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Abstract

This thesis presents a new bonded particle modelatcurately predicts the wide-
ranging behaviour of cementitious materials. Thisrean increasing use of the
Discrete Element Method (DEM) to study the behawiolicementitious materials
such as concrete and rock; the chief advantagheoDEM over continuum-based
techniques is that it does not predetermine whexeking and fragmentation initiate
and propagate, since the system is naturally disuoyus. The DEM'’s ability to

produce realistic representations of cementitioadenals depends largely on the
implementation of an inter-particle bonded-contaxidel. A new bonded-contact
model is proposed, based on the Timoshenko beaamytivéhich considers axial,

shear and bending behaviour of inter-particle boridsee developed model was
implemented in the commercial EDEM code, in whichtharough verification

procedure was conducted.

A full parametric study then considered the uniahjoading of a concrete cylinder;
the influence of the input parameters on the bekponse was used to produce a
calibrated model that has been shown to be capdlpieoducing realistic predictions
of a wide range of behaviour seen in cementitioagenmls. The model provides
useful insights into the microscopic phenomena tesult in the bulk loading

responses observed for cementitious materials @siconcrete.

The new model was used to simulate the loading aofumber of deformable
structural elements including beams, frames, platesrings; the numerical results

produced by the model provided a close match torétieal solutions.
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1.1 Background

Chapter 1 Introduction

1.1 Background

Cementitious materials such as rock (natural) amtmete (man-made) have been
used in construction for centuries. Concrete igenily the most commonly used
man-made material in the world; this is in part ¢més high compressive strength to
cost ratio, its ease of manufacture and its flditybiBy varying the ratios of the four

main constituents: coarse aggregate, fine aggregateent and water, the overall
strength, durability and workability can be easipdified. Due to its popularity,

there has been extensive interest into its behawaad that of other cementitious
materials. These materials exhibit complex heteregas and non-linear behaviour
caused by distributions of multiple phases at difé length scales (Yang et al.,
2009). Innovation of new concrete mixes, includuging waste materials such as
plastic (Ismail and Al-Hashmi, 2008) or recycledgesggates (Xiao et al., 2012)
means that there is a continued need for methodstudy the behaviour of

cementitious materials, especially their respondedd.

Research into the behaviour of cementitious mdsebeoadly follows one of three
approaches: analytical, physical testing, or nucaértechniques. Each has its
advantages, but as computational power increaststime, numerical modelling
becomes more attractive as investigations into ivesstructures or the material
microstructure can be represented without an uonedde computational cost. One
of the advantages of numerical techniques is tiatstresses inside a specimen can
be determined directly and at any time rather tlemtimated from boundary
conditions, as is the case with physical experimédtindall and Strack (1979).
Analytical models lack the flexibility of numericamodels where loading
configurations, particle sizes, size distributioasd physical properties of the
particles can all be easily modified Cundall anch&t (1979). It is relatively easy to
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compare the failure process predicted by numemcatiels against experimental

observations. These methods can then be useddstigate phenomena that cannot
be seen or recorded in experiments. Potapov ancdolaEhn(1997) add “The great

advantage of the computer simulation is that dvadl precise control of the material
properties and the breakage parameters. Furthermpermits the breakage process
to be carefully observed as it progresses, whichvagy difficult to replicate

experimentally as the actual process occurs vergisd.

Numerical models are generally based on the conitggttthe material is either
represented as a continuum or as discrete eleméh&e are also some hybrid
methods combining these concepts (e.g. Breugnat.eP010). The modelling of
continua (e.g. dams in civil engineering applicasio or engine castings in
mechanical applications) is clearly better tredigdising a continuum basis for the
technique, such as finite elements e.g. Zienkievatal., 2005; Crisfield, 1997.
Materials that are clearly particulate in nature laetter suited to a discrete approach,
which has been used in the modelling of free-flagyvgranular solids e.g. Rotter et
al., 1998; Langston et al., 1995.

Cementitious materials provide a challenge foregittontinuous or discrete models.
These materials are often treated as continuouthh@®macroscopic scale, but are
naturally heterogeneous at the microscopic scala. &hd Buttlar (2009) stated that
“the fracture of heterogeneous solids is a diffiqgubblem to solve numerically, due
to the creation and continuous motion of new sagac Continuum methods,

especially those based on continuum damage mechané&y require an extension to
deal with the fracture of these materials (D’Addetihd Ramm, 2006). Additional

processes, such as remeshing of lattices, areeuptired with discrete methods
where contact types can be changed easily with o@sservation (Kim and Buttlar,

2009).

This means that continuous models are challengedulse of the need to introduce
this lack of homogeneity at the geometric level aftén only describe the material

behaviour in an average sense (Kuhl et al., 200§ has been done but demands a
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particularly high level of technology and is oft@omputationally expensive.
Nevertheless, accurate models can be created,asuttfose described by Caballero
et al., (2006) and Yang and Xu (2008)

Discrete  modelling of cementitious materials has thdvantage that the
representation is naturally discrete, and canigeothis lack of homogeneity more
readily by approximating the different distributgoof size and shape of the particles
within the mass e.g. Cho et al., 2007; Schneideralet 2010. However, the
interconnection of the particles, generally achieusing contact models, provides a
challenging aspect. Unlike continuum techniquescrdite particle models naturally
simulate the formation and development of cracksclware so crucial to the overall
behaviour, relating complex behaviour at the micopsc scale to that on the

macroscopic scale.

Generally, discrete methods have been computalyjoredpensive and become
unreasonable when modelling large-scale probleitigyuagh the importance of this
limitation is diminishing with increasing computimgpwer. This study is primarily
interested in using a discrete method to studyftheture mechanics of concrete,
which considers the discontinuous phenomena ofaxtack initiation and growth

and ultimately its effect on the material’s macrosture.

One popular numerical method for studying the behavof cementitious materials
is the Discrete (or Distinct) Element Method (DEMJhich was first proposed by
Cundall (1971) for the study of rock mechanics #atdr expanded for modelling
granular materials by Cundall and Strack (1979) Pbtential use of this method
provides the framework for the thesis that follows.

1.2 Objectives and scope of this research

This project sets out to examine the suggestiontiigaDiscrete Element Method can
be used to reproduce the constitutive and failetealiour of cementitious materials
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such as concrete. This thesis aims to advancerttierstanding of DEM modelling

of cementitious materials and provide a model wic@h be used for this purpose.

To achieve this aim either an existing contact medk be adopted or a new one
developed which is capable of replicating the behavof cementitious materials.
This model will be implemented into appropriatetsaire and verified to ensure that

the fundamental mathematical basis for the modétimes the described behaviour.

After the model has been verified it will be usedinvestigate the response of
cementitious materials to load. A parametric stwdy be conducted which will

consider the uni-axial loading of a concrete cyin@gs a benchmark in order to
determine the influence of the model’s input paramseon the bulk response. With
these influences understood, relationships carrd&rdbetween them, leading to the
formation of a calibrated model capable of predirta realistic range of concrete
behaviour. The model can then be extended to modethaterials beyond the uni-

axial compression of concrete cylinders.

1.3 Structure of thesis

This thesis is presented in eight chapters (inalgidhis introductory chapter); a brief

summary of the contents of each is given below:

Chapter 2 presents a review of the literature galeto this thesis. Emphasis
is placed on the methods and limitations of exgsbonded particle models using the
DEM. The current bond model available in the co@EM is discussed in depth, as

this is the software that will be used in the wdghis study.

Chapter 3 describes the background and developwiest new bonded
particle model. The theory behind the bonded plath@ model is described, as is the
implementation into the DEM software EDEM. The implented model is then
verified to ensure that the model's code matchegtibory upon which the model is
based.
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Chapters 4 and 5 present a parametric study whicbnducted to determine
the influence of the many input parameters on thecroscopic response of a
specimen of concrete under uni-axial compressibte. responses are compared with

the Eurocode stress-strain prediction.

Chapter 6 focuses on calibrating the model, usimg rtesults from the
parametric study, so that a range of concrete hehiacan be reproduced on
demand.

Chapter 7 shows how the developed model can betossulidy a range of
structural problems, through the demonstrationimpke structures including beams,
frames and plates. Applications of the model toitamithl cementitious situations are
also discussed, as well as how the developed moalelbe used to study the
interaction of more complex materials such as fi@iaforced polymers and

concrete.

Chapter 8 summarises the general conclusions #rabe drawn from this

thesis, recommendations for future work are alseryi
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2.1 A brief review of Discrete Element Method

Chapter 2 Literature review

2.1 A brief review of Discrete Element Method

In the Discrete Element Method, the subject mdteaa be discretised into a finite
number of independent, or discrete, non-deformalianents (particles). These
elements contain all the mass of the system aretaictt with each other at soft
contacts where interpenetration (overlap) is alwallsved but not required. In some
instances, such as when modelling cementitious rmaltea contact can still exist
between two elements even if there is no physicarlap between them. The
overlap of elements represents the deformatiorudses that occurs when grains
come into contact in the physical material. It gswamed that this overlap area is
relatively small compared to the dimensions of¢baesponding elements. Cundall
and Hart (1992) proposed that a code could be nanigidcrete Element Method if
it allows finite displacements and rotations ofcdete bodies, and it recognises new
contacts automatically as the calculation progesEkere are many different codes
available for commercial software such as: EDEM KD&olutions, 2010), PFC
(Itasca, 2001) and DEMpack (CIMNE, 2010).

Traditionally DEM provides a three-stage calculatioycle which resolves the
dynamic interaction of elements. The three stagescantact detection, calculation
of interaction forces and numerical time integnatibhe process flow chart in Figure

2.1 shows this three-stage calculation process.
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[ Geometry displacemen}

\ 4

Simulation advances by one .
time step Update positions of

each element (particle
and geometry)

Check for contacts

\4

Apply Newton’s laws Contact Model
of motion to each [ Internal forces and moments (force-displacement law
particle

A

External forces

Figure 2.1 An example of the DEM calculation cycle

Internal forces resulting from element interactiom® determined using force-
displacement laws contained within contact modé&sayton’s second law of motion
is then used to provide an acceleration term farthealement, based on the
summation of internal and external forces. By codasng a progression in time, the
position of each element can be updated and aiseof Icontacts formed. This time
marching calculation cycle continues until a pretibon is reached, usually when a

specified number of calculation cycles have beenpieted.

By only allowing small time steps (the increasdime between calculation cycles)
the numerical stability of the model improves andyorelatively small element
overlaps are obtained; most importantly the reatltarces acting on an individual
element come exclusively from its interactions wéllements it is in contact with
(Cundall and Strack, 1979). The speed at whichuthsinces can propagate depends
on the physical properties of the system such asdilstribution of mass and
stiffness; therefore the time step should be rélatethese physical properties to
ensure no elements can interact with another elermennot in contact with and to

satisfy the above conditions (Potyondy and Cun@ai4).
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Whilst the manner in which the update of elemensitmm and application of
Newton’s laws of motion will be similar for each DEsimulation, the types of
interaction that the contact model must represantvary greatly, such as cohesion
or electrostatics. To accommodate this variatidffergnt contact models can be
implemented into a DEM code. Even the most advanuedels are designed for one
job, but most materials and phenomena are very koatgd so it would be
unreasonable to expect a single model to be abt®pe with all types of contacts
(Dolado and van Breugel, 2011). As a result, cantaadels can be broadly divided
into three categories depending on their applicat@montact-stiffness models, slip

models, and bonded models.

This study examines the use of DEM models, withcispereference to bonded
particle models as only they are capable of reptegg the connecting joints that
exist between grains in cementitious materialsth&t microscopic scale, materials
such as concrete (man-made) and rock (naturalc@mgosed of relatively small
grains cemented together to form a much larger balki on the macroscopic scale.
In concrete aggregate grains are cemented togeyhieardened cement paste, while
in rocks either a true cement paste is presentinf@edary rock sandstone) or an
approximation of cement is present (crystalline kragranite) where granular
interlocking exists (Potyondy and Cundall, 2004heTrepresentation of the cement
joint in these materials is usually achieved byertiag a bond between particle
elements, which is capable of resisting the retatiisplacement of the two particles
in at least one degree of freedom. By introducirands between elements, a
collection of particles can be transformed intcetelhogeneous macroscopic granular
solid (Ergenzinger et al., 2011).

By providing failure criterion for each bond, ma#rdamage can be represented
through the overall breakage of bonds. The moral®dmeak, the more granular in
nature the material becomes; “the mechanical behawf rock is governed by the
formation, growth and eventual interaction of micracks” (Potyondy and Cundall,
2004). This means that all bonded particle modelstnibe able to replicate this

behaviour.
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There appears to be no standard term in the lilerdb describe materials such as
concrete and rock. A few of the common terms ineludemented granular materials
(Potyondy and Cundall, 2004), brittle geo-materiglentz et al., 2004b), cohesive
frictional granular materials (D’Addetta et al.,@0) Kuhl et al., 2000), cohesive
materials (Camborde et al., 2000), brittle and soleematerials (Groh et al., 2011)
and cementitious materials (He et al., 2009). fher purposes of this study these
materials will be referred to as cemented granutaterials or cementitious
materials. The term “cohesive” should not be ajppleecemented granular materials.
If the cement joint between two grains breaks thenensile forces can be carried at
the contact. If the two grains were then compressgdther the cement joint would
not reform; the term cohesive suggests that refbomavould be possible, as occurs

in truly cohesive materials such as limestone povadd kaolin clay.

2.2 Bonded particle models in DEM

There have been many bonded particle models engetproposed by Schneider et
al. (2010) and Potyondy and Cundall (2004) whiclvehdeen developed and
implemented in various DEM software e.g. EDEM (DBdlutions, 2010), PFC
(Itasca, 2001), and DEMPack (CIMNE, 2010). Mostreh&our features which

influence the way in which the material is modell€dey are:

- Discretization of the subject materidhis process creates the elements that
will be representing the subject material. The raany particle generation

techniques and different element representations.

- Initialization of bondsmost bonded particle models have criteria whialsim
be met in order for a bond to form between two elets. These bonded

contacts can then be treated in a different mattneon-bonded contacts.

- Contact law within the heart of each bonded particle model ionstitutive
relation that describes the behaviour at bondedtactsy based on the

displacements of the two interacting elements.

1C
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- Bond failure bonded particle models also contain breakager@itvhich are
used to determine if a bonded contact has brokleesd criteria are normally
based on either stress or strain limits. Bond kagakrepresents the process
that occurs in cementitious materials under loadvhgre they degrade from

macroscopic solids to being more particulate inreat

Each of these features will be briefly discussedrater to demonstrate precisely how

cemented granular materials have been modelled tisnDEM.

2.2.1 Discretization of the subject material

“The generation of a suitable initial configuratie the first step of every DEM
simulation” (Ergenzinger et al., 2011). It is vamgportant when conducting any
DEM modelling that the particle packing generatedeipresentative of the problem
that is to be solved and to ensure good assemiblggsdo not include preferable
crack paths (Carmona et al., 2008) with macroscspitropy being obtained.

The microscopic grain structures of cementitious temas are highly
inhomogeneous, often including pores or inclusionkich provide natural
weaknesses. Due to the wide range in grain sipecesdly in concrete where sand
grains can be of an order of magnitude smaller tiia®m aggregate, DEM
representations do not necessarily model everyiohal grain; assumptions have to
be made, and larger elements are often used teseqra portion of the sample. The
elements at the meso-scopic scale incorporate grepef the microstructure and
directly affect the properties of the bulk solid$e discretization should be taken
into account when considering the calibration @& thodel, as the particle packing

directly affects the properties of the macrostrretu
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Although there are a number of ways the materia¢gesented, there are four key

variables. They are:
- Spatial distribution and orientation of elements
- Number of component phases
- Size and distribution of size of the elements

- Shape of the elements

2.2.1.1Spatial distribution of elements

In real concrete, the proportion of the constitygants has an important effect on the
bulk behaviour. Packing more aggregate into a samaalds to a cheaper but weaker
material; the reverse is also true, as a sample nvidre cement will be stronger but
more expensive as cement is the costly elementindber of methods can be used to
determine proportions and the distribution of thaims inside a specimen of
cementitious material. Groh et al. (2011) suggést following methods: sieve
analysis (for size alone), 3D laser scanning (shagemputerized particle analysis,
tomography, thin section analysis, and surface yaal The use of X-ray
computerized tomography has been used more and sioce the late 90’s to
characterise the internal structures of concretar(yy 2004). One of the advantages
of X-ray computerized tomography is that it is reestructive, meaning that the
influence of a specific initial particle packing@ngement on the crack initiation and
propagation can be monitored. The results also gigeise aggregate shapes in three

dimensions.

Because of their influence on the macroscopic behavthe initial particle packing
Is very important. Because of this importance, mamjhors have proposed different
methods for achieving different particle assembliess often desirable to produce
dense particle assemblies as they can be said tter bepresent cementitious
materials. Particle generation methods can be @ividto two categories dynamic
technigues and constructive techniques (Bagi, 20@&gr et al., 2009; Labra and
Eugenio, 2009).

12
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Bagi (2005) provides a thorough overview of thesethods, however a short

summary is provided here. Dynamic techniques inv@n iterative process which

often occurs within the DEM framework. These tedueis are characterised by a
change in the particle position and/or radius,egittaused by an algorithm or by
external forces (either through boundary conditiongravity). There are a number
of methods that fall into this category, includingarticle expansion, isotropic

compression, gravitational deposition and collectigarrangement techniques (this
last technique is used in this thesis and is dssaligurther in Chapter 4).

Two examples from the range of particle generatiechniques available are
provided. Carmona et al. (2008) created a largeraelof random particles, and then
added gravity to a central point to create a spbeparticles. These spheres are then
bonded together with an increasing stiffness. fiesans that the particles end up not
touching and the gravitational field is turned off there is no gravity during the
testing. Stroeven et al. (2011) have dilute packatgch is then pushed together
using a particular geometry. They monitor the feroa the geometry to decide when
a jammed state is reached. Stroeven et al. (20Ekhsyw however, that using
vibration techniques to get denser particle packimgy lead to the “brazil nut

effect”, where larger particles rise to the topirgertical vibration.

Constructive algorithms create particle assemblpsely using geometrical

calculations (Bagi, 2005). Particles are placedaiter another depending on a given
rule, e.g. a new particle cannot be placed intotaminwith another element.

Examples of constructive algorithms include regudrangements, sequential
inhibition models, sedimentation techniques, clofeat techniques and inwards
packing algorithms (Bagi, 2005) . The advantagasafig constructive algorithms is
that they are often cheap computationally, and a@nas a good starting point for

further dynamic techniques.

13
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2.2.1.2Number of component phases

The number of component phases into which the mahter discretised depends
greatly on the material being modelled and the rtindeapproach, i.e. at what scale
the model is looking to predict behaviour. Rock gamerally be treated as a single
phase material, i.e. all particles are of the sdgpe. Concrete is a composite
material, the structure being composed of aggregaieh is bound in a hardened
cement paste. On the meso-scopic scale the steuitself can be divided into three
distinct phases: aggregate, hardened cement @astegn interfacial transition zone

which is a very thin weak area between the otherphases.

The literature presents varying approaches to nindehe different phases. Some
models represent all three phases separately; thedels are advanced, as they are
modelling at the microscopic scale, and as thigelyy computationally expensive
they remain mostly in only two dimensions. For aete modelling there are many
models that use two-phase representation (Kharal,2005; Qin and Zhang, 2011;
Schneider et al., 2010), which represents aggregadehardened cement paste as
separate elements. Finally, many models use osingle phase (Camborde et al.,
2000; D’Addetta et al., 2002). These models aretmosimon with modelling of
rock (Potyondy and Cundall, 2004), so that all ¢fements in the system have the
same material properties and will solely be represg sections of the material that
is being modelled.

2.2.1.3Size and distribution of size of the elements

It is important to ensure that the size of the @ets used allows the key phenomena
of interest to be studied. Usually not all of thaigs are represented like-for-like,
and it is often more important that there is aisight number of elements in a
simulation to ensure there is a high enough resolub study fracture. The choice of
size, and distribution of the elements used, detersnthe resolution to which results
can be obtained. In the case of cementitious nadderthis will relate to the size of

cracks that can develop.
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The particle size distribution (when using sphériarticles) can be divided into
three categories. They are: mono disperse, whiels nse size of particle for the
whole sample, e.g. Magnier and Donze (1998); Ipelise, which uses two sizes of
particle for the whole sample, e.g. Carmona e{2808); and poly-disperse, which

uses multiple sizes of particle for the whole sa®b. Rojek et al. (2012).

2.2.1.4Shape of the elements

The grains found in cementitious materials, esplgat@ncrete, often have irregular
shapes; this means that defining the shape of ti#M Delements is not
straightforward and some assumptions will havedartade. There are a number of
element shapes that have been used in both twdhaee dimensions: circles and
spheres, ellipses and ellipsoids, and polygonsg@@3D). Circles and spheres have
an advantage in that the contact detection alguosthare very simple and they can be
defined with only two parameters (centre and rgdilssing spheres provides a
simple method for branching into 3D-modelling. Irder to form more complex
particle shapes with spheres, an element can leftum many spheres. There are
no forces between sub-spheres, i.e. the distangeebe the centres is maintained.
There is, however, a limit to the solid fractiomtltan be achieved when using these
relatively simple shapes. D’Addetta et al. (2002 polygons in 2D; this creates a
zero porosity system. The problem with this is ttie structure of cementitious
materials includes natural pores that collapse ulodel; when the representation has

a low or zero porosity, this effect must be addeuhsately.

Another more advanced method is to use a clusténigue, e.g. Ergenzinger et al.
(2011). In this manner, simple base elements (@rgles or spheres) are held
together with relatively strong bonds to form mptaticles. These meta-particles are
either composed of particles that are overlappmyfexed relative to one another, or
not overlapping and bonded together. Making a elustit of bonded particles allows

intra-meta-particle breakage to occur, and sma#teks of particles are able to break
off; this is a phenomenon often seen in tensil@tsp tests. In simulations by Qin

and Zhang (2011), non-overlapping circular disksmaced adjacent to each other to
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create a larger particle; Groh et al. (2011) udépseidal-shaped clusters made of

spheres.

2.2.2 Initialization of bonds

Bond models designed to simulate the behavioureofentitious materials differ

from other models by the inclusion of a mechanibat tepresents the cement joint
between grains found in those materials. In mostega this mechanism is
represented by a bonded contact which is capabtesidting the separation of the
particles it connects. An initialization proceduee required to determine which

elements are considered bonded and which are oomést bond models, a criterion
exists which must be met in order for two partide$e considered bonded; this is

often related to the proximity of two elements.

Most commonly, a parameter is included in the malola extends the contact search
radius for each particle e.g. Bazant et al. (198iBntz et al. (2004a); Tavarez and
Plesha (2007). This means that particles whicmatén physical contact can still be
bonded together. As the value of the parameter éktnds the contact radius is
reduced, the number of bonds will reduce and sontléerial being represented
becomes more granular in nature. If the contaatckeadius for each particle was
reduced to the same as the physical radius, thermlédments would have to be in
direct physical contact for a bond to form betwésem; this is seen in the model

presented by Ergenzinger et al. (2011).

The literature reports that the force-displacentantfor a single bond between two
elements often requires the geometric dimensionfebond to be defined. When
using spherical particles, the bond is either agslito be a cylinder of uniform or

non-uniform cross section (Rojek et al., 2012). Témgth of the bond is taken as the
straight line distance between particle centregrd@lare a number of ways in which
the radius of the bond can be determined, altheuighalmost always related to the
radii of the two particles connected by the bondheW a uniform cylinder is

considered, the radius of the bond is either detexdhto be the arithmetic mean of
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the two connecting particles as shown in Figurga),2used in (Potyondy and
Cundall, 2004), or a proportion of the smallestiuadf the two connecting particles
as shown in Figure 2.2(b), used by DEM Solutior¥)@), Bazant (1990) and Hentz,
et al. (2004a). When a non-uniform cylinder is d¢desed, the bond radius is
calculated using the harmonic mean of the radiheftwo connecting particles, as
shown in Figure 2.2(c), which is used by Rojekle(2012). It should be noted that
some models such as the one proposed by PotyordyCandall (2004) use the
arithmetic mean when determining the radius fordoetiffness, but the minimum
when determining it for bond strength. This is hesathe smaller radius will act as

the weakest link in the structure; this is an agglof the Weibull weakest link
model (Bazant et al., 2004).
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Figure 2.2 Determining the cross sectional geomafteybond

2.2.3 Contact law

In the DEM, elements interact through contact ferdéhe resolution of these forces,
and thus the interaction, is determined using atambnaw which describes the
material’s constitutive behaviour (Antonyuk et &006). These laws can be seen as
the formulation of the material model on the micagsc level (Labra, 2012) and are
probably the most important part of the model (Kahkl. 2000). Models designed
for simulating cementitious materials are similathe way that they assume that the
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discrete elements are bonded together; these madsormally massless with mass
assigned to the discrete elements. Sawamoto €948) suggest that two possible
states are defined for each interaction betweemegies, depending on the status of
the contact. In the first state (the initial statbg constitutive law allows either
compression, shear or tension forces to be gewefaéveen particles. Failure
conditions can then be applied, and if met, theradtion can be changed. The status
can then become defined by a second state, in wthehcontact only has
compressive or shear forces and can no longet tessle forces. Ergenzinger et al.
(2011) suggest that contact models should be aplesims possible whilst still
capturing the important mechanisms. This saves atetipnal effort and the number
of free parameters that must be estimated.

There are a number of different approaches whiele lieen developed to represent
the cement mechanism; in the most simplistic fashi®y can either be linear or

non-linear.

One of these representations assumes that palig@esonnected by a point of glue,
such as in the contact bond model as describedChy €t al., 2007). The glue
represents a pair of elastic springs with a comnstarmal and shear stiffness. These
connections are unable to carry moments and aa@vely simple. Cho et al. (2007)
points out that the “contact stiffness is stilliaeteven after bond breakage as long as
particles are kept in contact. This implies thathia contact bond model, if particle
contact is maintained, bond breakage may not sogmfly affect the macro stiffness,

which is unlikely for rocks”.

An alternative to the contact bond model is the rompd parallel bond model
(Potyondy and Cundall, 2004), which has been usechdény authors including Su
and Ali-Akcin (2011) and Cho et al. (2007). The gkl bond model can be
considered as “a set of elastic springs uniformdyridhuted over a rectangular cross
section with a constant normal bond stiffness dmehsbond stiffness lying on the
contact plane and centred at the contact point” €hal. (2007). In addition to

normal and shear forces, the parallel bond is @&de to transmit moments.

19



2.2 Bonded particle models in DEM

Another bond representation is the use of beameazigsnwhich are assumed to link
the centres of particles in a bonded contact eegn&der et al. (2010); André et al.
(2012); Carmona et al. (2008) and D’Addetta et(2002). When using beams, the
elastic behaviour can be described simply using follewing: radius, length,

Young's modulus and Poisson’s ratio. The contaetsl@an be based on Euler-
Bernoulli or Timoshenko beam theory, and the eldmame able to resist tensile
force and moments. Schneider et al. (2010) higtdidjithat beam models provides a

good compromise between computational time andracgu

In some cases, the bond between elements can Belemd as a series of springs
across the interface of two elements (Schneidexl.e2010). The use of interface
elements is borrowed from the finite element metliddddetta and Ramm (2006)

provide a detailed description of this bond type.

It should be remembered that models used to mih&cbehaviour of cementitious
materials need to include a contact law that de@ls non-bonded contacts as well
as bonded contacts. These non-bonded contacts msg either through the
breakage of bonds or when two elements come intatacb after the bond

initialization procedure.

It is the behaviour at the contact level which uefices the overall mechanical
behaviour. One of the main concerns when usingDlB#M is to ensure that the
appropriate contact laws and microscopic paramedees used to represent the

subject material on the macroscopic scale (Rojel.e2012).

Determining the micromechanical parameters becotmsler when modelling
concrete as a two phase material (Schneider e2G@l0). In this instance, although
the elements representing the aggregates and cena¢nx have different physical
properties, the bonds between them are also giVfégresht stiffness and strength
properties to represent those found in concretethén two phase representation
presented by Schneider et al. (2010) the bondsdestvaggregates are the stiffest
and strongest, then it is the bonds between thexmarticles and then the lowest
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2.2 Bonded particle models in DEM

stiffness and weakest are the bonds between nmatdxaggregate particles. The use

of multiple bond types is compounded by the faat thicro-properties are unknown.

2.2.4 Bond failure criteria

Under loading, a cementitious material represent#id a bond model will fail when
enough bonds have been broken so that the spetieoeames unable to sustain the
load. In this manner, bonds can fail at any locatiothe material. Therefore, there is
no need to artificially initiate cracks as is somets required in Finite Element
Methods (Ergenzinger et al., 2011).

Bonded particle models require a method througlclvtiie inter-particle bonds can
fail; this failure represents the fracture and pesgion of damage in the granular
solid. Most bonded particle models reported in literature compare the state of
each bond to a predefined failure criteria; thesterea are based on limits of force
(Magnier and Donze, 1998), strain (Carmona et24lQ8; D’Addetta et al., 2002;
Schneider et al., 2010), stress (Cho et al., 2@f¥7@nergy release rate (Tavarez and
Plesha, 2007).

2.2.5 Calibration and estimation of the bond model parameers

Magnier and Donze, (1998) highlighted that “becanisthe geometrical disorder in
the model, explicit relationships between local apagters and macroscopic
parameters are difficult to determine”. Most modelguire some form of calibration
procedure or estimation of the microscopic paramsgte this, relationships are
established between the microscopic parametershenidulk response with the aim
of matching this to a set of desired behaviour. Bante et al. (2000) suggest that
uni-axial compression tests are an appropriate oaefibr this calibration. If loading
of these tests is strain-rate controlled, then pbet-peak behaviour can also be
matched (Ergenzinger et al., 2011). Many autharsluding André et al. (2012);
Magnier and Donze, (1998) and Su and Ali-Akcin (PQluse the uni-axial
compression test to calibrate their models for gdiieus materials.
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2.3 Application of bonded models for predicting behaviour of cementitious materials

There are some drawbacks to only using one tesstimate the parameters for the
model. Diederich (2000) cited by Cho et al. (20@)nd that the tensile strength
was over-predicted when the 2D bonded particle m@detyondy and Cundall,

2004) was calibrated to the uni-axial compresstvength. Cho et al. (2007) found
that it was not clear if the same model was beialijpated for modelling any

problem with that material, or just a uni-axial quession test. In order to be sure
that a model is correctly calibrated, Cho et a00@ suggest using uni-axial, tri-
axial and Brazilian tests. This is clearly morewate, but could be considered too

time consuming if a simpler model were available.

2.3 Application of bonded models for predicting the behviour of

cementitious materials

A variety of work has been conducted that uses edrgarticle models to simulate
the behaviour of cementitious materials under wBffié loading conditions. Most of
the work has looked at cementitious materials undesi-static uni-axial loading, of
rock in 2D (Cho et al., 2007) and 3D (Potyondy &ndall, 2004), and also
concrete in 2D (Azevedo et al., 2008) and 3D (Aratral., 2012).

In addition to this a number of authors have looked the influence of strain rate
on behaviour and dynamic loading (Camborde e@D0; Hentz et al., 2004b; Qin
and Zhang, 2011) including the impact of missilasconcrete beams studied in 2D
by Magnier and Donze (1998). Sawamoto et al. (1988) a bonded particle model
to examine the dynamic impact of deformable missdle reinforced concrete.

Advances in imaging technology mean more compleysighal behaviour of
cementitious materials can be compared to numemgsailts; Carmona et al. (2008)
used high-speed cameras to capture the fragmantptacess of comminution of
concrete specimens. Bonded particle models have b&sd to study the behaviour
of impact breakage and comminution of materials these cases meta-particles are
formed, consisting of a number of individual digerelements which are bonded

together. This technique has been successfully araglfor looking at the impact
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2.3 Application of bonded models for predicting behaviour of cementitious materials

breakage of granules of different materials atedéht velocities on a plane surface
(Antonyuk et al., 2006). This work was limited t®,2but clearly showed how the

material fragments and how cracks grow.

Another area of interest is rock cutting, wherebg interaction between a cutting
element and a DEM-simulated rock material is aggbsbhis has been looked at in
3D by Su and Ali-Akcin (2011) and also by Labrai2p

Groh et al. (2011) state: “DEM was already widgbplged to simulate damage and
crack development but these simulations are réstrion all or at least some ...
aspects”. They flagged restrictions such as thieviahg: simulations consider 2D
problems only, only quasi-homogeneous material ossicered, there is no
consideration and distinction between intra-granafad inter-granular breakage and
there is no explicit consideration of shape, oagoh and space distribution of

grains.

2.3.1 Application of EDEM’s Hertz-Mindlin with bonding mo del

The simulations in this study will be carried owing the DEM software EDEM
(DEM.Solutions, 2010). EDEM contains its own bongeticle model called the
“Hertz-Mindlin with bonding model”; this is a modhtion of the bonded particle
model presented by Potyondy and Cundall (2004).thiea Hertz-Mindlin with
bonding model, particles are joined by finite-sizgide which is capable of resisting
normal and tangential displacements at bonded ctntBreakage of bonds occurs
when normal or tangential stress limits are excagd#er bond breakage, particles
can interact using the regular Hertz-Mindlin modahjch is described in more detail

in Chapter 3.

There appears to be no published works which halidated the use of this model
for cementitious materials, so to see if this moadelld be suitable for use in this
project, extensive verification and validation peses were conducted. This review
concluded that there are a number of deficiencigh the Hertz-Mindlin with

bonding model which make it unsuitable for use his tproject. Some of these
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deficiencies include the fact that the bending mumimie calculated based on the
relative rotation of the particles at each end afhebond. One consequence is that
the two particles can rotate at the same speedutitbausing any moment in the
bond; such a mechanism is not physical in a borsdsdmbly. This moment is also
not fed back to the particles, meaning that thee reo moments resisting the

rotations of the particles included in the model.

In the Hertz-Mindlin with bonding model, if therg a relative displacement (normal
to the bond axis) between the two particles withrelative rotation, the model
predicts a pure shear without any bending momehis Violates the engineering

bending theory and can cause significant errors.

As discussed above, the bonds in a complex asseafljparticles have different
lengths and radii. The Hertz-Mindlin with bondingodel does not reflect this, as it
has a constant normal stiffness and constant sttéaress irrespective of bond
geometry. The cross sectional area of each bocaldsilated irrespective of the radii

of the particles it connects.

From fundamental mechanics, one may either useiarsbdel or a beam model for
the bond. A strut model only resists axial forogkjch is simple to implement and
fast for computation. A beam model is more realjsbut is more complex and
computationally more intensive. The current EDEMrt#éMindlin with bonding

model includes components from both strut modets la@am models however, as

some critical components are missing it cannotlhgsdied as either.

2.4 Summary

The literature review reveals that many differipgp@aches have been taken to the
modelling of cementitious materials using a DEM rapgh. From this review it is
clear that although the application of the meth®daried, the models share many

core principles.
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2.4 Summary

The key issues identified herein include the natmd packing of particles, the
definition of the bonded contacts, and their caastie relations (including failure

criteria to remove bonded contacts). These issvesaddressed in the following
chapters, where a novel bonded particle model veldped and a parametric study

adds to the understanding of the issues raised here
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Chapter 3 The development of a new bonded

particle model

3.1 Introduction

This chapter presents a new bonded particle mddet€loped to study the behaviour
of cementitious materials. It first presents theotty of the bonded contact model and
then the main operating procedures for the impleatem of the model. The results
from a verification procedure conducted to ensheedorrect implementation of the

theory are also included.

The primary aim of this study is to investigate tesponse of cementitious materials
to load. The literature review in Chapter 2 revdallkat bonded particle models
implemented in the Discrete Element Method (DEM)vte an effective tool for

this purpose; this is due to the discrete inhomegas nature of these materials.
Whilst a range of bond models have been reported|iterature review has shown

that some limitations still exist.

The failure of cementitious materials is highly lughced by the initiation and
propagation of cracks that occur at cemented gréénfaces. The ability of bonded
particle models to produce a realistic represemtadf a cemented granular material
depends largely on the constitutive relationshipdut describe the behaviour of
bonded contacts between particles, which can be taseepresent the interactions in
the physical material. There are many derivatiamgtese constitutive relationships,
but from fundamental mechanics either a strut model beam model may be used.
A strut model only resists axial forces, but is gliento implement and fast for
computation; beam models are more computationafpemesive but tend to provide a

more realistic representation of the bond mecharasnthey take into account all
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potential loading actions at a cemented joint (Garanet al., 2008; D’Addetta et al.,
2002; Schneider et al., 2010).

A new bonded particle model, referred to hereaftethe Edinburgh Bonded Particle
Model (EBPM), is proposed. In this model cementisionaterials are idealised as a
dense assembly of spherical, non-deformable des@&lements (particles) connected
by bonds. The objective of this new approach ipravide a realistic mechanics-

based representation of the interaction betweerc|es:

It should be noted that it is often the case wheingithe DEM to model granular
materials that each particle will represent a singtain of the subject material.
Although the possibility of modelling solid matdsasuch as concrete, grain for
grain is not excluded each DEM particle may instegpresent a portion of the
subject material incorporating a mixture of aggtegand hardened cement paste. In
this manner the subject material could be disaedtinto any number of particles of
any size rather than there being a direct graingfam representation. In a similar
way the bonds between particles do not necessdingctly represent a physical
“glue” between grains but rather provide a virtuatwork which describes the
interactions of particles and can transmit forcesvieen them. As the bonds are not
physical they contain no mass and cannot have reltdorces applied to them
directly (this is discussed in more detail belothe mass of the subject material is
entirely represented by the mass of the particles.

In the implementation of the model presented i #tudy the meso-structure of
concrete is directly considered with the materiihg represented in a single phase
where each particle represents a portion of theemadt(as described above).
Behaviour and properties at the microscopic level incorporated into the model

response which is then projected onto the macrosdeye!.
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3.2 The Edinburgh Bonded Particle Model

3.2 The Edinburgh Bonded Particle Model

The particles in the Edinburgh Bonded Particle Madeeract at either bonded or
non-bonded contacts. Only one contact can existdmt any two particles due to

their spherical nature:

* At abonded contaca virtual bond element is considered to exist betwthe
particles cementing them together. The constitubekaviour of the bond is
described in the Timoshenko Beam Bonded-ContacteMtBBM), which
is presented in this chapter and is based on thedhenko beam theory
(Timoshenko, 1922).

* At a non-bonded contaca spring-dashpot configuration is assumed. The
constitutive behaviour of this configuration is deised using the popular
Hertz-Mindlin Contact Model (HMCM), the componentd§ which are
described in Johnson (1987).

Both contact types resist compressive and sheee$pbut bonded contacts may also
resist tensile forces and bending moments. Matelaahage is represented directly
through the breakage of bonds. In this mannerrainechanisms which occur in the
microstructure of the subject material are includhed not necessarily represented
directly. This enables the response of the matésidbad to be studied as damage

develops in the system.

3.2.1 The Timoshenko Beam Bonded-Contact Model

The TBBM forms the core section of the EBPM andascribed here in full. In the

TBBM model, each bond is assumed to behave asirdoghl beam that connects
the centres of two bonded patrticles. The connedietween each end of the bond
and the centre of the corresponding particle isicaned to be rigid; therefore each
end of the bond shares the same six degrees ofbireas the particle. A single beam

can be considered to exist between partidlasadB as shown in Figure 3.1.
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Y Particle B

Particle A %

Bond

(@) Full view

Particle B

Particle 4

Point /7

Point &

(b) View cutting through the centre of the bond
Figure 3.1 A single bond connecting particheandB

The positionP of each particle is defined as the location ofcégstre in the global
Cartesian co-ordinate systedq, {Y, Z); in the example shown in Figure 3.1 points
andg are the centres of particlésandB respectively. In addition to the global co-
ordinate system, each bond has its own local coratel systemx( y, z) as shown in
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3.2 The Edinburgh Bonded Particle Model

Figure 3.1. The local co-ordinate system is reqglicedetermine the forces acting on

the bond, as described later in this chapter.

The geometric properties of a bond are influencgthbk locations and properties of
the particles it connects. A bond’s lendth can be determined from the distance

between its two ends, which is the same as thardistbetween particle centres:

Ly :”PB - PA" :\/(XB - XA)2 +(YB _YA)2 +(ZB _ZA)Z 3-1)

The literature reports many different ways in whitte bond radius can be
determined, for example either using the arithmetitbxarmonic means of the two
particles’ radii (Rojek et al., 2012). For the posps of this thesis, the radius for each

bondry is assumed to be:

r, =Almin(r,,r;) (3.2)

wherera andrg are the radii of particle® and B respectively. The numerical
parameter]l is henceforth termed the bond radius multiplienis t parameter
introduces flexibility into the way the bond radiiss determined. By including a
multiplier, the geometric parameters of the assgr{dl. porosity) can be taken into
consideration. Similar bulk responses can be ge&eerdor different particle
assemblies by modifying the value of bond radiustiplier. A default value for the

bond radius multiplier of one is recommended.

Bonds are virtual elements with no mass or voludwvever, bonds are subjected to
internal forces caused by the displacements anatioos of the particles they
connect. As the bonds are assumed to behave ldmadydhese internal forces can be

determined using one of the beam theories.
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3.2 The Edinburgh Bonded Particle Model

An assumption of the most common beam theory, terBBernoulli beam theory

(Bauchau and Craig, 2009), is that after deflectmoss sections perpendicular to
the neutral axis of the beam remain both planepargendicular — the well-known

plane section assumption. This means that the sledarmation is neglected. Whilst
this is acceptable for slender beams, the shearrdafion can be significant in

stocky beams such as those concerned in this stimyTimoshenko beam theory,
which includes the shear deformation, is therefon®re appropriate here

(Timoshenko, 1922).

The Timoshenko beam theory can be used to dedbtebesponse of a deep beam to
loading actions. If a pair of transverse sheardsrof magnitude€) and a pair of
bending moments of magnituié are considered to act on a single cylindrical beam
(as shown in Figure 3.2), such that only transveleftections are considered, then
the rotation of a deformed cross sectiwoan be determined using the Timoshenko

beam theory, as shown in Equation (3.3):

_dz  dz (3.3)
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wheredzdx is the slope of the deformed neutral axis drftix is the rotation of the
cross section due to shear deformation, which magmately equal to the shear
strain at the neutral axis, so that:

dz, __ Q (3.4)

whereG is the shear modulus of elasticity of the be&ns the cross sectional area
of the beam and is a shear correction coefficient which takes iatzount the
difference between the actual and assumed unifestritdition of shear stress across
the depth of the beam; this is still an approxiomtias the real distribution is not
linear. The value of the shear correction coeffitie related to the Poisson’s ratio
of the beam and the cross sectional shape. Valuesrom experiments conducted
by Kaneko (1978) match the theoretical solutionvaer from Timoshenko’s original
paper (Timoshenko, 1921), and have been confirmek mecently by Hutchinson

(2001). For a circular cross section, the sheaecton factor is:

(= Brivrev” (3.5)
7+12v+ 4?2

The stiffness parameters for a Timoshenko beandareed from the governing

equations for the transverse deflections, which are

M =—g 3¢ (3.6)
dx

%— = —Q_fs (37)

dx e GA
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whereM is the applied momenEl the flexural rigidity of the beam ar@dA/fs the

shearing rigidity of the bearfy is the form factor for shear, which can be equébed
the inverse of the shear correction coefficiemthen determined from the method of
virtual work. Wang (1995) put the Timoshenko deifl@t and stress resultants in

terms of their Euler-Bernoulli counterparts foryasmparison.

Equations 3.6 and 3.7 are used in part to deterrtheel? internal forces and
moments in a bond. The location and positive doecdf these forces and moments

are shown in Figure 3.3.

Figure 3.3 The six forces and six moments acting bond in the local co-ordinate

system

In Figure 3.3,M and F represent the moments and forces acting on thel bon
respectively, the subscripisandg denote the two ends of the bond, and subsctjpts
y andz denote the local coordinate system of the bord, .y is the internal force
acting at the point where theaxis of the bond meets tleend of the bond). The
forces and moments acting on the bond can be brd&emn as follows: axial forces
F.x andFpg,, shear force§,y, F., Fg andFg, twisting momentsv,, andMg,, and

bending moment$,y, M, Mg andMg,.. Using the Timoshenko beam theory, the
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3.2 The Edinburgh Bonded Particle Model

relationship between the end displacement loadimdy rasulting forces for a bond

can be expressed as:

{F}=[K]du} (3.8)

where {} is the force vector containing the 12 forces amaiments (Equation (3.9)),
{u} is the corresponding displacement (rotation) weah whichd and @ are the
displacements and rotations of the two ends obtral (Equation (3.10)), an&J is
a 112 stiffness matrix, of which the general form &ided from the differential
equations for beam displacement using the unit laignent theory for a

Timoshenko beam, as presented by PrzemienieckBj &guation (3.11)).

ﬁ'l'l »3-” §T|

R

8

R

(3.9)

Q‘lZZZ

UYL

®

<< L
2

®

38



3.2 The Edinburgh Bonded Particle Model

o

&

o

&

R

> O
B

<

S D O O o
S et

36

(3.10)



3.2 The Edinburgh Bonded Particle Model

37

| @+D1 . . m . @+ . | @+DY . . | . @+D;7
KT ! 990 [ ! T 999
TH(D+7) _ . 1319~ LA (o-1) “ . ‘119
(@+D7 | @D T “ @+DY L @+D,"T
L — [ — | D — | —
T'H(D+1) ¥ 42 () ¢ 4 _ i I'H(d-7) . I Sc (3 4
q. | | q |
1("a+1) | 0 0 0 ! I(a+1)
0L, _ ! 0 0 |Q~QMI “ 0 0
_ @+D"7 . . m . @+, . m @+D7 .
Y Ac | _ 119 A A
m @+D _ (@+D"1 | (@+D"
_ T T ° ° Tm-
m v _
B L v 10 L N
m m (@+DY 0 0 | 0 AAHU+©N®N
m | TH(@+p) 119
(TT°€) | | @7 H@gT
| “ ‘T'H(d+1) boYt9-
| | p |
| | ga+g) !
o o -t
_ _ L @+D"T
OLJUMULS | I | ——— 0
| | I §cra
| m | @+D¢"1
m m m T
| | I
| | I
| | I
| | I
L | | ]




3.2 The Edinburgh Bonded Particle Model

In Equation (3.11)E; is the bond’s Young’s modulug, the bond’s Poisson’s ratio,
A, the bond’scross sectional areg, the bond’s second moment of area dndhe
Timoshenko shear coefficient, where:

b (3.12)

4

A=tin (3.13)

o=f12E 0y 20r,’ (1:Vb) (3.14)
GAL® 3,

Each bond is assumed to behave in a linear, elastidorittle manner; a bond will

fail if any of the following criteria are met:

Oc < Ocuax (3.15)
O; < Orpyax (3.16)
T <Tyuy (3.17)

where ocuax orvax and tyax are the maximum compressive, tensile and shear
stresses in each bond respectively andsr andz are the compressive, tensile and
shear strengths of that bond. In the TBBM eachngtre component is considered
independent of the others, i.e. the shear stressidanfluence on the tensile failure
criterion. Whilst more complex failure criterionuch as Von Mises or Mohr-
Coulomb, exist the simplicity of considering thendépendent is sufficient for the
purposes of this study.
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3.2 The Edinburgh Bonded Particle Model

In this study tensile stresses are considered ip@sdnd compressive stresses
negative. The compressive, tensile and shear dtre#s are pre-assigned for each

bond through a process described in section 3.2.2.

If any of the three failure criteria shown in Eqoat(3.15), Equation (3.16) and
Equation (3.17) are met, the bond fails and camafdrm. If there is a physical
contact between the two particles, the contact aliconsidered to be a non-bonded
Hertz-Mindlin contact and contact forces calcula@ctordingly. If there is no

particle overlap, the contact will cease to exist.

The maximum compressive and tensile stresses amé &ccur at the outermost fibre
at one endd or ), depending on the deformation. The axial stressonstant over

the cross section, whilst bending stress variesalily. In the example shown in
Figure 3.4, the maximum compressive stress willgbeater than the maximum

tensile stress due to the direction of the axraisst

Bending E Bending
stres g stres
—> } ———————————— i —————— —
Axial stress Axial stress

Mo

Lo

A 4

ﬂk A A A V\Awikﬂ AAAA

A

\ /

A

A
viv }\Vm

A
\ 2

Figure 3.4 Normal stresses in a bond

While the axial stress in the bond will be equakath end, in Equation (3.18) the
axial stress is determined from tlifeend of the bond. As compressive stress is

negative, the maximum compressive stiesmx in a bond will occur when:

3¢



3.2 The Edinburgh Bonded Particle Model

2 2
o =| Fo _oyMy +M; =a.p (3.18)
Ci ’

Ocunx = —Min0c,,0¢5) (3.19)

This provides a positive value for use in the faleriteria, Equation (3.15). The

maximum tensile stressyvax IS calculated in a similar manner to the compxessi
stress.

rA/MZ2+M2
o =| Fo WMy TMe 1y g (3.20)

Oruax = ma><(aT0,,aTﬁ) (3.21)

As the twisting moments and shear forces are eaplopposite at the two ends of
the bond, the maximum shear stress can be detatn@hesither end; here the
maximum shear stress is calculated attlead. The maximum shear stress occurs at
the outermost fibre as this is where the contrdsufrom the torsion stress is greatest
and compliments the shear stress, which does wotase with distance from the
centroid.
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TorS|onaI stress
Dlrect shear stress

Figure 3.5 Shear stresses in a bond

_IMafts 4 Fo +Fo (3.22)

T
MAX 2| X BA,

If the failure criteria are not met, then forcesiagoand opposite to the internal forces
{F} are applied to the two particles to act as restprforces resisting the

displacements and rotations.

3.2.2 Failure criteria of bonds

In the Timoshenko Beam Bonded-Contact Model, eaomdbis assigned a
compressive stress limit;, a tensile stress limitr and a shear stress limitthese
limits define the maximum stresses that the bondwithstand before failing. The

stress limits are calculated for each bond, suah th
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0. =S ¢ IN) +1) (3.23)
oy =S ¢, IN)+1) (3.24)
r =S, (¢ IN)+1) (3.25)

where & is the mean bond compressive strendih,is the mean bond tensile
strength,Ss is the mean bond shear strength,is the coefficient of variation of
compressive strengthy is the coefficient of variation of tensile streimgts is the
coefficient of variation of shear strength (it slibbe noted that the acronym CoV is
used in this thesis to mean coefficient of variatjoandN is a random number.
Whilst other statistical distributions are possililee value forN is drawn from a
normal distribution with a mean of zero and a staddleviation of one. The value of
N is constant in the calculation of all three strigsits for a bond (Equation (3.23),
Equation (3.24) and Equation (3.25)) but variesvieen bonds in a simulation. The
value of the bond strengths are capped so thatrthest fall in a range of between

zero and twice the mean strength.
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Figure 3.6 Comparing three values for coefficientariation of strength

In Figure 3.6, three histograms describe the tistion of compressive stress limits
for three values of CoV of compressive strengtle: plarple histogram has a mean
strength of 500 MPa and a CoV of 0.2, the yellostdgram has a mean strength of
500 MPa and a CoV of 0.4, and the black histogrésn has a mean strength of
500 MPa but a CoV of 0.8.

3.2.3 Coordinate transformation

The TBBM works on the assumption that there iscall@o-ordinate system created
for each bond; thg axis of this co-ordinate system is defined bydaetroid axis of
the bond, which runs between the centres of thebiwvaled particles. The other two
local axesy andz) lie normal to each other and to the centroid akithe bond; an

example of this system is shown in Figure 3.7:
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Global Y

local x
//
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Figure 3.7 A bond with its own local co-ordinatest®m shown in the global co-

ordinate system.

In order to calculate the forces and moments inhebhond, the respective
displacement loading needs to be determined insteoithat bond’s local co-
ordinate system. This can be achieved by multiglyihe particle displacement

vector in the global co-ordinate system}{by a transformation matrix, so that:

{u} =[yhu, } (3.26)

As mentioned above} is the displacement of the particles in the localordinate

system. The transformation matrix] [contains nine directional cosines, which
represent the nine angles between the three vedédirsing the axes of the global
co-ordinate system and the three vectors defirtiregaixes of the local co-ordinate

system.
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3.2 The Edinburgh Bonded Particle Model

X; Xj Xy
W=y v % 3.27)
5 4 %4
There is only one set of global axes, the vectbrghich are known:
{)2}:{1 0 O}T (3.28)
{\?}:{0 1 O}T (3.29)
{2}:{0 0 ]}T (3.30)

Due to the standard nature of the global vectdrs,three vectors that define the

local co-ordinate system contain the componenteefransformation matrix.

B={x x xJ (3.31)
B=ly v, wf (3.32)
3=z 2 zf (3.33)

The three local axis vectors need to be calculasdnentioned above, the local

axis follows the centroid of the beam, so that:
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3.2 The Edinburgh Bonded Particle Model

(f=p s (3.34)

whereP, andP; are the positions of the ends of the bond in tbeaj co-ordinate

system:

P=|X Y Z] i=zap (3.35)

The order in which thg andz axis of the bond’s local co-ordinate system igroef
does not matter; here tlyeaxis is calculated first using the cross proddadhe local
X axis vector, calculated in equation (3.34), arel dlobalZ axis vector. The angle

betweernx andy axes is 90 degrees. The normalised y axis carteerdined as:

5 _ZxX (3.36)

2

Equation (3.36) will always produce a logabxis, unless the vecto&andx are

collinear; if they are, then the vector defining tbcaly axis is described as:

{9} :{O 1 O}T (3.37)
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3.2 The Edinburgh Bonded Particle Model

The localz axis can then be determined as the cross proditioe docalx axis vector

and the locay axis vector, such that:

(=Y (3.38)

The bond end nodes andf are always assumed to occupy the same positions in
global space as the centres of the two partislendB. This means that any global
displacement and rotation of the particle centiesexactly equal to the global

displacement and rotation of the corresponding node

3.2.4 The Hertz-Mindlin Contact Model

The Hertz-Mindlin Contact Model (HMCM) is used toegtribe the force
displacement relationship at non-bonded contads:bbonded contacts occur either
through the breakage of bonds, or from two elememrtsing into contact for the first
time (forming a new contact). The HMCM is made fram amalgamation of work
and theories by many authors, and a summary cdouvel in (Johnson, 1987); a
brief overview is presented here. The HMCM assurtied a spring-dashpot
configuration exists with two directions, normaldatangential, taking into account

the full 3D interaction of two elements.
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3.2 The Edinburgh Bonded Particle Model

Fn :
Particle A J\:I/M 3 %I;der Particle B
Spring
Fn®

Figure 3.8 A two particle spring dashpot confidima

The normal force model is based on Hertzian contexry (Johnson, 1987) and the
tangential force model is based on the work of Mmdnd Deresiewicz (Mindlin
and Deresiewicz, 1953; Mindlin, 1949). The nornmtéF, and tangential force;

at non-bonded contacts are calculated as the suneiofrespective spring forcds,s

or Fis and damping forcels,4 or Fig So that:

I:n = Fns + I:nd (339)

F=FR+Fq (3.40)

48



3.2 The Edinburgh Bonded Particle Model

where
F Ap Jrss (3.41)
ns 3 n
— 5 *
I:nd - Ebd Snrn Vn,relative (342)
Fs =—S9, (3.43)
. |5 "
Ftd - Ebd Sm Vt,relative (344)
in which
2 2
1_ 17 1w (3.45)
E E, E,
= Fallg (3.46)
rA + rB
o = m, [m, (3.47)
m, +m
L (3.48)

VInfe+7?

whereE  is the equivalent Young’s modulus of the two [whes,r is the equivalent
radius, o, is the normal overlapy; is the tangential overlajny is a damping ratio
related to the coefficient of restitutio (viscous damping is applied through the
dashpot system, which means that damping is ontyieapto elements in contact),
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3.3 Implementation of the Edinburgh Bonded Partidtadel into EDEM

m* is the equivalent mas¥, reiaiive iS the normal component of the relative velocity,
Vi relative IS the tangential component of the relative vajocThe subscript®\ andB
represent the two elements in the contact. Theetatrad force is limited by Coulomb
friction usF,, whereusis the coefficient of static friction. The normaiffness S, and

the tangential stiffnesS are defined as:

S =2E\r's, (3.49)

S :$* r*5n (350)
1 _1-v,” 1~y

—_= +

G* GA GB (3.51)

where G is the equivalent shear modulus. This contact mpdeides a non-linear

relationship between the force and overlap.

The HMCM has been used by many authors in regartisetinteraction of granular
material (Johnstone, 2010; Misra and Cheung, 199@ji et al., 1992).

3.3 Implementation of the Edinburgh Bonded Particle Mockl into
EDEM

3.3.1 Overview

For this thesis, the EBPM has been implementedhenttiree-dimensional discrete
element software EDEM (DEM.Solutions, 2010) usimgapplication programming
interface (API). By using verified commercial softsg, the programming
requirements of the study are reduced; the focuthes placed on verification,
validation and application of the EBPM. The softev&DEM has a number of useful
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3.3 Implementation of the Edinburgh Bonded Partidtadel into EDEM

features which allow easy implementation and edfiticomputation. One such
feature is the capability to store custom propsrtoe particles and contacts; utilising
this capability, the stiffness matrix and failumieria for each bond are determined

at the bond initialisation time and stored as austontact properties.

The EBPM implementation contains three separategoiares; in addition to the two
contact models, the TBBM for bonded and HMCM fon#mnded contacts, there is
an initialisation procedure where bonds are createtan initial equilibrium state is
enforced. The flow chart in Figure 3.9 outlines hine EBPM (highlighted in blue)
is integrated into the explicit time step cycledise EDEM 2.3. Internal forces for
each contact are determined at each time step asm@f the two contact models. A
marker is placed on bonded contacts to differemtia¢m from non-bonded contacts;

this marker is removed if the bond fails.

The number and geometric properties of the borelfighly dependent on the initial
packing of particles. The initial packing arrangemef particles can be generated
through a number of techniques, as discussed ititdrature review. In this study
the particle rearrangement technique developedaiyd._et al. (2010) has been used
to produce a dense assembly of particles. A detaiésscription of this procedure is

included in Section 4.3.
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Imposed external Start
Geometry displacemen ar

A\ 4

A\ 4

Update current Bond creation time

\ 4

Update element positioris—»

time v

Initialize bonds
|

Not the bond creation tir+e
\ 2

Contact search

\ 4

List of bonded
and non-bonded

the contact is fresh ¢r the contact is
contacts

bond has broken bonded

Calculation of Calculation of
contact forces using contact forces using

the HMCM the TBBM,
Determine if bond
fails
External forces Y

I Summation of internal and external
forces acting on each patrticle

\4

Integration of equations of motior]

Figure 3.9 Integration of the EBPM (in blue) inteetDEM calculation cycle
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3.3.2 Initialization of bonded contacts

In the EBPM one time step is predefined as the bomgtion time. When the
simulation reaches this time step a one off boitdlisation procedure is started, as
highlighted in Figure 3.9. At this time, bonds dmmed between particles of
specific types (in this example labellacandB) if the following statement is true:

|P, —R)|<cr, +cr (3.52)

where

CE =nXr, i=AB (3.53)

where P, andPg are the positions of particles (A and B) in thebgll co-ordinate
system,rp andrg are the physical radii of the two particles, andcrg are the
contact radii of the two particles ands a contact search radius multiplier which is
constant for all particles of the same type. Byréasing the value of above 1,

bonds can still be formed between particles thanat physically touching.
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Contact radius overl;

ParticleA

ParticleB

Figure 3.10 Example showing an overlap in the adntdii of particlesA andB

In the example shown in Figure 3.10, there is ngsfal overlap of particled and
B, however as their contact radii overlap a bond ¢dod formed between them. In
the implementation presented here, there is noeseaeighbour limit for bonding
particles; therefore, a bond can be formed betvpeeticles even if there is another
element between them, such as in the example showigure 3.11. If a nearest
neighbour limit was imposed then no bond could fdretween particles and C

even though an interaction would be expected.

Particle A

Figure 3.11 Particl8 lies between particles andC
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By setting a value for contact radius multiplieaths appropriate for the range of
particle sizes used (i.e. the greater the parside distribution the lower the contact
radius multiplier) particles are prevented from ¢hog beyond their closest
neighbours without the need for a nearest neighbiout. With this in mind it is
recommended that the value mfshould be kept in the range of 1.0 to 1.4 when

dealing with high-density assemblies of similailzesl particles.

A higher contact radius multiplier means that mbmnds will form in a given
assembly. The more bonds that form, the stifferibed fabric becomes. As the
stiffness of the individual bonds directly affedtsee bulk stiffness of the subject

material, the higher the contact radius multiplibg higher the bulk stiffness.

In the implementation of the EBPM in this study tiplé bonds can be joined to any
single patrticle. Although this may lead to an appaioverlap of the bond areas there
is no penalty applied to the stiffness or strermftthose bonds. This is because the
bonds are a virtual representation of the intebachetween particles rather than a
physical cementitious substance. Characteristich ag radius are assigned so as to
provide the basis for the strength and stiffnesspaters of the interaction. By
allowing multiple bonds to connect to each partiglthout penalty a dense network

of bonds can be formed that represents the chaisiitie of a cementitious material.

When a bond is formed between two particles, tiheefalisplacement relationship is
solved using the TBBM as described in Section 3.@dbve. Some of the

calculations in the TBBM, such as the determinatdrthe stiffness matrix and

failure criteria for each bond, only need to be pteted once but their results must
be referenced at every time step. To this end,mabeun of one-off calculations are

conducted at the bond initialization time. At thedeof the bond initialisation stage,

all contact forces and overlaps (at both bondedraovdbonded contacts) are set to
zero. This enforces an initial free stress stat¢éhen material. This is important to

note, as a stress free state is not desired inagks for example in excavation or
tunnelling at depth the rock is often under anahgtress.
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3.3.3 Calculation procedure of the EBPM implementation

The contact models within the EBPM are used to rdetee the internal forces
arising from the two contact types: bonded and Inomded. In order to demonstrate
how the theory behind the TBBM has been implemeimtéde EBPM into EDEM, a
single bonded contact will be considered; this aohtonsists of a single bond, the
ends of which, pointa andf, connect the centres of particlksandB as shown in
Figure 3.12. The calculations executed by the ERIPRE per bond per time step are

outlined in a step-by-step manner in the flow csadwn in Figure 3.13.

Y
Ly,
Particle B
Particle 4 | x
2ry, .
Point
Bond
Fa
Point a

Figure 3.12 Longitudinal cross section (x-y plahéha neutral axis) of a single bond

joining particles A and B - Reproduced from Fig@r#&(b)

The purpose of the bonded-contact model is to oter whether the connecting
particles’ load is sufficient to cause the bondbi®ak. If not, then the model
determines the total forces and moments that &wened to the two particles. What

follows is a description of the calculation process
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Calculate incremental displacement of pounts

&
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andg in the global co-ordinate system
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Calculate incremental displacement of pont
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Retrieve transformation
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A 4
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Yes

Contact is no /
longer bonded\\

End

Figure 3.13 Flow chart outlining the calculationtloé bonded contact model
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Information such as translational and angular vgtas updated at each time step for
each particle. These are presented as componetiie tiree axes of the global co-
ordinate system¥, Y andZ; this is the standard 3D Cartesian co-ordinatéesysn
which data for the particles is available. Basedhlmntime integration scheme used
by EDEM, the incremental displacements and rotatioh particlesA and B are
calculated by multiplying their velocities (transtamal and rotational) by the time
step. In the DEM velocities and accelerations aresiered to be constant over each
time step (Cundall and Strack, 1979).

The bond end nodes andf are always assumed to occupy the same positions in
global space as the centres of the two partiélesnd B. Therefore, any global
displacement and rotation of the particle centiesxactly equal to the global
displacement and rotation of the corresponding nAdéhe considered time step, the
translational velocity ¥} and angular velocity ¢} for the centre of each particle are

known with components in the global directiofysY andZ:

Vi=Mx Vi V|7 i=AB (3.54)

{o} :[wix Wiy C‘)iz] T i=AB (3.55)

The global translationady and rotational displacemeflf vectors for each particle

are calculated by simply multiplying the velocity the time stepft:

{d}=|d dy dg]T i=AB (3.56)

{egi}:[egix O giv ggiZ]T i=AB (3.57)
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where

dy; =V, [t i=AB j=X)Y,Z (3.58)

0. =w It i=AB j=X,Y,Z (3.59)

el ]

As the ends of the bond on the neutral axis, nategointse andg in Figure 3.12,
connect the centres of particldsandB respectively, the incremental displacements
of particlesA andB correspond to the incremental displacements aftpaiandg in

the global co-ordinate system. The incremental@ldisplacement vectowug} is:

d gax d gAX
d gay d gAY
d gaz d gAZ
6 gax 6 gAX
ggaY ggAY
{ug} = Oyez _ Ogaz (3.60)
d gBx d gBX
d 9By d gBY
d 98z d gBZ
egl?x HQBX
HQI?Y egBY
eg/fZ HQBZ
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The local incremental displacement vectof §¢an be determined by multiplying the
incremental global displacement vectag{ by the transformation matrixy], so
that:

|
ol (3.61)
=4 du} :
DR
D]
where
dx
d,
d..
eaX
Qay
0,
w=1 (3.62)
px
dg,
dﬂZ
Hﬁx
Y
Gﬂz

The transformation matrixy] contains the nine directional cosines that existe
between the axes of the two co-ordinate systemtheatprevious time step. The
vectors from the previous time step are used becawes want to determine the
displacement of the bond between the previous amdermt time steps. The

components of the transformation matrix are updateeach time step to take into
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account the potential change in the position of gadicles; the calculation of the

transformation matrix is described in Section 3.2.3

The incremental force values are calculated by iplyihg the displacement vector

by the stiffness matrixq]:

{aF} =[K]du} (3.63)

The incremental forces are then added to the rgntatal, to provide the new total

value of internal forces acting on the borig:{

{F}={F}+aF (3.64)

The stresses generated by the sum of the fordissaime step are determined and
compared against failure criteria, described inti8ec3.2.2. If the bond stresses
generated do not cause the bond to fail, themtieenal forces and moments equal to
{Fr} as defined in Equation (3.65) are applied to tharticles to resist the
displacements and rotations; these forces areeapplirectly to particle#\ andB,

and are considered in the summation of forces @aimthese particles:
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3.3.4 Global damping

In real materials, kinetic energy is dissipatedtigh microscopic actions such as
internal friction and wave scattering (Potyondy &uhdall, 2004). When required,
for example if frictional sliding does not repres#éme full damping effect seen in the
real material, artificial damping can be introdud¢ededuce the kinetic energy and

bring the simulation to a quasi static state.

In the EBPM, non-viscous damping is applied throtigh equations of motion so
that energy is dissipated in every particle in glistem. In essence this modifies the
final forces acting on each particle so that thsulteng particles acceleration is
changed. As only the acceleration term is dampestaiole motion is not affected,
and elements with a fixed velocity will maintaimathvelocity. The damping used in
the EBPM is based on the damping provided in thedbd particle model proposed
by Potyondy and Cundall (2004). The damping formed moment$4 and My are
applied to each of the six degrees of freedom &heparticle so that:
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%::%%M_izxyz (3.66)
Mdi =_Id|Mi|a)l i=X,Y,Z (367)
@

whereF andM are the sum of the forces and moments acting epaiticlesV and

w are the translational and angular velociXy,Y and Z represent each degree of
freedom andy is a dimensionless constant which defines the nbadmiof the
damping. The range of values for this constant are 1 one, with zero providing
no damping and one meaning the damping is equalaignitude to the total forces.
In Section 5.5.3 the influence of the damping doefht on DEM simulations is

discussed in more detail.

3.3.5 Time step

In order to ensure a stable explicit integratitve, time step\t used in the simulation
should be a fraction of the critical time st&@. The critical time step is the largest
time step for which a force is not transmitted beydhe nearest neighbors of a

particle. The time step can be calculated such that:

A=< Aoy (3.68)

where( is a factor which should be kept in the rangearbzo one, although for real
simulations it is suggested that values of 0.1.®odhould be used (O’Sullivan and
Bray, 2004). The critical time step is determinedioth bonded contactstg.i: and
non-bonded contactatsci; the critical value is simply the lowest of theseo

values, such that:
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At . = mil‘l(At Brit» O Scrit)

crit

(3.69)

For non-bonded contacts, the critical time stegeiermined using the Rayleigh time
step, which is the time taken for a shear wavertpggate though a solid particle
(DEM.Solutions, 2008). The critical spring time stegalculated such that:

05
ar | 2e
_ |G, (3.70)

Alser = (0.163w, +0.8766

If the particle density,, shear modulu&, and Poisson’s ratia, are constant for all
particles in a simulation, then the critical spritigne step is that for the smallest

particle radiusp.

The critical time step for bonded contacts is deteech from an approximate
solution based on a single degree of freedom inaasnspring system (O’Sullivan
and Bray, 2004).

(3.71)

Berit —

|
N
|3

Although the actual solution for a system of boratsd particles used when
modelling cementitious materials is much more caxpghan the solution presented
here this simplistic approach can be taken as aerwative fraction of the calculated
critical time step is actually used in simulatioN®rmally this fraction is of the order
of 0.1 to 0.2 (O’Sullivan and Bray, 2004).

64



3.4 Verification of the bonded particle model

3.4 Verification of the bonded particle model

Verifying the implementation of a numerical modelan important step to ensure
that the mathematical descriptions in the progracthmsede match the theory
underpinning the model. The advantage of using tegz-Mindlin Contact Model

and EDEM is that both have already been verified,ctvlgimplifies this stage as
only the TBBM and general EBPM formulations have ¢adsted. In order to verify

each calculation stage of the TBBM, a series of bevack tests were conducted.

In the first set of benchmark tests, a single berad placed under a number of
different loading actions (tensile, compressioreashtwisting and multiple bending
configurations) by applying external forces to gaticles connecting the bond. For
each loading action, the orientation of the bond waried so that the transformation
matrix calculations could be verified. The resulfstlese tests can be found in
Appendix A. These benchmark tests proved that the MB8 able to accurately

predict the contact forces due to any single degteent loading action when the
bond is orientated in any direction to the globatocdinate system. The bond

breakage stresses are also found to match the otmldire criteria.

To verify the response of a bond under more compdaxing actions, further
benchmark tests were conducted. One such test Readoading of a simply-
supported beam. The beam is formed by bonding bet@eand 31 particles in a
line; an example with 5 particles is shown in Feg®.14. The extreme left-hand
particle is fixed so that no translational displaeats can occur, but the particle can
rotate freely; the extreme right hand particle iged against translational

displacements, apart from in the axial directiorg aan also rotate freely.
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Fixed particle l Fixed particle \ Bond radius

X

N Xy

Bond 7 Bond length 7+
i Beam length

1

Figure 3.14 A beam of length made from connecting 5 particles with 4 bonds of

lengthLy, in thex-z plane (not to scale)

Each bond was given the same material and geonigirmgerties, so the spacing or
number of particles should not affect the respadios@ transverse loaW being
applied to the particle at mid-span. The transveeféectiondz and rotationdz/dx
can be determined from the governing equationsafdrimoshenko beam at any
distancex from the left end fixed particle, such that:

3 2
&=L (lj 3-4% |4 TN (05 xskj (3.72)
48E1\ L 2 )" 2GA 2
gz WL (% —4x2)+—fSW (Os xsEJ (3.73)
dx  16El 2GA 2

wherelL is the length of the beark] is the flexural rigidity andsA/fs is the shear
rigidity. It should be noted that determining deflen due to bending or shear can
have boundary conditions which are incompatiblengyshe shear deflection alone
may not provide the correct rotation at the midngjieecause the shear force changes
stepwise with difference between the left and rigdpal toW, the equations are not

of an order high enough to take this into account.
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The theoretical mid-span deflectiai for a simply supported beam subject to a

central concentrated loadl, can be calculated using (3.72) whenL/2, so that:

s WL WL (3.74)
AE| AGA

For the benchmark test, the material and geometoperties for the bonds and

particles are described in Table 3.1.

Table 3.1 Beam material properties

Symbol Description (units) Value
E Young’s modulus (Pa) 2x19
Vv Poisson’s ratio 0.3
L Beam length (m) 6
r Beam radius (m) 0.1
fs Form factor for shear 10/9

A central loadw of 100,000 N is applied to the particle at theteof the beam and
the transverse deflection of that particle measutgsing Equation (3.74), the
theoretical transverse mid-span deflectionis 28.7169 mm. The mid-span

deflections for beams made of between three argh8icles is shown in Table 3.2.
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Table 3.2 Predicted central deflection compared thigoretical solution

Number of particles DEM predicted central deflectfonm) error %
3 28.7151 0.0061
5 28.7144 0.0086
17 28.7142 0.0093
31 28.7142 0.0093

As can be seen from Table 3.2 there is a good agmeivetween the DEM
predictions and the theoretical solution when anmber of bonds are used to form
the simply supported beam.

3.5 Summary

This chapter has outlined the development, impleatemt and verification of a new
bonded particle model. Several weaknesses withbthred model that has been
integrated within the EDEM software (the softwareb® used in this study) were
discovered. In light of this a new bonded partitiedel was proposed which allows
particles to be connected by bond elements whiehraated as beams. In the new
model the Timoshenko beam theory is used to deterita forces acting in each
bond as this method is more suitable for beamswét aspect ratio. The developed
model has been implemented in the software EDEMaawetification procedure has
been conducted in order to ensure that correct ibaory is being applied. The
verification procedure proved that the developediehas capable of reproducing
real beam behaviour. Although the primary objecivéo model the behaviour of
cementitious materials under quasi-static load dhpabilities are not limited to

cementitious materials and the modelling of strregus discussed later in this thesis.

68



4.1 Introduction

Chapter 4 Parametric study: Part 1: reference

case

4.1 Introduction

This chapter investigates the predictive capatslitiethe Edinburgh Bonded Particle
Model (EBPM) in producing the three dimensional oes® of cementitious
materials under loading. In order to test this Higpeis, a series of Discrete Element
Method (DEM) simulations are conducted mimicking gibgl tests of concrete
cylinders under uni-axial compression. In this dbapghe target bulk response is
defined both quantitatively and qualitatively, befa set of input parameters are
chosen to form the reference case. The effect adnpetrer variation on the bulk

response will then be assessed in Chapter 5 relatithis reference case.

4.2 Bulk mechanical properties of concrete

The unconfined compression strength of concrete, easnre of the material’s
resistance to rupture, is widely regarded to berthterial’s most important property.
As the strength of concrete increases, other ptiegersuch as permeability,
shrinkage, elasticity and creep, tend to imprové&r@fd, 1962). The strength of
concrete comes from a hydrating chemical reactetwéen cement and water; this
forms a cement paste which binds the aggregatethimgdéorming the finished
material. Concrete, in its hardened state, camobsidered a two phase material: the
aggregate (coarse and larger fines) and the haldesment paste (cement, water,
smaller fines). The overall behaviour of concretena only governed by the
properties of these two phases, but also by trefate between them. There is an
area in the hardened cement paste immediately eaadtjac the aggregate called the
interfacial transition zone (ITZ). The thicknesstbé ITZ is between 1@m and
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50um and is dependent on the water-to-cement ratleerahan the aggregate size
(Zheng et al., 2011). This area contains larger aoaehigher porosity and has a
slightly higher water-to-cement ratio than the rerdar of the cement paste which

creates potentially weaker zones.

The strength of concrete can be measured in manys vaepending on the
application; the compressive strength is considéoede the principal engineering
property of concrete (Kovler and Roussel, 2011)netleough it is an empirical
quantity (Jones, 1962). The compressive strengtla &fpecimen of concrete is
usually determined through destructive unconfinedtaxial compression tests of
cylindrical specimens, such as the one shown imrEigt.1 (a). In the parametric
study presented here, DEM cylindrical specimensaoidied particles are loaded in
uni-axial compression through the displacement adding plates (In EDEM
simulations loading plates are represented usiogngéies), as shown in Figure 4.1
(b). Bulk properties such as the compressive strefagcan be determined and used
to describe the bulk response quantitatively. Usiligplacement-rate controlled
loading allows the post-peak behaviour to be cared in the analysis, as discussed

in more detail later in this section.
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4.2 Bulk mechanical properties of concrete

l Displacement

Top plate loading

Bottom plate ;
Displacement
EDEMAcademic T loading
(a) Physical cylindrical specimen (b) DEM specimen

Figure 4.1 Physical specimen compared to DEM reptaten

As well as the ultimate compressive strength, #east modulus of elasticifyo.4),
the axial strain at failure; and the Poisson’s ratig 4y will also be recovered from
each numerical specimen and used to describe thkadsponse quantitatively. The
subscript (0.4) denotes the fact that these pri@sedre recovered at 40% of the
ultimate strength. The definition of each bulk meulcal property and the method
used to calculate them are described here:

The ultimate compressive strength i equal to the maximum compressive
stress the specimen experiences during uni-axaglihg. The compressive stress
determined from the compressive forces acting erildading plates, such that:
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4.2 Bulk mechanical properties of concrete

Fe
A

T

A
A

og=-t= (4.1)

where Fr and Fg are the total compressive forces acting on theaog bottom
loading plates respectively ard andAg are the equivalent areas of the specimen in
contact with the top and bottom loading plates eeipely. These areas are assumed
to be the same as the cross sectional area opduensen. In the real world the forces
in each plate should be the same so that (4.1slolé. However, as this cannot be

guaranteed in the numerical simulation the avefagee will be used when plotting
the stress, so that:

(4.2)

From the literature, the ultimate compressive gjtiefor normal weight concrete can
be estimated to fall in the range of 10 MPa to Ma\Gere and Timoshenko, 1990);
Mindess et al. (2003) suggested a typical valugsdfiPa.

Theaxial strain at failurez. is simply the value of axial strain correspondiog
the ultimate compressive strength. The axial steaia determined from the full
height of the specimen, such that:

gzm&h (4.3)

whereh is the height of the specimen and the subscriéribtes initial conditions;
under compressive loading the specimen experieac@$ contraction, noted as a

poitive strain. The height of the specimen is defires the maximum vertical
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4.2 Bulk mechanical properties of concrete

distance between the top and bottom surfaces o$pgkeimen, as shown in Figure
4.2. This definition differs from assessing the bsisain from the positions of the
loading plates, as it takes into consideration dverlap that develops between

particles and the loading plates. This overlap gmts the deformation of the
specimen at the boundary.

Physical overlap

/N ?O ——Topplate

/\ Specimen height

Paticles

Bottom plate

A
X v V_/
Physical overlaj

Figure 4.2 Calculation of the specimen height

The specimen heiglttis therefore calculated such that:

h=2Z,-Z;+maxsé, +maxd, (4.4)

where Z1 and Zg are the Z axis positions of the top and bottondilog plates

respectively andyr and dpg are the overlaps between particles and the top and
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4.2 Bulk mechanical properties of concrete

bottom loading plates respectively. Numerical ditybof this equation leads to a
gradual reduction irh, as this is reliant on quasi-static conditionshsticat the
maximum overlaps do not change significantly betwte time steps of the DEM
implementation. The maximum overlap is taken intosideration when determining
the height to remove the influence of the rough $apface. When the maximum
overlap was not taken into consideration initiast$e showed non-linear initial
loading arising from the particles coming into @it with the loading plates.
Although initial non-linear response is sometimesrsin physical tests the degree

shown in the numerical response was unrealistic.

Mindess et al. (2003) suggest that the strain ak g&ess falls in a range of 0.002 to
0.003 and generally increases with an increaséimate strength.

The secant modulus of elasticity. EHescribes the secant value of the bulk
stiffness of the specimen. As concrete is onlyigiytelastic the secant modulus
should be determined when loading is still in theam elastic range, up to
approximately 30% to 40% of the ultimate strend®arforth et al., 2007), and is
discussed in more detail later in this sectionthis study the secant modulus of
elasticity is determined using Equation (4.5) wheading is at 40 % of the ultimate

strength, denoted by the subscript 0.4, the sytisgrlenotes the initial conditions:

No o0,,—0
E — 80 _0o4 09
c(04) As €04 — o (45)

For concrete in compression, the secant module$asticity can be estimated to fall
in the range of 17 GPa to 31 GPa (Gere and Timoshet®90). Mindess et al.
(2003) suggested that for normal-weight concréte nhodulus of elasticity falls in a

slightly wider range of 14 GPa to 42 GPa, with@dgl value of 28 GPa.
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4.2 Bulk mechanical properties of concrete

From experimental observations the secant moduluslasticity Ec.4) has been
related to the compressive strenfjthFor normal-weight concrete the Eurocode (BS
EN 1992-1-1, 2004) expresses this relationship as:

E. o) = 220003/( f,"/10) (4.6)

It should be noted that the relationship shown indfign (4.6) is only a general one;
the literature shows that some factors do not cgmyith this relationship, such as:
specimen age, aggregate modulus of elasticity anidtare condition (Neville and

Brooks, 1987).

The Poisson’s ratio y describes the ratio of the radialto axiale strain. Like
the secant modulus of elasticity, the Poisson’sorad determined when the

corresponding stress is at 40% of the ultimate agesgive strength, such that:

Veoa) ~

“fron (4.7)

€(04)

The axial strain is determined using Equation (4.8) #he radial strairg is
determined by tracking the transverse deflectidnsaas of particles lying opposite

to each other at the mid height of the exteriathefspecimen, (see Figure 4.3).
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4.2 Bulk mechanical properties of concrete

Particle 1

Particle 8 _
Particle 2

Particle 7 Particle 3

Particle 4

Y Particle 6
Specimen boundary
X Particle 5

Figure 4.3 Diagrammatic representation of the deftextion ofD

The radial strain is determined such that:

E = 4.8
: D, (4.8)
where
4
D=2Yd, (4.9)
4]:1
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4.2 Bulk mechanical properties of concrete

whered is the distance between a pair of particles (asvshn Figure 4.3), an® is

the average distance between all pairs. For thalatians in this thesis four pairs of
particles are used. Because of the random iniadigde arrangement there are not
necessarily particles at the exact opposite bouesléw each other. The straight line
between each pair of particles may not pass dyréletbugh the exact centre of the

specimen.

Timoshenko and Gere (1984) suggest that the Possatid for concrete should fall
in the range of 0.1 to 0.2; Mehta and Monterio @%8nd Neville and Brooks (1987)
suggest a slightly narrower range of 0.15 to 0.2@envdetermined from strain

measurements.

As well as using the quantitative measures of thl& behaviour, the overall stress-
strain response and post-peak behaviour will alsoctnsidered. Zhou and Wu
(2012) presented a compilation of models which dlescthe compressive stress-
strain relationship for concrete, including the Bade 2 (BS EN 1992-1-1, 2004)
equation, which is reproduced in Equation (4.10):

2
105 Ec(0.4) & _(‘9]
e B & (& (4.10)
© 14] 105700 o[ &
Ef €
wherekE; is the secant modulus of elasticity at failure:
f.'
E, =—< (4.11)
£
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4.2 Bulk mechanical properties of concrete

The normalised stress-strain curve shown in Figudewhs plotted by substituting

Equation (4.6) into Equation (4.10). The curve wasiddée into three zones;

literature shows that the response of concretedd Hiffers slightly in these zones.
Authors including Mindess et al. (2003) made simdavisions of the stress-strain
curve and described the changing behaviour asxiaésirain increased. It should be
noted that although shown here as absolute regibespoundaries of the zones
should be considered more as guidelines:
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Normalised straim

Figure 4.4 Theoretical stress-strain curve divided three zones

Concrete is weaker and more inelastic than eith@tanor aggregate (Buyukozturk
et al.,, 1971). The failure mechanism of a concrgiecisnen under uni-axial
compression and the shape of the corresponding sixess-strain curve can be
attributed to the initiation and propagation ofaege number of cracks (when under
direct tension the failure is caused by the propagaof a single crack). In its
hardened state and before loading begins, conbestenaturally occurring internal
flaws and micro-cracks (Du et al., 2013); thes@ahvoids have been mapped using

techniques such as X-radiography and microscopyattpors such as Dhir and
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4.2 Bulk mechanical properties of concrete

Sangha (1974), Nemati (1997), Diamond (2004) andafRu et al.(2005). These
voids are the result of segregation, bleeding dredihcompatibility between the
aggregate and hardened cement paste (different lmafdelasticity, coefficients of

thermal expansion and responses to moisture) (Meaiid Brooks, 1987) and/or
simply due to inadequate compaction (Du et al.,320These voids form areas of
weakness, which may not necessarily lead to failmethe macroscopic scale
directly but may provide a starting point for largeacks to propagate from as

loading commences (Jones, 1962).

Under loads up to about 30% to 40% of the ultintat@pressive strength (zone 1 in
Figure 4.4), there is little additional micro-craul observed between the aggregates
and hardened cement paste (bond cracks); the-strags response is close to, but
not quite, linear elastic (Dhir and Sangha, 197éhd and Monterio, 1993).

As the loading is increased beyond approximatelyod6f the ultimate compressive
strength (zone 2 in Figure 4.4) the number and sizbe bond cracks increases as
does the non-linearity of the stress-strain cu¥eirfand Sangha, 1974). The stress
level at which new cracks begin to form is dependenmany factors including the
grading of the aggregates used (concrete contasmmgpth natural gravel begins to
crack at lower loads than comparable concretesacony crushed rocks, although

their eventual compressive strengths are not sogmifly different) (Jones, 1962).

By 70% to 80% of the ultimate strength cracks faaonoss the hardened cement
paste (matrix cracks), bridging the bond cracks &orching a continuous crack
network (Dhir and Sangha, 1974; Mehta and Montek93). This crack network
forms largely parallel to the axis of loading, d®wn by Jones (1962) using the
ultrasonic pulse method and ultimately leads tofthikeire of the material. This in
turn allows the unconfined material to expand i rhdial directions which opens up

the cracks further.

The eventual crack pattern visible at the macroscepale develops as the strain
increases past that associated with the ultimatepoessive strength (zone 3 in

Figure 4.4). The failure pattern has been foundetsignificantly influenced by the
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4.3 Particle assembly and contact geometry

friction between the test specimen and the loagilages. The friction reduces the
radial expansion, as described above, and causemnthregions of the specimen to
be placed in tri-axial compression. Cracks in teatie of the specimen propagate
vertically but those at the ends propagate at alinm leading to the formation of

conical failure regions, as shown in Figure 4.5r(tliss et al., 2003).

IERERE RERER RERER;

h (b) confinement at the (c) no confinement at
bottom and no both ends: splitting
confinement at the top failure

(a) confinement at bot
ends

Figure 4.5 Typical failure patterns for concretérmers under compression (after
(Mindess et al., 2003) p.370)

4.3 Particle assembly and contact geometry

Initial tests highlighted the importance of geniergia dense bond network. One way
to achieve this is to ensure that the generatecirape has a high solid fraction. This
has the advantage over using a more porous steyatampensating with a higher

contact radius multiplier, as a high solid fractiemsures that there is sufficient load
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4.3 Particle assembly and contact geometry

carrying capacity through both bonded and non-bdndentacts (activated after

bonded contacts break) to produce an acceptaldentpatiffness.

Particle assemblies with high solid fractions caoltibe easily obtained with the
generation techniques available in the EDEM softwidre;dynamic techniques used
(gravitational deposition and compaction) led towanted anisotropy at the
macroscopic scale and were computationally expenshe constructive technique
used (sequential inhibition model) could not pragladow enough porosity with the
co-ordination numbers always being lower than @esirinstead a collective
rearrangement technique using the software GiD (@012) and developed by
Labra et al. (2010) was used.

This generation technique works by randomly insgrirarticles of a predefined
radius, taken from an imposed particle size distrdm, with overlap allowed, into an
appropriately sized “mould” until the porosity réas approximately 20 % (in 3D).
Through an iterative process patrticles are therrarged depending on the branch
vectors and overlaps of the surrounding particlestleat a local equilibrium is
reached. At the end of each iteration, particleth wierlaps greater than a set limit
are removed from the simulation. As this packingcedure continues the overlap
limit is reduced, this process continues until gverlap limit reaches a predefined
target. The generation technique described aboveuseas in this study to generate
cylindrical concrete specimens, of 100 mm diamatet 200 mm. For all specimens

the target overlap was set at 2% of the partidas

For the generation of the reference case specirhenstubject material was

discretized into approximately 20,000 particlesldwing a uniform particle size

distribution with the maximum radius set to be Ese to 3 mm as possible. In this
manner, and as described in Section 3.1, partatesot represent individual grains
but rather a proportion of the subject material.réfae, the average particle size is
greater than that of the grains found in the micuzsure of concrete. The generated
particle size distribution is shown in Figure 4tbe minimum particle radius was

1.28 mm and the maximum 3.02 mm. In total the geeerreference case specimen
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4.3 Particle assembly and contact geometry

has 20,561 spherical particles, the initial pagtassembly is shown in Figure 4.7 and

the assembly characteristics stated in Table 4.1.
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Figure 4.6 A cumulative frequency plot showing plagticle size distribution of the

reference case specimen
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21.

1

Z

L.

(a) particles and loading plates (b) slice throtighspecimen showing

the number of bonds per particle

Figure 4.7 The particle arrangement for the refererase specimen,

As can be seen Figure 4.7 (b) the particles oothumdary generally have the lowest
number of bonds per particle and the largest pestigenerally have the higher
numbers of bonds per particle. A dispersion fackocan be used to give a good
indication of the variation in particle size withém arrangement (André et al., 2012).
In this instance the dispersion factor is equal @81 as calculated from
Equation 4.12.

d, = fmax " Ton (4.12)
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4.3 Particle assembly and contact geometry

Table 4.1 Characterisation of the reference casgrepa

Parameter Description Value
ho Initial specimen height (mm) 200
Asatio Aspect ratio — height to diameter 2:1
Np Total number of particles 20,561
lav Average particle radius (mm) 2.14
I min Minimum particle radius (mm) 1.28
I'max Maximum particle radius (mm) 3.02
ds Dispersion factor 0.81
n Porosity 0.37
Pp Particle density (kg.i) 2700

As well as the reference case specimen two additispecimens are created. The
difference between the specimens is that the parsize distribution has been

shifted so that the dispersion factors are the shmehe average particle size are

different. A selection of parameters for these toldal simulations are given in

Table 4.2
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4.3 Particle assembly and contact geometry

Table 4.2 Characterization of the three specimens

Parameter Description Referenc&pecimen Specimen
specimen 2 3
Np Total number of particles 20,561 10,202 28,982
lav Average patrticle radius (mm) 2.14 2.70 1.92
I min Minimum particle radius (mm) 1.28 1.61 1.15
I max Maximum particle radius (mm) 3.02 3.80 2.71
ds Dispersion factor 0.81 0.81 0.81
n Porosity 0.37 0.38 0.37

As can be seen in Figure 4.8 the average pariimtehas no significant influence on
the average number of bonds that are formed pdiclgarThis is because the
porosities of all three specimens are very simidagreater influence is imposed by
the contact radius multiplieg, as can be seen in Figure 4.9. The contact radius
multiplier extends the contact search radius otheparticle for the purposes of
bonding particles that do not have a physical eyerlFor the reference case, a
contact radius multiplier of 1.2 was chosen, legdm an average number of bonds
per particle of 9.58 with the distribution shown kigure 4.10. The remaining
parameter that defines the bond fabric is the b@uius multiplierZ, defined in

chapter 3, which for the reference case was se0Dat
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Figure 4.10 Distribution of the number of bonds particle for the reference case

The contact orientation of the bond network can bsessed by observing the
orientations of the bonds in the three orthogoteahgs, as shown in Figure 4.11. As
intended the contact network generated by thegbaniacking scheme is essentially
isotropic, so any subsequent change in the disiibwf the bond orientation will be
a result of the loading of the specimen. Stresaadad anisotropy has been observed
in some granular materials where the contacts icgyryhe load change their

orientation to be parallel with the loading directi

- — T T
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Figure 4.11 Contact orientation of the bonds inttiree planes
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4.4 Contact model parameters for the reference case

The input parameters for the Hertz-Mindlin Contacbddl for the reference case
simulation are shown in Table 4.3. These values arermhined through a heuristic

approach and are of the same order of magnitusalass for aggregate.

Table 4.3 Particle and boundary model parameterthéreference case

Parameter Description Value
Ep Particle Young's modulus (GPa) 40
Vp Particle Poisson'’s ratio 0.25
€p Particle to particle coefficient of restitution 50.
Usp Particle to particle coefficient of static friction 1
Urp Particle to particle coefficient of rolling frictio 0
Ey Plate Young’s modulus (GPa) 200
Vg Plate Poisson’s ratio 0.30
€y Plate to particle coefficient of restitution 0.a00
Usg Plate to particle coefficient of static friction 1
Urg Plate to particle coefficient of rolling friction 0

Parameters describing properties of geometry avengthe subscripg and the
material characteristics are based on the assumibtéd the geometry is made from a
material very similar to steel; appropriate matepiperties are taken from Gere
and Timoshenko (1990).

Parameters relating to the particles themselvegiaes the subscrigt and are kept
in similar ranges for materials such as soft rdgkestone has a Young’s modulus
in the range of 10 GPa to 70 GPa, and a Poissatiasfor rock is approximately 0.2

to 0.3 (Gere and Timoshenko, 1990); for the refezerase a value in the middle of

88



4.4 Contact model parameters for the reference case

these ranges was chosen. The density of the pamiierial was kept constant in all

simulations at 2700 kg.thsince it is not expected to affect the simulatiesults.

There are other input parameters required for dasgithe particle-particle and
particle-geometry interactions. These parameters @mnarily coefficients of

restitution, static friction, and rolling frictionNo rolling friction is considered
between either particle-particle or particle-geametteractions. Although spherical
particles were used, the bonded particles willstgzarticle rotation whilst the bonds

are intact.

It is assumed that the bonds have stiffness priegestmilar to those for hardened
cement paste, with appropriate values taken fromdeks et al. (2003). The values
for the bond strength parameters appear to be kigly when compared to the
strength properties of hardened cement pastealiné@sts showed that when values
closer to physical properties for hardened cemexstepwere used the resulting
predicted bulk strength was far too low to be cdesed as being representative of
concrete. It should be remembered that the borlesent the interaction between
portions of the subject material (represented ascpes) therefore although physical
properties can be used as a basis for bond prepeitie bonds do not directly
represent the hardened cement paste. For singplit coefficient of variation of
strength for all three strength parameters is Képt same, from experience a
relatively high value of 0.8 was chosen as it hesnbshown to create a more ductile
response. The full set of values for the bondedamrparameters can be found in
Table 4.4.
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4.5 Numerical implementation parameters

Table 4.4 Bonded contact parameters for the referease simulation

Parameter Description Value
Ep Young’s modulus (GPa) 35
Vi Poisson’s ratio 0.20
< Mean compressive strength (MPa) 500
cc Coefficient of variation of compressive strength 0.8
Sr Mean tensile strength (MPa) 60
T Coefficient of variation of tensile strength 0.8
S Mean shear strength (MPa) 60
cs Coefficient of variation of shear strength 0.8

4.5 Numerical implementation parameters

There are a number of additional simulation parareeteat need to be considered
when assessing the numerical stability of a sintafThese are principally the time
stepAt, the global damping; and the loading ratk,. All three are parameters that
are investigated further in this study. The numeimo@lementation parameters used
for the reference case specimen are shown in Tabld-dr all of the simulations in
the parametric study the time-step used will beetaks approximately 5% of the
critical time step 4teir) Which is 1x10 s for the reference case, the equations for the
critical time step are given in Chapter 3. The glat@mping is set to zero in this
study unless otherwise stated. The loading rate unséte simulations needs to be
low enough to provide a static solution whist nequiring an unreasonable
computational time. The rate for a displacementroiett machine in physical tests
is usually around 0.02 mnittsin the numerical simulations a loading rate tois
would be impractical as the computational time widut excessive. The loading rate
used in the simulations will be 200 mfh.¢each plate displacing at 100 mi.s

unless otherwise stated. For a numerical simuldtimloading rate is acceptable as
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4.6 Computed bulk response

a time step of 1xI0s means that 10,000 calculation steps need toimputed for
the specimen to displace 1 mm; as a result, thardimeffects are minimal (Cho et
al., 2007).

Table 4.5 Numerical implementation parameters ferrfierence simulation case

Parameter Description Value
At Time step (s) 1x10°
L, Loading rate (mm:$ 200
I4 Global damping 0

4.6 Computed bulk response

In total five DEM simulations were run using theemraince case input parameters,
the only difference between them being the randambrer used in the
determination of the bond strengths in each sinaraf he relevant stress-strain
curves are shown in Figure 4.12 and the computechge bulk properties are given
in Table 4.6.
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Figure 4.12 Stress-strain curves for the refersnoalation cases
Table 4.6 Bulk properties computed from the fiveerehce case simulations
Coefficient
Parameter  Description Mean of Variation
%
fe Ultimate strength (MPa) 30.95 1.28
&c Axial strain at failure 0.001248 161
Ec0.9) Secant modulus of elasticity (GPa) 28.46 0.12
Vc(0.4) Poisson’s ratio 0.1959 0.67

From Figure 4.12 and Table 4.6 it can be seen tiaattis little difference in the
stress-strain behaviour presented across theifindaions; the variation in the bulk
parameters is also minimal. There is no significhfierence in the projection of the
ascending branches of the stress-strain curvesevyewwhen approaching the peak

stress and in the descending branches there ight dispersion of the curves. These
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4.6 Computed bulk response

descending branches do all lie approximately pelrallith each other and the

residual strength is about 10 MPa for all specimens

In Figure 4.12 an apparent reduction in strain t@nseen at the end of the
descending branch of the stress strain curve. Shasnumerical effect caused by the
rapidly changing maximum overlaps between partieled the loading plates. This

strain reduction is discussed in more detail in plaeametric study where certain
numerical parameters, such as loading rate andidgntpave a significant influence

on this effect.

40

—A=run 1
35

=&=run 2

30 =o=run 3

25

—e—run5

Broken bonds (%)

0 M V ‘a'
> ¢ (0.4
0.0000 0.0002 0.0060(4 ) 0.0006 0.0008 0.0010 0.0012 0.0014 016.0 0.0018 0.0020

Straine

Figure 4.13 Broken bond curves for the referencrikition cases

The computed secant modulus of elasticity and Poissatio have a particularly
low variation; this is due to the fact that at thading instant when these values are
computed, at 40% of the ultimate compressive strengry few bonds have broken
as can be seen in Figure 4.13 (less than 4% fdr efithe five simulations). This

means that the bulk response of the specimendeviery linear at this point.

As can be seen in Figure 4.13 for all specimensetisea gradual increase in broken

bonds right from the beginning of loading. This bhecause with such a high
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4.6 Computed bulk response

coefficient of variation of strength being usedréhare some bonds which are very
weak. The breakage rate generally increases wanstt ultimate strength there is a
greater failure of bonds over a shorter strain fgefthe rate then trails off.

Approximately 18% of the total bonds have failed thye ultimate strength and

eventually around 35% of the bonds fail by the titma there is no more significant
breakage. The main failure pattern for all of thecgmens is a preferential inclined
plane; the development of this failure mechanismissussed in more detail later in

this section.

The slight variation in the ultimate strength andabstrain at failure is due to the
fact that, although all five simulations used tla@ns input parameters, the spatial
distribution of bond strengths was different focle@pecimen due to the randomness
introduced by the coefficient of variation of stgtm As described in Chapter 3 the
maximum compressive stress that a bond can resistebfailing (its compressive
stress limit) is dependent on the mean compressikength, the coefficient of
variation of compressive strength and a random munfalling on a normal
distribution; the same formulations are used tcemeine both tensile and shear
stress limits. Due to the inclusions of random namktwo simulations using the
same specimen and same input parameters will peodwo different spatial
distributions of strength i.e. the same bond inhbsitnulations may not have the
same stress limits. This means that a specimen avigineater number of weaker
bonds lying on the eventual failure plane will fadrlier (at a lower strain) and have
a lower strength. The fact that the variation seerFigure 4.12 is minimal is
probably due to the fact that there are almostA@@ponds in the initial fabric and

so a relatively even distribution of weaker borglsxpected.

In order to ensure to verify that the variatiorbulk properties, seen in Figure 4.12
and Table 4.6, was due to the spatial distributibnstoength and not due to
programming weaknesses three further tests werducted (run 2b, run 2c and run
2d). These additional simulations have the sameaspistribution of strength as run
2, presented in Figure 4.12. The stress strain suimethese additional simulations

can be seen in Figure 4.14.
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Figure 4.14 Four simulations with the same distrdyuof bond strengths

As can be seen from Figure 4.14 there is no siamti variation in the computed
results. This confirms that the variation seen igufé 4.12 is due to the spatial
distribution of bond strengths. It can be conclutleat the spatial variation in bond
strength, which arises from setting the coefficiehtariation for each bond strength
parameter, has no significant influence on the bptkperties or stress-strain
behaviour. This means that in the parametric stady, change in the stress-strain
curve seen beyond this slight variation will haweeib caused by the change in

parameter.

The spatial variation in bond strength could be ceduby decreasing the coefficient
of variation of bond strength; however this is sasra key parameter that is expected
to produce the non-linear stress-strain responsehw closer to what is expected of
a concrete specimen. The other option would be pdament a fixed seed so that all
specimens would have the same spatial distribudfdmond strengths; however, by
using a random seed there is no predeterminatiamybond strength and so a truly

random distribution can be assured. As reportedvaltbere is no significant
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4.6 Computed bulk response

difference in the predicted behaviour made wheiffardnt random number seed is

used so this method will continue to be used is $hiidy.

In order to compare the results from the refereswgrilation cases to further results
from the parametric study and to empirical data ohdhe five runs from the

reference simulation cases is used to representefeeence simulation cases. For
this study the stress-strain response and bulkeptieg from run 3 are used.
Accepted ranges for the bulk properties, as outlimeSection 4.2, are included in
Table 4.7 for comparison against the simulated teslilshould be noted that these
ranges represent possible values rather than #ispatues as may be known when

considering a particular mix design.

Table 4.7 Bulk properties for the five referenceecsisnulations

Parameter  Description Siralﬁ:\gte d A(;;re;gt:d
fe Ultimate strength (MPa) 30.54 10-70
& Strain at maximum stress 0.00122 0.002-0.003
Ec0.4) Secant modulus of elasticity (GPa) 28.47 14-42
Ve(0.4) Poisson’s ratio 0.1956 0.15-0.20

From Table 4.7 it can be seen that all of the butiperties for the reference case
apart from the strain at failure fall within thecapted range. For the purposes of
comparison with the Eurocode the DEM simulated stadimaximum stress will be

used, but it is noted to be lower than desired.

An empirical stress-strain curve is generated usiirgEurocode equation (BS EN
1992-1-1, 2004), the full relationship betweensdrand strain is shown in Equation
(4.13) which is formed by substituting Equation j4&d Equation (4.11) into

Equation (4.10):
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4.6 Computed bulk response
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To produce the empirical curve from Equation (4.t®) strain at failure. is set to
0.00122 and the value for ultimate strenfgthis set at 30.54 MPa, the same as the
values obtained from run 3 of the reference sinmtattase. The Eurocode 2
predicted stress-strain curve is compared agamstEM prediction using the

reference simulation case results in Figure 4.15.
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Figure 4.15 Comparison of DEM prediction to Eurocodeve

As can be seen in Figure 4.15, the DEM predictioesdaot show sufficient
curvature in the pre-peak region. The secant modatl28.47 GPa is just over 10 %
lower then that of the Eurocode curve — a valuelo®3 GPa. An indication of how

the stiffness changes with strain is shown in Fegui6.
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Figure 4.16 Secant modulus of elasticity and Poiss@tio against strain

0.00035

0.00030 | —&—Pair 1

~&—Pair2

0.00025 || —*—Pair3

I
I
I
!
Pair 4 I
1
|
I
I
|

&
g 0.00020
®
8
S 0.00015
o

0.00010

0.00005

o
o
o.ooooo»r:tﬂ!{ I
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012

Axial straine

Figure 4.17 Variation in radial strain for the faampling points

98



4.6 Computed bulk response

As can be seen from Figure 4.16 the Poisson’s r&toains relatively constant
throughout loading. There is an initial rapid ing®an Poisson’s ratio from zero to
approximately 0.2; the Poisson’s ratio starts ab because there is a delay between
the beginning of loading and a recorded radialirstr@he initial portion of Figure
4.16 is discussed in more detail below. A slightréase in Poisson’s ratio is seen
after loading reaches approximately 40% of thendte strength (indicated in Figure
4.16 and Figure 4.17 by the red dashed line). Bhsobably due to the exacerbation
of the radial strain due to bond breakage, whidpisarent in Figure 4.17 where the
variation in radial strains determined for the fqairs of particles is shown. An
increase in Poisson’s ratio is similar to relatigeen in experiments by Shah and
Chandra (cited by Dhir and Sangha, 1974) whereamase in Poisson’s ratio from

50-55% maximum stress was observed.

As can be seen from Figure 4.16 the secant modiiletasticity reaches a peak at
just after 0.0002 strain and then reduces withnareasing rate due to the increased
breakage of bonds. This reduction in stiffness issignificant enough to match the
non-linearity of the Eurocode prediction. Both theodulus of elasticity and
Poisson’s ratio vary significantly up until abou®002 strain. The variation in values
of secant modulus of elasticity and Poisson’s ragoto a strain value of 0.0002

strain is explored further by retrieving more daténts as shown in Figure 4.18.
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Figure 4.18 The initial modulus of elasticity andd92on’s ratio for varying loading

rates L)

When using the reference case value for loadirgy (g} there is a fluctuation in the
value of secant modulus of elasticity at smallisgas can be seen in Figure 4.18.
This fluctuation reduces as loading increases. il fluctuation is principally
due to the introduction of dynamic effects causgdhe relatively high loading rate
as well as the packing structure at the boundaviégre the porosity is slightly
higher than elsewhere in the specimen. As showRigare 4.18 by reducing the
loading rate from 100 mmsto 1 mm.§ the initial fluctuation disappears. This
initial variation does not affect the key macroscgparameters computed from the
results. The initial Poisson’s ratio at very smathims is recorded as zero because
there is a delay between the initial loading state a time where there is any lateral

deflection at the mid height which is where thesBon’s ratio is assessed.

In order to determine the mechanism through whioh $pecimen fails a cross
sectional slice, 10 mm thick, taken from the ceofréhe specimen is examined. The
pattern of broken bonds at different strains isnghn Figure 4.19.
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Figure 4.19 Progression of failure mechanism withngrease in load
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4.6 Computed bulk response

Crack propagation is on the scale of the parti@dasd, one bond failure represents the
crack propagation in the system. At the point atcithe bulk stiffness and bulk
Poisson’s ratio are determined (Figure 4.19(bgait be seen that there are not many
bonds that have failed; for run 3 this is only 3.7B¥en at the ultimate strength,
where 16% of bonds have failed the eventual faipla@e is not clear. However, on
the descending branch of the stress-strain curmd, @rresponding to a rapid
increase on the broken bond curve, the main crasleldps. By the end of the
descending branch, Figure 4.19 (e), there is Etlditional cracking noted; the main
crack widens slightly. In order to look in more @iétt the progression of the failure
plane that happens, the initiation and propagatiothe failure plane, expressed as
damage that develops in the specimen, is showngimrd-4.20. The degree of local
damage is calculated for each particle in the st using Equation (4.14). This is

equivalent to continuum damage theory:
m

D =1-5 (4.14)
BO

whereDy, is the local damagd is the number of bonds connected to that particle
and By denotes the number of bonds that were connectédatoparticle after the
bonds had been first initialised.
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4.6 Computed bulk response

The damaged area in Figure 4.20 highlights the gmyrarack which propagates from
one edge of the specimen to the other side of pleeimen forming a preferential
inclined plane. The cumulative number of bondsrfgiin compression, tension and
shear during the axial loading is shown in FiguiZl4this provides a better insight

into the dominant failure mechanism responsibldddure.
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Figure 4.21 The number of bonds failing in each enod

It is evident from Figure 4.21 that the vast mayjodf the bonds fail in tension for

this reference case, with very few bonds failingiter compression or shear. It can
be seen that the total number of bonds failing eéases steadily as the strain
increases. Figure 4.22 compares the orientatiothedfoonds before loading and at
the ultimate stress state to determine if the logdtauses any change in the

orientation.
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Figure 4.22 Orientation of contacts before loading at ultimate strength for the

three planes

Figure 4.22 shows no noticeable changes in theacburientation from the initial
state. This is due to the fact that the partickespredominantly bonded together and
the total deformation is relatively small, so nagrsficant shift in the contact

orientation can take place.

4.7 Summary of the reference case

The DEM simulation of a uniaxial compression of cate cylinder to failure using

a proposed set of reference input parameters lmsdscussed in detail. The results
show a reasonable match between the predicted-stitesn behaviour and that using
the Eurocode equation. The bulk properties for rfference case in terms of the
compressive strength, the bulk stiffness and thesBo’s ratio have been evaluated
from the DEM computations and found to fall witlire range of values expected of
typical concrete specimens. The strain at failues & little low due to the lack of
loss of stiffness shown. The set of parameters hasgroved to be a good base for a

full parametric investigation to be conducted whiglpresented in the next chapter.
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5.1 Introduction

Chapter 5 Parametric study: Part 2: influence of

the input parameters

5.1 Introduction

This chapter presents a parametric study that tigagss the influence of the model
input parameters of the Edinburgh Bonded Particledél (EBPM) on the DEM
simulation of the uni-axial compression of a coterspecimen. The influence of
each parameter will be explored whilst keepingréreaining parameters the same as
those used for the reference simulation case. ahkgoound, justification and setup
of the reference simulation case have been deskirbie preceding Chapter.

As described in Chapter 3 there are two contactetsodithin the EBPM: the Hertz-
Mindlin Contact Model (HMCM) and the Timoshenko Be&8onded Contact Model
(TBBM) which are used at non-bonded and bondedaotsitrespectively. Each of
these contact models has a separate set of inparnpters. With this in mind all of
the parameters of interest in this study can beeplanto one of the following four

categories:

1) Bonded contact parametecharacterise the constitutive behaviour at bonded
contacts, and are used exclusively by the TBBMsehaclude bond Young’s

modulus, bond mean strength and coefficient ofatim of strength.

2) Non-bonded contact parametecharacterise the constitutive behaviour at
non-bonded contacts, and are used exclusively ®HMCM; these include
particle to particle coefficient of static frictiand particle Young’s modulus.

3) Bond fabrication parameterare numerical factors that characterise how the
initial bond fabric and the bond geometry are fadmidese include contact

radius multiplier and bond radius multiplier.



5.1 Introduction

4) Other numerical parametenshich affect the behaviour of both bonded and
non-bonded contacts but are not used in the contadels; they are global

damping coefficient, computation time step and iogdate.

In the parametric study presented here the numbegradicles, the size of the
particles and the size of the specimen are notggthnThe only loading of the
specimen comes from the displacement of the loagiates; there are no external
actions on the specimen (e.g. gravity).

The predictive capability of the EBPM will be evatad by inspecting four bulk
response properties, which are generally considéoedbe the most important
engineering properties. These are: the ultimate pcessive strength, the secant
modulus of elasticity, the axial strain at failued the Poisson’s ratio. The exact
methods for determining these parameters have desoribed in Chapter 4. All four
bulk properties rely on the determination of atsteane of the following: the bulk
axial compressive stress, the bulk axial straif@nddial strain. The compressive
stress is determined by dividing the total forcéngcon the loading plates by the
cross sectional area of the cylinder, the axiaistis effectively determined by
tracking the vertical positions of the top and bwottparticles in the specimen and the
radial strain is determined by tracking the hortabpositions of particles at the mid-

height of the specimen.

Along with these quantitative properties the oJestiless-strain response including
the post peak behaviour will also be considerechofmalised stress strain curve,
produced using the Eurocode equation (BS EN 199222004), is shown in Figure

5.1 (this is a replication of the same curve désdiin Section 4.2). The curve has
been divided into three regions, in each of whibk stress-strain behaviour is

expected to be influenced by different variables.

10¢



5.1 Introduction

12 ¢

zone 3

zone 2
0.6 -

Normalised straim

0.4 {--=--=-=-7

zone 1

0.2 | i

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Normalised stress

Figure 5.1 The stress-strain curve produced b¥tirecode equation highlighting
the three zones in which there is a change in hetav

It is expected that in the near elastic regioroafling (zone 1 in Figure 5.1) very few
bonds will fail as the stresses in each bond delylito be well below their

respective stress limits. This means that the s&tain response will be
predominantly influenced by bonded contact paramefsuch as bond Young's
modulus) rather than non-bonded contacts paramétech as particles Young's

modulus).

As loading continues and the strain increases (2omeFigure 5.1) more bonds fail
and new non-bonded contacts are formed, non-bondathct parameters should
begin to influence the behaviour. In the post pesgjon (zone 3 in Figure 5.1) any

additional bond failure is likely to be governed ttne particular failure mechanism
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5.2 Influence of bonded contact input parameters

that forms. The bond fabrication parameters argl\ilko affect the initial stages of
loading most as they influence the number andngts$ of the bonds in the specimen.
The numerical implementation parameters are incutie ensure the numerical
stability of the simulations; their effect on thieess-strain behaviour is likely to be

minimal when kept within specific bounds.

5.2 Influence of bonded contact input parameters

For a given initial bond fabric the EBPM has eigigut parameters which describe
the stiffness and strength characteristics of thredb. Two of these parameters, the
bonds’ Young's modulus and bonds’ Poisson’s ratimectly affect the stiffness
characteristics for each bond. The other six patarsethe mean bond compressive
strength, mean bond tensile strength, mean bondr ské&rength, and the
corresponding three coefficients of variation, ecéerise the distribution of the

compressive, tensile and shear stress limits fcin eand.

The coefficient of variation of strength for eadheagth component has been kept
the same, so that for the purposes of this stubdyhede are covered by a single
coefficient of variation of strength (Co\{ The range of values for the bonded

contact parameters used in this parametric studivén in Table 5.1.
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5.2 Influence of bonded contact input parameters

Table 5.1 Range of bonded contact parameters used

Parameter Description Reference  Min Max
Ep Young’'s modulus (GPa) 35 5 80
Vi Poisson’s ratio 0.2 0 0.5
< Mean bond compressive strength (MPa) 500 100 1000
Sr Mean bond tensile strength (MPa) 60 40 80
S Mean bond shear strength (MPa) 60 10 80
¢ Coefficient of variation of strength 0.8 0 1.0

5.2.1 Influence of the bond Young’s modulus

The input value for the bond Young’'s modulus wagestigated for a range between
5 GPa to 80 GPa. This is deemed an appropriates famgypical concrete material.
The stress-strain response when using values @H#® and 60 GPa are compared

against the reference simulation case wWhgn 35 GPa, as shown in Figure 5.2.
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Figure 5.2 Influence of bond Young’s modulus ongtress-strain response

As the bond’s Young's modulus increases the bufkness also increases and the

strain at ultimate strength reduces, as would hEeeed. The bulk Poisson’s ratio

does not change but the ultimate strength is aftert a non-linear manner.

As expected, the predicted bulk stiffness risethasond modulus increases, this is

because the bond’s Young’s modulus directly infaemnthe stiffness of each bonded

contact. The resulting bulk stiffness for the fiahge of bond modulus tested up to
80 GPa are plotted in Figure 5.3.
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Figure 5.3 Influence of the bond Young’'s moduluglos bulk modulus

Figure 5.3 shows a linear relation between the bbomahg’s modulus and the bulk
stiffness. At the loading instant when the bulkfiséiss is determined (40% of the
ultimate strength) very few bonds in any of the damtions have failed (between
3.1% and 4.7% for all values Bf), so the bulk stiffness is very much dominated by
the stiffness of the initial bond fabric, which irfluenced by the stiffness of the

individual bonds.

As the stiffness of the bond decreases, a largerrdation is required to create the
same forces in each bond meaning that the stralailate also increases, and this
can be seen in Figure 5.4.
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Figure 5.5 Influence of the bond Young’s modulugdlmaultimate strength
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5.2 Influence of bonded contact input parameters

As shown in Figure 5.5 as the bond Young’s modiguseduced from 80 GPa to
approximately 35 GPa the bulk strength increasghtsl (approximately 7% over
this range). However, as the bond stiffness is aedufurther there is a more

significant increase in strength.

This increase in strength comes from the fact #sathe bond Young’'s modulus
decreases the strain at failure increases. Witheasing strain there is a larger
deformation of the specimen meaning that more @asgticome into physical contact
and so new non-bonded contacts are formed, ttaopship is summarised in Table
5.2. These additional non-bonded contacts add iaddit load carrying capacity

which ultimately increases the strength of the Bpen. As can be seen in Table 5.2
the percentage of load carrying non-bonded contaatsuch higher when the bond
Young’s modulus is less than 35 GPa. This is apprately the same point at which

the significant strength increase is noted. It igygested that the non linear
relationships seen in Figure 5.4 and Figure 5.5 bwyue to the complex relation
between the strain and strength and the fact beafdrce-displacment law used in
the Hertz-Mindlin Contact Model is non-linear; thiseans that for larger specimen

deformations the force redistributed in the nondexhcontacts is much greater.
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5.2 Influence of bonded contact input parameters

Table 5.2 Comparing the number of non-bonded ctstadoroken bonds at failure

Bond Young’s Number of broken Number of load Ratio of non-

modulus ofE, bonds at ultimate carrying contacts at bonded contacts to

(GPa) strength &) ultimate strengtht)  broken bondsa/b)
5 25477 7178 3.5
10 21289 4272 5.0
20 18207 1779 10.2
35 16848 617 27.3
50 17795 489 36.4
60 16300 247 66.0
80 16803 212 79.2

The bond stiffness has no significant influencerdte failure mode which remains
as a preferential inclined (shear) crack for aluea, as seen in the reference case.
The small change in post peak behaviour is caugatidochange in the number of

non-bonded contacts that are mobilised dependirtgestrain at failure.

5.2.2 Influence of the bond Poisson’s ratio

One of the principal assumptions of the TimosheB&am Bonded Contact Model is
that each bond behaves elastically up to the fipoint. Therefore a bond’s shear

modulusGy is related to its Young’'s modulls and Poisson’s ratia,, such that:

G, = o (5.1)
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5.2 Influence of bonded contact input parameters

Values for Poisson’s ratio of most materials fallthe range of 0.1 to 0.4. When
investigating the influence of bond Poisson’s rahe bond Young’'s modulus is
maintained at 35 GPa. Even if the Poisson’s rdtih® bond material is investigated
in the range 0.1 to 0.4 according to Equation (§h&)shear modulus will only vary
between 12.5 GPa and 15.9 GPa. It can be insta@dy that this is a much smaller
range than that which the Young’s modulus was itigated over (which was 5 GPa
to 80 GPa); the response is being constrained bylastic assumption. In the
parametric study the Poisson’s ratio is actualiestigated over a range of 0 to 0.5;
the influence of the bond Poisson’s ratio on thiesststrain behaviour is shown in

Figure 5.6. The key bulk parameters evaluated ftbemn DEM computation are
summarised in Table 5.3.
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5.2 Influence of bonded contact input parameters

Table 5.3 Summary of influence of Poisson’s rafiband material

Bond glttri;nnztteh Str_ain at  Secant modulus of Bulk Pqisson’s

Poisson’s ratio (MPa) failure elasticity (GPa) ratio

Vo £ &c Ec0.9) V(0.4)

0.0 30.2 0.001205 29.1 0.189

0.1 30.5 0.001212 28.8 0.193

0.2 31.2 0.001275 28.4 0.197

0.3 31.9 0.001311 28.2 0.200

0.4 325 0.001356 27.9 0.203

0.5 33.6 0.001401 27.6 0.205

As the Poisson’s ratio is increased from 0 to @b DEM model predicts a gradual
increase in the ultimate strength (up approximately 10%), with a corresponding
increase in the ultimate straig .The bulk Poisson’s ratig.p.4) also increases by
approximately 9% over this range. However the seoavdulus of elastiCityEp 4
decreases by about 5% . The relationships are showigure 5.7, Figure 5.8 and

Figure 5.9.

Increasing the bond Poisson’s ratio reduces thel lstvear modulus which in turn

reduces the shear stiffness of the bonds, andahi®e seen in the slight reduction in
bulk secant modulus of elasticity, indicated in¥&5.8. As the shear stiffness is
constrained by the limits of the elastic relatidpsshown in Equation (5.1), there is
no significant change in the initial loading portiof the stress-strain response

meaning that the observable difference is negkgibl

The apparent increase in ultimate strength caugeghlincrease in bond Poisson’s
ratio is still under investigation. There is no apmt change in the failure mode or in

the number of bonds failing. It is suggested thatihcrease in strength is related to
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5.2 Influence of bonded contact input parameters

the location of the failure. It appears that atheigPoisson’s ratios the failure is at
the mid-height and is a greater angled plane, wihls lower Poisson’s ratio the
failure is closer to the base of the specimen. ddhditional strength probably arises
from the additional frictional contacts that prowiddditional strength, as was seen
for a reduction in bond Young’s modulus above. Hesvethe increase in strength

appears to be disproportionate to the change indiiffness.

It is clear that the strain at failure is assodatgth a combination of bulk stiffness
and ultimate strength. In this instance there issigmificant difference in the bulk
stiffness so the strain at failure will be linkedttwthe ultimate strength, i.e. the

higher the ultimate strength the higher the stadinltimate strength.

This means that for the same bond forces a grdaseling plate deflection is

required. At higher deformations there are a greatenber of non-bonded contacts
that are able to carry load. This increases th& Btiength. In this instance the
relationships between bond Poisson’s ratio anchgtheand bulk stiffness appears to
be linear as shown in Figure 5.7 and Figure 5.paesvely. However this is due to

the very small range of shear stiffness investjate

As described in Chapter 4 the bulk modulus of alagtgradually reduces and bulk
Poisson’s ratio gradually increases as the stgincreased. So as the predicted bulk
Poisson’s ratio for a varying bond Poisson ratie taken at different actual strain
points this could cause the change. On inspectioenwthe bulk Poisson’s ratio and
secant modulus are taken at the same strainslfemallations the trends shown in
Table 5.3 still exist. This suggests that some &mental phenomenon in causing
this change (i.e. it is not being caused by a ckanghe sampling point). However
the range of values is not significant enough fond Poisson’s ratio to have a

significant affect on the bulk Poisson’s ratio atkomodulus of elasticity.
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Figure 5.7 Influence of the bond Poisson’s ratidleultimate strength
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Figure 5.8 Influence of the bond Poisson’s ratidlenbulk modulus of elasticity
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Figure 5.9 Influence of the bond Poisson’s ratidlebulk Poisson’s ratio
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Figure 5.10 Relationship between strain at ultinsatength and ultimate strength for

increasing values of Poisson’s ratio
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5.2 Influence of bonded contact input parameters

5.2.3 Influence of the compressive strength of the bonds

The compressive strength of the bonds is assumgadloav a Gaussian distribution.
This distribution is defined by a mean and a steshdiviation. Figure 5.11 shows
the influence of the mean bond compressive streagththe stress-strain response.
The influence of the standard deviation is discd$seSection 5.2.6 below.
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Figure 5.11 Influence of mean compressive bondhgtheon the stress-strain

response

Of the four key bulk parameters the mean bond cesgive strength only

significantly affects the ultimate strength (andseguently strain at failure); this
relationship is asymptotic (shown in Figure 5.1A3. the mean bond compressive
strength is increased from 50 MPa to approximad€l9 MPa the ultimate strength
also increases; above this value there is no furiith@ease in ultimate strength
(shown in Figure 5.12). As the ultimate strengtbréases the strain at failure also
increases; a strong positive trend can be seerebatihe two in Figure 5.13. It can
be seen in Figure 5.11 that the lower the ultinsétength the lower the drop in stress
post peak.

122



5.2 Influence of bonded contact input parameters

w B
4] o
T 1

[

o
X
X

N
(&)1
T

Ultimate strengtti, (MPa)
o N
(6] o

i
[S)
X

0 1 1 1 1 1 |

0 200 400 600 800 1000 1200
Mean bond compresive stren@h (Mpa)

Figure 5.12 Influence of mean bond compressivagtreon the ultimate strength
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Figure 5.13 Relationship between strain at ultinsatength and ultimate strength for

an increasing mean compressive bond strength
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Figure 5.14 Influence of mean bond compressivangtheon the failure mode

The reason for the asymptotic relationship betweean bond compressive strength
and ultimate strength is because there is a chantie failure mode. At relatively
high values of mean bond compressive strength (>\8Pa) the ratio of bonds
failing in tension to compression is of the orddr 1. As the mean bond
compressive strength is reduced (and the bondsnieageaker in compression)
compression becomes the dominant failure mode, fggure 5.14 it can be seen
that this change takes place wh&n< 100 MPa. As compression becomes the
dominant failure mode the fracture mechanism in shecimen changes from a
preferential inclined plane (shear crack), as deerexample in the reference case
(Figure 5.15(a) wheré&:= 500 MPa) to a thinner horizontal failure crackg(fe
5.15(b)) seen whers:= 50 MPa. After a thin horizontal crack has formtu
particles along the crack are not ejected fromsimecimen, they are locked in and
are able to transfer load. This explains the higlative residual strengths seen in
Figure 5.11; this is especially clear whgyr 50 MPa.

124



5.2 Influence of bonded contact input parameters

(EDEMAcademic (EDEMAcademic
L_Y L_Y

(a) & = 500 MPa, bonds tend to fail in  (b) Sc = 50 MPa bonds tend to fail in
tension compression

Figure 5.15 Slices through the centre each specimett bonds are shown in

yellow and broken bonds are shown in black

It can also be noted that when the mean compressigagth is lower than in the
reference case but compressive failure in not dantjrsuch as whef-= 200 MPa,

the strain at ultimate strength increases with hange in ultimate strength. The
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5.2 Influence of bonded contact input parameters

stress-strain response is more ductile. This is tduthe fact that there are more

bonds failing in compression in the pre peak region

The mean bond compressive strength has no influemt¢lee bulk stiffness or bulk
Poisson’s ratio. This is because it has no infleamt the stiffness characteristics of
the bond fabric.

5.2.4 Influence of the tensile strength of the bond

The tensile strength of the bonds in the specintdloww a Gaussian distribution
defined by a mean and standard deviation. Theanfia of the mean bond tensile
strength on the stress-strain response is shoviigure 5.16; the influence of the

standard deviation is discussed in Section 5.2.6.
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Figure 5.16 Influence of mean tensile strengthhenstress-strain response

The mean bond tensile strength has no significaiiance on the bulk Poisson’s
ratio or bulk stiffness. Generally as the mean b@mdile strength increases so does
the ultimate strength; as shown in Figure 5.17 iblistionship is asymptotic with the

ultimate strengthf,’ reaching 72 MPa when the mean bond tensile streSgt
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5.2 Influence of bonded contact input parameters

approaches approximately 200 MPa. The increase trength leads to a
complimentary increase in strain at ultimate stterag shown in Figure 5.18. There
is also a significant increase in the relativedeal strength as the tensile strength

increases.
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Figure 5.17 Influence of mean bond tensile streogthltimate strength
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Figure 5.18 Relationship between strain at ultinsatength and ultimate strength

The reason for the asymptotic relationship betwaean bond tensile strength and
ultimate strength is due to a change in failure endt relatively low values of mean

bond tensile strength the majority of bonds faitension. However, as the mean is
increased the number of bonds failing in shear alsceases (previous tests not
included here showed that shear failure is moreigant than compressive failure)

until eventually shear failure dominates; this d®over is shown in Figure 5.19.
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Figure 5.19 Influence of mean bond tensile strengtthe type of dominant bond

failure

As the failure mode changes from tension-dominarghear-dominant the ductility
of the post peak response is also affected anffexatit failure pattern develops. It
should be remembered that there is friction betwiberend plates and the specimen
providing a degree of confinement at both ends. Mtkasion failure is dominant an
inclined plane (shear crack) tends to form. This ba seen in Figure 5.20(a) when
Sr= 60 MPa. As shear becomes the dominant failureentioel fracture mechanism in
the specimen changes to a thinner horizontal caackeen in Figure 5.20 (b) when
Sr=300 MPa. This has an influence on the residuahgth because particles on a
horizontal crack face cannot move past one anakegasily as when there is an
inclined crack face. The particles at the horizbatack face are therefore more able

to transfer load leading to higher residual strbeagt
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(EDEMAcademic (EDEMAcademic
L_Y L_Y

(a) Sr = 60 MPa, bonds tend to fail in  (b) St = 300 MPa, bonds tend to fail in
tension shear

Figure 5.20 Slices through the centre each specimett bonds are shown in

yellow and broken bonds are shown in black

As can be seen in Figure 5.19 the total numberooidb that have broken by the
ultimate strength stays roughly the same no matteat the value of mean bond

13C



5.2 Influence of bonded contact input parameters

tensile strength. However Figure 5.21 shows that dbentual number of broken

bonds decreases as the mean bond tensile strecgthses.
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Figure 5.21 Influence of mean bond tensile streogtthe breakage of bonds

The full reason and extent of this shift is stitider investigation but it is suggested
that the change in residual strength is due tcaagh in failure mode coupled with a

strain at failure that is three times greater ttieat for the reference case.

5.2.5 Influence of the shear strength of the bonds

The shear strengths of the bonds in the specimbowf@ Gaussian distribution
defined by a mean and standard deviation. Theantte of the mean shear strength
on the stress-strain response is shown in Figt2; $he influence of the standard

deviation is discussed in Section 5.2.6 below.
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Figure 5.22 Influence of mean bond shear strengtthe stress-strain response

The influence of the mean bond shear strength erstitess-strain response is very
similar to the influence of mean bond compressivengith i.e. the mean bond shear
strength only influences the ultimate strength (dahd corresponding strain at
failure). As the mean bond shear strength is redidcan approximately 40 MPa

there is a decrease in ultimate strength, for \wlaleove 40 MPa no increase in

ultimate strength is seen, this is shown in Figus3.
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The reason for the reduction in ultimate strengtinswhen the mean bond shear
strength is below approximately 40 MPa is becabhseetis a change in the failure
mode as can be seen in Figure 5.24. When the mead bhear strength is
approximately 20 MPa shear failure becomes domiaantan be seen in. The two
failure modes produce similar but subtly differerdack patterns, as shown in Figure
5.25 below, it should be remembered that therad8dn between the end plates and
the specimen providing a degree of confinemenb#t bnds.

l f(EDEMAcademic
X

(a) whenSs= 60 MPa (b) whetss = 20 MPa

Figure 5.25 Influence of mean bond shear strengtthe failure mechanism
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Figure 5.26 Influence of the mean bond shear stinemg the progression of broken

bonds

When shear has more influence on the failure medgeh as whess = 20 MPa, the
crack pattern that develops still forms a planthatsame angle as the reference case
(when S = 60 MPa) approximately 35°, as can be seen inrEi%.25. When the
failure mode is influenced more by shear, the cithelt develops is thinner. This is
confirmed by looking at the progression of brokemnds in Figure 5.26. Up until the
peak load the total number of broken bonds is apmrately the same for all
simulations, these are the weaker bonds failing.eNVhhe failure mode is
predominantly tension there is continued bond kagekafter the ultimate strength
has been reached (the number of bonds brokenlartefaepresents halve of the total
number of bonds that fail). When there is a mixmirehear and tension fewer bonds
fail after the ultimate strength (the number of d®Mroken at failure represents two
thirds of the total number of bonds that fail). Wehear has a greater influence the
secondary crack is more visible, this secondargkcrans at 35° across the specimen
too. The mean shear strength has no influence estifiness of the bond fabric so

there is no change in the bulk stiffness.
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5.2 Influence of bonded contact input parameters

5.2.6 Influence of the coefficient of variation of the stength parameters

The compressive, tensile and shear strengths didhds follow a truncated normal
distribution controlled by a mean and standard atemi. The standard deviation can
be calculated as the mean strength multiplied kyctefficient of variation (CoV),
which are both used as input parameters for theemddhe strength distribution is
truncated between zero and double the mean streddta influence of the
coefficient of variationg on the distribution of compressive strength isvaman

Figure 5.27; the distributions for tension and stza similarly represented.
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Figure 5.27 Distribution of compressive bond sttBador varying coefficients of
variation, in this instance the mean strength @\&Pa — This figure is an expanded

version of Figure 3.6

As can be seen in Figure 5.27 as the CoV is ineck#ise strength distribution of
bond strength becomes more uniform in nature armd rétative impact on the
distribution decreases i.e. there is a more sicgnifi impact on the distribution when

the CoV is increased from 0.2 to 0.4 than whes ibhcreased from 0.8 and 1.0.

13€



5.2 Influence of bonded contact input parameters

To reduce the number of free parameters in thenpetrec study the CoV for all
three strength components (compression, tensionshedr) are assumed to be the
same. The influence of the coefficient of variatiom the stress-strain response is

shown in Figure 5.28.
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Figure 5.28 Influence of coefficient of strengthigéion on stress-strain response

As can be seen from Figure 5.28 as the coeffi@émariation increases the ultimate
strength reduces, this leads to a complimentaryatezh in strain at ultimate

strength. As the CoV is increased from 0.0 to Bdld is only a 2% increase in bulk
Poisson’s ratio and a 6% reduction in bulk stifsjethese are not significant.
However, the loss of stiffness for each simulatitmes vary, this is highlighted in

Figure 5.29 where the data from Figure 5.28 has beemalised against ultimate
strength and strain at failure and compared with Burocode equation (BS EN
1992-1-1, 2004).
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Figure 5.30 Influence of coefficient of variation the progression of broken bonds
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Figure 5.31 Influence of coefficient of variation the failure mode

The reason for the change in ultimate strengthdifidrence in the rate of loss of
stiffness for different coefficient of variations due to the fact that the higher the
value of CoV above unity the more bonds there atle strength less than the mean,
this relationship is shown in Figure 5.27. As carsben from Figure 5.30 and Figure
5.31 the number of broken bonds failing in the peek region is increased as the
CoV is increased, from only 2.5% of the total when O to over 20% when > 1.
Although when the coefficient of variation is lowiwer bonds have failed by the
ultimate strength, as shown in Figure 5.31, arwhit be seen in Figure 5.30 that the
total number of bonds failing increases so thatethe less difference during post
peak behaviour. When bonds break the bond fabroorhes softer and weaker,
therefore it follows that those simulations witle timost bond breakage in the initial
stages of loading are the weakest and have the logssof stiffness. As can be seen
from Figure 5.32, the lower the CoV the fewer brmok®nds appear away from the

main crack.
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From Figure 5.29 it is clear that the loss of bstikiness that is seen in real concrete

under loading cannot be solely represented usthgtabution of bond strengths.
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Figure 5.32 Influence of CoV on the failure pattern
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5.2 Influence of bonded contact input parameters

5.2.7 Summary of bonded contact parameters

All of the bonded contact parameters have an infteeover one or more of the bulk
properties as summarized in Table 5.4. The key éodrmbntact parameters are the
bond Young’s modulus, the mean bond tensile streagtl shear strength, and the
coefficient of variation of bond strength.

Given a value of mean bond compressive strengthishsignificantly higher than
tensile strength i.e. it is not influential in tfe@lure mode, then there is a relationship
between the ultimate strength and the mean borsiléeto shear strength ratio, as

shown in Figure 5.33.
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Figure 5.33 Relationship between ultimate stremagtth mean bond tensile to shear

At the macroscopic scale shear strength is grédaderthe tensile strength, but not by
much. One might expect that a similar relationsgmsts at the microscopic scale.
Therefore, the section of Figure 5.33 that is melvant to concrete is when the
value of tensile bond strength over shear bonchgtheis less than unity; within this

range the value for ultimate strength over bondgiterstrength is relatively stable
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5.2 Influence of bonded contact input parameters

meaning that if all other factors remain as desdriin the reference case that the
ultimate strength will be approximately double thean bond tensile strength. The
stable nature of this area is because tensionréadlaminates, while above this area
the shear failure becomes more influential. AltHolggure 5.33 is only directly

relevant when the reference case input parametersised it does indicate that a
stable coefficient for the ratio between ultimateersgth and mean bond tensile
strength is probable when the mean bond tensile sin€ar strengths are

approximately equal.

Whilst this study focuses on concrete there magrmeher material where the ratio
is not as similar as that of concrete. If, for epdan at the microscopic scale, the
tensile strength is higher than the shear stretigth the area on the curve above a

ratio of 1.0 would be of more interest.

The Timoshenko Beam Bonded Contact Model is puiegar elastic which would
have produced a purely linear response if there mmdreakage of bonds. The
results suggest that using CoV alone is not sefficto mimic the loss of bulk
stiffness seen in real concrete behaviour. In tlheleha reduction in local strength
and stiffness occurs suddenly as the bond breakso realistic representation may
be to include bond plasticity as a softening fumttvhich is linked to local strain,
bond stress or damage so that as the force insrdhgebond gets softer; the

implementation of a softening technique is beydreddcope of this thesis.
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Table 5.4 Summary of the influence of non-bondettaxt parameters on bulk properties and broken$ond

Input parameter Ultimate strength Strain at failure Bulk stiffness Poisson’s ratio Total broken
fe & Ec.4) Ve(0.4) bonds
Young’s modulus, \ \ T X J
Poisson’s ratia, T T X X X
Compressive Strengt®: T T X X v
Tensile Strengtls; T T X X v
Shear StrengtBs T T X X v
Coefficient of variation of l l X X 2
strengths

Where?, |, X andv indicate an increase, decrease, no influence aiflaence, respectively to the bulk property

resulting from an increase in the input parameter.
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5.3 Varying non-bonded contact parameters

5.3 Varying non-bonded contact parameters

For non-bonded contacts between particles or betweeicle and loading plate the
Hertz-Mindlin Contact Model was used. Two of thendmnded contact parameters
that are expected to have the most influence aestigated in this parametric study.

They are the stiffness and the static friction.

At the start of each simulation all inter partidentacts are bonded. Non-bonded
contacts arise as specimen deformation begins;sbrahk and particles are pushed
together. Due to the need for deformation and bbrehkage to occur before a
significant number of non-bonded contacts form tio@-bonded input parameters
are unlikely to affect the bulk stiffness or Poissoratio. However, the ultimate
compressive strength, the strain at failure andeg®nstress-strain response,
including post peak behaviour, may also be infleehd he ranges of values used in
the parametric study are shown in Table 5.5. ThiegeYoung’'s modulus is chosen
as the parameter that defines the non-bonded datifficess.

Table 5.5 range of non-bonded contact parametexs$ us

Parameter Description Reference  Minimum Maximum
Eo Particle Young’s modulus (GPa) 40 10 70
Usp particle-particle static friction 1.0 0.1 1.0
Hsg particle-geometry static friction 1.0 0.0 2.0

5.3.1 Influence of the Young’s modulus of the particles

The input value for the particle Young’s modukgswas investigated over a range of
10 GPa to 70 GPa, which is a realistic range fokr&arying the value of particle
Young's modulus was achieved by altering the plartishear modulus and
maintaining the Poisson’s ratio at= 0.25. The influence of the particle Young's
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5.3 Varying non-bonded contact parameters

modulus on the stress-strain response is show gar&i5.34, a summary of the

computed bulk properties is presented in Table 5.6.

40

35

Stresss (MPa)
N
o

15

0 8

—#~ E,=10GP4
—— E,=40GPa

> E p =70GP4

0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014 016.0 0.0018 0.0020

Straine

Figure 5.34 Influence of the particle Young’s magubn the stress-strain response

Table 5.6 Summary of computed bulk properties

Particle Young's Ultimate Strain at Bulk modulus of  Poisson’s
modulus (GPa) Strength (MPa)  failure elasticity (GPa) ratio
Ep f¢ Ec Ec(0.4) Vc(0.4)
10 29.9 0.001166 28.7 0.197
35 30.5 0.001220 28.5 0.196
70 32.4 0.001328 28.3 0.196

From Figure 5.34 and Table 5.6, it can be seenthiggparticle Young's modulus has

no significant influence on the bulk stiffness ooid3on’s ratio as expected.

However, with an increase in particle Young’s madulfrom 10 GPa to 70 GPa
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5.3 Varying non-bonded contact parameters

there is an increase in ultimate strength of appnately 8%, with a corresponding
increase in strain at ultimate strength. The peskpbehaviour also changes slightly,
with greater residual strengths predicted the higfine particle Young’s modulus.

40 |

<

o

=3 o X

K X

(@]

c

o

17

© 20t

®

£

3
10 }
0 1 1 1 1 1
0.0000 0.0004 0.0008 0.0012 0.0016 0.0020

Strain at ultimate strength,

Figure 5.35 Relationship between ultimate streagith strain at ultimate strength for

increasing values of particle stiffness

As the particle’s Young’s modulus increases th&éfngtss of non-bonded contacts
also increases. A higher non-bonded contact stiffmaeans that for the same bulk
deformation instant, a greater load can be tramsdhihrough non-bonded contacts
and therefore loading in bonded contacts is redu@®&is means that the bonds
require larger external load to fail and subseduettte ultimate strength is

increased, this is shown in Figure 5.34. The hightmate strength also means that
the strain at ultimate strength increases; thetipesielationship between these two

bulk properties is shown in Figure 5.35.
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Figure 5.36 Slice through the centre of specimeitis d¥fferent particle stiffness,

taken after the failure plane has developed



5.3 Varying non-bonded contact parameters

When the patrticle stiffness increases there isiarease in residual stress, seen after
the softening zone. The change in residual stremsgtiot due to a change in failure
mode as seen in some cases above, and the faihde i the same for all three
specimens (shear crack). Bonds continue to bre#tikeasventual macroscopic failure
plane develops in the softening zone (immediatelst4peak). There are no bonded
contacts that bridge this plane; however therenarebonded contacts. This can be
seen in Figure 5.36 where the locations of the Immmded contacts (identified as
contacts which have a positive normal force) maigho the highly damaged areas
i.e. the areas where there are no bonds. Stifferbomded contacts transmit higher
forces and so as loading continues and the looseri@ahas not been expelled from
the specimen, there are plenty of non bonded ctanthat can transmit load. With
the softer particles there is not much force traession and so there is a larger drop

in residual stress.

The particles’ Young’'s modulus has no influencetha Poisson’s ratio or bulk
stiffness because at the point when these valeedetermined (at loads of 40% of
the ultimate strength) there are very few non-bdndentacts. For the three cases
shown in Figure 5.34 the number of bonds that Hailted is all around 4% of the
total number of bonds. For all three cases atybiat there are approximately 200
non-bonded contacts of which only 50 transmit adlo& over 1 N; this is a very
small number of non-bonded contacts, this is leas 0.1% of the initial number of

bonds.

5.3.2 Influence of the particle to particle coefficient @ static friction

In the reference case, the inter-particle coefficief static frictionus, was set at a
value of 1, which is considered high. In the parmimestudy the inter-particle
coefficient of static friction was assessed at teauced intervals of 0.1 and 0.5. The
resulting stress-strain curves are shown in FidguB¥, a table summarising the

computed bulk properties is presented in Table 5.7.
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Figure 5.37 Influence of particle-particle statiction on the stress-strain response

Table 5.7 Computed bulk properties for changingigarparticle static friction

Particle-particle Ultimate Strain at Bulk modulus of  Poisson’s
static friction Strength (MPa) failure elasticity (GPa) ratio
Hsp f¢ &c E(:(0.4) Vc(0.4)

0.1 30.6 0.001184 28.4 0.194

0.5 30.6 0.001218 28.4 0.196

1.0 30.5 0.001220 28.5 0.196

From Figure 5.37 and Table 5.7 it can be cleargnsthat there is no significant
change to any of the measured bulk properties. Mewehere is a slight change in
the residual strength. If a recording of residuedrggth is taken at 0.0018 strain then
it can be seen that reducing the coefficient ofiglarparticle static friction from 1.0

to 0.5 reduces the stress by approximately 25%.eduction in coefficient of
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5.3 Varying non-bonded contact parameters

particle-particle static friction form 0.5 to 0O.leduces the stress further by

approximately 80%.
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Figure 5.38 Influence of particle-particle statiction on the breakage of bonds

Although the number of bonds broken at the ultinsitength are approximately the
same for all values of coefficient of particle-pelg static friction (20% of the total
number of bonds) the number of bonds that failha post peak region differs
slightly. As can be seen in Figure 5.38 at the kiwmefficient of particle-particle
static friction there is a significant increase time number of broken bonds

(approximately 15% at 0.0018 strain).

It is suggested that the reason for the changeesidual strength is because the
number of bonds breaking in the immediate post pegion increases when the
coefficient of particle-particle static friction iseduced. The friction between
particles is lower and so particles are able o gst each other much easier. After
the main failure plane has developed, what is searmuch larger failure plane with
a secondary crack forming a second pyramid. Thigeldailure plane instantly
reduces the residual strength, the failure pattambe seen in Figure 5.39.
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5.3 Varying non-bonded contact parameters

In the same way that changing the particles’ Yosnmgodulus of elasticity had no
effect on the bulk stiffness or bulk Poisson’sadtne inter-particle coefficient of
static friction also has no effect and for the sag@sons, i.e. there is an insufficient
number of non-bonded contacts at the instancethivste properties are calculated
and so there is minimal influence. As can be seeRigure 5.37 there is minimal

influence on the strength and strain at failure.

l f(EDEMAcademic l (EDEMAcademic
X b4

(a) whenusp= 1.0 (b) whenus,= 0.1

Figure 5.39 Influence of particle-particle statiction on the failure pattern
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5.3 Varying non-bonded contact parameters

5.3.3 Influence of the particle to geometry coefficient bstatic friction

As mentioned above, in physical tests the frichetween specimens and boundaries
has an influence over the failure mechanism. Ingammetric study the particle-
geometry coefficient of static frictionsgwas tested over a range of 0 to 1, with 1
being the value for the reference case simulalosummary of the computed bulk
properties for these simulations is shown in T&bée

Table 5.8 Computed bulk properties for changindiglargeometry static friction

Particle-geometry Ultimate Strain at Bulk modulus of  Poisson’s
static friction Strength (MPa)  failure elasticity (GPa) ratio
Hsg f¢ &c Ec(0.4) Vc(0.4)

0.0 28.2 0.00110 28.2 0.187

0.1 31.0 0.00128 28.4 0.193

0.2 30.9 0.00125 28.4 0.194

0.3 30.9 0.00125 28.5 0.194

0.4 31.2 0.00127 28.4 0.196

0.5 31.8 0.00131 28.5 0.198

1.0 30.5 0.001220 28.5 0.196

As can be seen from Table 5.8 there is no sigmfidéference between any of the
computed bulk properties wheng> 0.0 (the stress-strain response is also near
identical for these simulations). The noticeabliéedence can be seen when there is
no static friction at the boundaries, then an appnate 9% drop in ultimate strength

is noted and also a 3% fall in the bulk Poissoat®r
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5.3 Varying non-bonded contact parameters
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Figure 5.40 Influence of particle-geometry statiction on the failure pattern

Upon further investigation it was noted that thasan for the difference in bulk
parameters is due to a significant change in theréapattern. Figure 5.40(a) shows
the preferential inclined failure plane (shear kjyawoted wherusg> 0.0. However,
whenusg= 0.0 the failure pattern changes and instead boedkage (bonds still fail
in tension) occurs at the boundaries with the tag leottom loading plate, as can be
seen in Figure 5.40(b). The exact mechanism thatirscat this boundary is still
under investigation. The recommendation is madeth®friction at the boundaries

should be greater than zero.
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5.3 Varying non-bonded contact parameters

5.3.4 Summary of the influence of non-bonded contact paraeters

The influence of the non-bonded contact parameterthe bulk stiffness and bulk

Poisson’s ratio was seen to be negligible. As noaetil above this is due to the fact
that at the point at which these properties areutatled (at 40% of the failure strain)

there are very few non-bonded contacts in the rbady of the specimen. However

around failure and in the post peak region the Inmmded contacts had more
influence. The stiffness of the patrticles influemtiee ultimate strength and both the
particle stiffness and particle-particle statiction have an influence over the post
peak behaviour, including the residual strengthe Trifluences of the non-bonded

parameters tested on the bulk behaviour are surnechin Table 5.9.
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Table 5.9 Summary of the influence of non-bondedtaxt parameters on bulk properties and broken$ond

Input parameter Ultimate strength Strain at failure Bulk stiffness Poisson’s ratio Total broken
fe € Ec0.4) Ve(0.4) bonds
Particle Young’'s modulug, T T X X ()

particle-particle

static frictionusp

particle-geometry

static frictionusg

WhereT, | and X indicate an increase, decrease or no change tasgbgto the bulk property resulting from an inase

in the input parameter.
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5.4 Varying initial bond fabric parameters

5.4 Varying initial bond fabric parameters

The initial bond fabric of the specimen is congdllby the initial particle assembly
and two numerical, dimensionless input parametéis:contact radius multipliey
and the bond radius multipliér The influence of these two input parameters @n th

bulk response is discussed below.

5.4.1 Influence of the contact radius multiplier

If the value of contact radius multipligris set above 1 then the contact search radius
of each patrticle is extended past its own phys@dius; in this case particles which
are not in physical contact may become eligible donding. For a given particle
assembly the higher the contact radius multipbeseat the more bonds are formed, as
shown in Figure 5.41. In this parametric study Wiaéue ofy was investigated at
values of 1.025, 1.05, 1.1, 1.3 and compared tadfexrence case (where= 1.2).
Although higher values are permissible this studyts bonds to nearest neighbours

where possible.
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Figure 5.41 Influence of contact radius multipleer number of bonds per particle



5.4 Varying initial bond fabric parameters

The influence of the contact radius multiplier tve stress-strain response is shown
in Figure 5.42. The same stress strain responsédes normalised against failure

strain and ultimate strength in Figure 5.43.
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Figure 5.42 Influence of the contact radius mukiph on the stress-strain response
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Figure 5.43 Normalised version of Figure 5.42

As can be seen in Figure 5.42, the contact radiuiphler has a significant

influence on the stress-strain response. As théacbradius multiplier increases so
does the bulk stiffness, the ultimate strength #nedstrain at ultimate strength. As
can be seen in Figure 5.43 the lower the contaatisanultiplier the more ductile the
response. Figure 5.42 also shows that no mattecdh&ct radius multiplier the

residual strength is always approximately 10 MRasHould be noted that no
significant difference in Poisson’s ratio was sésith values computed in the range
0.190 to 0.193).

The post peak residual strength remains largelyhamged by the contact radius
multiplier, it is suggested that this is because mésidual strength is dominated by
the failure mode as shown in the sections abovenwhe tension failure dominates
then the residual strength seems to be set byrfastech as the static friction an
particle stiffness.

15¢



5.4 Varying initial bond fabric parameters

Bulk modulus of elasticit¥ ¢ 4) (GPa)
[ = N [\S] w w D N a1
o ¢, o ;] o a1 o ¢ o

a1
T

1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
Contact radius multipliey

o

Figure 5.44 Influence of contact radius multiplberthe bulk modulus of elasticity

As can be seen in Figure 5.44 there is a strongiyp®selationship between the
contact radius multiplier and the bulk stiffnessisTis simply due to the fact that
increasing the contact radius multiplier leads tgreater number of bonds in the
initial fabric (as shown in Figure 5.41) meaning thverall bond fabric is stiffer. The
relationship between contact radius multiplier dmalk stiffness is non-linear

because the relationship between contact radiugpied and the average number of

bonds formed per particle is non-linear.

It should be noted that there is not a reductiothéstrain at failure when there is an
increase in the bulk stiffness as was seen wherbdhes stiffness was increased.
This is because there is also a significant ineeasthe ultimate strength which
means a higher strain is required before failuhés ts described in more detail

below.
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5.4 Varying initial bond fabric parameters

As can be seen from Figure 5.45 there is a clesttipe relation between contact
radius multiplier and ultimate strength. This iscédese the more bonds that are
included in the initial bond fabric the greater tiéal load carrying capacity and so
the lower the force in each individual bond at giwen loading instant. This means
that a greater external load is required to caadaré in the specimen, although
percentage-wise there is no additional breakagéooids required (as shown in
Figure 5.46). Like bulk stiffness the relationslgtween contact radius multiplier

and ultimate strength is non-linear.

As mentioned above the relationships between theéacbradius multiplier and both

the ultimate strength and bulk stiffness are nomedr because the relationship
between contact radius multiplier and number ofdachcontacts is also non-linear.
However, the bulk stiffness can be plotted agdimstultimate strength as shown in
Figure 5.47.
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Figure 5.47 Relationship between bulk stiffness stnehgth for various contact

radius multipliers
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5.4 Varying initial bond fabric parameters

The relationship between bulk stiffness and ultanstrength has been compared
with the empirical relationships provided by botte tEurocode (Bamforth et al.,

2007) — which is a repetition of Equation (4.5) @hapter 4 — and American

Concrete Code ACI (Mostofinejad and Nozhatim, 2005)

E.os =2200@/(f.'/10)  (Eurocode?2) (5.2)

E.os =4700/f."  (ACI) (5.3)

As can be seen in Figure 5.47 the DEM predictioof ihe right order as both of the
design equations. It is suggested that a contdaiganultiplier of 1.1 may make the
model more closely mimic real concrete behaviohisTs in part due to the fact that
a slightly more ductile response is noted whengisircontact radius multiplier of
1.1.

5.4.2 Influence of the bond radius multiplier

The bond radius multiplier directly influences the radius of each bond (axcdbed

in Chapter 3). Although bonds do not occupy physipace in the specimen a high
value of bond radius multiplier may mean that theotetical volume occupied by
the bonds exceeded the total volume of the specifierdetermine a theoretical
maximum bond radius multiplier the maximum crosstiseal area of a bond is

equated to the equivalent local area of the spetasealescribed in Figure 5.48.
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Figure 5.48 Equivalent cross sections of a bondedact

The maximum theoretical bond radius multipligsx can therefore be determined as:

Aoy = LS \/E =1.128 (5.4)
r m

wherer, is the radius of a particle amglis the radius of a bond. It should be noted
that this is just a guideline and in fact the boadius multiplier will be examined at

a value of 1.2 to better understand the effecte@parameter.

As the same initial particle packing and contadiua multiplier are used the length
and number of bonds in each simulation will remine same. However, with an
increase in bond radius multiplier the slendernefsgach bond is reduced. The
predicted stress-strain response is shown in Figu48, and a summary of the
computed bulk properties is shown in Table 5.10.
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Figure 5.49 Influence of the bond radius multipberthe stress-strain response

Table 5.10 Computed bulk properties for changingdo@dius multiplier

Bond radius Ultimate Strain at Bulk modulus of Poisson’s
multiplier 4 Strength (MPa) failure elasticity (GPa) ratio
f¢ & Eco.9) Ve(0.4)

0.25 1.3 0.00129 1.2 0.290

0.50 5.6 0.00114 5.9 0.237

0.75 15.0 0.00122 14.9 0.214

1.00 30.5 0.00122 28.5 0.196
1.20 49.6 0.00133 42 .4 0.187

As the bond radius multiplier is increased bothuhinate strength and secant bulk
stiffness increase as shown in Figure 5.50 andr€i§lb1 respectively, the Poisson’s
ratio reduces and the strain at failure remairegixadly constant.
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Figure 5.53 Influence of the bond radius multipberbond breakage
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Figure 5.54 Influence of the bond radius multipberthe bonds failure mode

As expected an increase in the bond radius mudtipdiads to an increase in the bulk
stiffness and also the bulk strength. As the boadius is increased the bond
becomes stiffer and stresses in the bond are rdddée lower stresses mean that
the fewer bonds fail for a given loading. Theseng®s in the behaviour at the bond
level lead to a more ductile response when the badidis multiplier is decreased, as
shown in Figure 5.52. However, at a bond radiustiplidr of 0.25 the loading path
can be seen to be very unstable.

From Figure 5.53 and Figure 5.54 it can be seenatdhe bond radius multiplier
increases the number of bonds failing both at thimate strength and in total also
reduces. From Figure 5.54 it can be seen that esbtimd radius multiplier is
increased the percentage of bonds failing in sheaeases slightly. As the bond
radius multiplier is increased some of the shdrterds will become wider than they
are long and so shear becomes very important. @kemaajority of bond failure is
still through tension. If the radius of a bond ésluced (or the length increased) then

the shear stresses generated are lower and sobieweas will fail in shear.
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5.4 Varying initial bond fabric parameters

The same overall behaviour can be achieved usimgy garameters. To simplify the
model it is suggested that the bond radius mudtighould be kept at a value of one,
the bulk properties can be manipulated using githeameters.

5.4.3 Summary of the influence of bond fabric parameters

There are only two model input parameters thaterfte the initial bond fabric, they
are contact radius multiplier and bond radius rplér. They both influence the
stiffness and strength of the bond fabric. Howdkersame behavior can be achieved
by varying other parameters. Therefore when it cotodorming a calibrated model
these parameters should be kept within limits. TMdl simplify calibration
significantly. The bond fabric parameters can beduto create a similar bond
network for different particle packing. The infli@nof the bond fabric parameters

on the bulk properties is summarized in Table bdlbw.



T

Table 5.11 Summary of the influence of non-bondeatact parameters on bulk properties and broked$on

Input parameter Ultimate strength Strain at failure Bulk stiffness Poisson’s ratio Total broken
fe & Ec.4) Ve(0.4) bonds
Contact radius multiplier T T T X T
Bond radius multiplier T X T \) \’

Wheret, | and X indicate an increase, decrease or no change teghgto the bulk property resulting from an inase

in the input parameter.
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5.5 Influence of numerical parameters

5.5 Influence of numerical parameters

The primary aim of this thesis is to model cylimati concrete specimens under
quasi-static loading. The DEM is a dynamic caldalat therefore some of the
numerical parameters must be treated with carereTéie three parameters, used by
the EBPM that affect the numerical stability of immglation, they are: time-step,
loading rate and global damping. The numerical istglof a simulation can be
effectively improved by reducing the amount of roatithat occurs between time
steps; this can be achieved by either: reducingithe between calculation points,
reducing the loading rate or introducing global garg which acts against particle
acceleration. In the parametric study these thezarpeters are investigated in order
to determine suitable values for use in future wibikt promote a stable simulation

and do not lead to a loss of confidence in theltepuesented.

5.5.1 Influence of time step

For the parametric study the time sté&p was determined using the relevant
equations described in Chapter 3. For all simutetithe critical time step for bonded
contacts was found to be lower than that for noneled contacts therefore using the

solution based on a single degree of freedom imssmpring system:

At = EAtBCI’it (55)

where

Athrit = m|n2 v (56)
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5.5 Influence of numerical parameters

where Atgqrit IS the critical time step for the bonded contaéfs,is the highest
stiffness at a bonded contaat, is the smaller mass of a patrticle in that bonded
contact and? is a numerical factor which in this instance wa®sen to be 20.
Although all terms in the stiffness matrix were swolered the axial stiffness was
always found to be the largest. The time stepHerréference case, determined using
Equation (5.5) and Equation (5.6), was rounded dmaix10’s.

In the parametric study the time step was variethffive times smaller than that
used in the reference case to five times largesumary of the influence of the
time step on the bulk properties is shown in TablE2. The influence of the time
step on the stress-strain response is shown ird-ly85. For clarity the stress-strain
curves for two of the time steps used (2%&@nd 3x10s) have been excluded from
Figure 5.55; these responses were found to besiilar to that whemt = 1x10’s.
An additional simulation was run with a time stdpl6x10’s (i.e. 10 times greater
than the reference case). However, the simulati@s woo unstable and no
meaningful data could be recorded.

Table 5.12 Summary of the influence of the time ste the bulk properties

Time step (s) Ultimate _ Bulk modulus of Poisson’s

P Strength (MPa) Strainat  g|asticity (GPa) ratio

At , failure &

fe Ec0.4) Ve(0.4)
2x105%s 30.2 0.001193 28.3 0.189
1x10's 30.5 0.001220 28.5 0.196
2x10's 31.3 0.001228 28.4 0.195
3x10's 31.0 0.001258 28.4 0.196
5x10's 29.7 0.001284 27.8 0.193
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Figure 5.55 Influence of time step on stress-str@agponse

The lowest time step examined, and therefore tlieally most stable solution, was
2x10%s; from Figure 5.55 it can be seen that there isignificant change in the
response when the time step is increased by fivestito 1x10s. However as the
time step is increased by a further five times*a4®'s there is a noticeable change
in the response, with the bulk stiffness and stitebgth reducing.
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Figure 5.56 Influence of time step on the prog@ssif broken bonds

The reason for the small reduction in ultimatersite and bulk stiffness seen when
the time step was 5xI® can be seen in Figure 5.56, a proportion of telb fail

as loading commences. This reduces the stiffnesdoaa carrying capability of the
bond network causing the loss of stiffness and gedwstrength. The reduction in
stiffness and strength is not greater due to tbetFat the bonds that fail initially are
most likely to be the weaker bonds anyway; as @asden in Figure 5.56 the gap in
the number of broken bonds between the higher st@p and the others reduces as
the specimens approach failure. For the remainfifni®thesis it is suggested that a
time step of 1x10s or less should be used.

5.5.2 Influence of the loading rate

For the reference case the displacement rate fr plate was set at 100 mf.s
meaning a loading rate of 1 strain per second'{1ls the parametric study loading
rates of 0.015 0.1 & and 10 & were investigated; the stress-strain response for

these simulations is shown in Figure 5.57.
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Figure 5.57 Influence of the loading rate on tless-strain response

From Figure 5.57 it can be seen that the loaditeylmas no significant influence on
the stress-strain behaviour when kept below.1However, when the loading rate is
10 s* the model predicts a somewhat erratic responskidimg a much softer post-
peak behaviour. It is suggested that this may @etdunumerical instability arising
from high external displacements meaning equilioriis harder to reach. For the
remainder of this thesis it is suggested that difmarate of 13 or less should be

used.

5.5.3 Influence of global damping

The application of non-viscous damping in the EBBMescribed in Chapter 3 and
iIs known as global damping. The influence of globaimping on the stress-strain
behaviour is shown in Figure 5.58 with a summaryhef computed bulk properties
shown in Table 5.13.
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Figure 5.58 Influence of global damping on thessrstrain response

The red circles in Figure 5.58 highlight the diéfece in response at the end of the
descending branch, after failure. The differencendicative of different damping

terms.

Table 5.13 Summary of influence of the global dangwn the bulk parameters

Global dampin Ultimate Strain at Bulk modulus of Poisson’s
ping Strength (MPa)  failure elasticity (GPa) ratio

0.00 30.5 0.001220 28.5 0.196

0.25 35.7 0.001460 28.6 0.190

0.50 39.4 0.001667 28.9 0.192

0.75 39.7 0.001687 29.2 0.185

It can be seen from Figure 5.58 and Table 5.13 thatglobal damping has a
significant impact on the ultimate strength ancesdrat large strains. There is no

significant change to the bulk stiffness or bulkd8on’s ratio, any influence seen
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5.5 Influence of numerical parameters

may well disappear if a different initial partigecking is used. Overall the stress-

strain response is very stable even when no ghidrabping is used.

In a few instances the recorded strain appearsdiace, leading to unusual results as
seen in the post elastic region, indicated by dueaircles in Figure 5.58. This is not
a real phenomenon but comes from the way in whirgh gtrain is calculated by
considering the maximum overlap between the topgbes and the loading plate. As
failure begins and particles at the boundaries iectoose the maximum overlap
will begin to fluctuate. This is important to codsr when examining stress-strain
behaviour. However, as this region is not of priygiaterest any value for viscous
damping can be used to achieve a numerically staddelt and extract the bulk
parameters of interest.
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Figure 5.59 The influence of global damping onuislmode

The global damping is not a physical parameter, taedefore it should not have a
significant influence on properties such as thémate strength. The increase in
ultimate strength is not caused by an increasdenstrength of the bonds, in fact
from Figure 5.59 it can be seen that there isghsincrease in the number of bonds
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that have failed in tension by the ultimate strénagg the global damping increases.
This suggests that the global damping influencesntiobilisation of contact friction
at non-bonded contacts. When a low coefficientashping is used any fragments or
individual particle that break away from the mawdp of the specimen, say along
the failure plane, are able to move out of conéth their surrounding particles. In
this case they do not contribute any load carrgngd so a lower residual strength is

noted.

As described in Chapter 3 alternative dynamic plartgeneration techniques were
tested at the beginning of this project. Subsedyegiobal damping was introduced
into the EBPM to help in achieving equilibrium aad initial stress free state in the
system. With a further change in generation teamitp the one used for the
parametric study, also described in Chapter 3,glbbal damping was no longer
required. Unless otherwise stated, global dampiag been excluded from the

simulations conducted in this thesis.

5.5.4 Summary of the numerical parameters

From the analysis above it is clear that it isicaitto include the three numerical
parameters mentioned: time step, loading rate &tthbdamping when considering
the numerical stability of the model. This is espkyg true for time step and loading
rate, where it was found that these parameters bamukept below certain values for
there to be no significant effect on the overalhdgour and to ensure numerical
stability. It is also important to understand ttiese values should be kept as high as
possible to reduce computational time. It is sutgkshat a time step of 1x18 or

less and a loading rate of 1 er less should be used.

The global damping parameter does not appear toebded to improve numerical
stability. However, a non-physical influence on thek properties was noted and so
for the remainder of this project the global dangpis not used unless specifically
mentioned. There is however local contact dampihigchvis active at non-bonded

contacts.
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5.6 Summary discussion of the parametric study

5.6 Summary discussion of the parametric study

The parametric study has examined how the bondethcioparameters, non-bonded
contact parameters, bond fabric parameters and neahparameters influence the
predicted behaviour of the cementitious solid. Esebtion has summarized which
parameters have the most influence. The choiceabfeg for these parameters to
describe real materials will be examined furtherthe next chapter. A summary

discussion of the relative importance of thesempatars is presented here.

Due to the complexity of the model there are maasameters that could have an
effect on the bulk behaviour. However provided tbmaining parameters are kept
within limits, this study has shown that the keyrgmaeters that are the most

influential are:
* Bond Young’s modulus
* Mean bond tensile and shear strength
» Coefficient of variation of tensile and shear sty
» Contact radius multiplier

What follows here is a discussion of how these ikgyt parameters influence the
characteristic bulk solid properties.

In general most model parameters appear to affiecbtilk stiffness or the ultimate
strength. These in turn affect the strain at failurogically, those that affect the
stiffness of the bond fabric have most effect anghffness of the solid, while those
that affect the strength of the bond fabric havestnedfect on the bulk strength of the
cementitious solid. There are some exceptionsdfiatt both; one such example is

the Young’s modulus of the bonds.

Most importantly the bond fabric factors such as tontact radius and the bond
radius multiplier probably have the largest singléect, as they alter the bond

network and basically change the affect of othedehactors.



5.6 Summary discussion of the parametric study

5.6.1 Parameters with a significant influence on bulk sffness

Only a small minority of bonds have failed at thaenp at which the secant value of
the bulk stiffness is determined (at 40% of théndte strength). The recorded value
of the bulk stiffness is therefore primarily infueed by parameters which affect the
stiffness of the bond fabric. The major model paetars that affect the bulk stiffness

are:
e Bond Young’s modulus
« Contact radius multiplier

* Bond radius multiplier

5.6.2 Parameters with a significant influence on the ultnate strength

In most simulations, in part due to the high caééint of variation of strength used, a
proportion of the bonds have broken resulting imuanber of non-bonded contacts
forming before failure. This means that the ultienatrength is influenced by both
the interaction at bonded and non-bonded contahis.implies that most parameters
have some influence on the bulk strength. Howewemtajor model parameters that

influence the bulk strength are:
« Contact radius multiplier
* Bond radius multiplier
* Mean tensile bond strength
* Mean shear bond strength
» Coefficient of variation of bond strength
e Bond Young’s modulus

Nevertheless in the calibration procedure shownCimapter 6 some of these
parameters will be fixed to simplify the model. Thest critical parameters are
those that directly affect the strength of the btatatic.
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5.6 Summary discussion of the parametric study

5.6.3 Parameters with a significant influence on the stin at failure

Creating a relationship between the strain at faiknd the input parameters is very
difficult. This is because the strain at failureai§ected by the initial stiffness, the

loss of stiffness and the ultimate strength. Thecess for calibration should

therefore be to match bulk stiffness, loss of séiffs and ultimate strength allowing
the strain at failure to reach the right magnitude.

5.6.4 Parameters with a significant influence on the Pogson’s ratio

There are not many parameters that affect the &dssatio, which is probably
influenced most significantly by the initial patécpacking. The ones that do have a
slight influence (Bond Poisson’s ratio, coefficiaitvariation of bond strength and

global damping) are not significant enough to cleating bulk Poisson’s ratio.

5.6.5 Post peak behaviour and failure mode

The post peak behaviour, i.e. the descending brahthe stress strain curve after
ultimate strength, can be characterized in two wéys ductility and the residual
strength. Accurate modelling of the post peak behawof cementitious materials is
not the primary aim of this work. However, a braeimment on this element of the

modelling is appropriate.

The residual strength and ductility are linked wiitle failure mode of the specimen
as well as the mobilisation and significance of-bonded contacts. More ductility is
predicted when non-bonded contacts are more infliehis may be due to either
an increased number of non-bonded contacts (cdyshiajh specimen deformation)

or the parameters that are chosen for their intierac

Two common failure modes are noted, each of whiak &n influence on the
predicted residual strength. An inclined crack igsimoften seen when bond tensile
failure is dominant, as seen in Figure 5.15(a). ihlséned nature of the crack allows
for particles to slide past one another leadinigss load transfer between un-bonded
particles resulting in a lower residual strength.this case the friction between
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5.7 Conclusions

particles is seen to have an influence on the wesistrength. In other cases, most
notably when bond compression failure is dominantseen in Figure 5.15(b), a
horizontal crack forms. In this instance the loosserial along the failure plane can
be compressed against the specimen and is ablanwmiit load leading to a higher

residual strength.

5.7 Conclusions

The summary in Section 5.6 has identified key patans for modelling
cementitious materials using the EBPM. The inifparticle packing and bond
network is sufficiently robust and redundant toldaa wide range of behaviours of
cementitious materials to be modelled. Providechppropriate particle packing is
chosen and non-key parameters lie within the raregdored above, then it is
possible to assign values to the most influentelameters and hence to model a
cementitious material with appropriate behaviouespite setting up a single bond
fabric, this is sufficient to predict a wide speictr of responses to failure. In Chapter
6 the modelling of a cementitious material is o@t using the principles discussed

above.

182



6.1 Introduction

Chapter 6 Application of the Edinburgh Bonded
Particle Model to modelling

cementitious materials

6.1 Introduction

In this chapter, a simple calibration procedureiiesented in which the findings
from the parametric study are used to produce aemodpable of accurately
predicting a wide range of cementitious materidiaseour. It would be possible to
conduct a full parameter optimisation procedureshsas the one presented by
Johnstone (2010), but that is not the aim herepByiding appropriate values for
parameters which have minimal influence on the nalkaviour, the choice of model
parameters to produce the intended computed bslhorse is made much easier.
This ultimately leads to a solution with the samedixctive power but fewer input

parameters.

6.2 Calibration procedure

The aim of the calibration procedure is to detesrarworkable relationship between
key model input parameters and the model’s predlibidk response of a concrete
cylinder under uni-axial compression. In this imst, these predictions are
compared to those made for the same specimen tisngurocode equations (BS
EN 1992-1-1, 2004). The four properties used torattarise the quantitative

response of the cylinder are: the ultimate strefgthithe strain at ultimate strength
&c, the secant bulk modulil 0.4y and the bulk Poisson’s ratigo.4. These properties

were previously defined in Chapter 4.
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6.2 Calibration procedure

The Eurocode (Table 3.1 in BS EN 1992-1-1:2004yiolkes empirical relationships
between the ultimate cylinder strendthof a physical specimen and both the bulk
secant modulus and the strain at ultimate strengthese relationships are

reproduced here as Equation (6.1) and Equation (@spectively:

Ec(0.4) =223/(f.'/10 (6.1)

£, =0.0007(f.")*" <0.0028 6.2)

It should be noted that Equation (6.1) has beed irs€hapter 4. The Eurocode (BS
EN 1992-1-1, 2004) also provides suggested strentihses for concrete; the
minimum ultimate compressive cylinder strength give 20 MPa and the maximum
is 98 MPa. Generally, the ultimate strength is degno be the most important
property to engineers and so will be the primamget property for the model
calibration. For the purposes of this calibratitudy, the range of ultimate strength
is extended so that the model is calibrated toipreglinder strength over the range
10 MPa to 100 MPa. This allows the predictive cdpas of the model to be tested
over an order of magnitude. Using Equation (6.1d &guation (6.2), equivalent
ranges for bulk modulus and strain at ultimatengjtie can be determined. The
values representing the upper and lower limits ttoese ranges are shown in
Table 6.1.

The parametric study showed that the model inptarpaters have limited influence
on the bulk Poisson’s ratio. It is suggested thatd is more influence imposed by
the initial arrangement of bonds and particless tkicurrently under investigation.
For the purposes of this calibration procedure, Itk Poisson’s ratio will be
expected to lie in the range 0.1 to 0.3, with valsieggested around 0.2.
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6.2 Calibration procedure

Table 6.1 Ranges for bulk properties using the Enate

Property Description Min Max
f Ultimate strength (MPa) 10 100
Ec 0.4 Bulk secant modulus (GPa) 22.0 47.4
&c Strain at ultimate strength 0.0014 0.0029

The parametric study found that there are a nurobenodel parameters that have
varying degrees of influence over the bulk progsttiAs mentioned above, it is the
ultimate strength which is the main target propefoflowed by the bulk secant
modulus and finally the strain at ultimate strength

A model calibration procedure is described below;itj a single initial particle
packing is used. The majority of model input pareereare fixed whilst a few key
parameters are determined from standard formulaghab the predicted bulk
properties match the target bulk properties.

6.2.1 Setting the initial particle packing and bond fabric

The parametric study revealed that a fixed inpiatticle packing is versatile enough
to produce a full spectrum of concrete behaviowar simplify the model calibration,

the initial particle packing is kept constant firsamulations. The particle packing is
the same as that for the specimen produced fquahemetric study. The initial bond

fabric is characterised by the properties shownhahble 6.2.
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Table 6.2 Characterisation of a reference DEM model

Parameter Description Value
h; Initial specimen height (mm) 200
Asatio Aspect ratio — height to diameter 2:1
Np Total number of particles 20,561
n Porosity 0.37
lav Average patrticle radius (mm) 2.14
I min Minimum particle radius (mm) 1.28
I max Maximum particle radius (mm) 3.02
o Dispersion factor 0.81

The initial bond fabric is defined by the initiahmgpicle packing structure and the
bond fabric numerical parameters (contact radiugdtipher », and bond radius
multiplier 1). The parametric study showed that both of thesspegrties had a
significant influence on the bulk response. Howeitewas determined that the bond
radius multiplier should be excluded from the cailon and maintained at a value
of 1 for all simulations. The contact radius muigp has been set at 1.1. Using the
results from the parametric study this contact usdnultiplier should provide a
slightly more ductile response than a higher cdntadius multiplier whilst still
maintaining a dense bond network. This means keasetis an average of 8.23 bonds

per particle.

6.2.2 Setting the additional non-key model input parametes

With the initial particle packing and bond fabricst&blished the remaining
parameters that must be selected are those thett dffe numerical stability and
those that affect the two contact models. It waterdaned that the numerical

stability of the simulations is ensured when theetistep and loading rate are kept
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6.2 Calibration procedure

within certain bounds. In accordance with thishie talibration procedure the time
step used waat = 1x10’s which was always at least 10% of the criticaletistep
and the loading ratie, = 1 %,

The parametric study showed that the non-bondethcbparameters have a limited
influence on the bulk behaviour. However, a higparticle Young’s modulus
produced a more ductile response and a lower p#sdicle static friction enhanced
the development of the failure plane, so suitaldkies have been chosen for the
model calibration, the other non-bonded contactupaters are kept at the same
values as in the reference case used above. Aweipdrametric study, no rolling
friction is considered between particles. A summafythe non-bonded contact
model input parameters used for all simulationshi;» model calibration procedure

are shown in Table 6.3.

Table 6.3 Non-bonded contact parameters used icalif@ation procedure

Parameter Description Value
Pp Particle density (kg.i) 2700
Ep Particle Young’s modulus (GPa) 70
Vp Particle Poisson’s ratio 0.25
Usp Particle-particle static friction 0.5
Hsg Particle-geometry static friction 1
€p Particle-particle restitution 0.5
€g Particle-geometry restitution 0.0001

From the parametric study it was found that, fogieen initial bond fabric, the
bonded-contact parameters had the most influenceth@rbulk behaviour. As the

parameters for bond fabric, numerical stability aod-bonded contact have been set
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relationships can be established between the becmi@dct parameters and the

predicted bulk response.

The bond Poisson’s ratio was found to have a sligiitence over the ultimate
strength; however, as a greater influence was d®envarying the strength
components of the bonds the bond Poisson’s rasobkean set at 0.2 for the model
calibration simulations. The coefficient of varatiof strength was found to have a
significant influence on the ductility of the resse, being the property that affected
the loss of stiffness through the progressive kagakof bonds. The coefficient of
variation of strength for the model calibrationset at 0.8; the parametric study
showed that this value provided the system withes@hasticity without causing an
excessive amount of bond failure in the near elastigion of loading. The
parametric study also showed that tensile and dhead failure was sufficient to
produce the failure plane. Therefore, to furthenify the model calibration, the
mean bond compressive strength will be set to finees that of the mean bond
tensile strength; this high ratio was set so ttatdbfailure through compression is
unlikely. The coefficient of variation of compregsistrength is set to zero. This
leaves only a few key parameters which are usethesvariables in the model
calibration: bond Young’s modulus, mean bond tensifength and mean bond shear
strength. In the parametric study a range of tensd shear strengths was
investigated. It was found that a satisfactoryuf@lplane developed when the mean
bond shear strength was equivalent to the mean tersile strength, as such this
relationship will be maintained in the model cadition. The full influence of this
ratio is still under investigation. A summary ofetltbonded contact model input
parameters used for all simulations in the modebiedion procedure are shown in
Table 6.4.
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Table 6.4 Bonded contact parameters used in titeratibn procedure

Parameter Description Value
Ep Bond Young’s modulus (GPa) variable
Vi Bond Poisson'’s ratio 0.2
< Mean bond compressive strength (MPa) =HxS
Sr Mean bond tensile strength (MPa) variable
S Mean bond shear strength (MPa) £S
e Coefficient of variation of compressive strength 00.
cr Coefficient of variation of tensile strength 0.8
¢s Coefficient of variation of shear strength 0.8

The total number of free input parameters for trmdeh calibration procedure has
been reduced to two. It is proposed that this mugh to produce a wide range of
concrete behaviour. The calibration proceduressutised below.

6.2.3 Determining the relationship between material bulkstiffness and
the bond Young’s modulus

The ultimate strength is the most important bullopgrty for most practical
applications. The parametric study has shown thatet are many model input
parameters that influence it including the bond g modulus. On the other hand
the same parametric study has demonstrated that,gwen initial bond fabric, there
are only two parameters that have a significaritiémfice on the bulk stiffness. They
are: the bond Young’'s modul&s, which directlyinfluences the bulk stiffness, and
the coefficient of variation of strength which udinces the rate of loss of stiffness.
The coefficient of variation of strength is keptnstant in the model calibration as

described above.
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By using the model input parameters outlined abawd, maintaining the tensile and
shear strength so th& =S = 60 MPa, the relationship between bond Young's
modulusE, and predicted bulk secant modulbgo.s) can be established. For this
stage of the calibration any value f8r could be used, however, using the results
from the parametric study a value of 60 MPa shquitiuce a typical response. As
described above the strengths used in the modehaoh greater when compared
against the strength properties for hardened cemaste. It must be remembered
that the bonds are not supposed to match the ¢bastics of hardened cement paste
as they are just a representation of the intenadigtween portions of the material.
In total five simulations are run with bond Youngisodulus increasing between
10 GPa and 70 GPa; The influence on predicted mdlulus is shown in Figure
6.1.
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Figure 6.1 Relationship between bond Young’s maslahd the bulk modulus

As can be seen in Figure 6.1 there is a strongiinelationship between the bond
Young's modulus and the bulk secant modulus, #letionship can be described by

the following equation:
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Eb = 1'55Ec(04) (63)

Using Equation (6.3) the bond Young’'s modulus cardbtermined for any desired
bulk secant modulus. The two bond Young’s moduleguired to produce the
minimum and maximum bulk secant modulus, as presdrin Table 6.1, have been
determined using Figure 6.1; these values have begked on to Figure 6.1 as the

minimum in blue and the maximum in red.

6.2.4 Determining the relationship between model input peameters and
the bulk strength

The parametric study noted that a reduction in bgodng’s modulus leads to an
increase in ultimate strength. This is due to thet fthat a greater specimen
deformation is seen when the bond stiffness is tovedlowing an increasing
engagement of non-bonded contacts which incre&sebulk strength. With this in
mind the bond Young's modulus should be taken ictmsideration when
determining the relationship between the model tinparameters and the bulk

strength.

The other parameters that the parametric study etidvad the most influence over
the bulk strength are: mean bond tensile strength @efficient of variation of
strength, mean bond shear strength and coeffi@oéntariation of strength, and
particle Young's modulus. All of these parameteavéh been set, apart from the

mean bond tensile and shear strengths.

If the mean tensile and shear strengths are re{atdtis case they are kept equal so
that St = &), then for a known bond Young’s modulus a relatigmsian be found
between mean bond tensile streng§tlthe mean bond shear stren§fand the bulk
strengthf.’. As this relationship depends on the bond Youmg&dulus a set of
curves is generated relating the mean bond teasdeshear strength to the predicted
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ultimate strength. The two curves shown in Figu&répresent the upper and lower

limits of bond Young’s modulus determined from Fg6.1.
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Figure 6.2 Relationship between mean bond stresmgdhultimate strength for

varying values of bond Young’'s modulus

Therefore the relationship between mean bond tersilengthSr and ultimate

strengthf,’, whenEy, = 34.2 can be expressed as:

f '=0.0003S,” + 0.3627S, (6.4)

And whenE, = 73.6 as:

f '=0.0002,° +0.32735, (6.5)
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6.3 Example simulations with comparisons to Eur@cod

As can be seen in Figure 6.2 the difference inipted ultimate strength increases as
the bond strength is increased. This is due tdatiethat at higher bond strengths a
greater specimen deformation is required befolarawhich means that there are a

greater number of non-bonded contacts which aretalikfansmit load.

6.3 Example simulations with comparisons to Eurocode

The relationships between key model input parareetad the bulk behaviour have
been established for a given particle assemblyortter to assess the accuracy of
these relationships three simulation cases werduwmed, each of which had a target
ultimate strength of either 10 MPa, 55 MPa or 10@aMThe respective bulk secant
modulus and strain at failure can be determinech feonpirical relationships given in
the Eurocode (BS EN 1992-1-1, 2004), and reproduzedEquation (6.1) and
Equation (6.2). The target bulk properties for éhédsree cases are shown in Table
6.5.

Table 6.5 Target values for bulk properties

Property Description Casel Case?2 Case3
f Ultimate strength (MPa) 10 55 100
Ec(0.4) Bulk modulus of elasticity (GPa) 22.0 38.8 47.4

& Strain at ultimate strength 0.0014 0.0024 0.0029

Using the procedure outlined above the key mod@utinparameters can be
determined for each case. As ultimate strength0d¥iPa and 100 MPa were both
used as limits in part of the calibration procedilme key input parameters for these
cases are known. What follows is the determinatdnthe bond model input

parameters for case 2 when the target strength MPsa.

The target bulk stiffness for case 2 has been kbl as 38.8 GPa, using
Equation (6.3) the required bond Young’s modulugosnd to be 60.3 GPa so
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60 GPa will be used. To determine the mean bonsiléestrength required a bond
Young’'s modulus of 60.3 GPa is set as the targktevim both Equation (6.4) and
Equation (6.5), a goal seek operation is conduictegpropriate software (Microsoft
Excel) to determine the bond strength to be uski frovides values for mean bond
tensile strength of 136 MPa if the bond Young’'s miad were 34.2 GPa and
154 MPa if the bond Young’'s modulus was 73.6 GPath®& bond Young’'s modulus
being used lies between 34 GPa and 74 GPa a liméarmolation is used to

determine that the mean bond tensile and sheangsireare set at 145 MPa. The
stress-strain responses for the three target casesshown in Figure 6.3, the

predicted bulk properties are compared to the tanggperties in Table 6.4.

120

- - - Eurocode - targdt,' = 10 MPa
Eurocode - targdt,' =55 MPa
Eurocode - targdt,' = 100 MPa
—»—Model - targef .' =10 MPa
— 4+ Model - targef .' =55 MPa
_ o Model - targef ' =100 MPa

100 j

80 |

60

Stresss (MPa)

40

20

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004
Axial straine

Figure 6.3 The stress-strain response for the ttases
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6.3 Example simulations with comparisons to Eur@cod

Table 6.6 Comparison of target and predicted bubperties

Case Parameter Target Predicted % error
Ultimate strength, (MPa) 10.0 9.5 5.0
Bulk stiffnessE; (0.4)(GPa) 22.0 21.8 -0.9
Strain at ultimate strengtly 0.0014 0.0005 -64.3
Bulk Poisson’s ratia, - 0.196 -
Ultimate strength, (MPa) 55.0 53.0 -3.6
Bulk stiffnessEc (.4)(GPa) 38.8 39.3 1.3
Strain at ultimate strengtly 0.0024 0.0015 -37.5
Bulk Poisson’s ratia, - 0.195 -
Ultimate strength, (MPa) 100.0 100.0 0.0
Bulk stiffnessE; (0.4)(GPa) 47.4 48.8 3.0
Strain at ultimate strengtly 0.0029 0.0024 -17.2
Bulk Poisson’s ratia, - 0.201 -

From Table 6.6 it can be seen that in all threesdse models predicted ultimate
strength and bulk stiffness are within 5% of thegéd values; the strain at ultimate
strength however, is always underestimated. Thdigiesl bulk Poisson’s ratio is

approximately 0.2 for all three cases, which isppropriate value.

The percentage error between the model predicted target ultimate strength

reduces as the target strength is increased. Atgettultimate strength of 100 MPa
there is no difference between the two. Initially fow target strengths the model
under predicts the bulk stiffness, however as #inget strength increases the model

begins to over estimate the bulk stiffness.
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The strain at ultimate strength is always undemeged by the model but with
increasing target ultimate strength the percenthfjerence decreases. From Figure
6.3 it can be seen that the model generally pre@ianore brittle response then that
given by the Eurocode prediction. The primary béaitlire mode for all three cases
is through tension resulting in the failure patteas shown in Figure 6.4. In each
case a primary crack forms at the mid height ofgpecimen and branches towards
the edges of the specimen.

2

l < {EDEMAcademic l . {EDEMAcademic l . {EDEMAcademic

(a) for case 1 (b) for case 2 (c) for case 3

Figure 6.4 Slices through the centre of each dag&isg the intact bonds (yellow)
and broken bonds (black)

6.4 Conclusions

A model calibration procedure has been describeidhmnses only two parameters,
bond Young’s modulus, and mean bond strength (as1rhend tensile strength and
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6.4 Conclusions

mean bond shear strength are set as equivalentpjptiuce a model for use with

cementitious materials.

The model calibration was used so that the moded used to predict the bulk
behaviour and achieve three target specimens whiete using the empirical

Eurocode equations.

The calibration procedure proved to be versatileugh so that the model provides a
good predictor for the material in the elastic oggiThe ultimate strength and secant
bulk stiffness were matched with a good degreecofieacy. However it is clear that
the predicted behaviour from the Eurocode is notchea fully by the model. The
model under predicts the loss of stiffness when pamed with the Eurocode
prediction. Although non-linear behaviour is seenthhe model enhanced by the
progression of broken bonds (introduced by theatiam in bond strength) it is clear

that this is not enough to show the same levelastigity as the Eurocode equation.

It is suggested that using the model calibratioesented above, and for a given
particle packing arrangement, the model can prabdetbulk stiffness and ultimate
strength accurately. However, additional plastictyequired for the strain at failure
to match the Eurocode prediction. It is suggeshed this could be achieved either
through the insertion of a softening term in thiéfregss calculation or through the
reduction of the shear or compressive strengthsnastigation in to the suitability

of these methods for achieving greater softeningabeur is beyond the scope of
this thesis but is an obvious next step in the lkbgveent of the Edinburgh Bonded

Particle Model.



6.4 Conclusions
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7.1 Application to simple structural elements

Chapter 7 Further applications of the Edinburgh
Bonded Particle Model

This chapter presents the application of the EdigibuBonded Particle Model
(EBPM) to examples other than concrete cylindergheé first section the EBPM is
used to predict the response of structural elesnenioad. In the subsequent section
a series of further simple applications are descrilmamely the modelling of the
quasi-static loading of cubes in compression arithagrs in tension, the modelling
of the dynamic loading of cementitious materialad ahe interaction of fibre
reinforced polymers (FRP) and concrete. Theserlafiplications show the potential
capabilities of the model, but an in depth studgadh is not included here.

7.1 Application to simple structural elements

The theoretical solutions to the loading of simgtieictural elements are known and
well understood. By utilising the fact that the Hed contact part of the EBPM is
based on beam theory it is suggested that the nstaelld be able to be conduct
“conventional” structural analysis of beams, frammsd plates. If the DEM
predictions, made using the EBPM, provide an adequoaatch to the theoretical
solutions then the EBPM will be validated for usemore complex structures. This
section considers beams, frames, plates and rihggded within the elastic region.
These structural elements can be modelled usinge®iM as they can all be
constructed from a mesh of bonds, the constituteleaviour of which is based on
the Timoshenko beam theory. By ensuring the EBPMuiable for simple structural
analysis the potential for modelling both granutaaterials and structures within the
same DEM framework is opened up. The reason sistpletures such as rings and

plates are of interest is that they could evenyuadl used for the basis of modelling



7.1 Application to simple structural elements

structural walls and the interaction between them granular materials such as in

the case of a silo or mechanised equipment.

7.1.1 Cantilever beams

A concentrated forcP is applied horizontally at the free end of a fiege member
AB as shown in Figure 7.1(a). The theoretical trarsvedeflectiorw and slopev’ of
the centroidal axis of the beatan be determined at any distaxckom the fixed

end using equations (7.1) and (7.2) derived froengbverning equations, presented

in chapter 3.
w=PX (3 P (7.1)
6EI GA
W =X (oL x4 Pl (7.2)
2E| GA

where L is the length of the membeE| its flexural rigidity, GA/f its shearing
rigidity.
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A —0.2m Z88—0.2m
K
0.4m
4\
4m 4m
A
0.5m
/N —ﬁk
X, U
Fixed particle — Fixed particle —
w4 (. Lz AN
A———0.4m A—A#—0.4m
(a) schematic memb&B (c) 2 particles, 1 bond (c) 9 particles, 8 bonds

Figure 7.1 A cantilever beam with two DEM represdions

By substitutingx =L into equations (7.1) and (7.2) the tip deflectigrand rotation
0s can be determined:

3
- PL N PLE (7.3)
3ElI GA
2
= PL +P_fs (7.4)
2EI GA

Four DEM representations of cantilever beams, fafbor meters long, are created
using between two and nine particles with bondsveenh them. One particle is

restrained against all six degrees of freedom,esaprting the fixed support. Two
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7.1 Application to simple structural elements

examples, using 2 and 9 particles, are showrignre 7.1(b) and Figure 7.1(c). The
bonds in all four specimens have the same mateaberties and radius
En= 200 GPay,= 0.3 and}, = 0.1 m and are all considered to be not ablaitoAn
external load of 100 kN is applied horizontallythe free particle and the deflection
of the particle recorded. A low computational tistep is used and a relatively small
global damping applied so that the system comeed this is assumed to happen

when the maximum particle velocity is below 151@m.s".

Using Equation (7.3) and Equation (7.4) the thecaktend deflection of the free
particle and the end rotation arég=136.00 mm anddfg=2.9207 radians

respectively. The DEM predictions of tip deflectiand rotation from each test are
recorded and compared against the theoretical s¥ahigeshown in Table 7.1.

Table 7.1 DEM predictions for a cantilever beamhvend load®

Number of  Number of DEM predicted tip deflection % DEM predicted rotation %

particles bonds deflection (mm) error tip slope (rad) error
2 1 135.89 0.07 2.9164 0.15
3 2 135.85 0.11 2.9155 0.18
5 4 138.88 0.09 2.9160 0.16
9 8 136.20 0.15 2.9214 0.02

The final positions and orientations of the paecin the DEM simulations are used
to determine the deflection and rotation at poaitsg the beam; they are found to
match the theoretical values extremely well. Inet clear why the recorded errors
shown in Table 7.1 are not monotonic; it is possithlat as the magnitudes of the
errors are so small numerical rounding errors caddount for the variation. The
DEM predictions for deflection and rotation, whesing nine particles and eight
bonds, are plotted against the theoretical solatioletermined from Equation (7.1)

and Equation (7.2), in Figure 7.2 and Figure 7.3.
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Figure 7.2 Nine particle DEM prediction and themadtsolution of the deformed

position of a single column subject to end load
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Figure 7.3 Nine particle DEM prediction and thematsolution of the deformed

slope of a single column subject to end load.
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7.1 Application to simple structural elements

7.1.2 Single storey plane frames

In this example a simply plane frame structure timg of three members
connected at jointd, B, CandD, as shown in Figure 7.4, is considered; joi&nd

D are fixed and joint8 andC are rigid.

B C

P

X,U

Z,\\
A D

Figure 7.4 a single story single frame

A concentrated loa® is applied horizontally at joir®; the force acting on the frame
and the resulting translations are in the plandahef structure, so only in-plane
deformations of the members are considered. Ifflthaural rigidity EI of member
BC is significantly greater than that for the twowah members then membekB
andCD can be considered to act as fixed-fixed columrsngdJthis assumption the
deflectiondg and rotationdg at joint B in the global z direction can be described

theoretically as:

_ PLE(1+®) (7.5)

S
SV, =

0, =0 (7.6)
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7.1 Application to simple structural elements

where L is the length of member&B and CD, and ® is the Timoshenko shear
coefficient of the member (Gere and Weaver, 19858 stiffness at the joint is
effectively double that for a single fixed-fixedlemn as both columns are resisting
the load.

Using the EBPM the same frame can be created tsurgparticles and three bonds
as shown in Figure 7.5. All the bonds are given saene material properties,
Ep,= 200 GPay,= 0.3 and shear form factor, while the geometrmpprties of the

members differ, as shown in Figure 7.5.

6m

4
B (free) —\ /‘ v C (free)
1S

P — 0.8m —AF

02m— “

A (fixed) D (fixed) —,

]

)

0.4m

Figure 7.5 DEM representation of a single storynieastructure, the two columns

have the same geometrical properties

If an external horizontal force of 100 kN is apgli® particleB, the DEM predicted
deflection of particleB is 17.14 mm which is only 0.4% higher than theotkécal
value of 17.07 mm, while the rotation of particlesBonly 0.0018827 degrees, which
Is not significantly above zero.
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7.1 Application to simple structural elements

The lateral displacement of node B decreases afiegral stiffness of the bond
between particle and C representing the beam is increased, and the #éxur
stiffness of the other two bonds representing tilamans remains constant. This is
due to the fact that the behaviour changes fromdgmenantly sway to
predominantly beam bending and so the solutionrdes from that of a fixed-free
column to one in which the rotation at the topled tolumn is restrained to be zero,
as can be seen in Figure 7.6.
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ratio of beam to column flexural stiffness

o

Figure 7.6 Lateral displacement of particle B, wagythe ratio of beam to column

flexural stiffness

Figure 7.7 shows the same results over a smalieger of beam to column flexural
stiffness ratio to highlight that the combined meaalsm is readily detected.
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Figure 7.7 Lateral displacement of particle B, wagythe ratio of beam to column

flexural stiffness in the range zero to 20

7.1.3 Thin rectangular plates

Thin plates are structures for which one dimensgibitkness) is much smaller than
the other two dimensions (width and length). Plates generally designed to resist
distributed loads, applied normal to the plate atef which cause transverse
deflections; concentrated loads may lead to pumcsinear failure. Solutions, such as
those compiled by Roark and Young (Young, 1989, lca used to determine the
theoretical maximum deflection of plates under masi loading conditions; the

deflection is highly dependent on the boundary degs imposed.

7.1.3.1Representation of a plate

The EBPM which is based on a beam theory, cannatskd to directly reproduce
the behaviour of a plate. Authors such as Yettrawh ldusain (1965) have shown
that a plate can be represented as a grid of igai@nelements. In the representation
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7.1 Application to simple structural elements

presented here a plate, of widtland lengttb, can be discretized into a grid &fby
& elements each of lengthha and width4b as shown in Figure 7.8(a). In the
approximation using the EBPM the grid elements re@daced by a set of bonds

which are rigidly connected by particles as showRigure 7.8(b).

A 4a — Grid element
7 —X
b~
Aab
b
X 3
" % Bond’ L
y/l /\T g U 7
X X
(a) A plate divided int@, by &, elements (b) DEM representation

Figure 7.8 Approximation of a plate using the EBPM

External forces can be applied to one or more @asti(internal-unconstrained at
boundaries, shown in black Figure 7.8(b)) to impesther a concentrated or
distributed load. As the EBPM does not allow exaéforces to be applied to bonds;
an even number of grid elements should be used walsngle central point load is
applied. Boundary conditions, such as fixed or $ynspipported, can be imposed by
reducing the number of degrees of freedom the gbestiforming an edge or corner
(yellow or red Figure 7.8(b)) have. The plates niledein this study are all

considered to be rectangular, of uniform thickreass isotropic.

In the EBPM approximation both the flexural rigidand the axial stiffness of the

bonds are matched to those for an equivalent spidre glate. For simplicity the grid

20¢



7.1 Application to simple structural elements

discretization will use square elements so thadbannning either parallel to the

or y axis will have the same properties. The flexurgidity of the bonds can be
determined so that for a single element of widibh

4 3
El, = Bty _ Epael 2D (7.7)
4 lil_vplate )

WhereEy, I, andry, are the bond’s Young’s modulus, second momentred and
radius respectively anByae, vpiate@ndt are the plate’s Young’s modulus, Poisson’s

ratio and thickness respectively. The axial stégef the bond is also matched to
that of the plate such that:

(7.8)

Knowing that the bond length, =4b =4a equation (7.8) can be simplified and

rearranged in terms @&, and then substituted into equation (7.7) to detszm,,
such that:

t2

_ 7.9)
e (
1_Vplatez
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7.1 Application to simple structural elements

By substitutingequation (7.9) into equation (7.B) can be determined:

pIateAb(l_ |/platez) (710)
Tt

_3E

It can be seen from equation (7.9) that, unlikeldbad’s Young’s modulug, the

bond radiusy, is independent of the number of grid elements .used

7.1.3.2Convergence test on a square fully fixed plate undeentral

point load

A convergence test is conducted firstly to testhingothesis that for a given loading
and boundary conditions as the number of grid ehlsnés increased the error
between the DEM predicted and theoretical maximafitedtion reduces. Secondly
this enables the determination of a suitable nurobetements required to provide a
close approximation to the theoretical behaviodr.sl unlikely that the DEM
prediction will match the theoretical solution pesty as it does not include
deflections due to shear; nevertheless a closeappation should be obtained. The
convergence test uses a representation a fullg fsquiare plate subject to a central
transverse loadP. Using equations presented by Timoshenko and Wwshkg-
Krieger (1959) the maximum theoretical displacendggs will occur at the centre of

the plate, so that, assuming small deflections:

5 = kPb (7.11)

plate

wherek is a numerical factor dependent on the ratio efuidth to the length of the

plate; in this instanck = 0.0611 for a square plate @& b =1 m. The parameters
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7.1 Application to simple structural elements

plate areg = 0.005 mEpjae= 20 GPa andpae= 0.3. WherP = 50 Ndmaxz= 1.22 mm
in the direction of the load.

The same plate is modelled using six differentigiasbond configurations, each
representing a different number of grid elementsing equation (7.9) the
ro=3.0261 mm for every bond in the simulation. Th@sBon’s ratio of the bonds
vp = 0.3 bond’s Young’'s modulus, calculated usingatigu (7.10), varies depending
on the number of grid elements used, the valuestaren in Table 7.2.

Table 7.2 DEM predictions matching theory by imsiag the number of element

Number of grid Element length Bond Young’'s DEM predicted Percentage

elemente; x g, 4a=4b(mm) modulusk,(GPa) deflection (mm) error (%)

4x4 250.000 869 -1.3065 -6.92
8x8 125.000 435 -1.2925 -5.77
16x16 62.500 217 -1.2814 -4.86
20%20 50.000 174 -1.2796 -4.71
32x32 31.250 109 -1.2771 -4.51
64x64 15.625 54 -1.2753 -4.36
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Figure 7.9 Percentage error between the DEM piiedieind the chosen theoretical

solution for increasing number of elements

Table 7.2 and Figure 7.9 show that as the numbeeledents in the DEM
approximation is increased the percentage errawdmat the EBPM prediction and
the theoretical solution reduces. As the numbeal@nents is increased in the model
the stiffness of the model also increases, andeckihs decrease. The resulting
numerical solution still over-predicts the deflectidue to assumptions made in the
model. Using an element length of 31.25 mm for Hertstudy should allow a

reasonable computational time without compromisioguracy.

7.1.3.3Plates with different aspect ratios, boundary condions and
loading

The maximum displacement of a plate is highly iefloed by loading and boundary
conditions. In order to further test the EBPM apqmaation additional square and
rectangular plates will be loaded either throughegicentral concentrated load or a

distributed load for combinations of fixed and siynpupported edges.
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Distributed loads acting on a plate cannot be tiyecodelled using the EBPM plate
approximation method. Instead point loads of maglaQ are applied to all of the
free particles forming the plate, to represent drithuted loadg acting on an area
around each patrticle. Transverse deflections ot quiyticles are restricted, so no

load will be applied to a small area around theeeafghe plate.

Q=qlAalAb (7.12)

The ratio of the load being applied to the missoagl can be determined, such that:

(e, -1g, -1) (7.13)

(e, +6,-1)

In the following set of tests when a square plateansiderede} = e, = 32) the ratio

of area loaded to unloaded is 15.25:1. This ratioreases to 18.44:1 when a
rectangular plate is usede.£ 48, .= 32). Rectangular plates used are usually
restricted to a span ratio of no more than 1:1.%late action is less efficient at

higher ratios.

As in the convergence test, the plates used irettests are considered to all be of
uniform thickness and made of a homogeneous isotropterial. Fixed supports are

created by restricting particles that form that edg that they cannot rotate or
displace. The particles representing a simply stpdoedge are allowed to rotate
about the longitudinal axes of the edge. At cornitwes more severe boundary
condition is applied — e.g. where a fixed edge s@esimply supported edge the
particle at the corner is considered to be comiyidbeed. The theoretical solutions

to the plate cases shown in Table 7.4 are taken ffoung (1989) and Timoshenko
and Woinowsky-Krieger (1959). Table 7.3 summarigesplate properties that are

214



7.1 Application to simple structural elements

being used in the theoretical solution. The DEMdpeed maximum deflections and

percentage errors from the theoretical resultshosvn in Table 7.3.

Table 7.3 Plate properties for theoretical solwgion

Parameter Description Square Rectangular
plate plate
Eplate Plate Young’s modulus (GPa) 20 20

t Plate thickness (m) 0.005 0.005

a Plate width (m) 1 1.5

b Plate length (m) 1 1

P Concentrated central load (N) -25 -25

q Distributed load over whole plate (N7 -50 -50
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Table 7.4 DEM predictions matched to theoreticétsans for a number of plate loading and supportditions

Plate shape and boundary conditions Case Loading Theoretical maximum DEM predicted Percentage
S = simply supported No. conditions deflection deflection (mm) error (%)
g 0.0611Pp
I la P =-50N O =——————— -1.28 451
- ! >/ Eplalet
b % \
0.0138zh
b g=-100Nm o, =oA3%b 0.55 542
v E, .t
/ plate
i 0.07678Pb°
u 2a P =-50N Opax =5 — -1.58 -2.72
~ . 7 Eplalet
S b oIS
) 0.0210 gb*
2b g =-100N/m Opan =5 — -0.88 -4.15
Eplalet
s 2
] 0.1267-Pb
. , . 3a P =-50N Opae =5 -2.35 7.11
Eplatet
S b
0.0444 gb*
l b g=-100N/m> 6, =E—;§ 172 3.41

plate
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7.1 Application to simple structural elements

* This equation uses the width rather than lengtlit @an be considered in a similar

manner to case 5a but with the ratios switched.

The maximum deflection is always determined to t#ha centre of the plate; static
conditions are assumed to exist in the model wihenldrgest particle velocity is
1x10°mm.s'. This ensures that no further deflection is likeysignificantly affect

the results. Considering all of the approximatighat are made in the EBPM
representation most of the results are below a &0% to the theoretical solution.
This shows that the EBPM can be used to approxirttagebehaviour of plate

structures.

Further investigation could be conducted to incltige additional benefit of using
diagonal members to represent torsional behaviBurther, this study has been
restricted to comparison of the primary variabled aie examination of the

displacements of the plate and not the internaksts.

7.1.4 Circular rings

Circular rings are important elements in variousittires such as pipelines, tanks
and silos. It is often important to know the defileas of rings under various loading
and support conditions; theoretical solutions testh problems can be found in
literature such as Young (1989).

The response of a circular ring to load can be ntedleising the EBPM by bonding
a series of particles together to form a closeg.ldo the example shown in Figure
7.10, 64 particles are connected by 65 bonds faynainring in the XY plane.

External forces can be applied to particles in otdesimulate loading conditions

with the resulting displacements recorded.
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f¥EDEMAcademic

Figure 7.10 Using the EBPM to form a representabioa circular ring

The theoretical solution which describes the chamgevertical and horizontal

diameter of the ringD, and Dy, respectively, caused by two loads of magnitéde
acting on the surface of the ring, as shown in &gl ll, is presented in Young
(1989), such that:

D, :0.1366§ (7.14)
D, = —0.1488—2? (7.15)
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The horizontal diameter is taken as the distanted®sn points D and B in Figure
7.11 and the vertical diameter is taken as theawltst between points A and C in

Figure 7.11. An increase in diameter is positive amlecrease negative.

P

Figure 7.11 Loading configuration for a circulangi

The same loading conditions can be created usiegBBPM and, unlike the
modelling of plates (as shown in section 7.1.3)mudification of the bond stiffness
is required as the ring can be assumed to havew@ar cross section like the bonds.
The ring created for this study consists of 64 ipiat connected by 65 bonds
arranged on the XY plane so that the radius tocearoid of the cross section
R=51 mm. A relatively large number of particles ased to create the ring so as to
reduce potential errors resulting in the fact tthet bonds are straight and do not
follow the curvature of the circle exactly. The kenall have radius, = 0.5 mm,
lengthL, =5 mm, Young’s modulug, = 200 GPa, Poisson’s ratig = 0.3 and are
assumed not to be able to fail. Equal and oppe@siternal forces acting vertically
are applied to the two particles forming the topl dottom apexes of the ring; the

deformed positions of these particles and the @astithat form the horizontal
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7.1 Application to simple structural elements

diameter are used to determine the change in hdekand vertical diameter and are
compared against the theoretical values determusaag (7.14) and (7.15). The
results for five different external loads are showiTable 7.5.

Table 7.5 DEM predictions and theoretical solutitarspinch loading over a ring

under increasing loads

External| Theoretical DEM  Percentage Theoretical DEM  Percentage
loadW | Dy (mm) predicted difference| Dy (mm) predicted difference
(N) Du (mm)  Du (%) Dy (mm) Dy (%)
0.2 0.3691 0.3692 -0.02 -0.4021 -0.4038 -0.42
0.4 0.7383 0.7402 -0.26 -0.8042 -0.8126 -1.04
0.6 1.1074 1.1124 -0.45 -1.2063 -1.2264 -1.66
0.8 1.4766 1.4862 -0.65 -1.6084 -1.6452 -2.29
1.0 1.8458 1.8614 -0.85 -2.0105 -2.0690 -2.91

As can be seen from Table 7.5, as the load is aseck the percentage difference
increases linearly. The error is also differentvertical and horizontal deflection. It
is thought that the error may be caused by geometn-linearity. When a small
load is applied there is a small deflection. Wheslightly larger load is applied a

much greater deflection results, as the loadinglitmms are not the same.

These could be reduced by using more particlesetiumae the beam length and
decrease the misaligned beams. Instead of modedlipgrfect circle the model is
really creating a polygon with 65 sides, and byeasing the number of particles a

closer representation of the circular ring wouldobéained.

In order to highlight the deformed ring shape mdesarly the displacement of the
particles has been multiplied 5 times and plottgdirsst the initial positions as
shown in Figure 7.12. This is for a loading of WO

221



7.2 Application to additional cementitious matepabblems

D
[on)

o |nitial Positions
. .. o o
x Final positions 0 ¢ ° MY
o x X X X X x 3
o x X X %o
><<>>< 40 + ><<>><
X O
xP Ix
X ¢ Ox
= x © o X
g %o 20 + o x
~— X < o X
R x o X
é X < o X
> T f 0 f T
g -60% © -40 -20 0 20 40 © X |60
E= B o X
8 X o o X
a X o 20+ o X
X o o X
Xo oX
Xy oX
X x
oxox 0 xoxo
X T X
o X ><<> X x w x X : 4 S
< o ° ° o> <
60

Position X axis (mm)

Figure 7.12 Comparison of initial and final positsoof the particles making up the
ring

This subchapter has highlighted that that the EB#8l the potential to model thin-

walled shell structures and investigate bulk soliddructure interaction in detail.

Demonstrating this further than that which has bdescribed here is beyond the

scope of this study but is clearly possible.

7.2 Application to additional cementitious material problems

In Chapter 6, the EBPM was successfully used toehib@ uni-axial compression of
concrete cylinders and was shown above to be ablaadel the deformation of
some simple structural elements in the elasticoreguithin limits. This section
presents the application of the EBPM for threehfeirtcases. They are modelling: the
quasi-static loading of other concrete specimems,dynamic loading of concrete
specimens and finally the behaviour of compositéenels, in this instance fibre
reinforced polymer (FRP) strengthened concrete. s&hadditional example
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applications only show the potential capabiliti€she EBPM, and again an in depth

study is not included here.

7.2.1 Loading of concrete specimens

In Chapter 6 the EBPM was used to model the uralacompression of concrete
cylinders. However, this is not the only way toatatine the strength properties of
concrete; in the United Kingdom the compressivergth is often determined
through the uni-axial compression of cubes andtéimsile strength is determined
through tensile splitting tests of cylinders, badhe described in The British
Standards, (BS EN 12390-3, 2012; BS EN 12390-62R0Ry simulating other

loading tests the results can be compared to thms¢éhe uni-axial compression
cylinder tests. Relationships exist relating thersjths determined from different
tests e.g. in Elwell and Fu, (1995).

A 15 mm thin slice concrete cube has been constluctsing 3 mm diameter
particles connected by a dense network of bonds.specimen is loaded uni-axially,
this is only a pseudo 2D specimen so full 3D betwavshould not be expected. The
development of the main crack that forms, as wellaanumber of perpendicular

cracks that form are shown in Figure 7.13.

(a) initial bond network (b) crack initiation (c) final crack pattern

Figure 7.13 Modelling of uni-axial compression testoncrete cube, red lines are

intact bonds and blue are broken bonds
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7.2 Application to additional cementitious matepabblems

The tensile strength of concrete is rarely deteeairdirectly, instead indirect
methods, such as the tensile splitting test arel 8B& EN 12390-6:2009), with
relationships available to relate to the true tensirength. Empirical relationships
are available to link the compressive and tendilengths for a given sample of
concrete. In the example shown in Figure 7.14 enfitbthin slice cylinder has been
assembled of 3 mm diameter mono-sized particle Pplates load the specimen
mimicking the physical test described in BS EN 128%2009.

(a) initial bond network (b) crack initiation (c) final crack pattern

Figure 7.14 Modelling of tensile splitting testaafncrete cylinder, looking through

the cross section red lines are intact bonds anel dnle broken bonds

As can be seen from Figure 7.14 there is a quaktatatch between the crack

pattern predicted by the model and that observgulaatice.

7.2.2 Impact loading of cementitious materials

One potential application of the EBPM is for itlhe used to investigate dynamic
loading of cementitious materials. Various authestg;h as Camborde et al., 2000;
Donzé, et al.,, 2004; Qin and Zhang, 2011, haveieduthe dynamic loading of
cementitious materials using DEM, however there pienty of scope for
improvement, especially in the modelling of thediage of material. In industries
such as mining and pharmaceuticals rocks or pida be represented as an

agglomerate of DEM particles forming a cluster jgéet The breakage of these
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7.2 Application to additional cementitious matepabblems

cluster particles, either through impact with eather or another object, can be
modelled, and the breakage studied. In the DEM Igiioms solid projectiles are
impacted against concrete cylinders and the reguliamage and crack patterns
recorded, a preliminary quantitative study showw ltlkese crack patterns develop
and are reliant on impact velocity. In the exanghlewn in Figure 7.15 a steel ball is
projected towards a concrete disk made by bonaiggther mono-size particles, the
crack pattern that develop from the impact cangoended.

(a) impact velocity = 50 m’s

(c) impact velocity = 150 m’s (d) impact velocity = 500 mi’s

Figure 7.15 Influence of impact velocity on thedkage of bonds (red lines

represent intact bonds and blue lines represekehrbonds)
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7.2 Application to additional cementitious matepabblems

As can be seen in Figure 7.15 as the impact vglagiincreased the breakage of
bonds becomes more severe. This example showshtrat is significant potential
for the EBMP to be used to model the impact loading

7.2.3 Loading of Fibre Reinforced Polymers bonded to correte

Fibre reinforced polymer (FRP) composites providelatively new and economical
means of strengthening and repairing structureshasdecome a popular technique
(Yao et al., 2005). Traditional studies of the habtar of FRP reinforced concrete
include using fracture mechanics analysis, finitement analysis and empirical
models. One experimental test that is conductedRP-concrete composites is a
near-end supported single shear test, such asnpedsby Yao et al. (2005). A

representation of this test using the EBPM is shiwigure 7.16.

<+— Top support

Concrete
specimen

Front support

Figure 7.16 DEM representation of a near-end supfdaingle shear test

The DEM representation shown in Figure 7.16 is oalyhin slice of the full
experimental test, this was done due to reducedh®putational time required as the

specimen already contains approximately 43,000gbestand almost 200,000 bonds.
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7.3 Summary

In this simulation three types of bonds are considieinter-FRP particle bonds,
inter-concrete particle bonds and those between &RP concrete particles. The

recorded damage in one specimen is shown in Figaie

X JEDEMAcademic

Figure 7.17 Damage to the top concrete layer

As can be seen in Figure 7.17 the failure of tretesy is the result of bond breakage
in the top layer of concrete rather than at thedlsobetween the concrete and the
FRP. This qualitatively matches one of the typesfafure seen in physical
experiments. This example shows the potential ier EBPM to be applied to the

modelling of FRP composite concrete.

7.3 Summary

The first section of this chapter has shown that BBPM can be used to model
structural elements. The examples shown were ih beb and three dimensions.
Whilst the work was limited to the elastic regiovhilst within this region a strong

agreement was found between DEM predictions andsidal solutions. The



7.3 Summary

modelling of cementitious materials beyond concrefdinders has also been

demonstrated, with DEM predictions matching knowhdviour extremely well.

This chapter has shown that the DEM framework dmed above can be applied to
a range of problems. Further studies leading tadtheelopment of these methods is
beyond the scope of this thesis. There is alsgttential for modelling structures
and interactions not shown here. The potentialniadelling bulk solids-structure
interaction can be improved by including a struetwsuch as a silo, at the same

length scale as that of the material in the sildemial.
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8.1 General

Chapter 8 Conclusions and recommendations for

future research

8.1 General

This thesis has presented the development, impletiem verification and
validation of a novel bonded particle model thatldas the study of cemented
particulates and deformable structures using tlserBie Element Method (DEM) in
three dimensions; the focus, however, is placedrmuelling the behaviour of
cementitious materials. The developed model, thaldtdgh Bonded Particle Model
(EBPM), has been successfully implemented intoviérified commercial software
EDEM (DEM Solutions, 2008). The key element of #BPM is the way in which
inter-particle bonds are treated as Timoshenko betments to describe the
behaviour at bonded contacts. This has been showa & successful method within
an already successful DEM model which allows foe thnalysis of relatively

complex materials and structures.

Existing DEM methods for modelling cementitious eréls and their basis have
been examined in Chapter 2, including a detailedstigation of the current bonded
particle model in the EDEM code. The EDEM bondeddetowas found to be
unsuitable for use in this study which led to tleeelopment of the EBPM model in

this thesis.

The fundamentals of the theory underpinning the BB®M model development are
described in Chapter 3 along with the implementatb the model into the EDEM
code. A thorough verification of the EBPM model atslimplementation are given
in Chapter 3. The model uses the Timoshenko Beamd®& Contact Model
(TBBM) to describe the behaviour for bonded corgaamd the well used Hertz-
Mindlin Contact Model (HMCM) to describe the behaw for non-bonded contacts.



8.1 General

Along with the input parameters for both of thesedels there are additional
parameters which influence the initial bond netwlaika given particle arrangement
and also some that influence the numerical stgholitthe simulations. In order to

determine the influence of these model parametdrenwnodelling cementitious

materials, a full parametric study was conductecdhagfer 4 presented the
formulation of a reference case specimen and diéfihe bulk properties that were
used to describe quantitatively the bulk behaviofira cylindrical specimen of

concrete under uni-axial compression; these incluble ultimate strength, the strain
at failure, the bulk secant modulus and the bulisstm’s ratio. The bulk behaviour
predicted by simulations using the reference cadeo$ parameters showed a
reasonable match to those using the Eurocode equdthis enabled the reference
case to be used in a detailed and full parametviestigation which was presented in
Chapter 5.

Overall the parameters that were considered ipénametric study could be divided
into categories depending on what aspect of theeintdtey affect: the TBBM
calculations, the HMCM calculations, the initial fab fabric and the numerical
stability of the model. The model has proved tovbesatile enough so that a wide
range of cementitious material behaviour can beipred whilst only using a single
initial particle packing and initial bond fabric. #latively high level of confidence
can be placed in the results as no numerical iiigyalbvas noted during the
parametric study. It was found that most of the ehddput parameters had an
influence on the predicted ultimate strength orghedicted bulk secant modulus and
these collectively affect the strain at failure.a@ges in the predicted bulk stiffness
were related to changes in the stiffness of thedldabric, caused by the number of
the bonds, the slenderness of the bonds and ffreest properties such as Young's
modulus. An increase in predicted ultimate strengids seen when either the
strength of the bonds was increased, e.g. an iser@a the mean bond tensile
strength or when the stresses generated in theshoeiek lower e.g. when there were
more bonds in the fabric, the cross sectional a@a greater or there was a higher

load carrying contribution made by non-bonded ccistaNo parameters appeared to
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have a significant influence on the bulk Poissamto, it was suggested that the

value of this property arise from the initial pel&i assembly.

For most simulations the majority of bonds failadténsion, leading to an inclined
failure plane (shear crack) forming. The only exmepto this was when either the
compressive or shear strength of the bonds wazlsgitvely low when compared to
the tensile strength. This normally led to a thamirontal crack forming at the mid-
height of the specimen. Overall the input paransetkat were found to have the
biggest influence on the bulk properties were tbedbYoung’'s modulus, the mean
bond tensile and shear strength, the coefficienvasfation of tensile and shear

strength and the contact radius multiplier.

Chapters 6 and 7 demonstrate the application ofithéel to a sample of problems.
In Chapter 6 the application is to cementitious enats, specifically a model
calibration procedure for the uni-axial compressidra concrete cylinder in which
the predicted bulk response of the model was mdtahv¢he behavioural prediction
provided by the Eurocode. The parametric studyrdeted that there are many
parameters which have some influence on the bugomse. However, to simplify
the model the value of the less influential pararsetwere kept constant in the
calibration procedure. This meant that there wasrssistent particle packing and
initial bond fabric; the bulk behaviour was conledl only by the bond Young's
modulus and the mean bond tensile strength, sortteeaemaining parameters were
linked to these variables. In Chapter 6 it was prothat the model is capable of
matching the prediction of ultimate strength andklsecant modulus made by the
Eurocode for a series of cylinders with increagenget strength of between 10 MPa
and 100 MPa: this tested the model over an ordenagnitude in the bulk strength
prediction. Matching the strain at ultimate stréngtill presents a challenge as the
model under predicts the rate of stiffness predidig the Eurocode. This may be

solved with the inclusion of a softening term foe tbonds as discussed below.

In Chapter 7 the model is applied with some suctesEonventional” structural

analysis of beams, frames and plates. There isalswef study of the use of the
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method to the development of shell-like structuréghile the analysis is restricted at
this stage to elastic behaviour, the success ofntleéhod is quite clear. Some
additional example applications are also includagh as impact loading, and the
development of a model for simulating the inte@etof fibre reinforced polymers

with concrete. These example applications sugdedtthe model has applications

beyond the quasi-static loading of cementitiousemais.

8.2 Conclusions

A number of conclusions can be drawn from this gttitese have been summarised

below:
* A new bonded particle model has been developedhakibased on sound
engineering theory.
* The new model has been implemented in a verifiedngercial code.

* The key parameters that affect this model when tmeahodelling

cementitious materials are examined.

* A random component in bond strength (coefficientariation) has been
introduced which leads to a more realistic stiffiessponse observed on the

macroscopic scale.

e It has been demonstrated that by varying only kayrparameters (whilst
keeping the remaining parameters within limitsgjgnificant spectrum of

concrete bulk responses can be represented.

» This thesis has showed how this model could be fsguredicting the

behaviour of linear elastic structural elements.

* The model provides the framework for other appiaret including granular
solid and structure interaction which can both loelelled in the same DEM

framework.
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8.3 Future Work

This thesis has shown the development, implememiatierification and validation
of a new bonded particle model. The applicationthi¢ model for studying both
cementitious materials and simple structural eldmdmas been demonstrated.
However, there are several areas of further reseahich could enhance the model
to reduce limitations, to improve its current capaés or to add new capabilities.

When used to model cementitious materials, the EB&Ms to under-predict the

loss of stiffness, even if there is progressivedbreakage induced by including a
coefficient of variation of bond strength. As thends themselves are linear elastic
when modelling structural elements only linear héha can be observed. To

enhance the model’s capabilities, it is suggestata non-linear term is added to the
stiffness calculation. In this manner the model niagorporate an element of

material non-linearity for modelling the ductilitgf concrete more accurately.

Examples of including non-linear stiffness terma t& found in the literature, e.g.

Ergenzinger et al. (2011) and Schneider et al. @20The strength or stiffness of

each bond can be changed depending on a nhumbactofd, including the strain in

the bond or the damage in the local area. Anoth&or is to include bond fatigue

whereby the maximum stress is remembered andiffreess is altered accordingly.

The work on cementitious materials was limited He tini-axial compression of a
concrete cylinder. The developed model could bel tsenodel other tests including
Brazilian tension tests, or cube compression tastshis manner the relationships
between predicted strengths from these tests caoingared to those for physical

specimens.

Although the parametric study investigated the migjoof model parameters the
specimen properties remained the same. The influehparticle packing properties
such as particle size, dispersion factor and spatisize could all be considered and
the influence noted. The parametric study preseint€hapter 5 did investigate how
varying the number and size of bonds in the fabrituenced the bulk response.

However, although relationships were found betwieninput parameters and bulk
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response it would be interesting to investigatthi$ could be related to a physical

property of the material.

One of the limitations of the developed model is tieed for a relatively complex
calibration procedure to determine the bond parameeto produce the desired
behaviour for a given specimen. Although a metrarddetermining these properties
has been outlined there is the potential for tec@dure to be simplified possibly
through the elimination of parameters.

For the purposes of this study it was appropriateddel concrete as a single phase
material with each particle representing a portbiits assembled constituent parts.
It would be possible to use the developed moddutther study the initiation and
propagation of cracks at the interface betweenetgge and hardened cement paste

by representing both of these phases with particles

There is also the potential for the range of appions of the model to be extended,
especially for more complex structures (collapsé&ahes), more complex materials
(cancellous bone) and the interaction between dmarmaterials and structures
(silos).
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Appendix A: Introduction

AppendixA Verification examples

A.1 Introduction

In order to have full confidence that the developeadel, the Edinburgh Bonded
Particle Model (EBPM), had been implemented intcEED(DEM Solutions, 2008)
correctly an extensive verification procedure wasied out. The EBPM contains
two contact models, one for bonded contacts, th@$henko Beam Bonded Contact
Model (TBBM) and one for non-bonded contacts, treetiHMindlin Contact Model
(HMCM). EDEM supports a fully implemented versiohtbe HMCM code which
has previously been verified by authors includiognktone (2010). Therefore after a
brief verification of the HMCM where the benchmaests described by Chung and
Ooi (2011) are satisfied the focus is placed orification of the TBBM. This is the
new contact model, developed for this study, widehls with bonded contacts. As
such the verification of this model is based on fiet that a single bond between
two patrticles is considered to behave like a Tineoglo beam. The core parts of the
TBBM that need to be verified using single bondgese the transformation matrix
and the stiffness matrix. A great number of veafiocn simulations were conducted,
these can be categorised as either being single tests or multiple bond tests. A
selection of single bond tests are included hée multiple bond tests included the
creation of beams which were tested both staticatigg dynamically. One of the
static beam tests is included in Chapter 3 whiockntlfiormed the basis of the

structural analysis shown in Chapter 7.

A.2 Single bond between two particles

The major focus of the verification procedure iageld on the loading of a single
bond which is considered to exist between two glagi A single bond of length
L=0.02 m and radius= 0.005 m is formed between two particksandB each of
radiusra = rg = 0.001 m as shown in Figure A.1. The bond and Ipathicles are

made of aluminum, the relevant material propexieshich are shown in Table A.1.
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Appendix A: Single bond between two particles

The bond has a cross sectional arfea 7.85x10°m? second moment of area
| = 4.91x16° m*and Timoshenko shear coefficieht= 0.5625. By applying external
forces and moments to the two particles and setlifigrent support conditions the
simulated bond can be subjected to a number ofrdift loading actions. The bond
response can be compared to theoretical solutroosder to verify the components
of the stiffness matrix. A selection of the loadiagtion responses are presented

below.

ParticleA Bond AB ParticleB
X

Figure A.1 A single bond between partickeandB

Table A.1 Material properties for particles and @é®n

Parameter Description Value
E Young's Modulus (Pa) 70.2 x1b
Vv Poisson’s Ratio 0.35
p Density 2700

In the single bond loading scenarios discussedwbealnly small deflections are
allowed. In order to ensure that the transformatiatrix used in the TBBM always
places the displacement loading into the correcialloco-ordinate system, as
described in Chapter 3, the orientation of the baahative to the global axes will be
changed in each loading condition; the bond orterashould not influence the

behavior of the bond. The orientations used aré Wié bonds centroid axis being:
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Appendix A: Single bond under a tensile loadingaarct

parallel to the globaK axis, perpendicular to the globdlaxis and lastly arbitrarily
orientated in space.

A.3 Single bond under a tensile loading action

To ensure that the axial stiffness component of gtifness matrix has been
implemented correctly an external axial foReef 1 kN is applied to particl8, as
shown in Figure A.2(a) which causes an axial dsgt@entds,, as shown in Figure
A.2(b). ParticleA is fixed so that no rotations or displacementsaieved; particle

B has a full six degrees of freedom.

L
A B >
P
X
—>
(a) axial force acting on the bond (b) displacenudritond AB

Figure A.2 Testing a single bond under axial logdin

The only forces in the bond caused by the displacedy, areF,, andFz which are

related by the axial stiffness term such that:

__ ___EA

F&——FGX—P—Td& (A.1)

0d, _PL (A.2)
EA
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Appendix A: Single bond under a twisting loadingiat

Theoretically the axial force terf,= 1000 N andls = 0.003627 mm. The
measured bond forces and particle displacementdlforientations of bonds were

found to match the theoretical response to fouriaant figures.

A.4 Single bond under a twisting loading action

The twisting component of the stiffness matrix erifted by applying a twisting
momentM, of 1 KN.m to the right hand end of a bond with eodstraints as shown
in Figure A.3(a). This causes an axial rotattynof the bond. As particl& cannot

displace or rotate the stiffness of the beam istthe rotation of particlB.

L
A B —>> —>>
Mo Opx
X
—>
(a) twisting moments acting on the bond (b) disphaent of bond AB

Figure A.3 Testing a single bond under a twistmaging action

The only moments in the bond caused by the displan&ds, areM,x andMg, which

are related by the torsional stiffness term suelt th

(A.3)

0g. =ML (A.4)
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Appendix A: Single bond under bending loading attio

The DEM predicted rotation at all orientations nhaitt the theoretical rotatidi, of
0.7835 radians to four significant figures.

A.5 Single bond under bending loading action

An external momen#, of 1 kN is applied to a pinned partidiewhich is bonded to

a fixed particleA, as seen in Figure A.3(b). The rotation causedheyexternal
moment induces two shear fordes andFs,, and two bending momenks,, andMp,

in the bond. As the external forces and internadde on the particle must equate the

final rotationfg of particleB can be determined.

L
< > ParticleA Particle E
A B /DMO ' ,D
) A ) Bonc AB Oy
—>
(a) a single beam under a bending (b) single bond representation

loading action

FigureA.4 Bending moment acting ab@&ut

As the ends of the beam are restrained from traoséd displacement the rotation at

particleB can be related to the applied moment such that:

v _(a+@)EI

The DEM predicted rotation at partidiematches the theoretical rotatiép of

0.7835 radians to four significant figures for@iientations.
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