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ABSTRACT

Reinforcing cement-based materials by nanomaterials has attracted extensive attention
over the past decades. It has been reported that the mechanical properties of cement-
based materials can be greatly improved by incorporating a small amount of
nanomaterials. However, experimental and theoretical works have all focused on the
enhancement of cement-based materials subjected to static loading. To the author’s
knowledge, no studies have reported on the mechanical properties of nanomaterial-

reinforced cement-based composites under high strain rate loadings.

This study investigates the reinforcing effect of graphene oxide (GO) on cement
mortar under high strain loadings. GO is an emerging nano-scale candidate for
enhancing cement-based materials, which is valued for its two-dimensional geometry,
superior mechanical properties and large surface area. Tensile splitting and
compression tests were conducted on GO-reinforced cement mortar under both static
and high strain rate loadings. The high strain rate testing was performed using a Split
Hopkinson Pressure Bar (SHPB) apparatus. Static experiments showed that
incorporation of GO (of 0.02 wt% of cement) improved the tensile splitting and
compression strength of plain cement mortar by 8.9% and 10.8%, respectively, and
there was little difference between the 0.02 wt% and 0.04 wt% GO addition. The SHPB
tests showed that the reinforcing effect of GO under high strain rate is directly related
to the number of cracks. In tensile splitting tests, because the major crack is always
localized in the centre of the specimen regardless of the strain rate, the reinforcing
effects of GO on cement mortar were the same for different strain rates. In compression

tests, however, because the cracks were diffused and there were more cracks under high



strain rates, the reinforcing effect of GO was also more significant under higher strain

rates.

To understand the reinforcing mechanisms of the nanomaterials, the key is to
determine the interaction properties between the nano-scale reinforcements and the
cement matrix. However, understanding of the governing forces in the reinforcement’s
pull-out behaviour at such a small scale is still very limited. The present study is the
first to identify the governing force during the pull-out of atomically thin two
dimensional (2D) nanosheets (e.g. graphene and its derivative GO) and to develop
corresponding theoretical models. In molecular dynamic (MD) simulations, friction
was found to make negligible contribution to the pull-out force because of the lack of
asperities on atomically thin materials (ATM). The pull-out force was revealed to be
governed by a “crack plane adhesion”. Unlike frictional pull-out, crack plane adhesion
produces a pull-out force independent of the embedded length of ATM. The magnitude
of pull-out force and its affecting factors were investigated by MD simulations. On the
basis of crack plane adhesion, the relation between the pull-out force and the pull-out
displacement for ATMs was formulated. Furthermore, a new theoretical model was
developed to predict the crack bridging stress (os8) of 2D ATMs. The magnitude of
maximum os was estimated to be 3MPa for 0.2 wt% of GO in cement matrix, which
was used in the finite element simulations as discussed herein. The fundamental theory
and new model proposed here serve as theoretical support for understanding and

development of ATM-reinforced composite materials.

Finite element simulations for static and SHPB compression tests were conducted
using a micromechanical model, the microplane model. First, the microplane model
was examined by comparative study with the commonly used concrete damaged

plasticity model. Then finite element simulation models of static and SHPB



compression tests were built in ABAQUS. For simulation of the static test, by including
the calculated crack bridging stress into microplane model, the experimental
compressive strength of GO-reinforced cement mortar could be accurately simulated,
which validated the calculation of the crack bridging stress by the proposed model in
Chapter 4 and the effectiveness of the microplane model to simulate the static behaviour
of GO-reinforced cement-based composites. For simulation of the SHPB test, the
microplane model with a logarithmic relation between the dynamic increase factor
(DIF) and the strain rate to account for the strain rate effect worked for the simulations
of plain cement mortar samples. However, for simulation of the GO-reinforced mortar
samples, the simulation results give a significant underestimation compared with the

experimental results under higher strain rates.
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CHAPTER 1. INTRODUCTION

1.1. Background

Cement is one of the most popular construction materials, widely used around the world.
As a binder, cement is a major ingredient of cement-based materials (paste, mortar,
concrete and composite concrete). However, structural applications of cement-based
materials have been limited due to their poor resistance to crack formation, weak tensile
strength and low strain capabilities (Neville and Brooks, 1987). On the other hand, the
production of cement involves massive release of greenhouse gas into the atmosphere.
Therefore, researchers have attempted different ways to improve the mechanical
properties of cement-based materials, which can also reduce the amount of cement

consumed and the emission of greenhouse gas.

Nano-modifying and reinforcing materials have demonstrated promising effects to
improve the mechanical properties of cement-based materials (Sanchez and Sobolev,
2010). On the basis of the morphology of these nanomaterials they can be classified
into three types: zero-dimensional (OD) nanoparticles (e.g. nanosilica), one-
dimensional (1D) nanofibres (e.g. carbon nanotubes) and two-dimensional (2D)
nanosheets (e.g. graphene and its derivative graphene oxide). Nanosilica is valued for
its high chemical pozzolanic activity, nucleation effect and pore filling effect, which
can densify the microstructure and the interfacial transition zone (ITZ) of cement-based
composites (Sanchez and Sobolev, 2010, Singh et al., 2013). However, since 0D
nanoparticles have a spherical shape and low aspect ratio, they lack a crack bridging
effect. It has been reported that the inclusion of CNTs can improve the static mechanical

properties of cement paste (Chen et al., 2011, Zou et al., 2015). However, the water
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insolubility of CNTs results in poor dispersion in water (Chen et al., 2011, Chen et al.,

2014), which limits its applications in reinforcing cement-based materials.

2D geometry graphene oxide (GO) can be a better alternative than CNTs for
reinforcement of cement-based materials (Chuah et al., 2014), not only because it has
a larger surface area for better bonding with the matrix, but because the oxygen-
containing functional groups of GO sheets render them hydrophilic and highly
dispersible in water (Qiu et al., 2010a). Current work has found that GO can improve
the mechanical properties (compressive strength, flexural strength, etc.) of cement
under static loadings (Gong et al., 2014, Pan et al., 2015). However, the dynamic
responses of the composites and the reinforcing mechanism of GO are rarely

investigated.

Understanding of the strain rate effect of cement-based materials is important for
construction safety under impact and blast loads. It is generally accepted that the
strength of cement-based materials will increase with the increase of strain rate. One
major mechanism to explain the strain rate sensitivity of cement-based materials is the
effect of micro-crack inertia (Tedesco et al., 1993). Correspondingly, it is expected that
the inclusion of GO with crack bridging behaviour will have an effect on the dynamic

mechanical properties of cement-based composites.

In this study, plain cement mortar samples and GO-reinforced cement mortar
samples were fabricated and tested by tensile splitting and compression experiments
under both static and high strain rate loadings. MD simulations were conducted and a
new theoretical model was developed to describe the pull-out behaviour of 2D
nanosheets to explain the reinforcing effect of GO and quantify the crack bridging stress.

Finally, the calculated crack bridging stress was implemented into the microplane
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model and finite element simulations for static and SHPB compression tests were

conducted using the microplane model.

1.2. Research Aim and Objectives

Based on earlier research in Duan’s group (Department of Civil Engineering at Monash
University) with GO as the nano-reinforcement to improve the static mechanical
properties of cement composites, this two-year Masters research project aimed to
investigate the effect of high strain rate on the reinforcing effect and reinforcing
mechanism of GO on cement mortar. Research in this area is essential for understanding
the response of GO-reinforced cement-based materials under impact and blast loading.

The following specific objectives were identified to achieve the research aims:

(1) To study the effect of strain rate on the mechanical properties of GO-reinforced

cement mortar.

It is widely acknowledged that the dynamic strength of cement-based materials
increases when they are subjected to high strain rate. Whether the inclusion of GO will
affect the strain rate sensitivity of cement-based composites is still unknown. In this
study, GO was dispersed in water using ultra-sonication and then incorporated into
cement mortar with different concentrations (Pan et al., 2015). Both tensile splitting
and compression tests were conducted for plain cement mortar and GO-reinforced
cement mortar under static and high strain rate loadings. The static behaviour of the
samples was characterized using a universal testing machine. The SHPB apparatus was
adopted to test the mechanical properties under high strain rate loadings, as it can
achieve strain rate at the range around 10-2000 s. The fragments of the samples after
SHPB testing were collected and analysed to study the strain rate effect of GO-
reinforced cement mortar and the reinforcing effect of GO under high strain rate.

3
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(2) To study the reinforcing mechanism of ATM such as GO

Although many researchers have reported that the incorporation of GO could
improve the mechanical properties of different types of composites, no existing model
to quantitatively describes the reinforcing effect of GO. In this study, MD simulation
was used to investigate the pull-out behaviour of 2D ATM such as graphene and GO
from different matrices. The results from the MD simulations were used to develop a
crack bridging model for composites reinforced by 2D ATM. The calculated crack
bridging stress was then adopted and validated in finite element simulations using the

microplane model to simulate the static and SHPB compression tests.

1.3. Structure of Thesis

This thesis consists of six chapters, three of which are the main chapters (Chapters 3, 4
and 5), addressing respectively the experimental results of GO-reinforced cement
mortar composites under static and high strain rate loadings, MD simulation and a new
model for estimating the crack bridging stress of GO, and the finite element simulations
using the microplane model. The introduction, literature review, and conclusion and

recommendations are presented in Chapters 1, 2, and 6, respectively.

Chapter 1 introduces the background of GO-reinforced cement-based material and
the importance of studying its behaviour under high strain rate. Then the research aim

and objectives are clarified and thesis structure is outlined.

Chapter 2 first reviews the current state of knowledge of cement-based composites
reinforced by nanomaterials, especially by GO. The strain rate effect of cement-based
composites is discussed. Finally, a review of the numerical simulations in this study is

presented.
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Chapter 3 presents the experimental work on GO-reinforced cement mortar
composites. Both tensile splitting and compression tests were conducted under static
and high strain rate loadings. The high strain rate testing was performed using a SHPB
apparatus. The effects of high strain rate on the tensile splitting and compressive
strength of GO-reinforced cement mortar were presented in comparison with the plain
cement mortar. The fragments of the samples after SHPB testing were collected to
observe the failure mode. By analysing the experimental results and the failure mode,
the reinforcing effect of GO under static and high strain rate loadings were explored

and discussed.

Chapter 4 investigates the interactions between 2D ATM such as GO and different
matrices. MD simulations were conducted to identify the governing force during the
pull-out of these 2D ATM. A new theoretical model for composites reinforced by 2D
ATM was developed, by which the crack bridging stress of GO-reinforced cement

mortar could be estimated.

Chapter 5 presents the finite element simulations using the microplane model. First,
the microplane model was examined by a comparative study between the microplane
model and the widely used concrete damaged plasticity model. Then, finite element
simulations were conducted to simulate the static and SHPB compression tests
described in Chapter 3. The calculated crack bridging stress based on the model in
Chapter 4 was used in the microplane model to model the behaviour of GO-reinforced

cement mortar.

Chapter 6 summarizes the thesis with the main conclusions and presents

recommendations for future research.
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Appendices A and B present the detailed derivation of the equations for the crack

plane adhesion governed pull-out law and crack bridging stress, respectively.



CHAPTER 2. LITERATURE REVIEW

2.1. Introduction

This thesis investigates the reinforcing effect of GO on cement mortar under high strain
rate loadings. Correspondingly, the literature review begins with introduction of the
materials investigated in this research, GO-reinforced cement-based composites. This
is followed by an overview of the strain rate effect of cement-based materials and the
typical high strain rate experimental testing method. In particular, the Split Hopkinson
Pressure Bar (SHPB) is presented as the main testing technique. Finally, relevant
background is presented regarding the numerical investigations in this study, namely
the MD simulations of nanoscale reinforcement, the crack bridging model for fibre-
reinforced cementitious composites and the finite element simulations using the

microplane model.

2.2. GO-reinforced Cement-Based Composites

Poor resistance to crack formation, weak tensile strength and low strain capabilities are
the key disadvantages of cement-based materials in modern construction (Neville and
Brooks, 1987). To mitigate the weak tensile performance of cement-based materials,
reinforcements are essential for cement-based materials used for structural purposes.
apart from traditional steel reinforcements, the use of microfibres (steel, glass, synthetic
and natural fibres) to reinforce cement-based materials has been extensively reported
(Balaguru and Shah, 1992, Bentur and Mindess, 2006, Mehta, 1986). The inclusion of
these microfibres with diameter of a few to tens of microns has increased the toughness
and tensile strength of concrete and other cement-based materials by stabilizing

microcracks.
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However, these fibres have a relatively small surface area, which limits the interfacial
strength between matrix and fibre (Wichmann et al., 2008) and they cannot prevent

crack initiation at nanoscale (Chuah et al., 2014).

Nanoscale reinforcements such as carbon nanotubes (CNTSs) have been found to
be more efficient for improving the mechanical properties of cement-based materials.
It has been reported that CNTs can decrease porosity and increase the crack bridging
capacity of cement pastes at nanoscale and, with the addition of 0.075 wt% CNTSs, the
Young’s modulus, flexural strength and fracture energy of cement pastes can be
increased by 31.54%, 48.89% and 62.55%, respectively (Zou et al., 2015). However,
the poor dispersion of water-insoluble CNTs has been a major challenge (Chen et al.,
2011, Chen et al., 2014), which limits the application of CNTs in reinforcing cement-

based materials.

The properties of 2D atomically thin nanosheet of graphene oxide (GO) have been
found to be suitable to achieve higher reinforcing effect. As a graphene derivative, GO
consists of a hexagonal carbon network bearing hydroxyl and epoxide functional
groups on the basal planes, as well as carbonyl and carboxyl groups located at the sheet
edges (Stankovich et al., 2006a), as shown in Figure 2.1. Although the introduction of
functional groups weakens the mechanical properties of graphene, a mean elastic
modulus of 32 GPa and tensile strength of 130 MPa of GO are still much superior to
cement-based materials (Zhu et al., 2010, Dikin et al., 2007). These oxygen-containing
functional groups render GO sheets hydrophilic and highly dispersible in water (Qiu et
al., 2010b, Stankovich et al., 2006b), facilitating their dispersion in the cementitious
matrix. Also, the 2D GO nanosheet offers a larger surface area for C—-S—H nucleation
than the much-researched CNTs, and those functional groups supply reactive sites that
allow the development of strong bonds with C-S-H during nucleation (Lv et al., 2013).
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Figure 2.1 (a) Wrinkled graphene (Duan et al., 2011) and (b) graphene oxide

(Bagri et al., 2010)

Experimental investigations of GO-reinforced cement under static load have found
significant improvement in mechanical properties. Introducing small quantities of GO,
as little as 0.05 wt%, increased compressive strength by 15-33% and flexural strength
by 41-59% (Pan et al., 2013). Typical curves are shown in Figure 2.2. The stress-strain
curve indicates that the addition of GO improved the ductility and reduced the
likelihood of sudden failure of cement, with GO/cement samples displaying a broader
stress-strain curve within the post-peak zone. The increased strain capacity could be

explained by delayed microcrack initiation.
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Figure 2.2 Effect of 0.05 wt.% GO: (a) Stress-strain curves under

compression; (b) Load-displacement curves under flexure (Pan et al., 2013)
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Laboratory tests also showed that the addition of 0.05 wt% GO improved pore
structure and decreased total porosity from 32.6% to 28.2%, providing higher
compressive strength and a more durable product (Pan et al., 2013). Kai (Gong et al.,
2014) reported that the introduction of 0.03 wt% GO could increase the compressive

strength and tensile strength of cement composites by more than 40%.

The existing research on GO-reinforced cement-based composites has mainly
focused on the mechanical properties under static load, but the strain rate effect has not

been studied.

2.3. Strain Rate Effect

2.3.1. Strain Rate Effect of Cement-Based Materials

Understanding the dynamic material properties of cement-based materials under high
strain rates is essential for the design and modelling of cement-based material structures
subjected to impact and blast loads. It is generally accepted that the dynamic strength
of cement-based materials will increase when they are subjected to high strain rate
(Ross et al., 1989, Malvar and Ross, 1998, Bischoff and Perry, 1991, Malvar and
Crawford, 1998, Li and Meng, 2003, Zhang et al., 2009, Li et al., 2009). The dynamic
increase factor (DIF), defined as the ratio of dynamic strength to static strength, is
commonly used to represent the strength enhancement of the strain rate effect
(Cotsovos and Pavlovi¢, 2008). Attempts have been made by Bischoff and Perry (1991)
and more recently by Cotsovos and Pavlovi¢ (2008) to assemble multiple sources of
experimental data to identify the strain rate effect on concrete. Figure 2.3 and Figure
2.4 show the strain rate effect on concrete strength and the corresponding curve fittings,
respectively. It has been reported that the DIF could potentially be higher than 6 in

tension and higher than 2 in compression (Malvar and Crawford, 1998).
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Compared with other materials such as metals and their alloys, the dynamic

behaviour of cement-based materials is more complex due to its brittle nature and

hydrostatic-stress-dependent property. Different mechanisms have been put forth to
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explain the strain rate sensitivity of cement-based materials, including the effect of pore
water, the effect of microcrack inertia, lateral confinement due to radial inertial effects
and boundary (frictional) effects. The former two mechanisms can be regarded as
intrinsic properties of cement-based materials, while the latter two can be classified as

structural effects.

At strain rates below approximately 1.0 s, the presence of free water dominates
the strain rate effect, which is similar to the Stefan effect (Rossi and Toutlemonde,
1996). The Stefan effect is a phenomenon that occurs when a viscous liquid is
sandwiched between two plates that are separated rapidly, leading to a reaction force
acting on the plates (Rossi, 1991). Under a high strain rate, free water cannot be released
from pores in a relatively short time and bears part of the strain rate loading. However,
at a strain rate higher than 1.0 s, the effect of pore water on dynamic strength is a
second order factor in the overall increase of strength with strain rate (Brara and

Klepaczko, 2006).

Nemat-Nasser and Deng (1994) suggested that the increase in compressive
capacity with increasing strain rate could be a consequence of time-dependent
microcrack growth. Under high strain rate loadings, the creation and propagation of
microcracks are delayed due to the inertia effect (Tedesco and Ross, 1993). Therefore,
the trapped energy cannot be released promptly through the crack formation, which
may lead to the creation of tiny microcracks in a relatively strong area. This early stage
microcrack diffusion will increase the strength of cement-based materials under high
strain rate. On the other hand, it is known that crack propagation usually starts at the
ITZ and then grows through the matrix (Giaccio and Zerbino, 1998). However, under
a high strain rate, due to the rapid deformation of cement-based materials, the crack has
not enough time to find the weaker section to develop, which causes the aggregates to

12
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cleave (Brara and Klepaczko, 2006). Because of the higher strength of the aggregate
than the matrix, the material strength of cement-based materials increases under a high

strain rate.

Li and Meng (2003) suggested that, when the strain rate exceeds 10 s, significant
lateral confinement occurs and controls the dynamic compressive strength
enhancement of cement-based materials. The lateral confinement results from both
contact surface friction and lateral inertia during the rapid compression. Although the
surface friction can be minimised by greasing the ends of the specimen, the lateral
inertia can still strongly affect the strength of cement-based materials under high strain
rate loadings. The reason why lateral inertia is so influential for cement-based materials
is that the stress response of cement-based materials is hydrostatic stress dependent,
which means that the radial pressure caused by the lateral inertia confinement affects
the axial loading. In contrast is the case of the metallic specimen in which, because the
lateral inertia induced lateral confinement does not influence the flow stress due to the
important fact that the metal plasticity is hydrostatic stress independent, the influence

of lateral inertia confinement is normally ignored (Li and Meng, 2003).

The above-mentioned mechanisms for strain rate sensitivity apply to plain cement-
based materials without reinforcement. For nanoscale reinforcement-cement-based

composites, the strain rate effect is still unknown.

2.3.2. High Strain Rate Test and Split Hopkinson Pressure Bar (SHPB)

At present, experimental methods to study material behaviour under high strain rate
loadings are often costly and labour intensive (Field et al., 2004). Figure 2.5 shows the
different types of experimental techniques corresponding to different ranges of strain

rate. Due to its simplicity and robustness, the SHPB is the most widely used
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experimental technique to study dynamic material properties with strain rates ranging

from 102 to 10* s (Field et al., 2004).
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Figure 2.5 Strain rate regime and corresponding experimental techniques

(Nemat-Nasser, 2000).

The prototype of the SHPB technique is a stress wave test in iron wires invented
by John Hopkinson in 1872 (Hopkinson, 1872). It was modified by Kolsky in 1949
(Kolsky, 1949) to measure the compression behaviour of different materials under
dynamic loadings. A typical experimental setup of the SHPB test is shown as Figure
2.6. The specimen is sandwiched between two long slender bars. When the strike bar,
propelled by the gas gun, impacts the incident bar, a stress wave is generated and travels
through the bar towards the specimen. When the wave reaches the specimen, part of the
stress wave is reflected back to the incident bar and the remainder is transmitted through
the specimen into the transmitter bar. The remaining energy in the transmitter bar is
absorbed by the momentum bar. Two strain gauges are mounted on the bars and

connected with an oscilloscope to collect the data. By collecting the data read from the
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strain gauges, the stress, strain and strain rate can be calculated. Varying the velocity
of the strike bar can achieve different strain rates in the specimen. In this study, the

SHPB was used as the experimental method for high strain rate testing.

s, 5

Gas gun Specmen Momentum Trap

Striker bar Incident bar Transmitted bar
/ \ ! .

Pulse shaper Strain gauge Strain gauge
sﬁ/

Figure 2.6 Typical SHPB test setup. Reproduced from Wu et al. (2010)

2.4. Numerical Investigations

2.4.1. MD Simulations of Nanoscale Reinforcements

To understand the reinforcing mechanisms of nanoscale reinforcements, the key is to
find out the interaction properties between the nanoscale reinforcement and the matrix,
which determines the efficiency of stress transfer from the matrix to the reinforcement
(Coleman et al.,, 2006). Because of the technical difficulties involved in the
manipulation of nanoscale reinforcements of extremely small size, direct experimental
measurements are severely hampered (Tsuda et al., 2011, Gou et al., 2004). On the
other hand, continually increasing computing power has facilitated the investigation of

atomistic interactions by MD simulation.

MD simulation has been used by many researchers to simulate the pull-out
behaviour of nanoscale reinforcements from polymers. Gou et al. (2004) conducted MD
simulations on single wall carbon nanotube (SWCNT) pull-out from cured epoxy resin

and calculated the interfacial shear strength as 75MPa. Liao and Li (2001) reported a

15



Literature Review Chapter 2

numerical study of the double-wall CNT-polystyrene composite system by MD

simulation and characterized the interfacial shear strength as 160 MPa.

In contrast, numerical simulation of nanoscale reinforcements-cement composites
is rarely seen in the literature. Calcium silicate hydrate (C-S-H) is the main hydration
product of cement. It is widely accepted that C-S-H has a layered structure akin mostly
to that of tobermorite and jennite minerals (Shahsavari et al., 2009). The crystal
chemical formula of jennite is given as CasSisO18(OH)s 8H20 (Bonaccorsi et al., 2004).
Compared with tobermorite, the Ca/Si ratio of jennite (1.5) is closer to that of C-S-H
gel (1.7) as proposed by Allen et al. (2007). Therefore, jennite mineral has been adopted
by many researchers as the crystal model to simulate the C-S-H structure (Hou and Li,
2013, Moon et al., 2015, Al-Ostaz et al., 2010). In the MD simulations in Chapter 4,

the jennite crystal structure was also used as the C-S-H model.

2.4.2. Crack Bridging Model for Fibre-Reinforced Cementitious
Composites

In fibre-reinforced cement-based composites, crack bridging is the main reinforcing
mechanism (Li et al., 1993, Bentur and Mindess, 2006). When a crack opens, the fibre
crossing the crack plane is subjected to the pull-out force. The load-carrying capacity
of cement-based composites is affected by the post-cracking stress-crack separation
relationship. To quantify the reinforcing effect of fibres, Li proposed a micromechanics
based crack-bridging stress-crack opening model (C. Li, 1992), which is also one of the
most widely used micromechanical models for fibre-reinforced cement-based
composites. His model was the first to establish the relationship between the pull-out
force and the pull-out displacement for a single fibre. By assuming that the fibres have
a 3D random distribution and orientation in the matrix, the position and orientation of

a single fibre can be determined uniquely by three parameters, fibre length Lt, distance
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between the fibre centroid and the matrix crack plane z, and the orientation angle ¢, as
shown in Figure 2.7. Then the crack-bridging stress os can be predicted by integrating

the contributions of all the fibres crossing the crack plane.

Figure 2.7 A fibre crossing a matrix crack plane (Li et al., 1991)

Although Li’s model was originally proposed for microfibre-reinforced cement-
based composites, it can be modified for nanoscale fibres. Chen et al. (2014) extended
Li’s model to CNT reinforced composites. In that extended model, the length
distribution and dispersion of CNT fibres were also considered. The effectiveness of
the extended model has been validated by good agreement between the model

predictions and experimental results (Zou et al., 2015).

However, the above-mentioned crack bridging models are both for 1D fibre
reinforced composites, and there are no models available for composites reinforced by

2D sheets.

2.4.3. Finite Element Simulations Using Microplane Model

Most of the existing constitutive models for cement-based materials can be classified
into the classical approach, in which the material model is formulated directly in terms
of stress and strain tensors and their invariants (Bazant et al., 2000b). However, these

macroscopic tensorial models cannot capture the interactions of cement-based materials
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at microscale. In GO-reinforced cement-based composites, the interactions between the
reinforcements and the matrix are at the scale of micro- or even nano-level. Therefore,
micromechanical models that can develop macroscopic stress-strain relationships from
the mechanics of the microstructure (Babu et al., 2005) are expected. A popular model
in this category is the microplane model developed by Bazant and his colleagues since
1983. The microplane model formulates its constitutive law in terms of vectors rather
than tensors (Bazant et al.,, 2000b). The relation between the stress and strain
components is defined on a plane of any orientation in the material microstructure,
called the microplane (Bazant, 1984). The macroscopic strain and stress tensors are
calculated as the summation of the vectors on the microplanes under the kinematic
constraint. The basic relations of microplane model are briefly explained below. The
basic hypothesis is that the normal and shear strain on each microplane are projections

of & (Figure 2.8)

ey = N;é&;,

The subscript N refers to the normal direction, while L and M refer to the shear direction.

&L :Lijgij’gM :Mijgij (2.1)

(b)

Figure 2.8 (a) Microplane strain vector; (b) microplane strain components.

Reproduced from (Caner and Bazant, 2012)
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The static equivalence of stresses between the stress vectors on all the microplanes
and the stress tensor can be enforced by the principle of virtual work (Bazant, 1984)
?0'”68"- :.[(O'N Sgy +0, g, +0,, 08, )dQ (2.2)
Q
where Q = surface of a unit hemisphere centred at the material point; and 27/3 = its

volume.

Another feature of the microplane model is the way it controls the strain-dependent
yield limits. The stress-strain boundary is defined such that if the boundary is exceeded
in a finite load or time step, the stress is reduced to the boundary, keeping the strain
constant (Caner and Bazant, 2012). It should be pointed out that the tensile behaviour

is determined by the normal boundary on.

Since 1983, a series of microplane models labelled M0, M1, M2, ..., M7 has been
developed for concrete and the up-to-date version is M7 (Caner and Bazant, 2012,
Bazant, 2013). A dozen advantages of the microplane model for characterizing the
material behaviour were reviewed by Brocca and Bazant (2000) and Bazant et al.
(2000b). One of the most important advantages is its capability of capturing the
interactions among orientations of microdamage processes (e.g., orientations of tensile
or splitting microcracks, and frictional microslips) (Bazant, 2010). This advantage is
verified by the successful capture of the so-called vertex effect using the microplane
model (Caner et al., 2002), which cannot be captured by classical tensorial models with
one or a few loading surfaces (Caner and Bazant, 2012). Applications of microplane
models in the field of concrete structures are relatively limited. M4 has been adopted in
investigation of the size effect of concrete columns (Brocca and Bazant, 2001), the tube
squash test of concrete (Brocca and Bazant, 2001) and mixed-mode fracture in concrete

(Ozbolt and Reinhardt, 2002), to name a few.
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2.5. Research Gaps

Based on the above literature overview, the following research gaps can be identified:

(1) No investigation has been reported of the mechanical properties of nanomaterial-
reinforced cement-based composites under high strain rate. Whether the inclusion
of GO will affect the strain rate sensitivity of cement-based composites is still

unknown.

(2) Understanding of the interactions between GO and cement matrix is still very

limited and no quantitative description of their interactions is available.

(3) No crack bridging model has been reported for composites reinforced by 2D ATM

such as GO.

(4) No finite element simulation has been reported for GO-reinforced cement-based
composites and no constitutive model has been reported to be suitable for the

simulation of GO-reinforced cement-based composites.

These research gaps are addressed in the following chapters.
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CHAPTER 3. EXPERIMENTAL RESULTS OF GO-
REINFORCED CEMENT MOTAR UNDER STATIC AND
HIGH STRAIN RATE LOADINGS

3.1. Introduction

In this chapter, the experimental results of GO-reinforced cement mortar are reported.
Both plain cement mortar (control) samples and GO-reinforced cement mortar (GO-
mortar) samples were fabricated and tested. Tensile splitting and compression tests
were conducted under both static loadings and high strain rate loadings. The high strain
rate testing was performed using a Split Hopkinson Pressure Bar (SHPB) apparatus.
The effect of high strain rate on the tensile splitting and compressive strength of GO-
mortar were compared with results from the plain cement mortar. Fragments of the
samples after SHPB testing were collected to observe the failure mode. From analysis
of the experimental results and the failure modes, the reinforcing effect of GO under

static and high strain rate loadings were explored and discussed.

3.2. Experimental Program

3.2.1. Materials

The GO solution was supplied by Graphenea®. The concentration of GO nanosheets in
the solution was 4mg/ml. Based on the scanning electron microscope (SEM) image of

the GO nanosheets, as shown in Figure 3.1, the mean size of GO was about 1 um.
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Figure 3.1 SEM image of GO nanosheets (Li et al., 2016a)

As defined by ASTM C150 (C150, 1999), general purpose ordinary Portland
cement (OPC), conforming to the requirements of Type | — Normal cement, was used
for all the samples. Table 3-1 shows the chemical composition of the cement powder

as analysed by X-ray fluorescence.

Table 3-1 Chemical compositions of cement powder

A|203 SiOz CaO Fe203 Kzo MgO NazO 503 LOI

47 199 639 34 05 13 02 26 3.0

The sand adopted in this study was high purity silica sand (commercially available
product of Sibelco, Australia). As can be seen from the particle size distribution of the

sand, shown in Figure 3.2, the mean size of the sand was about 0.45mm.

A polycarboxylic based superplasticiser (SP) (commercially available as ADVA

210, a product of WR Grace) was used to modify the workability of the mortar.
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Figure 3.2 Particle size distribution of sand (Li et al., 2016b)

3.2.2. Mix Design and Mixing Procedure

Table 3-2 shows the mix design of the mortar samples. The mass ratios of sand to
cement and water to cement were the same for all the samples: 2 and 0.4, respectively.
The control samples without GO nanosheets were denoted M. Two series of GO-mortar
samples with GO concentration of 0.02 wt% and 0.04 wt% were designed and denoted
MG2 and MG4. To improve the interfacial zone between silica sand and cement and
disperse GO better, a new mixing procedure was adopted. The sand was first mixed
with water and GO solution, and then mixed with cement and SP. The detailed mixing
procedure can be found in (Li et al., 2016b). Flow table tests conforming to ASTM
C1437-15 (C1437-15, 2015) were conducted to measure the workability of the fresh
mixtures. The SP was first added to control samples to improve its workability. Then
the SP dosages for MG2 and MG4 were adjusted to achieve similar workability to that

of the control samples.
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Table 3-2 Mix design of the mortar samples

M MG2 MG4
Water/cement 0.4 0.4 0.4
(by weight)
Sand/cement 2 2 2
(by weight)
GO/cement
(Wt. %) 0 0.02 0.04
SP/cement
(Wt. %) 0.55 0.70 0.85

After mixing, the fresh mixtures were cast into moulds and vibrated on a vibration
table to achieve good compaction. The moulds were then sealed with polyethylene
sheets to retain moisture. The samples were demoulded after 24h and then cured in a
saturated lime water bath at 20 <C until testing. For both static and high strain rate

experiments, the samples were tested at the age of 28 days.

3.2.3. Tests Quasi-static Splitting Tensile and Compression Tests

Cylindrical mortar specimens (23.5 x47mm) were used for the static tensile splitting
and compression tests. For the tensile splitting tests, the loading rate was set to 2kN/min,
conforming to ASTM C496 (C496/C496M-11, 2004). For the compression tests,
following ASTM C109 (C109/C109M-16, 2016) , the loading rate was set to
0.2mm/min, corresponding to approximately 0.3MPa/s. A Shimadzu testing machine
with the capacity of 300 kN was used to conduct both the static tensile splitting and

compression tests.

3.2.4. Setup and Data Processing of SHPB

The SHPB technique has been widely adopted over recent decades in research into
cement-based materials under high strain rate loadings, with a strain rate ranges from

10 to 10* s (Tedesco et al., 1994). The experimental set-up of SHPB comprises two
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long slender aluminium bars with a short specimen sandwiched between them, as
shown in Figure 3.3. When the strike bar impacts the incident bar, a stress wave is
generated and travels through the bar towards the specimen. When the wave reaches
the specimen, part of the stress wave is reflected back to the incident bar and the
remainder is transmitted through the specimen into the transmitter bar. The remaining

energy in the transmitter bar is absorbed by a damper.

As shown in Figure 3.3, cylindrical mortar specimens (13 > 13 mm) were tested
using a 14.5 mm (diameter of strike, incident and transmitter bar) SHPB testing system.

The specimen arrangement in the tensile splitting tests is also indicated in Figure 3.3.

Two sets of data were collected by an oscilloscope connected to strain gauges (SG1
and SG2) on the incident and transmitter bar respectively. The strain gauges used in
this study were more sensitive semiconductor strain gauges rather the conventional foil
strain gauges. The SB2-120-P-2 semiconductor strain gauges (commercially available
product of Bestech, Australia) have a gauge factor of about 110, whereas the gauge

factor of conventional foil strain gauges is about 2.1.

On the basis of the assumption of 1D wave propagation, the stress of the tensile

splitting and compression SHPB tests can be obtained by:

AB EB
AsO

o, (t) =( )* & (t) (3.1)

The strain rate of the SHPB compression test can be calculated by:

2

el(t)=(HC

)k g (t) 3.2)
0

S

For the SHPB tensile splitting test, the equation of strain rate is given by:
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flr
ESO

gu(t) = (3)

where As and Aso are the cross section area of the bar and the specimen,
respectively; Es is the Young’s modulus of the incident and transmitter bar; et (t) and
er (t) are the transmitted and reflected wave, respectively; cos is the elastic wave speed
of the incident and transmitter bar; Hso is the length of the specimen; Eso is the static
Young’s modulus of the specimen; ft is the maximum tensile stress of the specimen; ¢

is the time lag between the start and the peak of the transmitted wave.
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Figure 3.3 SHPB set-up

3.3. Results and Discussion

3.3.1. GO Identification

Figure 3.4 shows SEM images of the sand surface after mixing with GO solution. It can
be seen from Figure 3.4-a that the region around point 1 was bald, without GO
nanosheets, while the remaining part was covered by GO. The area within the yellow

box is magnified in Figure 3.4-b. The unique wrinkled shape of the GO is quite obvious.
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Figure 3.4 SEM images of sand surface with GO

The existence of GO was further identified by energy-dispersive X-ray
spectroscopy (EDS) analysis, as shown in Figure 3.5. It can be seen that the signals of
carbon and oxygen at point 2 (in Figure 3.4-a) are much stronger than those at point 1,

indicating that the region around point 2 was covered by GO, unlike that around point1.
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Figure 3.5 EDS spectra of point 1 (with GO) and point 2 (without GO)

3.3.2. Static Tests

27



Experimental Results of GO-reinforced Cement Mortar Composites Chapter 3

Figure 3.6 shows the static tensile splitting strength of the control samples and GO-
mortar samples. Incorporation of 0.02% and 0.04% GO increased the tensile splitting

strength by 8.9% and 9.9% respectively.
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Figure 3.6 Static tensile splitting strength

Figure 3.7 shows the static compressive strength of the control samples and GO-
mortar samples. Incorporation of 0.02% and 0.04% GO increased the compressive

strength by 10.8% and 13.4% respectively.
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According to the results, there was little difference between the strength increase
of 0.02 wt% GO addition and 0.04 wt% GO addition in both static tensile splitting and
compression tests. It appears that the incorporation of GO had a slightly greater impact
on compression strength than on tensile splitting strength. Different mechanisms have
been raised to explain the reinforcing effect of GO on mortar composites (Li et al.,
2016b). First, the incorporation of GO can improve the mechanical properties of cement
paste bulk (Pan etal., 2015, Gong et al., 2014). In addition, because the presence of GO
in the surfaces of silica sand, acting as nucleation sites, can promote the hydration and
production of calcium silicate hydrate (C-S-H), the ITZ of GO mortar samples is denser

and stronger than that of control samples (Li et al.).

3.3.3. Tensile Splitting and Compressive Strength under High Strain Rate
Loadings

Figure 3.8 shows the tensile splitting strength of control samples and GO-mortar
samples under high strain rates. As can be seen, the strength of both the control samples
and the GO-mortar samples was rate-dependent and increased along with the increase
of the strain rate. This phenomenon is consistent with the findings for plain cement-
based materials and microfibre-reinforced cement-based composites. Various
researchers have discussed the mechanisms causing the strain rate effect of cement-
based materials (Tedesco et al., 1993, Nemat-Nasser and Deng, 1994, Li and Meng,
2003). At low strain rates, a crack will find the weakest path to propagate. Under high
strain rates, however, there is no time for a crack to find weak a section to propagate,
and the cracks are thus more direct, passing through stronger areas, for example causing
the aggregates to cleave (Brara and Klepaczko, 2006, Feng et al., 2014). Therefore,
more energy is consumed in the crack propagation and the material strength is higher

under a high strain rate.
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To evaluate and compare the strain rate effect of control samples and GO-mortar
samples, the DIF of the specimens under tensile splitting is illustrated in Figure 3.9. It
can be seen that the DIF of the GO-mortar samples and the control samples were similar
under different strain rates, indicating the strain rate effect of the GO-mortar samples
was similar to that of the control samples. Thus, in the tensile splitting tests, the
reinforcing effect of GO on mortar composites was the same for static and high strain
rate loadings and the inclusion of GO had no extra reinforcing effect under high strain

rate loadings.
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Figure 3.8 Tensile splitting strength under high strain rate
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Figure 3.9 DIF of specimens under high strain rate tensile splitting tests

Figure 3.10 shows the compressive strength of control samples and GO-mortar
samples under high strain rate loadings. As in the tensile splitting SHPB tests, an
increase in the strain rate led to an increase in the dynamic compressive strength of both
the control and the GO-mortar samples. However, compared to the control samples, the
strength increase of the GO-mortar samples was more significant at higher strain rates.
This phenomenon is further illustrated in Figure 3.11. The DIFs of the GO-mortar and
control samples were similar under lower strain rates, but at higher strain rates the DIF
of the GO-mortar samples was significantly higher than that of the control samples.
This result means that in compression testing, besides the reinforcing effect of GO
under static loadings, the inclusion of GO had an additional reinforcing effect under
high strain rate loadings and this effect became more significant under higher strain

rates.

These results are different from the findings of strain rate effect in microfibre-
reinforced cement-based composites. It has been reported that the DIF for compressive
strength of plain concrete is higher than that of corresponding fibre-reinforced concrete

at given high strain rate (Wang et al., 2012b). [30]. Moreover, a higher fibre volume
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content, regardless the fibre type, leads to a lower DIF value for a certain strain rate
(Tran and Kim, 2014). Different mechanisms have been suggested to explain these
phenomena. In fibre-reinforced composites there is a group effect for the fibres, which
means that when a group of fibres interact with each other during pull-out, the strain
rate sensitivity is less than that of a single fibre pull-out (Naaman and Shah, 1976, Tran
and Kim, 2014) Moreover, if the fibre volume content is high, the amount of matrix
surrounding the fibre may not be sufficient to maintain interfacial bonding, which could
result in a diluted or eliminated strain rate sensitivity (Tran and Kim, 2014). In GO-
reinforced cement-based composites, however, these mechanisms might no longer be
valid. Because of the low volume percentage and extremely small size of GO, the GO
sheets can scarcely interact with other and there is also enough matrix to maintain the

interfacial bonding with GO.
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3.3.4. Analyses of Failure Modes and GO Reinforcing Effect under High
Strain Rate

Figure 3.12 Fragments of specimens under high strain rate tensile splitting

loading

To explain the different reinforcing effects of GO in high strain rate tensile splitting
and compression testing, fragments of the samples after SHPB testing were
accumulated and analysed. Figure 3.12 and Figure 3.13 show the fragments of
specimens after SHPB tensile splitting and compression tests with different strike bar

speeds of 10m/s, 15m/s and 24m/s.
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Figure 3.13 Fragments of specimens under high strain rate compression

loading

It must be mentioned that the difference between the distribution of fragments of the
control samples and the GO-mortar samples was minimal, so the fragments shown in
Figure 3.12 and Figure 3.13 are all from MG4 samples. As can be seen, in general, the
higher the strain rate, the larger number and smaller size of the fragments. However,
this fragmentation effect was much more significant in the compression test than in the

tensile splitting test.

200 um 300 um

Figure 3.14 SEM images of sand fragments under high strain rate loadings

As mentioned already, under high strain rates a crack can propagate through a
stronger area and sometimes cause cleavage of the aggregates. But it is still unknown

whether the fine aggregates used in this study, with a mean size of only 0.45mm, can
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be cleaved. Figure 3.14 shows SEM images of cleaved sand, which were captured after
the compression SHPB tests of MG4 sample with the highest strain rate. Similar
phenomena can be also observed for the M and MG2 samples. This finding indicates
that cracks can penetrate through fine sand and manifests, on the other hand, the degree

of fragmentation of the samples after SHPB testing.

A more detailed fragmentation analysis was conducted, as shown in Figure 3.15.
Fragments of the control samples and GO-mortar samples after SHPB testing with
different strike bar speeds were collected and separated by a 3.5mm sieve. Then the
weights of the small and large fragments were measured and compared. The mass ratio
was defined as the ratio of the mass of small fragments over the mass of large fragments.
It was found that from the tensile splitting SHPB tests, the mass ratio kept increasing
but was less than 1 even at the highest strike bar speed. For the compression tests,
however, the mass ratio increased dramatically and at the highest speed, the mass of

small fragments was more than a tenth of the mass of large fragments.
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Figure 3.15 Mass comparison after separation by a 3.5mm sieve
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The difference between SHPB tensile splitting and compression tests in terms of
fragment distribution and mass ratio can be attributed to the different failure modes of
tensile and compression tests under high strain rates. In tensile splitting tests, the major
crack was always located in the centre of specimens, regardless of the strain rate. In
compression tests, on the other hand, the cracks were diffused all over the entire sample
and, under higher strain rates there was a significant increase in the number of cracks,
creating many more fracture surfaces. The higher number of cracks and the larger area
of fracture surfaces meant a higher possibility of a crack passing through the GO

nanosheets, which made the reinforcing effect of GO more significant.

3.4. Conclusions

In this study, the tensile splitting and compressive strength of GO reinforced
mortar composites were tested under both static and high strain loadings. Two
concentrations of GO, 0.02% and 0.04% by weight of cement, produced similar results
for all the experiments. With the incorporation of GO, both the static tensile splitting
and the compressive strength were improved and the improvement in compressive
strength was slightly higher than that in tensile splitting strength. The SHPB tests
showed that the reinforcing effect of GO under a high strain rate was directly related to
the number of cracks. In tensile splitting tests, because the major crack is always located
in the centre of the specimen regardless of the strain rate, the reinforcing effect of GO
on the mortar is the same for different strain rates. In compression tests, however,
because the cracks are diffused and there are more cracks under higher strain rates, the

reinforcing effect of GO is also more significant under a higher strain rate.
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CHAPTER 4. MD SUMULATION AND A NEW CRACK
BRIDGING MODEL FOR ATOMICALLY THIN
MATERIALS REINFORCED COMPOSITES

4.1  Introduction

In this chapter, MD simulations were conducted to investigate the pull-out behaviours
of atomically thin materials such as GO from different matrices such as C-S-H. This
research is not limited to GO and C-S-H matrix but extended to 2D atomically thin
materials and different types of matrices. Conversely, the findings and conclusions

from this study are also applicable to GO-reinforced cement-based materials.

Atomically thin materials (ATMs), such as graphene and its derivatives, are among
the best candidates for enhancement of biomaterials [1-3], polymer [4-10], metal [11-
14] and ceramic/cementitious materials [15-18] because of their superior mechanical
properties. It is reported that the elastic modulus of chitosan can increase over ~200%
with the addition of 0.1-0.3 wt% graphene [1]; inclusion of 0.7 wt% graphene oxide
(GO) can increase the tensile strength and Young’s modulus of polyvinyl alcohol
(PVA) by 76% and 62% [10]; the tensile strength of aluminium composite reinforced
by 0.3 wt% graphene achieve a 62% enhancement over the unreinforced aluminium
matrix [11]; with the addition of 0.8 vol% graphene, the fracture toughness of alumina
ceramic can be increased by 40% [15]; the compressive strength and flexural strength
of cement can increase by 15-33% and 41-59% with the introduction of 0.05 wt% GO

[18]. Thus ATMs may be the key to producing stronger next-generation materials.

The pull-out of nanometer scale reinforcements during fracture is one of the major
mechanisms for enhancing mechanical properties [19, 20]. During pull-out, the

interaction between the embedded reinforcement and the matrix, e.g. friction and
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chemical bonding, consumes energy, so that more energy is needed to open cracks and
any failure of the material is delayed [21, 22]. A major advantage of using nanosized
super-strong reinforcements, such as graphene, is that they can bridge the finest cracks

in the material, preventing crack propagation and further damage [17, 23-26].

Although many studies have explored the improvement of mechanical properties
using ATMs [1-18], investigation of the governing forces in pull-out behaviour at such
a small scale is very limited. Existing models and theories to describe the pull-out of
micro- [27, 28] and nanoscale [19, 24, 29-34] reinforcing materials may not be valid
for atomic thin materials. These existing models often consider the frictional type of
bonding as the governing force during the pull-out of micro-fibres [27, 28] with a
diameter of a few to tens of microns or of nanofibres [20, 35] such as multiwall carbon
nanotubes (MWCNTS) which commonly have a diameter in the range tens to hundreds
of nanometres [36]. It has been found that at nanometre scale, friction also follows the
Amontons’ First Law: being proportional to normal force and being a result of surface
roughness or, in other words, asperities [37]. However, the question as to whether the
friction governed pull-out mechanism can be applied to ATMs (with thickness around
or below 1 nm and with correspondingly low surface roughness) has rarely been
investigated in the literature. Due to the lack of knowledge about these pull-out
mechanisms, there is no existing model to predict reinforcing effects and to provide

guidance for the design and fabrication of ATM-reinforced composites.

In this study, the pull-out mechanism of ATMs is investigated to identify the
governing forces. On the basis of MD simulation of atomically thin graphene, it is
demonstrated that friction is not the dominant force during the pull-out of ATMs.
Instead, it is proposed that the pull-out behaviour of ATMs is best described by a
constant resistance force (R). The origin of this constant R is the unbalanced adhesion
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force between the matrix and the graphene. Based on the unique constant R governing
the pull-out process, a new theoretical model is developed to describe the pull-out of
2D ATM. Furthermore, a new formulation of the crack bridging stress is also
established for estimation of the reinforcing effect of a 2D ATM such as graphene.
Good agreement is found between the model prediction and the reported literature,
showing theoretical support for the superior reinforcing efficiency of graphene. The
proposed new pull-out mechanism and model provides a way to predict the effects of
size, amount and surface properties of atomically thin reinforcements and facilitates the

optimal design of future ATM/graphene-reinforced composites.

4.2  Simulation Methods

Molecular dynamics (MD) simulations were conducted to quantify the friction and pull-
out interactions between graphene sheet and various matrices. Three types of matrix
were used, namely calcium silicate hydrate (C-S-H), aluminium (Al) and polyethylene
(PE), which are typical representatives of ceramics/cementitious materials, metals and
polymers, respectively. The atomic interaction was modelled by the COMPASS force
field (condensed-phased optimized molecular potential for atomistic simulation
studies) [38, 39], which is the first ab initio force field that was parameterized and
validated using condensed-phase properties. This force field has been shown to be
applicable in describing the mechanical properties of sp2 carbon [40, 41], calcium

silicate hydrate (C-S-H) [42-44], metal [45] and polymers [45-47].

4.2.1 Simulation of Friction

As shown in Figure 4.2-a, a periodic simulation box (49.7 A x 25.9 A x 30.8 A for C-
S-H, 88.8 Ax 25.6 Ax 42.5 Afor Al and 42.3 A x 24.4 A x 27.0 A for PE) was created

with two layers of matrix materials sandwiching a monolayer graphene (MLG). After
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geometry optimization, a 100 ps NPT ensemble (a constant number of particles,
constant pressure and temperature dynamics simulation) was employed to optimize the
shape of the lattice and relax the system. The pressure was set to be the atmospheric
pressure. Then the sheet was assigned a speed vx and a NVE ensemble (a constant
number of particles, constant volume and energy dynamics simulation) was conducted.
The speed vx of all the atoms in the MLG was then extracted under different sliding
distances 0. Based on vy, the loss of global kinetic energy (4Exinetic) of the MLG during

sliding was computed as

AE,.. =+ m(vxz(é)— v,” (6, )) (4.1)

kinetic 2

where V, (50) is the average speed of all the atoms of MLG after being assigned an

initial speed, Vv, (5) is the average speed of all the atoms of MLG after sliding and m is

the mass of the MLG.

The friction force f was then calculated as:

f — AE;netic (4'2)

The interfacial shear strength z could be given by:

T=— (4.3)
where A is the area of MLG.

4.2.2 Simulation of Pull-out

For the simulation of pull-out, a similar sandwiched periodic structure was built in as
the simulation of friction, but an isolated MLG (IMLG) sheet was used instead of a
continuous MLG sheet, as shown in Figure 4.3-a, d, g and i. Geometry optimization
and a 100 ps NPT ensemble at 298 K with atmospheric pressure were employed to

optimize the parameter of the simulation box (lattice) and relax the system. To leave
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space for the IMLG pull-out, a vacuum gap was introduced in the pull-out direction,
while keeping the optimized lattice parameter in the other two directions unchanged.
Then the pull-out displacement ¢ was increased step by step and in each step (including
when ¢ = 0), a 100 ps NVT ensemble (a constant number of particles, constant volume
and temperature dynamics simulation) at 298 K was employed to relax the system. On
the basis of the relaxed structure, the forces acting on the atoms in the IMLG in the x

direction (Fx) applied by the matrices were computed. The interaction energy E,

between matrix and sheet could be calculated as:

E, =Eww —(E
, Is the total energy of the composite system; E

matrix + Esheet) (44)

where E and E are the

total matrix sheet

energies of the matrix and sheet, respectively. By calculating the difference between E|
at the initial state (0 = 0) and at the pulled out state (6 > 0), the corresponding pull-out

energy for each step was calculated.

4.3  Pull-out at Atomic Scale

4.3.1 Validation of Friction Governed Pull-out

Micro- and nano-fibre pull-out, with diameters from tens of microns down to tens of
nanometres, are considered as friction governed processes (C. Li, 1992, Chen et al.,
2014). As shown in Figure 4.1-a, when those fibres are pulled out from the matrix, the
abrasion or wear of the surface micro convexities or asperities (red in Figure 4.1-a)
causes a frictional resistant force (Sung and Suh, 1979, Dangsheng, 2005). The energy
conservation in this case is mainly a balance between the work done by the pull-out
force and the energy consumed in bond breaking/reformation (Zhandarov and Mé&ter,

2005) and agitation of atom movement at the friction interface.
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However, when the material is atomically thin with very low surface roughness,
such as the graphene shown in Figure 4.1-b, the friction caused by abrasion and wear
is substantially reduced. MD simulations were conducted to evaluate the friction level
between MLG and various matrices. As in the example of the simulated system shown
in Figure 4.2-a, the MLG has a sliding speed vx and a sliding distance ¢. Figure 4.2-b,
¢ and d show the decrease of vx during sliding in different matrices from d = 0to 10 A
due to friction. It can be seen from Figure 4.2-b, ¢ and d that there is an initial sharper
drop in vx within 2 A for each of three different matrices and after that the rate of

decrease of vx becomes relatively stable.

reinforcement

1

---------

friction
& wear

Figure 4.1. Schematics of a) friction governed micro-/nanofibre pull-out (red areas
indicate friction-damaged materials during pull-out), and b) adhesion resistance for
ATM during pull-out (circles/arcs indicate different force equilibrium at locations I, 11
and III).
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By measuring the decrease of the MLG’s speed in the stable stage, the friction
force and the interfacial shear strength can be calculated, as shown in Table 4-1. As can
be seen, the interfacial shear strength due to friction ranges from 0.13 to 18.71
millipascal. The low friction between the MLG and matrix is consistent with the finding
in large scale MD simulation of friction at nanoscale where the friction is caused by
nanoscale asperities and a proportional relationship is found between normal pressure
and friction force (Mo et al., 2009). The interfacial shear strengths measured here are
9-11 orders of magnitude lower than those derived from the experimental results based

on a frictional bond, which are in the range of 18 to 135 MPa (Coleman et al., 2006).
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Figure 4.2. (a) Snapshot of a sliding graphene in a periodic simulation box with PE
matrix and the decrease of speed of due to friction in b) C-S-H (A), ¢) metal (o) and
d) polymer (O0) matrices.

Table 4-1. Decreasing rate of velocity and computed friction coefficient.

Matrix Initial sliding Friction force Interfacial shear
speed (km/s) (zN) strength (10°Pa)
C-S-H 10 21.76 1.69 (20.02*)
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C-S-H 5 16.34 1.27 (0.06)
C-S-H 1 1.64 0.13(0.00)
Al 10 426.18 18.71(20.17)
Al 5 303.04 13.30(=0.15)
Al 1 79.00 3.47(20.03)
PE 10 119.98 11.64(=0.19)
PE 5 89.47 8.68(20.09)
PE 1 17.55 1.70(20.00)

* standard deviation

4.3.2 Governing Forces at Atomic Level: Crack Plane Adhesion

The low level of sliding friction measured in the MD simulations indicated that the
frictional bonding based interfacial interaction model was no longer valid. Therefore,
non-frictional interaction needed to be considered as the governing mechanism during
the pullout of ATMs in order to explain the significant increase in fracture resistance in
various matrices (Fan et al., 2010, Liang et al., 2009, Wang et al., 2012a, Porwal et al.,

2013).

It is proposed here that the pull-out resistance force (R) for ATM is governed by a
different source of forces. As shown in Figure 4.1-b, a monolayer sheet is pulled out
from the matrix. For atoms that are distant from the exit, such as atom I, adhesion forces
act on them from all directions. For atoms that are close to the crack plane (or fracture
surface) of the matrix, however, such as atoms Il and 111, due to the absence of matrix
atoms beyond the crack plane, the adhesion force in those directions disappears. As
shown in Figure 4.1-b, the resultant adhesion near the exit is in the opposite direction
to the pull-out. Since this adhesion applies only to atoms near the crack plane, it is
defined as “crack plane adhesion”. This generates the resistance force R. For ATMs
with unit width, this R is theoretically constant during pull-out, regardless of the

embedded length of the matrix.
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To demonstrate and validate the “crack plane adhesion” phenomenon, force
analyses were conducted to analyse the forces on an IMLG applied by the matrix. The
forces on each atom of the IMLG in the x direction (Fx) were computed and the
distributions of Fx for different matrices and different pull-out distance are shown in
Figure 4.3-c, f, h and j. As can be seen, in the part of the IMLG that is distant from the
exit region, the positive and negative forces usually appear in pairs and show a pattern
in that they can balance each other. In the exit region, however, most atoms have a
negative force, forming an adhesion band (ADB). Figure 4.3-a and d show the
accumulation of Fx over x. It can be seen that, for the part outside the ADB, the force
summation is close to zero and only in the ADB does the force summation begin to
decrease to negative. Likewise, such calculations were conducted for IMLGs with Al
(Figure 4.3-g) and PE matrix (Figure 4.3-i), where similar phenomenon were found.
The magnitude of the crack plane adhesion force (0.27 N/m for C-S-H, 0.88 N/m for
Al and 0.50 N/m for PE) is shown to be 108-10° greater than the friction when the IMLG
is around 1 by 1 micron in size. The results here show that the constant R for ATM is

dominated by the crack plane adhesion within the ADB.
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Figure 4.3 Forces on atoms in IMLG in x direction Fx(c, f, h and j) and cumulative Fx
(a, d, g and 1) applied by the matrix when the IMLG is (a and c) half pull-out and (b
and f) % embedded in a C-S-H matrix (A\) and half embedded in (g and h) Al (O)
and (i and j) PE ([J) matrix. (b) and (e) show snapshots of the MD model at the
corresponding pull-out distances.

Factors that affect the magnitude of R were also investigated, including matrix
material and different sizes of the IMLG (C-S-H: Figure 4.4-a and d, Al: Figure 4.4-b
and PE: Figure 4.4-c) and functionalization of IMLG (Figure 4.4-d). Figure 4.4 (e-1)
shows the crack plane adhesion governed pull-out energy Ep, a0 and dEp, a¢/do against o
during different pull-out situations. dEp, a¢/do equals the pull-out force. As indicated in
Figure 4.4-e and f, the different length of the IMLG has no effect on Ep, as which
increases in an approximately linear manner (constant dEyp, aa/dd) except at the very

beginning and the end of the pull-out. Figure 4.4-g indicates that doubling the width
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also doubles Ep, ad and dEp, ad/do. The type of matrix produces the most significance
differences in Ep, ad and dEp, a¢/dd with Al being the highest following by PE and C-S-
H (Figure 4.4-e, i and j). In addition, functionalization of the IMLG, which introduces
charges and electrostatic attractions between the IMLG and the matrix, increases the
magnitude of Ep, ad and dEyp, ad/dd as shown in Figure 4.4-k and |. The size of the crystal
unit cell, or in other words the uniformity of atom distribution, in the matrix is shown
to affect the variation of dEp, ad/do as the C-S-H (with the most heterogeneous atom
distribution) gives the greatest variation of dEp, ad/dd, while Al (with the least
heterogeneous atom distribution) gives the smallest. This is because the adhesion forces
as illustrated in Figure 4.2-b may not be identical from different directions at nanometre
scale due to the non-uniform and non-continuous spatial distribution of atoms in the
matrix. However, at a larger scale, such as for graphene length >10 nm, dEp, a¢/do and

R can be treated as statistically constant with only local variations.
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Figure 4.4 Snapshot of pull-out of a monolayer graphene from b) metallic (Al), c)
polymeric (PE), and a) and d) cementitious matrices (C-S-H) and (e, g, i and k) Ep.ad
and (f, h, j and 1) changing rate of Ep,qs against J for 20x20* A (<), 40x20 A(%),
60>20 A(A), 4040 A(D>) graphene and 6020 A functionalised graphene () pull-
out from C-S-H matrix and 60>20 A graphene pull-out from Al (o) and PE (o)
matriX. Parts of the matrices in (a) and (d) are made invisible to show the embedded
part of the graphene sheet. *the dimensions of the sheet are indicated as length X

width, with length is in the pull-out direction.

4.3.3 A New Model for the Reinforcing Effect of 2D ATM

Based on the “crack plane adhesion” and constant R theory as given above, a new

formulization can be developed to describe the pull-out of 2D ATMs. First, the relations
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between the pull-out force P and the pull-out displacement ¢ for ATMs is established
in analogy to the micromechanical model of Li (Lin et al., 1999) for 1D fibres. As
shown in Figure 4.5-a, consider a section of atomically thin sheet with infinitesimal
width dw, thickness t and initial embedded length Le. The pull-out process can be
separated into two stages: a debonding stage and a debonded stage. During the
debonding stage, only for the part within L, the chemical bond between the sheet and
the matrix breaks and the part is under tension. dP is the integral of forces along x from

0 to L. The relationship between pull-out force dP and pull-out displacement s during

the debonding stage can be given as (see Appendix A the detailed derivations):

dP=./(4G, +CtIE dw, <4, (4.5)

. . R .
where E is the elastic modulus of the sheet, C =FIS the stress as a result of the
W

. . c-C
constant R, Gq is the chemical bond strength, 50=TLe corresponds to the

displacement at which the sheet is fully debonded, a:td.TP . As the pull-out
w

displacement o increases, the sheet and the matrix keep debonding until eventually all
the chemical bondings between the sheet and the matrix are broken, giving the

debonded stage:

dP=tCdw, 6>5,. (4.6)

The relationship between dP and ¢ was used to derive a new model for the crack
bridging stress (o8) of ATM embedded in a matrix. o8, which indicates the stress that
closes the crack during crack propagation, is a measure of the reinforcing effect and
reflects the post-cracking strength improvement in the macro sense. Assuming the

volume fraction of the ATM is Vre, the sheet is a circular flat disk with radius r and the
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ATM sheets are 3D randomly located and oriented in the matrix, the new model for os
of 2D ATMs is developed (see Appendix B for detailed derivation). As shown in Figure
4.5-b, the x is perpendicular to the opening crack planes I and Il. The angle between
the ATM/graphene and x " is ¢. As o increases, the part of ATM/graphene to the left of
plane 11 (or the upper side in Figure 4.5-c) is pulled out and the part to the right of plane
Il (or the lower side in Figure 4.5-c) remains embedded. During the pull-out, as shown
in Figure 4.5-c, the distance from the center of the ATM/graphene to plane 11 is z. As
suggested in Egs. (1) and (2), P is a function of w only. Therefore the width w’ (when
0 =0, w’ = w) of the ATM/graphene at crack-opening plane | affects the pull-out force
on the ATM/graphene (P). According to the magnitude of 6 compared to do, w’ can be
divided into two parts: a debonded width w’-waq’ and a debonding width wa’. The pull-

out force of the debonding and debonded part is subjected to:

P(6) = W, |f4(G, +COIE, + (W-w,)IC 4.7)

z
CoS¢

)’

where w, =2\/r2—(§+

W —w, = Z(Jrz 5+ Ly _\/rZ _(§+ z )ZJ.When w, <0 or w<o0,
CoS¢ k cos¢g
they should be treated as 0, indicating that the sheet is fully debonded or fully pulled

out. The bridging stress can be computed as the integration of P(5) over different ¢

and z:

Jvr/Z (r—&)cosg

og@=%% P(3) p(4) p(2)dzdgp (4.8)

where p(¢)and p(z) are the probability density functions of ¢ and z respectively.

p=0 Jz=0

Figure 4.5-d demonstrates the variation of os against various parameters including

C, Ga and r. It is evident that the peak of osis at 6 = 0 and it increases with G4 and C.
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The red curves, where C = 0 and there is no crack plane adhesion, shows no bridging
stress after 102 nm. It is interesting to see that due to the constant nature of the crack
plane adhesion, the magnitude of r does not affect the peak of o8, a feature that is
different from friction based models (Chen et al., 2014). However, increasing r does
extend the range of os to larger ¢ (pull distance/crack opening) and thus significantly

improves the capability of ATMSs to increase fracture energy (increased fracture energy
= J.erO'B dd). In Figure 4.5-d, the model predicts the crack bridging stress in the Al
0

matrix with a weight fraction of 0.3% (C = 2.3 GPa, G4 = 0.06 J/m?, r =1.5 microns and
E = 0.5 TPa) as 90 MPa, which is in agreement with the experimentally observed high
tensile strength improvement using graphene (95 MPa with inclusion of 0.3 wt%
graphene) in Al (Wang et al., 2012a). These results, based on the new model for 2D
ATMs, indicate that graphene is a more effective reinforcing material than the 1D
MWCNT fibres since about 5-30 times more MWCNTSs are required to achieve the
same level of crack bridging stress (Chen et al., 2014). This conclusion is also consistent
with the reported experimental results of MWCNT reinforcement in Al where about
3.25 wt% MWCNTSs are required to achieve a tensile strength improvement of 109 MPa
(Kwon et al., 2009). In chapter 5, the crack bridging stress of GO-reinforced cement

mortar is estimated and used in the finite element simulation using microplane model.
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opening

crack planes
I and II

ATM/ grapheﬁe ~
debonding debonded
Figure 4.5 a) pull-out model of a section of an ATM sheet with infinitesimal width,
b) randomly oriented disk model in 3D space, c) demonstration of debonding and
debonded parts during pull-out and d) o5 vs 6 where red, blue and green curves and

arrows indicate the effect of increasing Ga, C and r respectively.

4.4  Conclusions

MD simulations were conducted to evaluate the friction level between ATMs and
different matrices. It was found that the interfacial shear strength for ATMs, which lack
asperities, ranged from 0.13 to 18.71 millipascal and was 9-11 orders of magnitude

lower than that derived from experiments.
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The unbalanced adhesion around the exit (“crack plane adhesion”) results in a
constant resistance force, R, and explains the significant enhancing effect of ATMs.
Analyses of the forces on an IMLG applied by the matrix validated the constant R
theory and an ADB was found within which the constant R originated. MD simulations
were conducted to investigate the factors affecting the magnitude of R. It was found
that the magnitude of R was irrelevant to the embedded length but proportional to the

embedded width. Functionalization of the IMLG also increased the magnitude of R.

Formulization of the relations between the pull-out force and the pull-out
displacement for ATMs with infinitesimal width was undertaken. The derived relations
could be separated into a debonding stage and a debonded stage. A new theoretical
model was developed and could be used to estimate the crack bridging stress (o8) for
2D ATM reinforced composites. The ATM sheets were modelled as a circular flat disk
and all the sheets were 3D randomly distributed and oriented. According to the derived
model, the crack bridging stress of graphene/Al composite was estimated as 95 MPa,
which was in agreement with the experimentally observed result. The results
demonstrated from a theoretical angle that graphene could be the most efficient

reinforcing material, producing 5-30 times more strength improvement than MWCNTS.

In chapter 5, the crack bridging stress of GO reinforced cement mortar is estimated

and used in the finite element simulation using microplane model.
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CHAPTER 5. FINITE ELEMENT SIMULATIONS
USING MICROPLANE MODEL

5.1 Introduction

In this chapter, finite element simulations for static and SHPB tests using the
microplane model are presented. As suggested in the literature review, the microplane
model develops its macroscopic stress-strain relationships from the mechanics of the
microstructure (Babu et al., 2005). The model is promising in the simulation of GO-
reinforced cement-based composites, for which the interactions between the
reinforcements and the matrix are in the scale of micro- or even nano-level. The up-to-
date microplane model M7 (Caner and Bazant, 2012) was coded as a VUMAT user
material subroutine and then used in the commercial software suite ABAQUS (6.13) to

conduct finite element simulations.

First, before the simulation of static and SHPB tests using the microplane model,
a comparative study was conducted to compare the microplane model with the widely
used concrete damaged plasticity (CDP) model, by which the robustness of the
microplane model for the simulation of cement-based materials was examined. The
CDP model, as indicated in the literature review, is a representative of the classical
approach of the constitutive modelling of cement-based materials, in which the material
model is formulated directly in terms of stress and strain tensors and their invariants
and cannot capture the interactions of cement-based materials at microscale (Bazant et
al., 2000b). The CDP model—with the yield function proposed by Lubliner et al. (1989),
and modified by Lee and Fenves (1998) to account for different evolutions of strength
under tension and compression, as well as a nonassociated flow rule—is widely

accepted and implemented in ABAQUS (6.13). For the comparative study, finite
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element simulations of the testing of a three-point bending concrete beam with an
asymmetrical notch were revisited by the microplane model and compared with the

CDP model results.

After the comparative study, finite element simulations were conducted to simulate
the static and SHPB compression tests in Chapter 3 using the microplane model. For
the simulations of both the static and SHPB tests, the tests of plain cement mortar were
first simulated. Then by adopting the calculated crack bridging stress into the

microplane model, the behaviours of GO-reinforced cement mortar were simulated.

5.2 Comparative Study of Microplane Model and Concrete
Damaged Plasticity Model

5.2.1 Finite Element Model

Figure 5.1-a shows the geometry, loading and boundary conditions of the three-point
bending concrete beam with an asymmetrical notch. The beam had depth D = 75 mm
and width 50 mm. The length L of the beam was 340mm, which approximately equalled
9D/2 (Galvez et al., 1998). The 2mm wide notch reached the depth of 0.5D and was
located 37.5mm (D/2) from the support E and 150mm (2D) from the support F. A
simply-supported boundary condition was set for the beam. The loading was located at

a distance of 84.98mm (1.13D) to the right of the notch.
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Figure 5.1 (a) geometry, loading and boundary conditions; (b) finite element

mesh

The finite element mesh of the model is presented in Figure 5.1 (b). A simply-
supported boundary condition was set on the support E (Ux=0,Uy=0). For the support
F and the loading position, two rigid round tubes, which had hard contact (hard contact
means that the surfaces transmit no contact pressure unless the surfaces contact each
other) with the beam, were placed to simulate the experimental setup. The rigid round
tube at support E was fixed and a displacement based loading was applied on the

loading rigid round tube.

Three element types, hexahedron (hex), tetrahedron (tet) and wedge, were tried
and tested. With the hex element, the crack propagation path was along the notch
direction, which disagreed with the experimental finding. With the tet element,
although it worked for M7, when used in CDP, the model suffered from excessive
distortion of elements, leading to unrealistic deformation of the beam. The wedge
element, which worked for both models, was therefore selected in the simulations. As
shown in Figure 5.1-b, the finite element size around the predicted crack area was set
to be 5mm, as specified in Bazant (2013). Total nodes and elements in the mesh were

1785 and 2568, respectively.
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An explicit dynamic algorithm was adopted with a time period of 300s, which
could well simulate the static loading process. A mass scaling factor of 1000 was
adopted for the whole model to complete the simulation within an acceptable time.
Meanwhile, the kinetic energy was monitored to ensure that the ratio of kinetic energy
to internal energy was well below 10%, which guaranteed the validity of the simulations

when using mass scaling.

5.2.2 Single Point Simulation for Parameters Calibration

To compare the effectiveness of the M7 and CDP models, it must be ensured that the
stress-strain relations of both models are similar. Single-point simulations, which
directly reflected the stress-strain relations and excluded the influence of boundary

conditions, were conducted to calibrate the stress-strain relations of CDP towards M7.

For M7, the Young’s modulus and five free model parameters were defined based
on Bazant (2013): E = 38,000 MPa, k1 = 110 40, k2 = 110, k3 = 30, k4 = 100, and ks =

14104

The calibration was conducted through single point simulations under uniaxial
tension and compression. The calibrated parameters of compressive and tensile
behaviour in the CDP model are listed in Table 5-1. The other parameters, such as
dilation angle ¢ = 15, eccentricity ¢ = 0.1, ratio of the biaxial compression strength to
uniaxial compression strength of concrete ano/oco = 1.16, the ratio of the second stress
invariant on the tensile meridian to that on the compressive meridian Kc = 0.6667,

viscosity parameter x = 0.0, were default values in ABAQUS.

Table 5-1 Parameters of compressive and tensile behaviour in CDP model

Compressive Behaviour Tensile Behaviour
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Inelastic  Yield Stress Damage Cracking  Yield Stress Damage
Strain (MPa) Parameter Strain (MPa) Parameter
0 54.043 0 0 4.486 0
0.0004 65.718 0.13 0.0002 3.672 0.3
0.0008 71.345 0.24 0.0006 2.805 0.55
0.0016 72.806 0.34 0.0008 2.419 0.7
0.0024 71.478 0.43 0.0010 2.016 0.8
0.0032 68.353 0.50 0.0016 1.486 0.9
0.0048 64.141 0.57 0.0020 1.221 0.93
0.0128 49.291 0.71 0.0040 0.730 0.95
0.0224 33.518 0.82 0.0060 0.368 0.97
0.0500 15.000 0.97 0.0100 0.302 0.98
0.1000 10.000 0.99 0.0300 0.040 0.99
ac 80 -
(MPa)7o
* e CDP
30 -I
.O T T T T d 0 T T T d
& (a) R & (b)

Figure 5.2 Calibration of stress-strain relation under uniaxial tension and

compression

Figure 5.2-a and Figure 5.2-b show the calibration of stress-strain relation under

uniaxial tension and compression, respectively. It is evident that the stress-strain

relations of M7 and CDP are almost the same. In addition, single-point simulations

under equibiaxial tension and compression were conducted. The simulation results of

equibiaxial tensile strength and compressive strength are shown in Table 5-2. The

proximity of the strengths under M7 and CDP further verifies the validity of the

calibration.
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Table 5-2 Single-point simulation results under equibiaxial tension and

compression

Equibiaxial tensile strength (MPa) Equibiaxial compressive strength (MPa)
M7 CDP M7 CDP
4.413 4.585 84.271 85.052

5.2.3 Results and Discussion

The tests of three-point bending concrete beams with an asymmetrical notch produced
combined normal and shear stresses in the vertical crack-tip cross-section. This
combination of normal and shear stresses gave birth to the mixed-mode crack
propagation of concrete, which has perennially been a challenging problem (Bazant,

2013).

Simulation results of load versus displacement at point B with different models are
shown in Figure 5.3. The red dots are the simulation result in Bazant (2013) and the
experimental result is shown as grey dots. The green curve indicates the simulation
result using M7, which matches well the result in Bazant (2013), thus further
confirming the validity of finite element model in this paper. The blue curve indicates
the simulation result with CDP. It can be found that, in terms of the pre-peak branch
and peak load, the simulation results of both models have very good agreement with

the experimental results.

Before the displacement at point B reaches 0.1mm, the curves of M7 and CDP are
almost identical, which is the consequence of the stress-strain relation calibration. Then,
what happened when the displacement at point B reached 0.1mm, leading to the
separation of the two curves? Actually, one feature of M7 is that an element deletion

criterion is adopted. The criterion is determined by the threshold tensile strain: once
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that is exceeded, the element is deleted. This helps to remove elements that suffer from
excessive deformation. The default value for element deletion in M7 is 0.005, which
was used in the simulation in Figure 5.4. It was found that, when the displacement at
point B reached 0.1mm, the tensile strain of the element at the crack tip exceeded 0.005.
Therefore, element deletion began and the deleted element could not hold any stress. In
comparison, without the inclusion of a failure criterion, element deletion is not possible
in ABAQUS for the CDP model, which means that the element will always hold some
stress. That is why after the displacement at point B reached 0.1mm, the load of M7

decreased more rapidly than CDP.

4 .
—CDP
35 Q\;
3 - /"‘ M7-0.005
2.5 -
— + X Simulation result in
2 2 Bazant (2013)
= ‘
e
1.5 X + Experimental result
1 -
0.5 -
+ +
0 o T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Displacement at point B (mm)

Figure 5.3 Load versus displacement at point B with different models

From Figure 5.3 it can be found that the simulation results of both models fail to
give good prediction of the post-peak behaviour of the experimental results. The
simulation results underestimate the load in the post-peak branch. However, based on
the discussion above, the simulation result of M7 can be calibrated towards the
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experiments by changing the threshold value for element deletion. By increasing the
threshold value, the element deletion is postponed, which means that the element can
hold the stress for a longer time, leading to the increase in the load. Figure 5.4 shows
curves of load versus displacement at point B with different element deletion criteria.
The red, blue and green curves indicates the threshold values of 0.005, 0.01 and 0.015
respectively. It was found that by increasing the threshold value, the simulation curves
had better agreement with the experiments and the curve with the threshold value of

0.015 gave the best prediction.

4
3.5 !\ "
3 "'\ + Experimental result
2.5 \ ——M7-0.005
Z
N 2 ik
ey —M7-0.010
1.5 - +
M7-0.015
1
0.5 -
+ +
0 + T T T W"”"‘{WW T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Displacement at point B (mm)
Figure 5.4 Load versus displacement at point B with different element

deletion criteria in M7 model

5.3  Numerical Simulations of Static and SHPB Tests Using
Microplane Model

5.3.1 Simulations of Static Compression Test

The static compression test was first simulated by the finite element method in

ABAQUS using the microplane model to validate the crack bridging stress calculated
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based on the new crack bridging model proposed in Chapter 4. The finite element model
was built as shown in Figure 5.5. The size of the cylinder specimen in the simulation
was @23.5mm x 47mm, the same as that in the experiments. Then a loading rate of
0.2mm/min, which was also the same as that in the experiments, was assigned to the

top plate. The bottom plate was set to be fixed without any displacement.

The microplane model M7 was used as the constitutive model for the specimen.
There are five adjustable free parameters from ki to ks in M7 (Bazant, 2013). These
parameters were first calibrated by the simulations for plain cement mortar samples. By
adjusting only ki to 155 405, while keeping the other free parameters the same as their
reference values reported by Bazant (2013), the simulation result of the quasi-static
compressive strength of the plain cement mortar sample was achieved as 66.2 MPa.
The simulation result was approximately the same as the experimental value, indicating

good calibration.

[
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Figure 5.5 Finite element model of quasi-static compressive test

Since M7 was proposed for plain cement-based materials, Caner and Bazant

(2013) have modified M7 to M7f to be used for fibre-reinforced cement-based
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composites. As indicated in Eq. (5.1), to account for the contributions of the fibres, the
microplane normal stress was given by Caner et al. (2013):

O',rjf = GE +0',L (5.1

where o' is the total normal boundary for the composites, oy, is the boundary of the

matrix and o, is the contribution from the fibres.

Based on the crack bridging model for 2D ATM reinforced composites proposed
in Chapter 4, the crack bridging stress of GO-reinforced cement mortar can be
calculated as shown in Figure 5.6. The concentration of GO was 0.2 wt%, with other
parameters defined as C = 0.81 GPa, r =1 micron and E = 0.5 TPa, and the chemical

bonding was not considered here. By implementing the crack bridging stress as o

into Eg. 5.1 in the VUMAT subroutine, the static compressive strength of GO-
reinforced cement mortar sample was simulated as 75.8 MPa, which was a good
approximation of the experimental result (an average of 74 MPa). The good agreement
between the simulation and experimental results validated the calculation of the crack
bridging stress by the crack bridging model proposed in Chapter 4 and the effectiveness
of the microplane model to simulate the static behaviour of GO-reinforced cement-

based composites.
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Figure 5.6 Crack bridging stress of GO-reinforced cement mortar

5.3.2 Simulations of SHPB Compression Test

For the simulation of the SHPB test, a 3D model of the entire SHPB testing system
was created, as shown in Figure 5.7. The sizes of bars and specimen were same as in
the experiments. The aluminium bars were defined as elastic, with Young’s modulus
70 GPa and Poisson’s ratio 0.3. Spacing of 0.025 mm was set between the interfaces of

the specimen and incident/transmitted bar.

A velocity boundary condition was applied on the striker bar. The contact property
in the tangential direction between aluminium bars and between bar and specimen was
assumed to be frictionless. In the normal direction, the contact properties were defined
as an exponential pressure-overclosure relationship, as shown in Table 5-3. The meshes
around the interfaces are shown in Figure 5.7. A denser finite element size of 1mm was

chosen for the mortar specimen.

Table 5-3 Contact properties in the normal direction of the interfaces

bar-bar interaction bar-specimen interaction

Pressure Clearance Pressure Clearance
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Figure 5.7 Finite element model of SHPB test

The rate effect was introduced in the microplane model in Bazant et al. (2000a).
The equation accounting for the rate effect has the form:

o(e)=0°(g) 1+ C,asinh Ci (5.2)

1

Function o(¢) represents the static stress-strain boundary (i.e., strain-dependent
yield limits) on the microplane without the strain rate effect. Function ¢°(c) can be

interpreted as the stress-strain boundary on the microplane corresponding to strain rate

¢ and the transformation from the static boundary ¢°) to the rate-dependent

(dynamic) boundary o(¢) represents a vertical scaling of the boundary curve (Caner and

Bazant, 2014). C1 and C: are the two adjustable parameters. Actually, if g == C,, EQ.

5.2 can be simplified (Bazant et al., 2000a) as:

o(g)=0"(g) 1+ C,asinh £ ~c’()1+C, In 2¢ (5.3)
Cl Cl
If 60((8)) is defined as DIF, then the relation between DIF and the strain rate is a
O \&

logarithmic relation, which is consistent with the empirical equations for cement-based
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materials concluded by many researchers (Tedesco et al., 1993, Zhou and Hao, 2008,

Bischoff and Perry, 1991).

First, a normal boundary without crack bridging stress oy, was adopted and

subjected to the strain rate effect as indicated in Eq. 5.2. The two strain rate parameters
were calibrated as C1 = 4 10 and C2 = 0.016. As shown in Figure 5.8, the simulation
results are represented as red dots. The blue, red and green curve are the best fit for the
experimental results of SHPB compressive strength as described in Figure 3.10. Good
agreement was achieved between the simulation results and experimental results,
indicating the effectiveness of the model for simulating the dynamic response of plain

cement mortar samples.

Then, to simulate the dynamic response of GO-reinforced cement mortar, the
normal boundary oy including the crack bridging stress was adopted. The two strain

rate parameters C1 and C2 were the same as the calibrated values given above. The
simulation results were indicated as black dots in Figure 5.8. It can be seen that for the
lower strain rate, the simulation results still match the experiments well. But for higher
strain rates, the simulation results give a significant underestimation. This finding
meant that the current equations with a logarithmic relation between the DIF and strain
rate in the microplane model were not suitable for the simulation of GO-reinforced

cement-based composites under high strain rate loadings.
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Figure 5.8 Simulation results of SHPB test

5.4 Conclusions
In this chapter, finite element simulations were conducted using the microplane model.

From the simulation results, the following conclusions were drawn:

(2) In the comparative study of the static three-point bending test, both M7 and CDP
could predict well the ascending branch and the peak load. With an element deletion
criterion, M7 gave closer predictions for the descending branch whereas CDP failed
to do so, a result which demonstrated the robustness of the M7 model for the

simulation of cement-based materials.

(2) In the simulation of the static test, on the basis of the parameters calibrated by the
simulation of plain cement mortar, by simply including the calculated crack
bridging stress into the normal boundary, the experimental compressive strength of
the GO-reinforced cement mortar was accurately simulated. This good agreement

validated the calculation of the crack bridging stress by the proposed model in
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Chapter 4 and the effectiveness of the microplane model to simulate the static

behaviour of GO-reinforced cement-based composites.

(3) Inthe simulation of the SHPB test, the microplane model with a logarithmic relation
between the DIF and the strain rate to account for the strain rate effect worked for
the simulation of plain cement mortar samples. However, in simulation of the GO-
reinforced mortar samples, the simulation results gave a significant underestimation

compared with the experimental results under higher strain rates.
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RECOMMENDATIONS

6.1 Conclusions
This thesis investigated the reinforcing effect of GO on cement mortar under high strain
rate loadings by both experimental and numerical analysis. On the basis of the studies,

the following conclusions were obtained:

(1) With the incorporation of GO, static tensile splitting and compressive strength were
both improved. SHPB tests showed that both tensile splitting and compressive
strength for GO-reinforced cement mortar increased with the increase of strain rate.
However, compared with the SHPB tensile splitting tests, in which the DIF of GO-
reinforced cement mortar and plain cement mortar were similar under different
strain rates, the DIF of GO-reinforced cement mortar for SHPB compression was
significantly higher than that of the plain cement mortar at higher strain rate.
Analysis of the fragments after SHPB testing showed that in the SHPB compression
tests, the cracks were diffused over the entire samples and there was a significant
increase in the number of cracks under higher strain rates, creating many more
fracture surfaces, which resulted in a higher possibility of cracks passing through

the GO nanosheets and producing a more significant reinforcing effect of GO.

(2) On the basis of the MD simulations of ATM pull-out from different matrices,
friction was found to make a negligible contribution to the pull-out force because
of the lack of asperities on ATM. The pull-out force was revealed to be governed
by a “crack plane adhesion”. Unlike frictional pull-out, the crack plane adhesion
produces a pull-out force independent of the embedded length of ATM. Based on

crack plane adhesion, the relations between the pull-out force and the pull-out
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displacement for ATM were formulized. Furthermore, a new theoretical crack
bridging model was developed to predict the crack bridging stress (os) for 2D ATM.
Based on the material properties and mix design for GO-reinforced cement mortar,
the maximum crack bridging stress of GO-reinforced cement mortar was estimated

to be 3MPa.

(3) Finite element simulation of the static compression test showed that, by including
the calculated crack bridging stress into the normal boundary, the experimental
compressive strength of GO-reinforced mortar could be accurately simulated by
using the microplane model. This good agreement validated the calculation of the
crack bridging stress by the proposed crack bridging model in Chapter 4 and the
effectiveness of the microplane model in simulating the static behaviour of GO-
reinforced cement-based composites. For the simulation of the SHPB test, the
microplane model with a widely adopted empirical logarithmic relation between the
DIF and the strain rate to account for the strain rate effect worked for the simulations
of plain cement mortar samples. However, in simulations of the GO-reinforced
cement mortar samples, the simulation results gave a significant underestimation

compared with the experimental results under higher strain rates.

6.2 Recommendations for Future Studies
Based on the findings reported in this thesis, the following recommendation are made

for future studies:

(1) This study focused on the mechanical properties of GO-reinforced cement mortar
only. Extended research incorporating GO into cement paste or concrete under

various loading conditions is necessary for wider applications in civil infrastructure.
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Conclusions and Recommendations Chapter 6

(2) The new crack bridging model for ATM reinforced composites proposed in this
study made a couple of assumptions to simplify the problem. For example, the shape
of all the ATM was simplified as a circular flat disk, but in reality, these materials
can have different shapes. The model assumed perfect dispersion of the ATM, but
in reality, only part of the ATM is well dispersed. By addressing these problems,

the model can be further modified.

(3) SHPB tests and simulations showed that the widely adopted empirical logarithmic
relation between DIF and strain rate is not applicable to GO-reinforced cement-
based materials. More tests need to be conducted to summarize new empirical

equations.
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APPENDIX A: DERIVATION OF CRACK PLANE
ADHESION GOVERNED PULL-OUT LAW

As shown in Figure 4.5-a, the relations between the pull-out force P and the pull-out
displacement ¢ for a section of ATM sheet with infinitesimal width dw is derived here.
In the debonded region, the following relations can be given based on the equilibrium

requirement:

O_re (X) = O-reO (Al)
O-m (X) = O-mO (Az)

where o, ando,,, are the normal stresses in the reinforcing ATM sheet and the matrix

respectively at X =0, and they are given by:

Ore0) =0 — C (A3)
CVv

Gy = (A4)
V

m

where V  andV, are the volume fractions of ATM sheet and matrix respectively.

Define the relative displacement between the sheet and matrix in the debonded region

as:
A(X) = ure (X) - um (X) (AS)
Then,
dA(X) _ dure (X) _ dUm(X) _ O-re(x) _ O-m (X) _ O-reO _ o-mO _ O-_C _ Cvr A6
d x dx d x E E., E E. E V., (A6)
where Enis the elastic modulus of the matrix.
So, we have:
xd A(X) oc—-C Cpg
A(X) = dx= ——L x+C'
) L dx ( E E j (A7)

V_E
where 77 = v ©— and C'=0, because A(X) =0 when x=0.

m=m

C
Because?T7 — 0, the pull-out displacement 6 can be given by:
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S=A(L) = % L (A8)

According to energy conservation, for any infinitesimal advance of the debonded region
dA,

Pdu, =dU +dW,_, +G,dA (A9)
where u,, is the displacement at the pull-out sheet end; dU is the strain energy change

in the system; dW,, is the change of the energy dissipated by constant R at the interface;
G, d A indicates the energy consumed in the advance of debonded zone.

For any elastic system,

du =%(Pdure—dwre) (A10)
Combining (A10) and (A11):
1
GddAzz(Pdure—dWm) (A1l)
Because
o,.(2
_I re( ) 4 (AL2)

where E. =V _E+V_E_, we have:

c V. o
du_ = *_ |dz
. [E . j (A13)

The W,, can be obtained by:

W, =Ctzdw (A14)
In combination with

dP=tocdw (A15)
and

dA=2wdz (A16)

(A12) can be rewritten as:

4G, dw=tdwo’ ~Ctdw (A17)

EQ+7)

Because 7 — 0, we have:
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2
4G, dw+Ctdw = 19WC

Finally, the ¢ and P can be obtained:

o f4Gdt+Ct £

dP=,/(4G, +Ct)tEdw

When L =L, the sheet is fully debonded.

So, when o > 6,

50=%Le

dP=tCdw
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APPENDIX B: DERIVATION OF CRACK BRIDGING
STRESS

The micromechanical model for 1D fibre reinforced composites of Li (Li et al., 1991)
is modified here for 2D ATM sheet to calculate the crack bridging stress. As indicated
by (A20) and (A22), the pull-out force of the sheet is in proportion to its width at the
interface with the matrix. As shown in Figure 4.5-b and c, to locate a sheet and

determine its width at the interface, two parameters are needed: orientation angle ¢ and
centroidal distance z. Then the probability density function p(¢)and p(z) can be given
by:

p(¢) =sin ¢ (A23)

1
p(z) = . (A24)

By integrating the pull-out force of all the sheets that cross the crack plane, the
relationship between the crack bridging stress o and the pull-out displacement 6 can
be given by:

Jvrlz (r-s)cosg

p=0 Jz=0

P(5) p(¢) p(z)dzdg (A25)

The equation of P(J) can be separated into two stages.

Z\/re
o5 (0) = ﬁ

JA
When 6 <6, = k[r - w} , the sheet is partially debonded. The debonding width wa’

and debonded width can be given by:

- 2 O Z \2
w, _ZJr (k +cos¢) (A26)
' - 2 _ Z 2 |2 6 Z \2
W — W, _2(\/r (5+cos¢) \/r (k +cos¢) J (A27)

So, the equation of P(J) can be obtained:

o o
P(&)pamm:z[ rz—(T@)Z],M(GNCt)tEf +2[\/r2—(5+@)2—\/rz—(ﬁﬁ)z}c (A28)

When 6 > 5, = k(r - @j , there is only the debonded part, so P(J) can be given by:

75



2 L\
PO) i = 2\/!’ (0+ COS¢) tc (A29)
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