the fatigue simulation

ac G Emax dsoft

Phases a Pe
(10"/MPa) (10/MPa) (ne) (%)
HD C-S-H 0.02 1.1 0.23 0.20 5x10° 3200 20
LD C-S-H 0.04 1.1 0.34 0.20 1.2x10° 3200 20
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Figure 5-6 The comparison of experimentally measured fatigue compliances and simulation results
(w/c 0.4 and 0.5, 28 days)

Meanwhile, the parameters for describing the fatigue damage evolution have been
calibrated using experimentally obtained S-N relationships. Firstly, the effect of the
fatigue parameter b on the simulated S-N curve is investigated and shown in Figure 5-
7. In general, the global fatigue life increases with increasing value of b. To simplify the
calibration process, b is chosen as 1.1 for both C-S-H phases.

Stress level

0.4

T T T T
10’ 10? 10° 10* 10° 10°
Number of cycles to failure

Figure 5-7 The effect of b on the simulated S-N curves

111



CHAPTER 5

Before determination of the fatigue parameter a, several pairs of values for the two
phases, i.e. LD C-S-H and HD C-S-H, have been used for trial simulations. The simulated
S-N curves for one virtual specimen (w/c 0.4), using different fatigue parameters, are
compared with experimental results [37] and shown in Figure 5-8. At a given stress
level, the global fatigue life decreases with increasing magnitude of fatigue parameters
(or decreasing of local fatigue properties). For the virtual sample used in the simulation,
the two parameters with values a(HD)=0.02 and a(LD)=0.04 seem to fit well with the
experimental results in terms of the slope of the S-N curve. Therefore, these two values
are adopted in the simulations for other w/c 0.4 virtual samples and w/c 0.5 virtual
samples with different microstructures. For each virtual sample, three different stress
levels are applied. The simulated S-N curves are compared with experimental results
and shown in Figure 5-9. A wide variation of simulated fatigue life for different virtual
samples can be observed. However, it should be pointed out that each virtual sample
follows a unique linear S-N curve on the semi-log scale. This indicates that the major
source of scatter in the fatigue simulation originates from the heterogeneous material
microstructure. Another source of uncertainty for fatigue results comes from the
determination of the true static strength, which is used to determine the nominal stress
level. This problem can also be tackled by performing the static simulation. Despite the
large variation between individual samples, it has been clearly demonstrated that there
is a significant difference in fatigue life for two w/c ratios, see Figure 5-9.
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a(LD)=0.06, a(HD)=0.04|
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Figure 5-8 Simulated S-N curves for one virtual sample (w/c 0.4, 28 days) using different fatigue
parameters
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Figure 5-9 The simulated S-N curves for different virtual samples

Two examples of simulated fatigue fracture patterns are shown in Figure 5-10.
Interestingly, multiple cracks have been observed for some fatigue flexural simulations
(see the w/c 0.4 virtual sample in Figure 5-10). Similar findings have been found in
experimental results reported in literature [55-58]. Besides, the w/c 0.4 sample is more
heterogeneous than the w/c 0.5 specimen. Therefore, the possibility for multiple
cracking can also be higher. In general, the crack initiates at the weakest locations, e.g.
LD C-S-H phases, under both static and fatigue loadings. It is clear that the mechanical
properties of each phase are important for the fatigue fracture behaviour. The major
difference is that, when one propagating crack is impeded by other phases with higher
fatigue resistances, i.e. HD C-S-H or UHC, this crack may branch or continue to propagate
depending on the stress level, number of cycles as well as the accumulated fatigue
damage in the surrounding phases. Since all C-S-H phases are simultaneously
experiencing some degree of fatigue damage in previous loading cycles and the fatigue
damage evolution for HD C-S-H is much slower than that of LD C-S-H, some cracks may
also initiate in LD C-S-H at other locations. Due to the updated global stiffness according
to the fatigue damage accumulation, the stress redistribution will occur under each
flexural cyclic loading and may lead to the presence of multiple cracks. However, it
should be mentioned that this situation may only apply at the low stress level, as the
difference in fatigue life for two C-S-H phases is significant. When the stress in an
element is slightly lower than its strength, the fatigue life for two phases is very close
and only differs by some cycles. This may indicate different fatigue fracture behaviour
at different stress levels. If the stress level is high, the fatigue fracture tends to be
identical with the static fracture behaviour. For instance, the fatigue fracture pattern of
the w/c 0.5 virtual sample in Figure 5-10 is similar to its static fracture. One can also
envision that, by manipulating the difference between fatigue properties of two C-S-H
phases, the fatigue fracture pattern will change. Therefore, the quantification of the
fatigue properties of two C-S-H phases is crucial for the fatigue fracture simulation of
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cement paste. In addition, the fatigue cracks in the simulations are dependent on the
degree of heterogeneity and the distributions of different phases. This aspect will be
further illustrated using the uniaxial tensile fatigue simulations in Section 5.4.

Stress &

R z " Time
Multiple cracks Cyclic load

w/c 0.4 virtual sample

Crack
N

w/c 0.5 virtual

Figure 5-10 Examples of the fatigue fracture patterns for w/c 0.4 and 0.5 virtual samples

Typical stress-strain curves under the cyclic loading are presented in Figure 5-11.
With the increasing number of cycles, the slope of the loading cycle gradually decreases.
To monitor the stress evolutions of beam elements under flexural cyclic loading, the
comparative stresses of beams at two locations have been extracted from the
simulations, see Figure 5-12(a). It can be seen that at the location 1, which is at the fixed
end of beam, both stresses in LD C-S-H and HD C-S-H beams increase slowly before the
unstable cracking is reached. The UHC seems to remain constant during most of the
fatigue life. On the contrary, the stresses of LD C-S-H and HD C-S-H beams at the location
2, which is at the vicinity of the major fatigue crack instead of the cracking tip, appear
to gradually decrease with the increasing number of cycles. Similarly, the stresses in
UHC elements remain almost constant before the unstable cracking. Note that the
highest stress is always at the tip of the major crack due to the stress concentration. This
would result in a higher degree of fatigue damage accumulated in these elements near
the cracking tip. The beam elements at the location 2 are supposed to experience
significant change of stress during the stress redistribution process, while the beam
stresses at the location 1 would show a gradual increase before the unstable cracking
due to a relatively slower fatigue damage accumulation. It is also found that in both
locations the stresses in UHC elements change much slower than those in HD C-S-H and
LD C-S-H beams, while the stresses in HD C-S-H also change slightly slower than those
in LD C-S-H elements. This could be explained by less fatigue damage generated in these
elements.
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Figure 5-11 A typical simulated stress-strain curve for one w/c 0.4 sample under cyclic loading with
the upper stress level of 90%

The changes of the global elastic moduli for virtual samples, which represent the
stiffness degradations under fatigue loading, are shown in Figure 5-13, along with the
results of measurements. It can be seen that in most of the fatigue life the reduction of
elastic modulus is very small. Overall, both the numerical and experimental results
suggest a slow and limited flexural fatigue damage evolution process for cement paste
at the microscale. Another important feature of fatigue fracture is that the fatigue crack
becomes unstable when the total damage has accumulated to a certain degree. This is
primarily because the remaining cross-section of the specimen can no longer sustain
the external fatigue loading. It is manifested as a sudden drop of stiffness, as is shown
in Figure 5-13 (marked as blue lines).
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Figure 5-13 The simulated elastic modulus degradation along with the experimental results
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5.4 2D UNIAXIAL TENSILE FATIGUE LIFE AND FRACTURE BEHAVIOUR

By using the calibrated lattice fatigue model, it is now possible to simulate the
uniaxial tensile fatigue behaviour of cement paste at the microscale. The output of the
uniaxial tensile fatigue simulations could also be used as input for multiscale analysis of
concrete [13,19]. The calibrated parameters from the previous section are adopted
here to predict the uniaxial tensile fatigue life and fracture pattern of cement pastes.
Images of the microstructure of cement pastes (w/c 0.4) with the size of 500 x 500 pm?
are extracted from the segmented CT results, see Figure 5-14. In the uniaxial fatigue
simulations, 8 virtual samples are generated, and each virtual sample is subjected to
three different loading levels. Hence, in total 24 simulations are performed.

CT scans of cement paste (w/c 0.4) Generated lattice model

Uniaxial tensile load

tEEEEEEE E
Fixed end

500 x 500 um?

100 x 100, resolution 5 pm

Figure 5-14 The generated lattice model from CT scans for uniaxial tensile fatigue simulation

The simulated uniaxial tensile fatigue results for all virtual samples are
summarized in Table 5-3. The obtained S-N curves of virtual samples and also the
assumed local S-N curves for both C-S-H phases are shown in Figure 5-15.
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Table 5-3 The simulation results for 8 virtual samples under uniaxial tensile fatigue

Virtual sample No. Static tensile strength (MPa) Stress level (%) Fatigue life
8245 532462
1 16.01 84.95 131474
87.42 37470
86.97 237598
2 16.10 89.46 66614
91.94 22574
81.17 462306
3 10.84 84.86 56306
88.55 9302
85.96 28553
4 2048 87.92 11553
89.87 5553
8543 104534
5 17.79 87.68 35502
89.93 13518
84.55 238509
6 18.45 86.72 74521
88.88 27501
86.54 191526
7 17.56 88.82 56518
91.09 17526
85.53 40522
8 19.18 87.61 15518
91.78 3526
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Figure 5-15 Simulated uniaxial tensile fatigue S-N curves for w/c 0.4 virtual samples

It is clear from both Table 5-3 and Figure 5-15 that the fatigue life decreases with
increasing stress level. Similar to flexural fatigue, each virtual sample subjected to
uniaxial tensile fatigue also exhibits a unique S-N relationship and the difference in S-N
curves between each sample is caused by the heterogeneity of the microstructures.
Moreover, at a given stress level the uniaxial tensile fatigue life of cement paste is always
lower than that of pure C-S-H phases as is shown in Figure 5-15. This is attributed to the
presence of pores and stiff particles (UHC), which introduce stress concentrations into
the system.

To gain more insight into the fatigue fracture behaviour, the fatigue cracks at
different loading cycles are illustrated in Figure 5-16. The loading cycles have been
normalized to the final fatigue life. Note that the 3D features of fracture behaviour in
heterogeneous materials cannot be reflected by the current 2D model. All analyses are
performed based on 2D results. At the beginning of the fatigue simulations, the upper
load of fatigue will sometimes generate a few cracks in the system, mostly distributed
in LD C-S-H near the pores, see Figure 5-16. Before the fatigue failure, the fatigue crack
will always propagate following the weakest link in the system, which is similar to the
static fracture behaviour. Therefore, for most simulation results, the fatigue fracture
patterns are similar to the static fracture patterns. For example, Figure 5-16 shows that
both the major static crack and fatigue crack pass through the disconnected pores and
result in the final failure. This could also be attributed to the high stress levels used in
these simulations, i.e. around 81-92% of static strength. However, it should be borne in
mind that the fatigue fracture also depends on the local stress fields and fatigue damage
evolution rates of different phases.
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Figure 5-16 One example of fatigue crack development in cement paste (w/c 0.4) under uniaxial
tensile fatigue loading at the stress level of 87.4% and the simulated fatigue life Nris 37470

In order to demonstrate the different fatigue fracture behaviour at different stress
levels using the developed fatigue lattice model, two stress levels, i.e. 85% and 50%, are
applied on the same virtual sample. Due to the high fatigue resistance of cement paste
at the microscale, the simulated fatigue life at the low stress level (50%) will be at least
1014-10%5 cycles. Therefore, for the purpose of demonstration, lower fatigue properties
are assigned to the two C-S-H phases, i.e. a(LD)=0.09 and a(HD)=0.04. It is worth
mentioning that, for macroscopic fatigue simulation of concrete, the interface transition
zone (ITZ) between the aggregate and cement paste is generally expected to have much
lower fatigue resistance compared to the paste matrix. In this case, lower fatigue
properties may be used [5,6,43,58-62]. The simulated fatigue fracture patterns are
shown in Figure 5-17.

Figure 5-17(a) shows that several cracks initiate at the early stage of fatigue
loading (marked in blue circles) when the stress level is 85%. At this stress level, the
local stresses near the crack tip are also high, such that the rates of local fatigue damage
evolution are at the same magnitude for both C-S-H phases, as have been explained
before. As a result, the crack will propagate into both C-S-H phases alike. When the
loading cycles reach the starting point for the unstable crack, this stage of cracking
behaviour is similar to the static fracture. Therefore, the final fatigue crack resembles
the static fracture in this high stress level. However, in Figure 5-17(b), where a lower
stresslevel (50%) is applied, almost no crack is observed in the model until the number
of loading cycles reaches 96% of fatigue life. Note that the crack initiation actually
happens at the beginning of fatigue loading. However, these cracks occur at much
smaller scales (e.g. < 5 um) and cannot be shown in the model. Therefore, these cracks
manifest themselves as strength and stiffness reductions in individual lattice element
instead of being explicitly shown in the model. At the moment the cracks are observed
in the model, significant damage has already been accumulated in the system. In
addition, it can also be seen that some initial cracks are impeded by the HD C-S-H at the
bottom-left corner of the sample. With the increasing number of loading cycles, the
fatigue crack tends to propagate following the edge of the HD C-S-H and UHC. This is
because at the low stress level the fatigue damage evolution rates for two C-S-H phases
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are significantly different. The damage accumulates much faster in the LD C-S-H phase
and, consequently, most of this phase has already been damaged before the fatigue
failure. It is also found that the number of completely damaged elements (D=1) in this
fatigue simulation is almost 1.62 times higher than that in static fracture simulations.
Therefore, different degrees of damage in the microstructure lead to the final fatigue
fracture pattern, which is different from the static fracture pattern.

Fatigue crack Start point for
initiations unstabl
Tl .

Major static crack | Intact microstructure Fatigue failure

(a) Stress level of 85%
Major static crack Intact microstructure Olwerved fatizne, Star¢ poltfor Fatigue failure

cracks

unstable erack
Y - f

(b) Stress level of 50%

Figure 5-17 Different fatigue fracture behaviours of cement pastes (w/c 0.4) under the (a) stress level
of 85% (fatigue life Nr=3053); and (b) the stress level of 50% (fatigue life Nr=3572216)

Normally, the output of microscopic simulation results of cement pastes, e.g. S-N
curves and fatigue damage evolutions, could be used as inputs for macroscopic fatigue
simulation of concrete. Similar to the static fracture multiscale modelling scheme
[18,19], different fatigue properties should be assigned to different components in
concrete. Since another major component of concrete, i.e. ITZ, is also crucial for its
macroscopic fatigue behaviour, the microscopic fatigue behaviour of ITZ will be
simulated in Chapter 6.
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5.5 CONCLUSIONS

In this chapter, a 2D lattice fatigue model has been used to investigate the fatigue

behaviour of cement paste at the microscale. The experimental results for flexural
fatigue of cement paste specimens of the same size (300 x 300 x 1650 pum3) as
considered in Chapter 3 are used to calibrate and validate the model. The following
conclusions can be drawn:

(1

2

3

In the current model the pre-peak fatigue damage evolution is applied to local
elements based on the combined phenomenological S-N approach and Miner’s law.
The post-peak fatigue damage is considered using a cyclic constitutive law.
Different fatigue damage evolution rates are assumed for various microscopic
constituents of cement paste. In addition, the development of residual
deformation can also be simulated by considering the creep and fatigue
compliance of C-S-H phases. Overall, the proposed model can reproduce the
experimental results quite well in terms of S-N curve, stiffness degradation and
residual deformation.

The validated model is then utilized to predict the uniaxial tensile fatigue fracture
process of cement paste. The effects of stress level and heterogeneity of the
microstructure on the fatigue fracture pattern can be properly studied with the
model. The major source of scatter of fatigue results originated from the
heterogeneity of the microstructure can be demonstrated clearly with the
simulations. Combined with static fracture simulations, the simulations offer the
opportunity to directly compare the static and fatigue fracture behaviour. It is
found that the concurrent propagation of multiple cracks, other than a single crack
in 2D static fracture simulation, is possible for the 2D fatigue simulation.

A major limitation of the current model is its 2D nature, which is unable to
consider the 3D features of fatigue fracture behaviour in heterogeneous materials.
Therefore, it is necessary to extend the current model to 3D simulations in a future
study. Another limitation is the inherent empirical nature for the estimation of
fatigue damage evolution, which lacks sufficient physical justification. A clear
physical explanation for the microscopic fatigue fracture may only exist on the
atomic scale, where the propagation of the fatigue crack is assumed to be governed
by the thermally activated breakage of atomic bonds [56]. Nevertheless, the
current model has successfully demonstrated the effect of heterogeneity of the
microstructure on the fatigue behaviour of cement paste in a very efficient way
and provides some valuable insights into the microscopic fatigue fracture
phenomenon.

With the aid of the developed model, it is possible to predict the fatigue life of the

cement paste for a given microstructure. The next chapter will focus on the fatigue
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simulation of ITZ using the proposed model. Moreover, the output of simulation results
at the microscale could be used as input for the prediction of the mesoscopic fatigue of
mortar, which will be performed in Chapter 7.
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CHAPTER 6

LATTICE MODELLING OF FATIGUE RESPONSE OF
ITZ AT MICROSCALE

In this chapter the fatigue behaviour of the interfacial transition zone (ITZ) at the
microscale is investigated using the fatigue lattice model presented in Chapter 5.
Microstructures of ITZ obtained from X-ray computed tomography (XCT) tests are
explicitly considered in the model. Local mechanical and fatigue properties of different
phases in the ITZ are calibrated and validated using the experimental results obtained at
the same length scale. The simulation provides a satisfactory prediction of fatigue
behaviour of the ITZ with different w/c ratios. The validated model is then used to predict
the uniaxial tensile fatigue fracture of the ITZ. The effect of microscopic roughness on
the overall fatigue behaviour is studied using the proposed model.



CHAPTER 6

6.1 INTRODUCTION

The interfacial transition zone (ITZ) between aggregate and paste matrix plays a
vital role in the fracture behaviour of mortar and concrete subjected to static and fatigue
loading. To properly simulate the mesoscopic fatigue behaviour of mortar, a micro-
scale constitutive model of ITZ is needed. In this chapter, the mechanical and fatigue
behaviour of the ITZ at the microscale are simulated using the fatigue lattice modelling
approach developed in previous chapter. Realistic ITZ microstructures obtained from
XCT results are implemented into the model. The experimental results of the
performance of the ITZ taken from the Chapter 4 are used to calibrate and validate the
model. To investigate the effect of microscopic roughness of the aggregate surface on
the overall mechanical and fatigue performance, uniaxial tensile simulations of ITZ
virtual samples with different roughness are also performed. The predicted
micromechanical and fatigue properties of the ITZ can be further used in the modelling
of concrete or mortar at the meso-scale, which will be presented in Chapter 7.

6.2 NUMERICAL APPROACH

6.2.1 2D ITZ VIRTUAL SPECIMENS

To investigate the effect of micro-roughness on the overall mechanical
performance of the ITZ, two types of aggregate surfaces, i.e. artificial flat surface and
natural rough surface, are prepared using the quartzite aggregate. For the flat aggregate,
miniature ITZ specimens with two w/c ratios (0.3 and 0.4) as discussed in Chapter 4
are scanned by a Micro CT-Scanner to obtain a realistic microstructure. In this case, an
aggregate is first cut and ground to obtain a flat surface using a Minitom low-speed
cutting machine and a Struers Labopol-5 thin sectioning machine. Another aggregate
with a natural rough surface is only cleaned without grinding. All aggregate samples are
then dried in an oven (60°C) for 48 hours. After cooling down to the room temperature,
the fresh paste is then cast on the aggregate surface. After sealed curing for 28 days, the
ITZ specimens with the flat aggregate are cut by a precision micro-dicing machine
(MicroAce Series 3 Dicing Saw) to generate micro-cantilever ITZ beams with a square
cross section of 150 x 150 um? The cantilevered length of the beam is 750 * 45 um, see
Figure 6-1. For more details regarding the preparation process of miniature ITZ
specimens, the reader is referred to Chapter 4. In addition, two large ITZ prisms (w/c
0.4) with the size of around 1 x 1 x 1.5 mm?3 containing rough aggregate surfaces are
prepared using the similar cutting procedure. The prepared ITZ samples are scanned
by XCT to obtain greyscale-based 2D images, see Figure 6-2. The X-ray source tube used
for ITZ cantilever beams is set at 90 kV/170 pA during scanning, which results in a voxel
resolution of 0.5 x 0.5 x 0.5 pm3. For ITZ prisms, the X-ray source tube is set at 90
kV/110 pA resulting in a voxel resolution of 1.5 x 1.5 x 1.5 pm3. According to the
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experimental observations in Chapter 4, the width of the ITZ is only around 30-100 pm.
Therefore, a finer element size instead of 5 um is preferred to properly consider the
microstructural features in the interfacial zone. The spatial resolution of XCT images is
then merged to 2.5 um/pixel using the bilinear interpolation algorithm. As a result, the
element size for ITZ simulation is 2.5 pm. Note that in the uniaxial fatigue tensile
simulation, the size of the ITZ sample is 500 x 500 pum?, which is consistent with the size

of cement paste virtual samples in Chapter 5.

ITZ beam samples 3D XCT sample 2D slice

w g/

Flat surface Rough surface

100 pm 200 pm

Figure 6-2 The 2D XCT images of w/c 0.4 paste-aggregate composites with different aggregate
surfaces
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6.2.2 LATTICE MODELLING OF ITZ

For modelling of the ITZ the modelling approach presented in Chapter 4 is used.
For ITZ simulation, the same global thresholding approach in Chapter 5 is used to
segment four phases (i.e. LD C-S-H, HD C-S-H, UHC and pore) in 2D images randomly
selected from XCT results. Three threshold values for pore, low density C-S-H (LD C-S-
H) and high density C-S-H (HD C-S-H) are defined based on the grey-scale histogram.
More details of the segmentation procedure can be found in Chapter 5. After specifying
the surface texture of aggregate, hydration products that are in contact with the
aggregate surface are defined as interfacial elements. Therefore, mainly two interfacial
elements can be detected, i.e. aggregate-LD C-S-H and aggregate-HD C-S-H. In total, ten
types of elements are used in the ITZ model, see Table 6-2. Note that the interfacial
bonding between the aggregate and (unhydrated cement) UHC is assumed to be
extremely weak and can be neglected. Its strength and elastic modulus are assumed to
be as low as 0.0001 MPa and 0.0001 GPa, respectively. In addition, all elements
connecting to pores are considered as pore elements, which have zero strength and
stiffness. Therefore, they are removed from the mesh to avoid the singularities when
assembling the global stiffness matrix, see Figure 6-3.

Two types of model are generated: the first is the ITZ beam model with the size of
150 x 750 pm?, which is utilized for the calibration and validation of the model
simulation output with experimental results. The second is the ITZ model with the size
of 500 x 500 pm?2 containing pure ITZ and aggregate, which is used to predict the
uniaxial tensile behaviour of the ITZ. Since the linear elastic aggregate element is
assumed not to fail in the model, the part of the ITZ model that only contains the
aggregate is removed and the model is resized to 500 x 250 pm? to save computation
time. Figure 6-4 shows the generated lattice models for two types of aggregate surface.
For quantitative characterization of the surface texture, the arithmetic average
roughness (R,) is calculated for each ITZ model and summarized in Table 6-4. In order
to evaluate the sole effect of aggregate surface roughness, a homogenized paste using
only LD C-S-H phase is also generated for the ITZ model, see Figure 6-4.

Node

Removed pore element——

Suh-cc]l—",f
] =T clement

[~ uT-@

Cement paste element

Figure 6-3 Lattice element generation procedure (grey pixel represents cement paste, orange represents
aggregate and blue represents pore)
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Homogenized paste matrix

LD C-S-H

200 pm

Figure 6-4 Generation lattice model based on 2D images of ITZ microstructures with different surface
textures (black pixel represents UHC, orange represents aggregate, yellow represents LD C-S-H
and red represents HD C-S-H)

For the static fracture simulation, a set of linear elastic analyses is performed by
calculating the comparative stress within each element using Eq.(5-1). Details about the
numerical algorithm of fatigue simulation can be found in Chapter 5. The local
mechanical properties of different phases are determined by fitting with experimental
results presented in Chapter 4. For the fatigue simulation, the same cyclic constitutive
law for the cement paste elements presented in Chapter 5 are used here and will be re-
calibrated for interfacial elements using testing results of ITZ beams. At each analysis
step, the maximum fatigue load is imposed on the composite system. The fatigue
damage in all elements is calculated based on the local stress and number of cycles. A
thousand cycles are initially considered as one loading case using the ‘block cycle jump’
technique described in Chapter 5. The value of a cycle block will be adjusted until it is
at least ten times lower than the simulated fatigue life. A post-peak cyclic softening
behaviour is also assumed for the ITZ element. Four softening steps are required for an
element to reach final fracture. At each softening step, the percentage of reduction in
strength dsof is assumed to be 20% for all interfacial elements. Following the approach
described in Chapter 5, a constant strain (e.=-400 pe) at the compression branch is
introduced for all phases to determine the reduction percentage of the elastic moduli
and the residual strains (e.g. &,1 and &p2) using Eq.(5-4) and Eq.(5-5). Note that the UHC
and aggregate phase are both assumed to have infinite fatigue life without any fatigue
damage accumulation. Only the two C-S-H phases in the cement paste and the
corresponding interfacial elements are assumed to experience fatigue damage. After
one loading cycle, the system will be updated in consideration of the new stiffness
matrix and local strength. If the global stiffness of the whole system falls below 20% of
its original stiffness, the simulation is stopped and the total number of cycles is assumed
to be the final fatigue life. Otherwise, another analysis step is executed.
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6.3 MODEL CALIBRATION AND VALIDATION

The calibration of the ITZ model is performed by comparing the numerical results
with experimental results. For local mechanical properties, static flexural bending tests
on micro-cantilever beams described in Chapter 4 are used. The boundary conditions
in the simulation are the same as those in the experiments, as is illustrated in Figure 6-
5. The local mechanical properties of three components (i.e. LD C-S-H, HD C-S-H and
UHC) derived in the Chapter 5 are directly used herein. For calibration of two interfacial
phases (aggregate-LD C-S-H and aggregate-HD C-S-H), three sets of parameters as listed
in Table 6-1 are evaluated. The simulated results are compared for investigating the
effect oflocal mechanical properties on the overall fracture behaviour and to determine
the parameters fitted best with experimental results.

Table 6-1 Local properties for different interfacial phases

Aggregate-LD C-S-H Aggregate-HD C-S-H
Interfacial phases
E (GPa) fi(MPa) E (GPa) fi(MPa)
Case 1 0.2 43 0.3 6.0
Case 2 0.2 13.0 0.3 18.0
Case 3 0.2 21.6 0.3 30.0
18
16|
14
= "%
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E 8] 7T
- e
6- ot et
4] ’/,/ ‘ -
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Figure 6-5 Comparison of simulated load-displacement curves and fracture patterns of ITZ beams with
the wi/c ratio of 0.3 using three different sets of local mechanical properties, see Table 6-1

Figure 6-5 shows the simulated load-displacement curves and corresponding
fracture patterns at certain analysis steps. Both the interfacial strengths assumed in
Case 1 and 2 are much lower than the strength of the hydration products (i.e. 52.2 MPa).
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Therefore, a similar fracture pattern is observed in both cases, where the critical crack
is generated along the interface. Moreover, since the assumed elastic moduli in both
cases are identical and the fracture patterns are similar, the obtained load-displacement
curves, especially in the post-peak stage, also resemble each other qualitatively. The
strength assumed in Case 3 is relatively close to that of the hydration products. A strong
interfacial bonding allows the crack to penetrate into the interfacial transition zone, as
is shown in Figure 6-5. As a result, the maximum load calculated in Case 3 is controlled
by the local microstructure of the ITZ. In this case, the global strength only increase
slightly compared to Case 2 due to the local high porosity.

20

—=—w/c 0.3 Test results
rrrrrrr wi/c 0.3 Simulation results|

T T
0 5000 10000
Displacement (nm)

(a)w/c 0.3

20

—=—w/c 0.4 Test results
rrrrrrr w/c 0.4 Simulation results|

T T
5000 10000
Displacement (nm)

(b) w/c 0.4

Figure 6-6 Comparison of experimentally measured load-displacement curves and simulation results
of (a) w/c 0.3 and (b) w/c 0.4
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From the simulation of ten virtual samples with w/c ratio 0.3, it is found that the
simulated load-displacement curves using the local properties in Case 2 agree well with
the experimental results, see Figure 6-6(a). Moreover, when the same local properties
are used in the w/c 0.4 virtual samples with different microstructures, the obtained
load-displacement results still correspond well with the experimental results.
Therefore, the local elastic moduli E, and tensile strengths f; of all element types are
settled and summarized in Table 6-2. The determined local mechanical properties will
also serve as the initial properties in the following fatigue simulations.

Table 6-2 Local mechanical properties of different phases in paste-aggregate composite

Element type Phase 1 Phase 2 fi(MPa) E.(GPa)
U-u UHC UHC 614.7 842
L-L LD C-S-H LD C-S-H 522 213
H-H HD C-S-H HD C-S-H 82.8 264
L-H LD C-S-H HD C-S-H 522 213
U-L UHC LD C-S-H 522 213
U-H UHC HD C-S-H 82.8 204
A-A Aggregate Aggregate 700 70
A-U Aggregate UHC 0.0001 0.0001
A-L Aggregate LD C-S-H 13 0.2
A-H Aggregate HD C-S-H 18 0.3

For calibration of parameters related to the fatigue damage evolution (i.e. fatigue
parameter a and b), fatigue testing results of ITZ beams reported in Chapter 4 are used.
The local fatigue parameters of main hydration products in hardened cement paste
determined in the previous chapter are directly employed here. In the calibration
process, in total 13 sets of fatigue parameters for two interfacial element types are
evaluated. Figure 6-7 presents the simulated S-N curves and the comparison with
experimental results. With the change of local fatigue properties, the slopes of
simulated S-N curves vary significantly. Generally, the increase of the value of
parameter a compromises the fatigue resistance, whilst the obtained fatigue life is
increased with the increasing of the value of b, as discussed in Chapter 5. However, the
parameter b seems to have minor influence on the global fatigue performance in
comparison with the parameter a. Moreover, in most experimental investigations this
value (b) is found to be almost constant, i.e. 1.00 to 1.20, for the same material
composition [1,2]. The meaning of parameter b could be interpreted as the ratio of
strength subjected to one fatigue loading cycle and the static strength. This value is
usually larger than 1 suggesting that the sample’s strength under the fatigue loading is
higher than the strength measured under the quasi-static loading. This enhanced
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strength is probably due to the increased loading rate in the fatigue loading protocol [3].
Herein, the parameter b is kept constant for both interface elements. It can be seen from
Figure 6-7 that the parameter combination a(LD)=0.09, a(HD)=0.07 and b=1.05 results
in a $-N curve most close to experimental results. Therefore, this parameter
combination is adopted in subsequent simulations.

It is important to note that a large scatter observed in fatigue tests may arise from
the stochastic nature of the cementitious materials. It has been proved that the
stochastic mechanical properties of cement paste can be simulated by lattice fracture
model using microstructures randomly extracted from XCT images [4]. By explicitly
considering heterogeneous microstructures, the deterministic values of
micromechanical parameters are used here as inputs for the sake of simplicity. An
alternative solution is to introduce probability distribution of local properties [5].

It needs to be clarified that due to the lack of available experimental data on the
creep behaviour of ITZ at the microscale, the calibration of parameters related to the
residual deformation is not performed in current ITZ model. Moreover, since the
incremental residual deformation at each step is very small, it is believed that the
absence of residual deformation accumulation may have negligible effect on the
simulated fatigue fracture behaviour. This calibration procedure will be performed in
future work.
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Figure 6-7 Simulated S-N results using 13 different sets of local fatigue properties and the comparison
with experimental results in Chapter 4

The local fatigue parameters for different phases are summarized in Table 6-3.
Assuming elastic-brittle behaviour of hydration products at the microscale, the
maximum strain emax for each phase is slightly larger than the ratio between the
strength and elastic modulus. The S-N curves for ten virtual ITZ beams with different
w/c ratios are simulated and shown in Figure 6-8. Due to the high scatter, it is difficult
to see the difference between the fatigue strengths for two w/c ratios. By plotting the
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fatigue life against the applied stress magnitude (Figure 6-8(a)), it can be seen that for
a given number of cycles a higher stress level is needed to reach the failure of the
samples with alower w/c ratio. Overall, the simulated fatigue life of pastes for both w/c
ratios match well with experimental results. Note that in the simulations, the scatter in
the simulated fatigue life can only be attributed to the variation in microstructure. Even
though other sources of scatter are not considered in this study, the simulated scatter
is quite close to the experimental observations.
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Figure 6-8 The simulated results of (a) applied stress magnitude-fatigue life curves and (b) stress level-
fatigue life curves

Figure 6-9 shows the changes of the stiffness of all virtual samples with increasing
load cycles, which indicates the fatigue damage evolution. Basically, three stages can be
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detected. The initial stage, which is characterised by a small reduction of stiffness,
accounting for less than 10% of fatigue life. This stage is determined by the initiation of
cracks around stress concentrators in the ITZ. Next, the degradation of stiffness reaches
a plateau, which lasts most of the fatigue life. During this stage, the fatigue damage
accumulation is relatively small. At the third stage, a sudden drop of stiffness occurs,
which can be attributed to unstable cracking. This is similar to the experimental
observations reported in Chapter 4. In addition, the percentage of stiffness reduction,
especially in the initial stage, seems to be larger in pastes with higher w/c ratio. When
compared with the stiffness degradation in cement paste (Figure 5-13), the fatigue
damage evolution in the ITZ is much faster. This could explain the significant stiffness
degradations observed in most macroscopic fatigue tests on mortar or concrete
samples [2,6,7], where damage initiates in the ITZ.
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Figure 6-9 The simulated evolution of sample stiffness

Table 6-3 Local fatigue parameters of different phases in paste-aggregate composite

Element type Phase 1 Phase 2 a b Emax
LL LD C-S-H LD C-S-H 0.04 1.10 3200
H-H HD C-S-H HD C-S-H 0.02 1.10 3200
L-H LD C-S-H HD C-S-H 0.04 1.10 3200
U-L UHC LD C-S-H 0.04 1.10 3200
U-H UHC HD C-S-H 0.02 1.10 3200
A-L Aggregate LD C-S-H 0.09 1.05 2100
A-H Aggregate HD C-S-H 0.07 1.05 2100

138



CHAPTER 6

6.4 UNIAXIAL TENSILE SIMULATION OF ITZ

ITZ microstructures generated in Section 6.2.2 are used in the simulation of the
performance of the ITZ under uniaxial tension. The aim of the uniaxial tensile test is to
obtain homogenized mechanical and fatigue properties of the ITZ at the microscale. The
outcome of these simulations will serve as inputs in meso-scale simulation of mortar
(Chapter 7). In the uniaxial tensile simulations, the bottom of aggregate is fixed and the
nodal load is applied to the top of cement paste. The calibrated local properties listed in
Table 6-2 and Table 6-3 are used. The influence of surface roughness of aggregate on
the overall mechanical and fatigue properties is also analysed. Table 6-4 summaries all
the features of the ITZ models. The simulated stress-strain curves are presented in
Figure 6-10. For both surface types, the highest uniaxial strength can be found in the
ITZ models with the homogenized paste matrix (zero porosity). As expected, the
uniaxial tensile strength decreases with increasing porosity of the paste. By comparing
the results using two types of surfaces, it is found that the rough surface exhibits a
higher tensile strength when the heterogeneity of the ITZ microstructure is not
considered. However, the correlation between the roughness parameter and the
uniaxial tensile strength is not apparent when comparing the simulation results from
ITZ_R_6 to R_10. Note that on the one hand irregularities of the rough surface may form
nucleation sites for cracks and result in a lower strength. On the other hand, roughness
may also promote adhesion and mechanical interlocking leading to a stronger
interfacial bonding strength. Moreover, due to the so-called ‘wall effect’ [8], the surface
roughness may also affect the strength in a sense of altering the hydration process near
the aggregate surface. Therefore, one has to be aware of multiple factors influencing the
overall fatigue performance.

In addition, a higher fracture energy (defined as the area under the post-peak
stress-strain curve, see Figure 6-10) is always obtained for aggregates with the rough
surface. This is because more tortuous cracking paths are generated along the
aggregate surfaces, as is shown in Figure 6-11. Similar findings have also been reported
in [9]. Despite the effect of roughness, the local distribution of pores generated during
hydration also plays an important role in the fracture process, see ITZ_R_5 in Figure 6-
11. Both the weak adhesion strength and the high local porosity in ITZ lead to the low
tensile strength of the ITZ sample.
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Table 6-4 The summary of ITZ models

A R Porosi Tensile Elastic

egate Orosi

£81eE Model ! o strength modulus

type (nm) (%)
(MPa) (GPa)
ITZ F 1 0 6.60 6.65 8.50
ITZ F 2 0 4.84 9.74 11.70
ITZ F 3 0 8.31 4.89 7.63

Flat T
ITZ F 4 0 8.60 3.10 6.70
ITZ F 5 0 591 10.92 11.87
ITZ F 6 0 0 11.65 12.72
ITZ R 1 14.76 5.75 5.74 8.98
ITZ R 2 19.73 941 5.03 7.03
ITZ R 3 13.24 11.75 2.08 3.94
ITZ R 4 9.88 1.80 10.86 13.15
ITZ R S 24.66 9.90 6.69 8.65
Rough

ITZ R 6 14.76 0 13.05 1337
ITZ R 7 19.73 0 12.61 13.97
ITZ R 8 13.24 0 13.32 1434
ITZ R 9 9.88 0 13.83 1333
ITZ R 10 24.66 0 13.02 14.48
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Figure 6-10 The simulated stress-strain diagrams of ITZ models with (a) flat aggregate surfaces and (b)
natural rough surfaces under uniaxial tension
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Figure 6-11 The crack patterns for different ITZ models

For the uniaxial tensile fatigue simulations, two stress levels, i.e. 70% and 75% of
the tensile strength, are considered in the ITZ models. The calibrated fatigue
parameters in Table 6-3 are used. The obtained relationship between the simulated
uniaxial tensile fatigue life of ITZ models and the stress level are shown in Figure 6-12.
For comparison, the simulation results of cement paste are also presented. It is clear
that the fatigue strength of cement paste is much higher than the ITZ indicated by the
number of cycles to failure at a given stress level. However, the difference of fatigue
properties between two types of ITZ models is not apparent. The fatigue fracture
process is governed by the initiation and propagation of cracks. The rough surface of
the aggregate leads to more stress concentrations, which may easily initiate cracks. This
is shown by the higher percentage reduction of stiffness at the initial stage, as shown in
Figure 6-13. However, the propagation of these cracks near stress concentrations may
be postponed due to the stress redistribution. The fatigue damage accumulation is then
switched to a slow and stable stage. Even though the irregularities of the aggregate
surface may accelerate the initiation of cracks, the higher overall strength of ITZ sample
with the rough aggregate allows it to sustain a higher stress, and hence a higher degree
of fatigue damage. When the fatigue life is plotted against the magnitude of applied
stress, see Figure 6-12(b), the model with the rough surface exhibits superior fatigue
resistance for the same stress magnitude. This is in accordance with the findings in [10]
that the tensile strength and fatigue resistance are positively correlated.
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Figure 6-12(a) The comparison of S-N curves between cement paste and ITZ; (b) The relationship
between the applied stress and number of cycles to failure

The change of stiffness of the virtual ITZ specimen subjected to uniaxial fatigue
loading is plotted in Figure 6-13. Similar to previous findings, during most of the fatigue
life the stiffness degradation is slow and insignificant. Nevertheless, fatigue damage is
accumulating all the time. When the damage has accumulated to a certain degree,
unstable cracking occurs leading to the final failure. It has been discussed above that the
microstructural features have significant impact on the mechanical properties.
Moreover, there is a large difference of fatigue damage evolution between the cement
paste and the ITZ. A question is now: how the fatigue damage accumulates in the mortar
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or concrete sample, where the cement paste and ITZ work together. This question will
be dealt with in the next chapter.
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Figure 6-13 The variation of ITZ stiffness during the whole fatigue life under uniaxial tensile fatigue

loading

6.5 CONCLUSIONS

In this chapter, the 2D lattice fatigue model is used to investigate the fatigue

behaviour of microscopic ITZ specimen. The experimental results for flexural fatigue of
ITZ at the same length scale in Chapter 4 are used to calibrate and validate the model.
The following conclusions can be drawn:

0

2

3

The calibrated mechanical and fatigue properties of interface elements are used
as inputs in ITZ models of specimens made with two different w/c ratios. The
simulated mechanical properties and fatigue life for samples with both w/c ratios
agree well with experimental results.

The model is then utilized to predict the uniaxial tensile fracture of cement paste.
The effect of surface roughness on the mechanical and fatigue properties is
investigated. A higher fracture energy is observed in the ITZ sample with a rough
aggregate surface. Both the weak adhesion strength indicated by the mechanical
properties of interface elements and high local porosity in the transition zone lead
to the low tensile strength of the ITZ sample.

Since the surface roughness may affect the mechanical properties in multiple ways,
the sole mechanical effect of roughness is also studied by homogenizing the
microstructure of ITZ. It is found that the ITZ model with the rough surface
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exhibits a higher uniaxial tensile strength when the heterogeneity of ITZ
microstructure is suppressed.

(4) For the fatigue properties, the effect of roughness on fatigue properties of ITZ
models is not apparent if the stress level is considered. On the one hand, the
irregularities of the rough surface aggregate leads to more stress concentrations,
which may favor initiations of cracks. On the other hand, the higher bonding
strength of rough aggregate allows it to sustain a higher stress, and therefore a
higher degree of fatigue damage. When the applied stress magnitude is considered,
the specimen with rough aggregate surface definitely exhibits superior fatigue
resistance.

This work contributes to the multiscale modelling framework in the next chapter.
The obtained interface properties can be used as inputs in the mesoscopic fatigue
simulation of a mortar sample. In the next chapter, the fatigue damage evolution in the
mortar sample and how the interfacial properties affect the overall fatigue performance
of mortar are investigated.

145



CHAPTER 6

(1]

(2]

(3]

(4]

(5]

(6]
(7]
(8]
Bl

(10]

REFERENCES

K.M.A. Sohel, K. Al-Jabri, M.H. Zhang, ].Y R. Liew, Flexural fatigue behavior of ultra-
lightweight cement composite and high strength lightweight aggregate concrete,
Constr. Build. Mater. 173 (2018) 90-100.

X. Chen, J. Bu, X. Fan, J. Lu, L. Xu, Effect of loading frequency and stress level on low
cycle fatigue behavior of plain concrete in direct tension, Constr. Build. Mater. 133
(2017) 367-375.

Y. Gan, C.R. Rodriguez, E. Schlangen, K. van Breugel, B. Savija, Assessing strain rate
sensitivity of cement paste at the micro-scale through micro-cantilever testing, Cem.
Concr. Compos. 121 (2021).

H. Zhang, B. Savija, E. Schlangen, Towards understanding stochastic fracture
performance of cement paste at micro length scale based on numerical simulation,
Constr. Build. Mater. 183 (2018) 189-201.

F. Gong, T. Ueda, Y. Wang, D. Zhang, Z. Wang, Mesoscale simulation of fatigue
behavior of concrete materials damaged by freeze-thaw cycles, Constr. Build. Mater.
144 (2017) 702-716.

B. Zhang, Relationship between pore structure and mechanical properties of ordinary
concrete under bending fatigue, Cem. Concr. Res. 28 (1998) 699-711.

Z.Fan, Y. Sun, Detecting and evaluation of fatigue damage in concrete with industrial
computed tomography technology, Constr. Build. Mater. 223 (2019) 794-805.

K.L. Scrivener, AK. Crumbie, P. Laugesen, The interfacial transition zone (ITZ)
between cement paste and aggregate in concrete, Interface Sci. 12 (2004) 411-421.

M. Lukovic, E. Schlangen, G. Ye, B. Savija, Impact of surface roughness onthe
debonding mechanism in concrete repairs, Proc. 8th Int. Conf. Fract. Mech. Concr.
Concr. Struct. Fram. 2013. (2013) 611-621.

MK. Lee, BIG. Barr, An overview of the fatigue behaviour of plain and fibre
reinforced concrete, Cem. Concr. Compos. 26 (2004) 299-305.

146



CHAPTER 6




CHAPTER 7

MESOSCOPIC MODELLING OF FATIGUE
BEHAVIOUR OF MORTAR USING OUTPUT FROM THE
MICROSCOPIC MODELLING

In this chapter the uniaxial tensile fatigue behaviour of mortar at the mesoscale is
predicted by using the developed fatigue lattice model. Digital mesostructures of mortar,
considering the randomly distributed irregular aggregate particles and air voids, are first
established. In total, four phases can be recognised in the mortar model: the cement paste,
aggregates, ITZ and air voids. An uncoupled upscaling approach is employed to bridge
two scales, i.e. the microscale and the mesoscale. Mechanical and fatigue properties of the
ITZ and cement paste obtained from the microscopic modelling in Chapter 5 and 6 are
used as inputs for the mesoscopic model. The influence of different ITZ properties on the
fracture performance of mortar is investigated. Special attention is paid to the effect of
ITZ properties on the fatigue damage evolution in the mortar.
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7.1 INTRODUCTION

Numerous efforts have been invested to develop multiscale models [1-7] which
are capable of coupling mechanical properties at different length scales. The main goal
of such models is to establish a relationship between macroscopically observable
phenomena and their lower-scale origin and evolution. Once this relation is found,
changes in structural features of the material can be considered at the respective
observation scales and their effects on the macroscopic performance can be predicted
by means of appropriate upscaling approaches. Moreover, multiscale models help to
realize the performance-oriented optimization of the material microstructure by
modifying the material chemistry and composition and evaluating the outcome.

For the multiscale model proposed in this chapter, the material structures at
different scales are explicitly considered. Generally, the heterogeneous microstructure
of cement paste can be obtained by either experimental techniques [8,9] or digital
hydration programs [2,10-12]. In the microscopic model (presented in Chapter 5 and
6), microstructures of cement paste and the ITZ including microstructural features of
basic components, e.g. hydration products and pores, are obtained using the XCT
technique. Meanwhile, microscale tests on miniature samples are performed using the
nanoindenter. The mechanical and fatigue properties of individual constituents in the
cement paste and ITZ are determined by an inverse analysis. The experimental results
are further used to validate the microscopic model. For simulating the mortar, four
main phases, e.g., air voids, cement paste matrix, aggregates and ITZ, should be
considered. The constitutive relations of the bulk paste matrix and ITZ will be
preferably derived from the microscopic simulations [6]. It means that the outputs from
the micromechanical modelling should be used as the input for the mesoscopic
modelling.

In this chapter, virtual mortar specimens are first generated using the Anm model
developed by Qian [2]. The size of the mortar specimen is set to 50 x 50 mm? with a
mesh size of 500 um. As the sizes of cement paste and ITZ virtual specimens are also
500 pum in the microscopic model, the length of 500 pm is used to bridge two scales. For
the upscaling approach, an uncoupled parameter-passing scheme developed by Qian [2]
is adopted to connect the two scales, i.e. micro- and meso-scale. It has been examined in
[3,13] that this upscaling method is a valid tool to bridge different scales. The previously
simulated uniaxial tensile static and cyclic stress-strain curves of ITZ and cement paste
at this length scale are approximated with multi-linear curves and used as local inputs
in the mesoscopic simulation. The simulated global S-N relations for the ITZ and cement
paste in microscopic models are directly used as local fatigue properties in the mortar
simulation. By explicitly considering the mesostructure of mortar, the mechanical and
fatigue behaviour of mortar is simulated. Moreover, a parametric study focusing on the
effects of stress level and ITZ properties is conducted. The simulation results are
compared with experimental results from the literature. Emphasis is also placed on the
fatigue damage evolution in mortar samples with different ITZ properties.
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7.2 NUMERICAL APPROACH

7.2.1 2D MORTAR VIRTUAL SPECIMENS

It is well-known that the shape and size of aggregate particles have a significant
influence on the mechanical performance of mortar or concrete [14,15]. For a
quantitative prediction of the material behaviour, realistic aggregate shape and size
should be used. In this work, the Anm material model developed by Qian [2] is used to
generate the mesostructure of mortar. The Anm material model is programmed on the
basis of the 3D mathematical analysis of particle shape as described in [16]. Aggregate
particles with irregular shape are uniquely described by the spherical harmonics with
a set of spherical harmonic coefficients. An example of an irregular particle is shown in
Figure 7-1. Aggregate particles can be selected from a particle shape database. All the
particles are separated into several sieve ranges according to the particle sizes
indicated by the particle widths.

!

Figure 7-1 An irregular shape particle described by spherical harmonics from [2]

The simulated aggregate particles are then placed into a pre-defined 3D domain
following a parking algorithm. A brief description of the parking algorithm is given here:
An empty cubic container is first created to represent the specimen. All particles are
placed one after another into this container, from the larger ones to smaller ones. For
each parking step, the particle is placed at a random location and is checked against all
the previously placed particles for overlap. If the overlap is detected, the particle will be
relocated, rescaled or rotated depending on the number of attempts. More details about
this parking algorithm are available in [2].

In this work, the volumetric fraction of sand is set to be 30.0% and the size of
individual sand particle is randomly selected from 5 mm to 10 mm. Besides, air voids
are packed separately in a similar way by assuming spherical voids. The air content is
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3.5% and the diameter range of the voids is from 1 mm to 12 mm. It needs to be noted
that the 30% volumetric fraction of sand is lower than the fraction commonly used in
mortar samples. In consideration of the important role of sand in the mechanical
performance of mortar [17], the effect of low sand content on the mechanical and
fatigue properties of mortar will be discussed in Section 7.3. After packing sand
particles and air voids, the geometrical structure of the mortar is obtained and
digitalized into the digital specimens with a resolution of 500 pm/voxel, resulting in a
100 x 100 x100 voxels mesostructure (50 x 50 x 50 mm3). The generated 3D digital
mortar sample is shown in Figure 7-2. Afterwards, 2D slices are extracted and
converted to the lattice model containing four element types: cement paste matrix, sand,
ITZ and air void.

3D mortar 2D slice

Figure 7-2 The 3D digital mortar sample (50 x 50 x 50 mm?) and the extracted 2D slice (red represents
sand, grey represents paste matrix and blue is pore)

7.2.2 CONSTITUTIVE LAW FOR MORTAR SIMULATION

The simulation results presented in Chapter 5 and 6, have shown that the local
post-peak softening behaviours of cement paste and ITZ are significant and should be
properly introduced in the mesoscopic model. Therefore, an uncoupled upscaling
approach as proposed by Qian [2] is used to formulate the constitutive relations by
approximating the original non-linear stress-strain curve with a multi-linear curve.
Figure 7-3 schematically shows the generated multi-linear curves for both the cement
paste and the ITZ. For each component, five points are selected from the stress-strain
diagram to form a multi-linear curve. These points should be chosen in such a way that
thelocal properties gradually decrease in terms of elastic modulus and tensile strength.
In this work, five segments are taken for each phase and they are selected by choosing
a random reduction percentage between 40% and 60% for the elastic modulus. The
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selected points are listed in Table 7-1. With respect to cement paste elements, their
constitutive relations are taken from Chapter 5, in which uniaxial tension simulations
were conducted on the 500 x 500 pm? cement paste specimens. The simulated stress-
strain curve on the ITZ virtual specimen with the same size (Chapter 6) is also
approximated using the multi-linear curve. In order to investigate the effect of ITZ
properties on the global performance of mortar, two different surface roughness, i.e.
ITZ_F_4 and ITZ R _4, are used as inputs for the mesoscale modelling. The choice of the
properties of ITZ_F_4 sample is such that it has the lowest strength in flat ITZ samples
and can be considered as the lower bound. The ITZ_R_4 is the higher bound, which is
the strongest of the rough ITZ samples. There is an apparent difference in their stress-
strain curves, as is shown in Figure 7-3, and they can in principle be labelled as ‘weak’
and ‘strong’ ITZ, respectively. The sand in the model is assumed to experience no
degradation under static and fatigue loading. Therefore, a linear elastic brittle
constitutive law is used for the sand. Its elastic modulus is taken from the literature [18],
i.e. 70 GPa. Its tensile strength is assumed as 1/1000 of the elastic modulus.
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Figure 7-3 Approximations of the non-linear stress-strain responses of paste matrix and ITZ using
multi-linear curves

For the fatigue simulation, the post-peak cyclic behaviour is also described by the
chosen points, which are introduced in cyclic constitutive laws using Eq.(5-4) and Eq.
(5-5). In addition, the simulated S-N relationships for cement paste and ITZ are also
used as parameters that control the local fatigue damage evolution in mesoscopic
modelling. For the cement paste element, the fatigue damage is negligible when the
local stress is small. Therefore, the fatigue damage in a paste element is accumulated
only when its stress level exceeds 10% of the remaining strength.

Similar to the static fracture simulation, two interfacial element types with
different mechanical and fatigue properties are also implemented in fatigue simulations.
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The mechanical and fatigue properties of components in the mortar simulation are
summarised in Table 7-2. Note that the fatigue parameter a in Eq.(5-2) is a decisive
factor in determining the damage evolution and a higher value of this parameter
generally indicates a lower fatigue resistance. However, as mentioned earlier, the
overall fatigue performance also depends on the ultimate stress that the material can
sustain. The cement paste in the model has better fatigue resistance compared to the
ITZ because of its higher tensile strength and higher value of a. Even though the
difference between fatigue parameters of two interfacial elements is small, the ITZ with
stronger mechanical properties exhibits a better fatigue performance. Note that the
stress concentrations in a mortar or concrete composite always emerge near the 1TZ,
where high stress levels can be expected. In this case, the fatigue performance of ITZ
mainly depends on its ultimate strength instead of the value of fatigue parameter.

Table 7-1 Step-wise constitutive relations of cement paste and ITZ up-scaled from the microscopic
modelling in Chapter 5 and 6 (Interface 1: strong ITZ, Interface 2: weak I1TZ)

Mechanical Segment Segment Segment Segment Segment

Element type
properties 1 2 3 4 5
i (MPa) 2276 1530 13.66 10.64 5.68
Cement paste
E (GPa) 21.29 12.64 593 320 1.30
Interface 1 fi(MPa) 10.86 8.57 7.04 5.83 444
(ITZ F 4) E (GPa) 11.23 5.63 3.01 1.66 0.92
Interface 2 fi (MPa) 3.10 2.75 1.57 1.15 1.13
(ITZ_R_4) E (GPa) 6.19 328 1.62 0.71 0.31

Table 7-2 Local fatigue properties of different phases in mortar (Interface 1: strong ITZ, Interface 2:

weak ITZ)

Element type fi(MPa) E (GPa) a b Emax
Cement paste (w/c 0.4) 22.76 21.29 0.04 1.07 6500
Interface 1 ITZ_F_4) 3.10 6.19 0.10 1.13 5000
Interface 2 (ITZ_R_4) 10.86 11.23 0.09 1.17 5000

Aggregate 70 70 - - -
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7.3 RESULT AND DISCUSSION

7.3.1 UNIAXIAL TENSILE FRACTURE SIMULATION

In total, ten virtual mortar samples are modelled. To determine the mechanical
properties of these mortar samples, static uniaxial tension tests are performed by
applying a unit nodal load at one end while the nodes at the other end are fixed. The
simulated stress-strain curves are given in Figure 7-4. For the weak ITZ sample, there
are many nonlinearities observed before the peak stress is reached due to initial
fracture of interfacial elements [1]. For the strong ITZ mortar samples, the stress-strain
curves are almost linear up to the peak stress. Based on the simulation results, the
average strength and elastic modulus for mortar samples with the weak ITZ samples
are 2.30+0.12 MPaand 19.76 £ 0.92 GPa, respectively, while the average results for the
strong ITZ samples are 6.02 + 0.57 MPa and 21.84 + 1.16 GPa, respectively. The overall
strength is clearly higher when the ITZ is stronger. The simulated mechanical
properties are within a reasonable range compared to the experimental results
reported in the work of Zhang et al. [3], where mortars with a similar volume fraction
of aggregate but lower w/c ratio (0.3) were tested. The obtained strength and elastic
modulus in their study are 5.74 MPa and 26.36 GPa, respectively.

The simulated fracture patterns for different ITZ properties are given in Figure 7-
5. When the ITZ is weak, the major crack mostly follows the edges of aggregates. For
the strong ITZ, the crack will also penetrate into the paste matrix, given the same
mesostructure of mortar. It is also found that the total number of cracked elements is
higher in weak ITZ samples. Moreover, the mortar with a strong ITZ seems to be more
brittle than the weak ITZ samples at the post-peak stage. However, it should be
mentioned again that the realistic 3D connectivity and tortuosity of the pore structure
cannot be considered in 2D simulations. This may result in lower fracture energy and
possibly higher strength. Therefore, it is important and necessary to perform 3D
simulation in future studies. In addition, the packing density of sand used in current
model is relatively low compared to the standard mortar mix. When the sand content
increases, the content of ITZ and the possibility of ITZ being connected or overlapped
will also increase. In this case, the occurrence of nonlinearity at the pre-peak stage
would be sooner and the amount of nonlinearity would also increase. Moreover, alower
strength of mortar and a more tortuous of crack pattern would be expected. However,
during the mixing of paste with sands, a portion of water may be adsorbed by sands
[19,20], resulting in a decrease of the effective w/c ratio [17]. As a result, the strength
of both paste and ITZ will increase due to the decrease of w/c ratio. This strengthening
effect mainly depends on the content and water absorption capacity of the sand. To
account for this strengthening effect in the simulation of mortar, the possible
microstructural changes due to the decrease of effective w/c ratio may need to be
considered in the microscopic models of cement paste and ITZ.
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Figure 7-4 The simulated stress-strain curves of mortar for (a) the ‘weak’ ITZ and (b) ‘strong’ ITZ
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Figure 7-5 The simulated fracture patterns of mortar samples with different ITZ properties (yellow
represents the paste matrix, grey represents the ITZ and the orange represents the aggregate, and
the crack is blue)

7.3.2 UNIAXIAL FATIGUE SIMULATION

For fatigue simulations, the applied stress levels are 60%, 70% and 80% of the
corresponding static strength. Two types of ITZ elements are used in fatigue
simulations of mortar samples. The simulated S-N curves are shown in Figure 7-6. It
appears that the stronger ITZ also yields a higher fatigue resistance, indicated by the
longer fatigue life at a given stress level. Nevertheless, the simulated fatigue life of
mortar is significantly shorter compared to that of cement paste at the same stress level
(Chapter 3) due to the presence of the ITZ. The ITZ may provide more locations for the
initiation and propagation of cracks. For the validation of the mortar simulation, the
experimental data regarding fatigue of mortar at similar length scale are used. However,
there is very limited experimental investigation on the tensile fatigue of mortar in
literature. As a remedy, the comparison with available experimental results focusing on
the flexural fatigue of mortar or concrete is conducted to evaluate the numerical results.
The collected S-N data from literature [21-24] are presented in Figure 7-6. The
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simulated fatigue life of numerical mortar based on inputs from micromechanical
models lies within a reasonable range compared to the experimental results. This
supports the reasonableness of the multiscale modelling procedure used in this work
and the validity of fatigue parameters employed in this model. It has to be noted that
even though the simulation results are close to the results reported in literature, it
would be very beneficial to conduct fatigue tests on mortar samples with the identical
size and material composition used in the simulation. The experimental results of such
fatigue tests could be used to further validate the mesoscopic model. In addition, the
prediction accuracy of the mesoscopic model can also be improved by considering more
realistic material structures and conducting more calibration procedures based on
different microscopic experimental results.
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Figure 7-6 The comparison of experimental and numerical S-N results

7.3.3 FATIGUE DAMAGE EVOLUTION

Generally, several damage characterization indicators, e.g. the secant stiffness and
residual strain of a sample, are used in experimental investigations to indirectly
evaluate the fatigue damage evolution. One advantage of the proposed modelling
scheme is that the whole process of damage evolution can be visualized by mapping the
variation of the damage degree (i.e. index D) in each element. This allows to directly
analyse the fatigue damage development inside the mortar sample. Note that the fatigue
damage mainly depends on the local stress field and the element type (interface or bulk
paste element). Meanwhile, the stress field will also be updated for each cycle due to the
degradation of stiffness of individual element. It is possible that a severely damaged
element may suffer less damage in the next cycle owing to the stress redistribution. This
would affect the fatigue cracking path and the final fatigue life. Therefore, the fatigue
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fracture process is more complicated compared to the static fracture as different
degrees of degradation are accumulated simultaneously in the sample.

Figure 7-7 shows the fatigue damage contour map at different number of cycles
for a mortar sample at the stress level of 60%. The results using two ITZ element types
are presented. For the mortar sample with the weak ITZ in Figure 7-7(a), the fatigue
damage at 10% of fatigue life Nt is mainly accumulated in the ITZ, and some minor
damage is also observed in the paste matrix near air voids. With the increase of loading
cycles, fatigue damage in I'TZ elements is generated much faster than in the paste matrix.
Some ITZ elements have already broken at around half of the fatigue life (their damage
indexes have reached to 1). Before the end of the simulation, the damage development
in the ITZ is continued and multiple fatigue cracks surrounding the aggregate particles
gradually form. However, only mild damages have been detected in most cement paste
elements, even when the fatigue failure criterion is fulfilled. For the case of mortar with
the strong ITZ, most cement paste elements have already been damaged when the
simulation is at the initial stage (25% of Ny), which is different from the sample with the
weak ITZ. Itindicates that the paste matrix may suffer more damage due to the stronger
ITZ. However, when the major crack occurs, the damage in cement paste barely
increases further with increasing number of loading cycles. Another significant
difference between the results of mortars with a weak and strong ITZ is the distribution
and number of fatigue cracks. The mortar sample with the weak ITZ tends to generate
more fatigue cracks in the ITZ, while much less interfacial cracks are detected in the
sample with a strong ITZ. Moreover, the main reason for fatigue failure of the sample
with a weak ITZ s the massive breakdown of ITZ elements, whereas the critical crack
formed in strong ITZ samples is due to the coalescence of cracks in both the ITZ and the
paste matrix.

The simulated fatigue damage evolution is qualitatively similar to the
experimental observations reported by Fan and Sun [25], in which the XCT tests were
performed on different stages of fatigue loading. Their XCT results show that the
number, length and width of fatigue cracks in concrete samples gradually increase with
the increasing number of cycles. Many microcracks were formed along the edge of
aggregates. Multiple cracks were also detected and these cracks were connected to each
other along aggregates’ edge and the weak areas of the cement mortar. Moreover, they
also found that after the initial stage of fatigue loading, the pores in concrete did not
develop into new cracks. Instead, they provided a channel for the expansion of existing
cracks. This phenomenon is similar to the simulation results presented here.
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To gain more insight into the fatigue damage evolution, the contour maps of
fatigue damage in the final stage of the fatigue life under different stress levels (60%
and 80%) are analyzed. The results of two virtual mortar samples, i.e. Mortar_R_4 and
Mortar_F_7, are presented in Figure 7-8. When the strong ITZ is used in the mortar
simulation, the final distributions of cracks are slightly different for these two stress
levels, as is shown in Figure 7-8(a). Nevertheless, fatigue damage generated in cement
paste under the two stress levels, in terms of number of damaged elements and damage
degree (D), are very similar. For instance, around 52.0% and 56.9% of the cement paste
elements have been damaged to a certain degree (i.e, 0 < D < 0.2) for the two stress
levels, respectively. In the case of Mortar_F_7 with the weak ITZ, the major difference is
the accumulation degree of fatigue damage in the cement paste. When the applied
stress level is 80%, there is almost no damage in the cement paste. The mortar fails
immediately after the formation of the critical crack in the ITZ. This phenomenon is
similar to the crack localization in static fracture (see Figure 7-5). However, at lower
stress levels some damage accumulates in the cement paste and the fatigue life increase
considerably. The XCT results reported by Fan and Sun [25] also indicate that the
evolution of the main fatigue crack was largely related with the stress level. When the

stress level was lower, the fatigue damage evolution in the concrete was more
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significant. The main fatigue crack’s width was also found to be larger at a lower stress
level. Similar findings were also reported in studies performed on Chen and Cheng [26],
in which more fatigue cracks in concrete beams were observed at lower stress level.
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Figure 7-8 The contour maps of fatigue damage at different stress levels for virtual mortar samples (a)
Mortar R 4, Nr= 661074 (60%), 10670 (80%) and (b) Mortar F 7, Nr= 34543 (60%), 10918
(80%)

In general, the fatigue fracture process may also be affected by the content of sand
in a similar manner to the static fracture. When the volumetric fraction of sand is
increased, the fatigue damage evolution would be accelerated due to the increasing
volume of ITZ. The period for the initiation and propagation of crack would be reduced
and, consequently, the final fatigue life of mortar would also be decreased. Based on the
simulation results in Figure 7-8. it can be expected that the fatigue resistance of the
remaining paste matrix becomes increasingly important to the fatigue life with the
increasing content of sand content, especially when the ITZ is still isolated and the stress
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level is low. Once the ITZ is connected and overlapped, the fatigue life of mortar would
significantly decrease, especially under the high stress level. In addition, the fatigue
failure of mortar may be more brittle with the increasing content of sand as there would
be considerable damage accumulated in the mortar before the occurrence of unstable
crack.

The ratio between the strength of strong ITZ and weak ITZ is around 2.44 in
current simulations. When the applied stress level is the same and the difference inlocal
fatigue properties of the ITZ is small, the 244% increase of ITZ strength leads to a boost
of the fatigue life by approximately one to two orders of magnitude. It can be concluded
that the mechanical properties of the ITZ significantly affect the fatigue properties of
mortar by altering the damage evolution process, and eventually the final fatigue life.
Therefore, the strength of the ITZ plays an important role in fatigue behaviour of
cementitious composites.

7.4 CONCLUSIONS

In this chapter, the uniaxial tensile fatigue behaviour of mortar at the mesoscale is
simulated and predicted by using the fatigue lattice model developed in Chapter 5.
Digital mesostructures of mortar are established using the Anm model. Mechanical and
fatigue properties of the ITZ and cement paste obtained from the microscopic
modelling in Chapter 5 and 6 are used as inputs for the mesoscopic model. The influence
of different ITZ properties and stress levels on the fatigue behaviour of mortar is
investigated. It is found that the uncoupled upscaling approach using the step-wise
constitutive laws is a suitable tool to bridge two scales in a multiscale modelling scheme.
The simulated mechanical properties and S-N curves lie within a reasonable range
compared to experimental results found in literature. Simulation results indicate that
the inclusion of an ITZ is the main reason for reduced fatigue resistance of mortar
samples compared to cement paste. Moreover, the mechanical properties of the ITZ
play an important role in the fracture behaviour of mortar samples subjected to both
static and fatigue loading. Essentially, a strong ITZ may force the development of cracks
and damage in the cement paste, and thus affect the fracture properties and the fatigue
life. Similarly, different stress levels will also affect the fatigue damage evolution
depending on the properties of the ITZ. Therefore, the increase of the ITZ strength can
significantly improve the fatigue properties of mortar by means of altering the damage
evolution process, and eventually the final fatigue life.

The simulation model presented in this chapter is a first attempt to develop a
lattice fatigue model at the micro- and mesoscale, and is considered an essential starting
point for predicting the fatigue performance of concrete structures. Although the
current 2D model offers the opportunity to simulate the fatigue behaviour of
cementitious material in a multiscale framework, 3D simulation is still required to
consider more realistic material structures. Nevertheless, the current model has

successfully demonstrated the effect of heterogeneities at different scales on the fatigue
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performance of cementitious material in a very efficient way and provided some
valuable insights into the fatigue damage evolution and fatigue fracture phenomena.
With the help of the developed model, it is possible to predict the fatigue life of the
cement paste or mortar for a given material structure. Moreover, the output of
numerical simulations at the mesoscale could be further used to predict the
macroscopic fatigue performance of concrete structures.
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RETROSPECTION, CONCLUSIONS AND
PROSPECTS

In this chapter a brief summary of the work presented in this PhD thesis is given.
Additionally, general conclusions and findings of this research are presented. In the end,
recommendations for further work are given.



CHAPTER 8

8.1 RETROSPECTION

Ageing is an inherent feature of all natural and man-made materials and products,
including concrete. As one of the typical ageing phenomena, fatigue of concrete has
received considerable research attention, motivated by its practical importance. Many
concrete structures, such as off-shore structures, tall buildings, roads and bridges, are
inevitably subjected to fatigue loading and may suffer from serious fatigue-induced
safety and durability issues. However, the phenomenon of concrete fatigue is very
complex as it involves multiple spatial scales owing to the multiscale heterogeneous
nature of concrete, as explained in Chapter 1. To better understand the fatigue
behaviour of concrete, investigations on fatigue behaviours of concrete at different
scales are necessary. For this reason, the first goal of this thesis was to investigate the
microscopic fatigue behaviour of two basic components of concrete, i.e., cement paste
and paste-aggregate interfacial transition zone (ITZ).

To achieve this goal, novel experimental techniques for characterisation of
mechanical and fatigue properties of cementitious materials at the microscale were
developed. These techniques include preparation of miniature samples and microscale
fatigue testing. Firstly, a precision micro-dicing machine was used to fabricate
micrometre sized samples. With the help of a nanoindentation measurement device,
micro-bending tests were performed to study the flexural fatigue behaviour of cement
paste and the ITZ. Other techniques, including environmental scanning electron
microscopy and X-ray computed tomography, have been used to investigate the fatigue
fracture surface and damage evolution. The fatigue life, characteristics of fatigue
fracture, stiffness degradation and residual deformation evolution of cementitious
materials at the microscale were investigated. These experimental results can be
further used as the benchmark for the development of the multiscale model.

Another major goal of this thesis was to predict the fatigue properties of
cementitious materials, for example in view of the fatigue life and fatigue damage
evolution process. To this aim, the 2D lattice fracture model was extended to consider
the fatigue behaviour of cementitious material. Microstructures of cement pastes and
ITZ obtained from XCT tests were used as input for the lattice model. Different
mechanical and fatigue properties were assigned to different phases of the cement
paste and the interfacial transition zone. A cyclic constitutive law was proposed for
considering the fatigue damage evolution, in which the pre-peak fatigue damage
evolution is determined based on the combined S-N approach and Miner’s law, while
the post-peak behaviour is controlled using a step-wise softening law. Fatigue
experiments performed at the same length scale were used to calibrate and validate the
model. The global fatigue response of different microstructures of cement paste and ITZ
can be evaluated by using the developed model. Afterwards, a multiscale modelling
approach was proposed to link the fatigue behaviour between the micro- and
mesoscales. Digital mesostructures of mortar were established using the Anm model
for particle packing. The simulated properties of cement paste and ITZ from the
microscale modelling were used as input properties for mesoscale modelling of mortar.
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The influence of different ITZ properties and stress levels on the fatigue behaviour of
mortar was investigated as well. The major source of scatter for fatigue results is the
heterogeneity of the microstructure, which can clearly be demonstrated by simulations.
Reasonably good agreements have been observed between the simulation results and
experimental data from literature.

8.2 CONCLUSIONS

The fatigue fracture, fatigue damage and residual deformation evolution of
cementitious material at the microscale were investigated in this study. Besides, a
lattice model for simulating the fatigue response of cementitious material was
developed. Finally, a multiscale modelling scheme connecting the micro and mesoscale
was used to connect the fatigue properties at the micro and mesoscale. The results of
this thesis help to improve the understanding of fatigue behaviour of cementitious
materials and offer a reference to engineers and researchers for predicting the ageing
process, including the fatigue life and fatigue damage evolution, in concrete structures
subjected to the cyclic loading. General conclusions of this research are given below:

Microscale testing techniques offer an opportunity to investigate the microscopic
mechanical and fatigue properties of cementitious materials. The micromechanical
properties including the flexural strength and elastic modulus, as well as the fatigue
properties including the relationship between the fatigue life and stress level, the
stiffness degradation and residual deformation evolution, can be obtained using the
developed microscale testing approach. Therefore, the effect of material composition
on the microscopic mechanical and fatigue properties of cementitious material can be
directly examined via these techniques.

There is a strong size dependence of fracture behaviour of cementitious materials
under cyclic loading. For the same stress level, the fatigue life of cement paste at the
microscale (around several hundreds of micrometre) is almost two orders of
magnitude longer than that of macroscopic centimetre-sized specimen reported in
literature. If the stress magnitude is compared, the fatigue resistance of microscopic
specimen is significantly higher than that of macroscopic samples owing to the size
effect of static fracture in cementitious materials. Moreover, the microscopic fatigue
damage evolution in both the cement paste and the ITZ is very slow and limited, even
under high stress levels, which is different from the macroscopic fatigue damage
evolution. The fatigue damage in microscopic samples is assumed to accumulate in the
form of nanoscale crack propagation. Hence, the fatigue damage is affected by the
nanostructure of cementitious material. The nanoscale cracks would gradually evolve
into higher scale cracks and eventually lead to fatigue failure. The knowledge regarding
the size-dependent fatigue properties of cementitious materials is useful particularly in
practical design of fatigue life of large scale concrete structures based on testing results
of laboratory sized specimens.
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The microscopic fracture mechanisms of cementitious materials are different for the
static and cyclic loading. When compared to the fracture surface occurring under static
loading, a higher density of nanoscale cracks can be detected in fatigue fractured
samples. Most of these cracks are a result of fractured C-S-H phases, which are generally
located at the stress concentrations. It is suggested that several microscopic processes,
e.g. stress redistribution and crack branching, occur during fatigue loading. As a result,
multiple nanocracks propagate simultaneously inside the C-S-H gel particles in a diffuse
manner and coalescence into a major crack before failure. This is also revealed by the
simulation results.

Two major mechanisms for residual deformation accumulation in cementitious
materials are found at the microscale. In general, three distinct stages of the
development of residual deformation can be identified at the microscale, which is
similar to most macroscopic observations on concrete fatigue in literature. However,
due to the slow decrease of stiffness, it is suggested that the residual deformation of
cement paste at the microscale is not caused only by the fatigue cracking growth. Based
on the assumption of linear viscoelasticity, the viscoelastic deformation under cyclic
loading seems to account for most of the measured residual deformation, especially in
the initial stage of the fatigue test. At later stage, the residual deformation could be
explained by the coupled effect of fatigue crack growth and viscoelastic deformation.
The understanding of the origin of residual deformation is extremely important for
predicting the long-term fatigue compliance of concrete bridges subjected to traffic
loadings.

The lattice fracture model is a promising tool for modelling the static and fatigue
fracture behaviour of cementitious material at different scales. The original lattice
fracture model was extended to consider the fracture behaviour under cyclic loading
by introducing a cyclic constitutive law. The material structure can be easily
implemented in the lattice model. After the calibration and validation of the model using
the experimental results, a unique set of input parameters is determined and used for
two different boundary conditions, i.e. flexural and uniaxial tensile tests. The effects of
w/c ratio, stress level and roughness of aggregate on the simulated fatigue life and
fatigue damage evolution were investigated. In general, a lower w/c ratio leads to a
higher fatigue resistance. The developed model is able to investigate the effect of
microstructure heterogeneities on fatigue damage evolution in a very efficient way and
can establish a quantitative relationship between the material structure and the global
fatigue performance. The stress level and properties of ITZ significantly affect the
fatigue damage evolution process, which eventually influence the final fatigue life.

The uncoupled upscaling approach is useful for bridging two scales in the multiscale
modelling scheme. Via this approach, the global fatigue fracture behaviour (i.e. stress-
strain response and S-N relation) simulated at smaller scale can be used as input for the
fatigue fracture modelling at the larger scale. It is worth noting that the local
constitutive relation of mortars at the mesoscale are directly derived from the
microscopic models, without using any further parameter-fitting process at the higher
scale. The model can predict satisfactory crack patterns, mechanical and fatigue
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properties under fatigue loading. Hence, the model has fully predictive capabilities at
the mesoscale and offers an opportunity to investigate in more detail the influence of
material structures at different scales on the macroscopic fatigue performance. On the
other hand, the multiscale model would be helpful for material designers in guiding
performance-oriented optimization of the macroscopic fatigue properties of concrete
structures, such as bridges, marine structures and road pavements.

8.3 PROSPECTS

From this study, several aspects of experimental testing and numerical
simulations are recommended for further research:

The current study focuses on constant-amplitude fatigue loading, but actual
concrete structures experience stress cycles varying in magnitude, number and
sequence. Furthermore, innovative materials, such as fibre-reinforced cementitious
materials and alkali activated concretes, are increasingly used and their fatigue
behaviour may be different and need to be understood. Microscopic experimental
investigations for other loading schemes and material compositions are needed.

The fatigue fracture mechanisms at the nanoscale remain untouched in this thesis.
To better understand the origin of fatigue and establish a physics-based law for the
fatigue crack propagation, more advanced techniques are needed to investigate the
nanoscale fatigue fracture behaviour of cementitious materials.

To obtain more realistic simulation results, it is necessary to extend the current
2D lattice fatigue model to a 3D lattice fatigue model. The effects of 3D distribution of
aggregate, connectivity of pore structures and crack branching behaviour on the global
fatigue performance and fatigue damage evolution need further investigations.

Since the fatigue properties of cementitious materials at different scales exhibit
significant scatter, future studies on multiscale modelling of fatigue behaviour should
be conducted in a statistical manner. Moreover, to further improve the quantitative
prediction accuracy of the multiscale modelling scheme developed in this study,
experimental results for the fatigue of mortar or concrete samples at higher scales are
needed.

Fatigue induced damage may be very detrimental for marine concrete structures
that suffer from chloride ingress, such as foundations of offshore wind farms. Therefore,
investigations on fatigue damage evolution coupled with chloride ingress or other
cracking-related durability issues could be of great practical interest. Meanwhile,
coupling the lattice fatigue model with a lattice transport model on multiple length
scales could help to study the influence of cracks at different length scales on transport
properties.
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SUMMARY

Ageing is an inherent feature of cementitious materials. Ageing of material leads
to gradual loss of the function of a concrete structure with increasing likelihood of
failure. As one of the typical ageing phenomena, fatigue of concrete, has recently
received considerable research attention. The phenomenon of concrete fatigue is
complicated as it inherently involves multiple spatial scales owing to the multiscale
heterogeneous nature of concrete. Over the past century, tremendous efforts have been
devoted to concrete fatigue. However, many important scientific problems still remain
unsolved. These problems include at least: how does the multiscale heterogeneous
material structure of concrete affect the fatigue behaviour; how does fatigue damage
evolve inside the concrete; how to properly simulate and predict the fatigue behaviour.
The main objective of this thesis is to improve the knowledge of fatigue behaviour of
cementitious materials at the microscale and to develop a multiscale modelling scheme
from micro- to meso-scale to estimate the fatigue properties.

Firstly, experimental techniques for characterization of mechanical and fatigue
properties of cementitious materials at the microscale are developed. These techniques
include the preparation and testing of micrometre sized sample. For sample
preparation, a precision micro-dicing machine is used. With the help of a
nanoindentation measurement device, micro-bending tests are performed to study the
flexural fatigue behaviour of two major components in the mortar, i.e. the cement paste
and the interfacial transition zone (ITZ). The fatigue fracture surface and damage
evolution are assessed using an Environmental Scanning Electron Microscope (ESEM)
and X-ray computed tomography (XCT). The mechanical properties, including the
strength and elastic modulus, as well as the fatigue properties including the relationship
between fatigue life and stress level, the stiffness degradation and residual deformation
evolution, can be obtained using the developed microscale testing approach.

Secondly, a numerical model using a 2D lattice network is developed to simulate
the fatigue behaviour of cementitious material at the microscale. Images of 2D
microstructures of cement pastes and ITZ obtained from XCT tests are used as inputs
and mapped to the lattice model. Different local mechanical and fatigue properties are
assigned to different phases of the cement paste and interfacial transition zone. A
constitutive law for cyclic loading is proposed to consider the fatigue damage evolution.
Experimental results obtained at the microscale are used to calibrate and validate the
model. The developed model is able to investigate the effect of microstructure
heterogeneities on fatigue damage evolution in a very efficient way and can establish a
quantitative relationship between the material structure and the global fatigue
performance. Moreover, it can also provide valuable insight into the fatigue damage
evolution and fatigue fracture phenomena under different stress levels.
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Finally, a parameter-passing scheme is adopted for upscaling of the mechanical
and fatigue properties. Via this approach, the global fatigue fracture behaviour (i.e.
stress-strain response and S-N relation) simulated at smaller scale can be used as input
for the fatigue fracture modelling at the larger scale. The model can satisfactorily predict
crack patterns, mechanical and fatigue properties under fatigue loading. The model has
fully predictive capabilities at the mesoscale. Hence, the model offers an opportunity to
investigate in more detail the influence of material structures at different scales on the
macroscopic fatigue performance.
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SAMENVATTING

Veroudering is een inherente karakteristiek van cementgebonden materialen. De
veroudering van het materiaal leidt tot geleidelijk verlies van functionaliteit van
betonconstructies met een toenemende kans op falen. Een typisch verouderings-
verschijnsel, dat de laatste tijd veel aandacht heeft gekregen van onderzoekers, is
vermoeiing van beton. Vermoeiing van beton is een gecompliceerd fenomeen, omdat
vanwege het heterogene karakter van beton vermoeiings-mechanismen op meerdere
schaalniveaus een rol spelen. In de afgelopen eeuw is veel onderzoek gedaan naar
vermoeiing van beton. Veel belangrijke wetenschappelijke vragen zijn echter nog niet
opgelost. Deze vragen betreffen in ieder geval: hoe beinvloedt de heterogene
materiaalstructuur van beton het vermoeiingsgedrag, hoe evolueert vermoeiings-
schade binnenin het beton en hoe kan het vermoeiingsgedrag goed worden gesimu-
leerd en voorspeld. Het hoofddoel van dit proefschrift is het vergaren en verdiepen van
kennis over het vermoeiingsgedrag van cementgebonden materialen op microschaal
en het ontwikkelen van een (multischaal) numeriek model om het vermoeiingsgedrag
te kunnen voorspellen.

Eerst worden experimentele technieken ontwikkeld voor het karakteriseren van
mechanische en vermoeiingseigenschappen van cementgebonden materialen op
microschaal. Dit omvat de voorbereiding en het testen van monsters op micrometer-
schaal. Voor het vervaardigen van proefstukken wordt een precision micro-dicing
machine gebruikt. Met behulp van een nanoindenter worden microbuigtesten uitge-
voerd om het vermoeiingsgedrag onder buiging te bestuderen van twee belangrijke
componenten van mortel, namelijk de (bulk)cementsteen en de grenslaag tussen
cementsteen en toeslagkorrel (zgn. interface zone, ITZ). Het breukoppervlak bij
vermoeiingsbreuk en het schadeverloop worden beoordeeld met behulp van een
Environmental Scanning Elektronenmicroscoop (ESEM) en X-ray computertomografie
(XCT). De mechanische eigenschappen, waaronder de sterkte en elasticiteitsmodulus,
evenals de vermoeiingseigenschappen, waaronder de relatie tussen de vermoeiings-
levensduur en het spanningsniveau, de stijtheidsafname en de resterende vervorming,
kunnen worden verkregen met behulp van de ontwikkelde testmethode op micro-
schaal.

Ten tweede wordt een numeriek model ontwikkeld met behulp van een 2D-
roosternetwerk om het vermoeiingsgedrag van cementgebonden materiaal op micro-
schaal te simuleren. Beelden van 2D-microstructuren van cementsteen en grenslagen
(ITZ) verkregen uit XCT-tests worden gebruikt als invoer voor het roostermodel.
Verschillende lokale mechanische en vermoeiingseigenschappen worden toegekend
aan verschillende componenten van de cementsteen en de grenslaag. Er wordt een
constitutieve wet voor cyclische belasting voorgesteld die rekening houdt met de
ontwikkeling van vermoeiingsschade. Experimentele resultaten verkregen op micro-
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schaal worden gebruikt om het rekenmodel te kalibreren en te valideren. Het
ontwikkelde model kan het effect van heterogeniteit van microstructuren op de
ontwikkeling van vermoeiingsschade op een zeer efficiénte manier onderzoeken en
kan een kwantitatieve relatie leggen tussen de materiaalstructuur en het globale
vermoeiingsgedrag. Bovendien kan het ook waardevol inzicht verschaffen in de
ontwikkeling van vermoeiingsschade, respectievelijk vermoeiingsbreukverschijnselen
onder verschillende spanningsniveaus.

Ten slotte wordt een multiparameter schema aangenomen voor het opschalen
van de mechanische en vermoeiingseigenschappen. Via deze benadering kan het
globale breukgedrag (d.w.z. spanning-rekrespons en S-N-relatie) op kleinere schaal
worden gesimuleerd en gebruikt als input voor de vermoeiingsbreukmodellering op
grotere schaal. Het model kan scheurpatronen, mechanische en vermoeiingseigen-
schappen onder vermoeiingsbelasting bevredigend voorspellen. Vanwege de
voorspellende mogelijkheden van het model op mesoschaal en biedt het model de
mogelijkheid voor gedetailleerd onderzoek naar de invloed van materiaalstructuren
op verschillende schaalniveaus op het macroscopische vermoeiingsgedrag.
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