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ABSTRACT

It is commonly accepted that there is a size efdecthe nominal resistances of quasi-brittle materi
such as cementitious materials. This effect mustaken into account in the design of the ultimate
behaviour of concrete structures in order to awvtsithage and crack openings. These parameters are
frequently used to study the behaviour of concestd to characterize the durability of structures.
Different theories exist in the literature to ddéserthe size effect. Among them, we find the
deterministic theory of Bazant where fracture epdsgconsidered independent of the size and it is
assumed that at peak load, the crack length isoptiopal to the size of the specimen.

In this work, attention is paid to investigate esqmentally and numerically, the relationship betwee
crack openings and length, and the size of theisees.

In the experimental study, RILEM size effect metlimddopted to test geometrically similar concrete
beams of various sizes. Two types of concrete maxesised with varying aggregate sizes in order to
further investigate the effect of aggregate sizdracture behaviour. Digital Image Correlation (DIC
technique is adopted in this study to measure ithekimg in concrete on the surface of the concrete
specimen. It is established as a robust and higtagise tool for fracture measurements such akcrac
opening and crack length. The results have showigrificant size effect on the process of crack
propagation. Furthermore, as the aggregate sizedses the size effect becomes more critical. A cas
study of the size effect on crack openings andkcemacing in reinforced concrete beams is also
presented. From serviceability point of view, italserved that the Eurocode 2 underestimates the
crack openings.

In the numerical study, the concrete beams arelatediusing a honlocal damage model. The internal
length and other model parameters are calibratecarbyinverse calibration technique using an
automatic procedure. Crack opening profiles areaeted through post-treatment procedures. The
mechanical behaviour and the crack propagatiofiirzaity analysed, reflecting a similar size effast
detected by the experimental results.

KEYWORDS

Concrete, cracking, crack opening, crack lengthe sffect, digital image correlation, nonlocal,
modelling, damage, automatic calibration, inversécation.






RESUME

Il est communément admis I'existence d’'un effect@dle sur les résistances nominales des matériaux
quasi-fragiles tels que les matériaux cimentait@st effet doit étre pris en compte dans le
dimensionnement vis-a-vis du comportement ultime dguctures en béton afin de limiter les
dommages et les ouvertures de fissures. Cellesrti de plus en plus utilisées pour étudier le
comportement du béton et caractériser la duralgiétéstructures. Différentes théories existent thans
littérature pour décrire I'effet d’échelle. Parngiles-ci on trouve la théorie déterministe de Baran
I'énergie de fissuration est considérée comme ieddante de la taille et il est supposé qu’'a charge
maximale, la longueur de fissure est proportiomnlla taille de I'échantillon.

Dans le cadre de ce travail, on s’est attaché diestiexpérimentalement et numériquement les
relations entre la longueur de fissure et la taile éprouvettes.

Sur le plan expérimental, I'effet d’échelle estazaérisé par des essais de flexion trois pointslesar
poutres de béton entaillées de tailles géométrignesimilaires. L'influence de la taille des agtéga
sur le comportement a la rupture a aussi été @utatechnique de Corrélation d'lmages Numériques
(DIC) est adoptée dans cette étude pour déterraiterfois la longueur et I'ouverture de la fissare
différentes étapes de chargement. Cette méthode ré'eélée comme un outil robuste et de haute
précision pour la mesure des parameétres caractehesafissures. Les résultats ont montré un eléet
taille significatif sur le processus de propagatdwss fissures. En outre, I'effet d’échelle diminue
lorsque la taille des agrégats augmente. Une &ud@outres en béton armé est aussi réalisée pour
étudier 'effet d’échelle sur I'ouverture et I'eggament des fissures. De point de vue réglementhire,
a été observé que I'Eurocode 2 sous estime legtowes de fissures.

Sur le plan numérique, le comportement a la ruptie® poutres en béton est simulé en utilisant un
modéle d'endommagement non local. La longueur riatext d’autres parametres du modele sont
calibrés par une technique de calibration invensieugjlise une procédure automatique. Les profils

d'ouverture de fissures sont déterminés par dexépoes de post-traitement. L'analyse du

comportement mécanique et de la propagation dasés indiquent un effet d'échelle similaire aicelu

détecté par les résultats expérimentaux.

MOTS-CLES

Béton, fissuration, ouverture de fissure, longueerfissure, effet d’échelle, corrélation d’'images,
nonlocal, modélisation, endommagement, calibragisilomatique, calibration inverse.
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General Introduction

GENERAL INTRODUCTION

Cracks are everywhere around us. Any quasi-bmntéerial like concrete is generally full of cracks.
Throughout the decades, humans have been tryinmderstand the mechanism of the growth of
cracks. In particular, after the pioneering workGoiffith on the quasi-brittle growth of cracks, oiu

research has been directed towards a better aperdaederstanding of this observed phenomenon.

It is known that the mechanical behaviour of qumagtle composites such as concrete, coarse grained
ceramics and fibre-reinforced composites, is matef® by mechanisms like strain localization and
progressive fracture in the material. The fracigrasually in the form of multiple cracks branching
out in the zone where strains are localized. Téian intrinsic property of quasi-brittle materialsd

the Fracture Process Zone (FPZ) is generally censidas a characteristic parameter which is used to
analyze the failure process. Due to the sizable lRP@mparison with structure/specimen size, the

linear elastic fracture mechanics (LEFM) laws cdrbeapplied.

Many theoretical techniques consider the size d BB a material parameter. In these theories, the
fracture process (or material degradation) is assutm be accumulated in a certain length or widith o
FPZ at the crack tip. In this regard, the firseatpt was made by Irwif69], who identified the
singularity of the (LEFM) stress-field at the cragk and proposed the presence of a crack tipiplast
zone. Hillerborg[51] improved the Irwin model by replacing the crack plastic stress with
monotonic decreasing cohesive stress. He assurateththenergy dissipation during fracture process
can be completely characterized by a cohesivesstregk opening relationship. He regarded the
fracture energy as a size/shape independent nigiesigerty represented by the area under the entire
softening stress-crack opening curve. Unlike Hiltkeg, a distributed microcracking effect was
considered by Bazant and QI1]. They modelled the fracture process zone with a lmdinchiformly
distributed microcracks (or damage zone) which &dcked width. In order to determine size/shape
independent fracture energy, the damage band widthregarded as a material property (related to
the size of aggregates in concrete). Recently, fiesyedduan and co-workel88] have proposed a
fracture model in which the fracture energy is satgd to boundary effects related to the cracktfeng
Their model is based on the experimental obsematihat FPZ size is not constant as the crack
reaches the boundary of the specimen/structureerOthsearchers also consider that evolving
dimensions of FPZ should be taken into acc§@ht 45]



General Introduction

Size effect in concrete structures

The study of the fracture behaviour of concretenocarbe separated from the size effect. In these
materials, a large sized FPZ is present which aoesua considerable amount of energy supplied by
the applied load. As a consequence, a decreaseroial strengthoy can be observed with the

increase in size. Considering any type of geomnadtyicsimilar specimens or structures of various
sizes, with geometrically similar cracks, the véoia of structural strength can be described by

plotting the logarithm of the nominal stressversus the logarithm of their siZ€igure 0.).

Log (Nominal strength)

. Strength criteria

Laboratory
beams

Real
Structures

>
Log (Size)

Figure 0.1Transitional scaling of nominal strength of qulasitle structure$10].

On one hand, the strength criterion predigisat failure to be independent of size, while afitte
indicate a decrease &f when the size increases. On the other hand anwiding to the LEFMgy is
proportional to (sizeY% This slope, however, appears to be too steepomparison with the
experimental data. The reality seems to be a gradussition from the horizontal straight line fibre

strength criterion, to the inclined straight liffestope — ¥ for LEFM.

Scope of the thesis

In order to test the robustness of the differentnerical models used to predict the mechanical
behaviour, fracture behaviour and the size effent needs to use experimental data on nominal
strength but also on crack openings and crack tsnétevertheless, crack openings and crack lengths
are very difficult to measure. Different technigues/e been introduced in the past e.g. LVDTSs, dye
penetration method, acoustic emissions and intarfetry [91] but they do not usually provide
accurate measurements. Other techniques are apledace precise crack openings and lengths but
are not accessible to everyone and present maitgtioms to their application (e.g. microtomography

and X-Rays).
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In this thesis, a large scale experimental campaigigeometrically similar concrete specimens has
been conducted. In order to measure crack opeamgi€rack lengths on the surface of the specimens
the Digital Image Correlation technique (DIC) hasib adopted. It is a robust technique and provides

fracture measurement of high precision.

The numerical models usually used to describe camatamage growth in concrete can be divided
into two categories: models based on a continuumeda approach and on a discrete crack approach.
Models based on continuum mechanics are incapabldetermining crack openings directly.
Therefore, post treatment procedures have beenlopedk to extract the crack profiles from a
continuum strain field80, 81] Discrete crack models are based on an expligtri#ion of the
discontinuity within the material e.g. cohesiveatranodel of Hillerborg51]. Generally, the entire
energy that is dissipated in the FPZ is “convertetti a crack length. Some part of this energy may
be dissipated in the process zone outside the caackit follows that the crack length and the krac
opening are probably overestimated. Furthermorebail experimental results (e.g. load versus
displacement) are often used in literature to calébthe above models and therefore they predict th
maximum load well but not predict crack profilepeaings and length at different loading stages

accurately.

In this work we choose to work with a classical nocal damage mechanics model calibrated with
global parameters (crack mouth opening displacesne@MOD) coming from the experimental
campaign coupled with an optimisation algorithmoider to improve the representation of size effect

Validation is provided using global but also looegults.

Outline of the thesis

The above problem is analysed in the present docuiméour chapters.

* The first chapter presents a literature reviewitféent physical mechanisms involved in the
cracking process of concrete. The objective isrésgnt state of the art developments and the
tools to comprehend the problem. Finally, the basfisthe principal physical theories,
interpretations and experimental observations figréint researchers, are discussed

« The second chapter is dedicated to the procedtgelsniques and protocols adopted in the
experimental campaign. Digital Image Correlatiochtgéque (DIC) and its application as a
fracture measuring tool are discussed. RILBRE&{nion Internationale des Laboratoires et
Experts des Materiaux, Systemes de Constructi@Quetage$ recommended test methods to

measure fracture parameters of concrete are pessebriefly, including RILEM
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recommendation of the size effect method. The menitd demerits of these methods are
discussed. Details of the experimental campaign them presented, including material
aspects, specimen preparation, experimental setlitha loading system.

In the third chapter, experimental results of thpeat bending tests on concrete beams are
analysed in order to characterize the fracture gg®c Crack opening is used as a key
parameter. Experimental data of loading and cratkmopening displacement are analyzed
first. Then, an experimental method to measurecthek opening displacement and profile
using DIC is presented. The fracture process isitoi@ud and the effect of aggregate size on
cracking is also studied. The size effect is atiniified on the mechanical response and
crack opening respectively. Lastly a case stugyesented in which crack openings and crack
spacing in reinforced concrete beams are monitdriee.results are compared with the values
obtained by Eurocode expressions.

In the fourth chapter, the most frequently used encal approaches to simulate crack
propagation are presented. Damage mechanics cenfoeptoncrete structures are described
in detail. Numerical simulations are then carriegt aising a nonlocal damage model.

Validation is provided by comparing with the expeental results.



1. Literature review on cracking in concrete

Chapter 1

Literature Review on
Cracking in Concrete

Failure in concrete is usually accompanied by dreckConcrete being a tension-weak material, the
process of cracking is more critical under tenkiblings. It is often found in literature that coete

even cracks under its own weight.

Crack creation and its propagation are the resifl{ghysical processes that are generally explained
using the laws of conservation of energy. In mostthese theories, concrete is assumed as a
homogenous material. However, the effect of theidabion process and the constituents shape and
size influence the cracking process. Crack usualtiates from the weakest link in the material. It
develops under the action of stresses developechdriv. The process involves phenomena from the
very small scale (e.g. uneven distribution of aaitisilica hydrates which is the main hydration

component) to the very large scale (e.g. effestrfctural dimensions, known as size effect).

This chapter presents a bibliographic review ofedént physical processes affecting the cracking

mechanism in concrete.

« In the first section, the different possible scalesbservation are discussed.

¢ The second section describes the microstructuoggsties of concrete that may influence the
fracture process.

* In the third section, a state of the art reviewtlom fracture behaviour of concrete under the
action of tensile loadings is presented. Discuss®nmade on the basis of physical
interpretations and experimental observations pexvby different researchers.

e The effect of structural size on the fracture béhavof concrete is presented in the last
section. Bazant’s size effect theory is discusaetktail.
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1.1 Morphology of concrete and different levels of obsegation

Concrete is generally considered as a continuunenain most numerical models. Nevertheless, its
material structure varies depending on the scatgbeérvation. IrFigure 1.1[55], it can be seen that
concrete is a multi-scale material. Cement, saggregates, water and sometimes other additives are

mixed together and hardened to form a solid stractu

« The smallest or elementary particle of concretihésatomic form of the cement and aggregates,
which can be observed at nanometre scalé )0

« Then, the individual cement hydrated products demtified at micrometer scale (1@n). This
includes primarily calcium-silicate-hydrate (C-S;tdalcium-hydroxide (C-H) and calcium sulfo-
aluminates (ettringite, £.3CaSQ.32H,0). The complex pore structure becomes visibleek w

« In the next scale (10m), also known as meso-scale, concrete is generatigidered as a two
phase material consisting of matrix and aggregabetrnal voids ranging up to several
millimetres in size may be regarded as another rtapb component of the hardened concrete.
This void structure or defects depend on the packinaggregate particles in the cement matrix.
They mainly includes pores in the cement pasteksrat the aggregate interface and shrinkage
cracks. These defects play an important role imtbehanical behaviour of concrete.

 Inthe next scale (10to 10° m), the laboratory scale (mechanical) experimerescarried out. No
internal structure is emphasized and the overatihamical response is generally of importance.
This scale is often called as macro-scale. In shie and even in the larger scale*{t and
more), the material is assumed to have isotropapgmnties. At larger scales i.e. the scale of
buildings and other civil engineering structurdse tmaterial is modelled as a continuum, or
alternatively, some internal structure details ¢sn identified, specifically when structure is

formed by steel reinforcement.

Crystal calcium silicate concrete laboratory structure
structure hydrates artigle stack scale
+.
I‘j '*"i *
-, X - —
£ o< . —a
%ge T =N
&
1 1

1
10° 10 10° 106 10' 10° 10 108 16 10" 102 10° [m]

micro mes( macro

Figure 1.1Various scales of observation of concrete maté&aah atomic structure to large scale
building (from[124]).
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In material science of concrete structures, rete@cconcentrated mainly into three levels of
observation, namely the micro-level, the meso-lemetl the macro-leve]133] identified in the
previous paragraphs. Different mechanisms are doguin the different scales. It is now understood
that the mechanical behaviour depends on the fieapiocess. As concrete is a multi-scale and multi-
phase material, the fracture process occurs witlérmicro and the meso-scale. In the next section,
brief description of the microstructure propertidsoncrete that may influence the fracture proégss

presented below.

1.2 Microstructure of concrete

Based on different constituents, cementitious netecan be classified as paste, mortar or concrete
Paste is a mixture of cement and water. Mortar rigix@ure of sand, cement and water. Concrete is
composed of cement, sand, coarse aggregate and @#ter admixtures may be used to improve the
properties of these constituents. In all these uned, cement acts as the binder material. It hgdrat
when mixed with water and forms a matrix. In tha@dlform, this matrix fills the space between the
aggregates and sand. After a certain period ohguthe cement matrix hardens and bonds together al

constituents into the form of hardened concrete.

1.2.1 Microstructure of cement paste

Hydration products of cement primarily include G4S-C-H and ettringite. The C-S-H is a purely
crystalline material, a principal hydration componthat makes up about one-half to two-thirds ef th
volume of the hydrated paste. The C-S-H forms exeg small particles of size less thaariin any
dimension Figure 1.2. The C-H is a crystalline material and occupibsu 20 to 25% of the paste
volume. The C-H crystals have distinctive hexagopabm morphology with typical crystal
dimension ranging from 0.01 to @in Ettringite usually crystallizes as long, slengeismatic
needles, typically of 10 x Oun in the cement paste and makes up approximatel{o18% by

volume of the cement paste.

Porosity is another major component of the micrastre of the hardened cement paste. It is usually
classified as gel porosity and capillary porosigl porosity, ranging approximately from 0.5 taf®

in size, can be regarded as part of the C-S-H, edsethe capillary porosity varying from 0.01 to
10umin size can be seen as remnants of water filledespthat exist between the partially hydrated

cement grains. The volume of porosity decreasdsglydration.
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Figure 1.2Electron microscopic images of (a) foil-like Caliei Silicate Hydrates, C-S-H and fine
bundles of C-S-H fibres (b) c) Ettringite needled alate-like C-H morphology (froifi24]).

In the different models proposed in the literattoedescribe concrete microstructure, the C-S-H
needles are of major importance. Many researchelisvie that concrete structure is damaged during
Scanning Electron Microscopy (SEM) preparation. réfme, several of the structural models of the
hardened cement paste are not directly derived B&fl observation only, but from other chemical

and physical analysis techniques as well. Amongrse\structural models proposed in the past, the
best known are the models of Pow®1], Feldman41] and Wittmanrj133].

1.2.2Aggregates, properties and particle distribution

Aggregates are generally about 75% of the totalmel of concrete and therefore control many of its
properties. Natural aggregates like limestone, tquaasalt, granite etc are mostly in use. In &oidit

to the natural aggregates, alternative materialsbeaalso used, e.g. blast furnace slag, fly-asér r
gravel or lightweight by-products from industriaiopesses. The mechanical and other properties of
these aggregates differ from those of natural agges e.g. density, water absorption and particle
strength. The densities of such materials are i@wydue to high porosity, which has a significant
effect on the flow of water at the matrix aggregeerface. Therefore, one must take care that a

relevant correction of water cement ratio is made.

For a high strength concrete, aggregates like basajood quality limestone are recommended. In
this case, balanced aggregate grading is very iapioin order to reduce the porosity of the materia
Usually the different model codes contain detadedcription of the aggregates grading that must be
used in practice. Well graded aggregates not oatrehse the porosity of concrete, but also have a
significant effect on the amount of water in orttepbtain certain workability. More water is absedb
over the surface of small sized aggregates. Thiansi¢hat more water must be added to obtain a

given workability with fine grained aggregates thwith coarse aggregates. The aggregate shape and
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texture have also an important effect on the watikgbRound, smooth aggregates generally give an

improved workability.

Until now it has been assumed that in a concretanwe, the cement and aggregate particles are
uniformly distributed. However, this may not beeyas concrete is generally cast in moulds and wall
effects appear near the mould-concrete interfaea fiypes of such effects are generally observed.
Firstly, the microstructural gradients appear & thsting surface where water is free to evaporate
from the concret¢69]. Secondly, wall effect causes a rather differér slistribution of aggregate
particles in the part of concrete that are in contgth the mould. Many small particles fill theasge

between the larger aggregates and the mould. Ydhallskin is also rich in cement content.

1.2.3Interfacial properties between aggregates and ceingamste

In most cases, concrete is considered as a twaphaterial consisting of a cement paste matrix and
aggregates. These two constituents are bondedhtrgat the interface. For normal concrete, this
interface is generally considered as the weakelstii the material; however, for concrete contagnin

alternative aggregates or improved cement matribegnterface might have different properties.

The strength of the interfacial transitional zonetween cement matrix and aggregates has a
significant effect on the global strength of coteré&ince bleeding or segregation normally occoirs f
fresh concrete, some cracks form at the interfatevden the matrix and the aggregates when the
concrete is hardened. On the other hand, sincenttiex and aggregates have different modulus of
elasticity, thermal coefficients and response tangfe of moisture content, the interfacial transitio
zone between the matrix and the aggregates oftembee voids and is weaker than the bulk cement

matrix.

A structural model of the cement matrix-aggregaberfded river gravel) interface is shownFigure

1.3 The model is generally accepted and is basedhendsearch carried out 85, 79, 90] It is
assumed that a layer of C-H precipitates at thesiphly boundary between aggregates and cement
matrix. It follows a layer containing C-H crystaksttringite and C-S-H. This so called intermediate
layer or interfacial transition zone has very hggitosity and its thickness varies from 20 tqu6Cfor

the concrete containing river gravels. A closereobation of the fracture surfaces has shown that
fracture occurs not directly at the physical boupdaut at the intermediate layer or the porous
interfacial transition zongl36]. Using SEM in combination with image processinghteques, it is
revealed that the weak transitional zone is duentincreased porosity close to aggregate surfate an

a reduced number of hydrated cement partidg].
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bulk cement paste

porous CH-rich
layer (10 - 40 um

aggregate particle

™ contact layer (2-3 pm)

Figure 1.3Structure of interfacial transition zone betweeunnded, dense, natural aggregate and
Portland cement matrix (frofd24]).

1.3 Fracture behaviour of concrete in tension

Failure of concrete is usually caused by the Idamaterial strength due to crack growth associated
with microcracking. Concrete microstructure is veogmplex as the density, porosity and mechanical
properties are not identical at each point witthie sample, which induce stress concentrations when
subjected to mechanical loadings. Microcracks stadevelop from the weakest points or defects in
the material structure. They make concrete highlgakv in tension and its tensile strength
approximately ranges from 8 to 15 % of its compresstrength. Various characteristics of cracking

in concrete under tensile loadings are explaindéoihe

1.3.1Strain localization and softening behaviour

When concrete is subjected to tensile loadingjretrare quickly localized in the weaker areas ef th
specimen. Li and co-workefg4, 75] examined a notch-less concrete plate under ual-é&nhsion
(Figure 1.4. It can be seen that prior to point A, the specinbehaves elastically and the
displacements measured from the four LVDTs arendisdy the same and they increase linearly with
the loading. For higher values of loading, thesstr@gisplacement relationship is no longer linedterA
the peak load (point C), displacements from thedhkVDTs decrease, while the displacement
recorded by LVDT-4 continuously increases and tlmresponding load decreases gradually
(softening behaviour) Higure 1.4(c). Acoustic emission (AE) measurements indicatehgtion of
internal cracks at point A which are uniformly distited up to point B. After that point, the
development of a narrow band of microcracks is aetk near LVDT-4, indicating the onset of

damage localization.
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Figure 1.4Concrete plate subjected to tension: (a) spectgemetry and arrangements of LVDTS,
(b) relationships between displacements and timst(ess-displacement relationship for four LVDTs
(from [75]).

Other experiment$§74, 75, 122, 125, 102have shown that at the peak of the stress-def@mat

diagram, a macrocrack zone starts to develop amdysktransverses the whole cross-section of the
specimen. In the post-peak regime, the residual ¢a@arying capacity decreases with the propagation
of the macrocrack. However, some residual carryiagacity remains, caused by toughening

mechanisms as remnants of the non-uniform crackeg(se&ection 1.3.2 and 1.3.3

In laboratory experiments, as the specimen hasit@ fize, such a load drop is observed and can be
measured. For the case of a crack in an infinitelsge plate subjected to far-field tension
perpendicular to the crack, it is highly unlikelyat softening would occyd27]. This is perhaps a
theoretical case, but most classical fracture macbhatheories have been derived for cracks in
infinitely plates. The use of finite dimensionsds&o the introduction of a geometrical factor, ethi
emphasizes the structural aspect of softening.eftwey, another school of thought is that softernsng
not a material property, but rather the outcomeao$pecific structure under certain boundary

conditions loaded beyond its maximum carrying céapdt27].

In summary, tensile softening comprises of thresirtit mechanisms: (1) the growth of microcracks
that rapidly coalesce to a macrocrack (2) the msgyof the macrocrack that gradually decreases the
load carrying capacity of the specimen (3) toughgnmechanisms that emanate due to the

heterogeneous material structure and the randoistijtuited material weaknesses.

The onset of localization is an important pointhe fracture process. In different articles, |aation

is reported to occur at peak strength or just leetbe peak load5, 102] Both Cedolin and co-
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workers[25] and Raiss and co-workef$02] adopted Moiré interferometry methods that allow fo
measuring the full-field strain distribution at tlgpecimen surface. The experiments using AE
techniqued70, 75, 94]have shown that AE events corresponding to dan@ggization begin to
form well before the peak load (about 70 to 80 %thef peak load). Even at 30% of the peak load in

the pre-peak regime, AE events are detected aliéhd notch.

1.3.2Toughening mechanisms

Beyond the elastic range, strains localize intorgezknown as the fracture process zone (FPZ) and ar
responsible for the softening behaviokirgiure 1.4. Different local toughening mechanisms occur in

the fracture process zone:

» During fracture, the high-stress state near thekcti@ causes microcracking at the weakest links.
Such links result from water filled pores, air voickeated during casting and shrinkage cracks due
to the curing process. This phenomenon is knowmiasocrack shielding(Figure 1.5(d) and
consumes a part of the external energy receivatidogpplied load.

e Crack deflectionoccurs when the path of least resistance is arauradatively strong aggregate
particle or along a weak interface between cemeatiixnrand aggregaté-igure 1.5(h).

* Another important toughening processcrack interface bridgingas shown irFigure 1.5(c) It
occurs when the crack advances beyond an aggringaiteontinues to transmit stresses across the
crack until it ruptures or is pulled out.

e Furthermore, during grain pullout or opening ofoatutous crack, there may be some contact or
interlock between the cracked surfacésgre 1.5(d). This causes energy dissipation through
friction and crack interface bridging across thec&r

* It has been reported that crack tip is sometimesstad by internal voids, which produces a blunt
tip. This is callectrack tip bluntingby voids and is shown iRigure 1.5(e) Additional energy is
required to propagate the crack with a new blymt ti

« The final mechanism israck branching(Figure 1.6(f). The crack may propagate into several
branches due to heterogeneity of concrete. Moreggrshould be consumed to form new crack

branches.
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Figure 1.5Toughening mechanisms in fracture process zonerdak shielding (b) crack deflection
(c) crack or aggregate bridging (d) crack interlsalk to surface roughness (e) crack tip blunted by
void (f) crack branching (frorfiL14]).

The crack interface bridging is presented in ddteibafter.
1.3.3Crack interface bridging

Van Mier [124] found that cracks in concrete are not continubusrather branch and overlap. This
type of overlap is calledrack interface bridgingEssentially the two crack surfaces are conndayed

a ligament between the overlapping crack tips, @ilmving for stress transfer between the crack
surfaces. The overlap would fail if one of the &réips propagates and coalesces in the wake of the
second crackHigure 1.§. Using microscopy studies it is found that thgalhent between two
overlapping crack tips fails gradually. This pracésgenerally responsible for the tail of the soiitg
diagram in the deformation controlled tension ekpent. The mechanism is studied in detail for

hardened cement paste[1r26].

—_—
B

Figure 1.6Stages of final rupture of the crack overlap (fid23]).
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1.3.4Characterization of the cracking process

Crack growth associated with microcracking is amadmant phenomenon for fracture or damage
analysis and for the development of appropriatestituive models for concrete. It varies with the
size, distribution and type of the constituent miate and involves cracking at different scales
(Section 1.1[124]. It consists of main cracks with branches, secondeacks and a micro fracture

process zone ahead of the main cracks.

Mindess[91] used more than a dozen techniques to study thenmiaghanism taking place during
tensile cracking. The estimation of crack size @edsize of FPZ is varied according to the sensitiv
of the measurement technique. He proposed thatature mechanics of concrete any crack with a
width over gum should be termed macrocrack. Mihagst] considered that around the branches of
the main crack there are closed microcraékgure 1.7 while opening microcracks exist in front of
them. Another concept published by Hu and WittmiTj is shown inFigure 1.8 They separated an

inner macrocracking zone from the isolated micrckirag zone.

Ir Closed microcracks

i

ﬂ Formation of the microcrack zone !l

Opening microcracks

Initiation of fractur Development of fractu Just before failui

Figure 1.7Concept of fracture process zone-1 (fri@®y).

f Wt

i
'
1
1
1
1
'
i

R R R e

Wsf: Width of the inner zone with interacting microcrascks

Wi: Width of the inner zone in which isolated microcracking
takes place

Figure 1.8Concept of fracture process zone-2 (fri&m)).

Distinction between micro and macrocracks could als made based on the ability of the material to
arrest the crackl27]. Obviously this is related to the degree of thtetmyeneity and the scale of
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observation $ection 1.} Thus it can be assumed that microcracks cantdgped in local stress
fluctuations caused by specific material structwelments like aggregates and pores; however,

macrocracks are more energetic and cannot be eatrigsthese local stress fluctuations.

In a series of vacuum impregnation experiments @piical microscopy tests, the internal crack
growth is monitored in notched concrete specimemsjiested to uni-axial tensiofil25, 123].
However, this technique is limited to the detectidrrontinuous macrocracks in contact with the oute
surface of the specimen. The authors have fourtccthaks extend from the surface of the specimens
into the interior, but do not connect. Crackingttie form of distributed microcracks occur near the
vicinity of the notch at lower load levels, an icalion of the existence of a microcracking zoneisef
the macrocrack starts to propagate. The macroaeiends way through the specimen but an intact
core seems to remain. This internal core may cordestributed microcracks that cannot be detected
with impregnation technique. At a load drop 60 @%of the peak load, around 80% of the cross-

sectional area is cracked.

The observations from these experiments revedlalse assumption made in the continuum damage
models which predict that at final stage, the fulbss section of the specimen is cracked and load
cannot be transferred. The fact is that at 100%kedarea, the specimen can still carry a certad |
(e.9. 0.2opcakfor a concrete of maximum aggregate size ahi$123]). This clearly shows that other

mechanisms are active allowing the stress trab&fsveen the crack faces.

1.3.5Size of fracture process zone

Both experimental and theoretical studies have shinat fracture process zone has to have a certain
width and length to allow for the various toughenimechanismg55, 124] Its size relative to the

structure size is of fundamental importance angsexd as the basic assumption in the development of
most numerical models. The width of the FPZ andength ahead of the propagating macrocrack are

generally assumed constant and are consideredtasahproperties.

Otsuka[94] performed an experimental campaign using concrateisiens of different dimensions
and aggregate sizedsing X-ray and acoustic emission techniques hadatat the width of FPZ
increases with an increasing maximum aggregate (sige however its length decreasdsigure
1.9(a). However, in his paper the FPZ is considerechaswhole zone ahead of the notch in which
cumulative AE events are detected. This could lstipnable, as FPZ should be measured ahead of
the actual crack tip. The detection of the craplptisition is not doubt difficult but it can be rsesed

using optical techniqug91].
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It is also detected that the width of FPZ varieshwihe crack length relative to the specimen
dimension. This effect is called #tee boundary effect on the FP3tudies have shown that FPZ width
decreases dramatically when FPZ approaches thefheekof a notched concrete specimen. Hu and
Wittmann performed a saw-cutting experiment on aroaind showed that the development of FPZ in
a wedge splitting specimen is severely limited whpacimen size or ligament length is reduféet)

55]. When the ligament length (= specimen length elciangth) is small, the specimen dimension
along the direction of the crack propagation camiv&led into inner and outer regions. In the inner
region, the growth of fracture process zone isaifeicted by the boundaries of the specimen and its
size can be assumed as constant. When the crasdkesethe outer region, the fracture process zone

decreases due to the boundary influd3&.

1.4 Effect of aggregate size on fracture behaviour

The use of larger size of aggregates has long beesidered a fundamental basis for an economic
concrete mixture design. The reason behind thig Excepted concept is straightforward. Concrete
made with larger sizes of aggregates requiresmidgag water[129]. The well established and almost

universally accepted “water-cement ratio law” sdlgat there should be an increase in strength

consistent with the reduced amount of water.

Nevertheless, tests have shown that the size aBea@ggregates exerts an influence on concrete
strength independently of the water cement rao.a=given water cement ratio, strength increases a
the maximum size of coarse aggregates is reducedeis probable that a point likely to be reached
beyond which there is no strength advantage ingusmaller sizes of aggregates and if size is furthe

decreased, strength starts to decrébz@.
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1.4.1 Effect on microcracking characteristics

Characteristics of microcracks are dependent onddggee of heterogeneity in the material. Fine-
grained materials show different micro fracturerelkteristics than coarse grained materials. Landis
and Shalj70] characterized microcracks according to their fractmode. The fine grained materials

show primarily a mixed-mode micro-fracture, wheréfaes coarse grained materials show a mode-I

(shear) micro fracture.

A relationship between the microcracking charastes and the overall fracture toughness of the
material is established through quantitative AElsis[70]. The AE source locations in the coarse
mortar specimen shows significantly more scattantthe fine mortar, indicating a larger damage
zone. The coarse mortar has a higher overall teegfhrattesting to the fact that diffused damaggslea

to greater energy absorption capacity.

The enhancement of fracture properties of conate&to large aggregate particles can be explained
by microcrack shielding and crack bridging (S=ztion 1.3.2 which cause the reduction of stress in
the FPZ. Also, the interlocking of the particledvieen the crack surfaces consumes energy and thus
enhances the fracture resistafit@s]. For smallerd, especially in the mortar, the fracture surface is
smooth. For highed,, surface becomes rough and complex, and also soauese aggregates are
found snappefR, 135] As crack meets an aggregate particle, it is fheieher to propagate through
the tougher aggregate or to deflect and travel ratollhe aggregate-mortar interface. Since the
interface toughness is usually lower than the mathie advancing crack tip is prone to deflect the
aggregate, resulting in a tortuous cracking patth aeeds more energy. Thus, larger the size of
aggregates is, the more tortuous cracking path dvibal and higher energy will be required to

overcome the interfacial bond.

The potential of the fractal geometry as meansestdbing the scaling of surface roughness has been
explored by many researché8s 78]. Mandelbrot and co-worke[g8] were the first to suggest a link
between fractal dimension of fracture surface amadtdéire toughness. Since the roughness of the
cracked surface may play the important role ofitiiensic parameter at the microstructure leved th
roughness of the fractured surface and the frdogalry have been used to quantitatively charaeeriz
the coarseness of internal structure of concrétead been proven experimentgliyi9, 94, 27]that

the size of the FPZ in concrete increases withegsing average aggregate size. From this point of
view, the coarseness of grain structure of concsétauld be considered as one of the dominant

parameters affecting the size of the FPZ.
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1.4.2 Effect on brittleness and fracture energy

When FPZ is small, the failure pattern is moretleriand towards the region of LEFM, which is
manifested as the shift to the right side on tlme sffect plot (sed-igure 1.1). Such shift was
obtained in the study of Chang and co-work26} and Amparano and co-workggy. In their studies
the size of the aggregates and their volume fraci®@ the experimental parameters respectively. In
the study of Chang and co-work¢?$§] the test data for concrete with large aggregate {laus coarse
internal structure) falls in the transition zondéveen LEFM and the strength criterion; while thst te
data of cement pastes with small aggregates (arsdfitie internal structure) shifts to the rightoiffra
LEFM point of view, this means that a cement pastenore brittle than concrete, and can be
characterized by LEFM.

The fracture parameters also depend on the aggregat It was shown that both fracture toughness
and fracture energycrease with an increase of the maximum aggregjiage with a fixed value of
aggregate conten27]. Kleinschrodt and Winkle[67] reported that the influence df is probably
insensitive to fracture energy while Mihashi andwarkers [88] showed that the influence is
significant. As the aggregate size became lardee, talues of fracture energy and AE hits

significantly increased.

The volume content of aggregatésyf) is also an important parameter. Higher volume foacof
aggregates leads to a finer grain structure, amsl tihha small size FP2]. The article concludes that
the fracture properties of concrete depend stroaglihe total aggregate content. The fracture gnerg
exhibits variations in the range of 25%: fractunergly decreases with an increasing aggregate donten
and reaches a minimum value by V.4 = 65%, then starts to increase (but there is b sutical
volume fraction which gives maximu@). The size of the FPZ decreases with increasimgect of
aggregates, something that can be explained bghéwege of coarseness of grain structure defined in
terms of mosaic patterifig]. The nominal strength of concrete beams shifts fitoe left to the right in

the size effect curve with an increasing volumetican of aggregates. In other words, the failure
mechanisms of the concrete used in the study shward the region of linear elastic fracture

mechanics.

1.5 Size effect on strength of concrete structures

Size effect is the change of response of a matdulto geometrical changes in the dimensionseof th
structure. In solid mechanics, the scaling probédémain interest is the effect of size of the stine

on its strength. Emphasis is placed on quasi-bnitthterials, for which the problem is most acutg an

-22 -



1. Literature review on cracking in concrete

complex. These are materials incapable of plaséitliyng, failing due to fracture characterized by a
large FPZ that undergo distributed strain-softenm¢he form of micro-cracking and fractional slip.
The mechanism of size effect is mainly determigjstivolving stress redistribution and the releafse

stored energy engendered by a large fractureanga FPZ.

Experimental results have indicated that the strenfjconcrete usually decreases with increasing si
of structures. The size effect on concrete may rfreguily explained by the FPZ. When a concrete
structure is loaded, the strain energy producedthay applied load is converted to the energy
consumed to create a new fracture surface andnbeyye absorbed in the FPZ (due to toughening
mechanisms). For large-size structures that hawg ligament lengths on crack sections, the lagter i
negligible compared to the former, whereas for kmiak structures the latter can be of the same
magnitude as the former. Therefore, the largersthacture’s size, the lower the nominal strength.
However, the concrete strength approaches a cansten the size of the structure becomes very
large[10].

1.5.1Size effect theories
In concrete structures, size effect theories aialyndivided into three categories:

» Statistical theory of random strengfB81].
e Theory of crack fractality24].

« Deterministic or energetic size eff¢et.

Statistical theory of random strength

The statistical theory of size effect began to emeafter Peircd96] formulated the weakest-link
model for a chain and introduced the extreme vatagstics originated by Tippdit20], Fréche{44]
and Fisher and Tippef#t3]. The capstone of the statistical theory of stiengas laid by Weibull
[131]. A three dimensional continuous generalizatioringf weakest link model for the failure of a

chain of links of random strength leads to theritistion [131]:

P, (oy) =1-ex —Ic[a(x),aN]dV(x) (1.2)

\%
which represents the probabiliBf that a structure fails as soon as a macroscop@iuire initiates
from a microcrack (or flaw) somewhere in the stuoeto = stress tensor field induced by the load
that corresponds to the nominal strengthx = coordinate vectoly = volume of structure ant{o) =

a function giving the spatial concentration of thiture probability of the material.
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Applications of Weibull's theory to fatigue emblétl metals and to ceramics have been researched
thoroughly. Applications to concrete, where the @ffect has been of the greatest concern, have bee
studied by Mihashi and Izuni87], Mihashi[85], Wittmann and Zaitsej134], Carpinteri[23] and
others. Based on some serious limitations e.g.nalesef material characteristic length, no informati

on structural geometry, negligence of spatial datiens of material failure probabilities of
neighbouring elements caused by non local propedifethe damage evolution, the theory appears

applicable to some extremely thick plain (unreinémf) structurefl4].

Theory of crack fractality

Observations have shown that the fracture surfacesncrete exhibit partly fractal characteristics.
Recent advances in the study of the fractal asp#ctsack morphology and energy dissipation by
fractal cracks have shown a correlation betweenfrdietal dimension of the crack surface and the
fracture energy of concrete materials.[B4] a size effect theory is proposed calledlti fractal
scaling law (MFSL) showing that a fractal nature can be thgsmal origin of the size effects
observed on the concrete structures. For failucesrang at fracture initiation from a smooth sgda

the scaling law reads:

o, = /pﬁ% (1.2)

WhereA;, A, = constants depending upon the fractal naturbeottack.

There are, however, few objects to the fractal thEd:

« A mechanical analysis of fractal nature of cradksjrts a different size effect th&aguation 1.2

* The fractality of the final fracture surface shoulat matter, because typically a major amount of
energy is dissipated by microcracks and fractistips on the sides of this surface.

e The fractal theory does not predict h8yandA,; should depend on the geometry of the structure.

Deterministic or energetic size effect

Application of LEFM to concrete was first considérby Kaplan[63] but subsequent test results
showed significant disagreemeri®6, 72, 130] Leicester[72] conducted tests of geometrically
similar notched beams of different sizes, fitted thsults by a power-type size effect, and observed
that the optimum exponent was greater tHanthe value required by LEFM. He tried to expldiby
noting that the strength of the stress singulddtysharp notches of a finite angle is less tha thr

sharp cracks. This explanation however is quediilenhecause notches of a finite angle cannot
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propagate, and because the singular stress fiehdbtohes of a finite angle gives a zero energy flux
into the notch tip. Besides, Leicester's power lBw size effect implied nonexistence of a
characteristic length. Based on more extensives teftgeometrically similar notched beams of
different sizes, WalsHfil30] was the first to make the doubly logarithmic pddtnominal strength
versus size and note that it appears to be tranaltbetween plasticity and LEFM, although he ddtl n

attempt to make a mathematical analysis and obtfonmula.

A different type of quasi-brittle size effect wambght to light by Hillerborg and co-workesl] who

extended the models of Barenblf and Dugdalg¢39] to formulate the cohesive (or fictitious) crack
model for concrete characterized by a softeningsstcrack opening law. Using finite element
analysis, they showed that the failures of plainccete beams exhibit a deterministic size effect,

which agrees with the test data on the maximum fmsak obtained from Brazilian tests.

Bazant's size effect law

In 1976 it was analytically demonstrated that l@zdion of strains engenders a size effect on post-
peak deflections and energy dissipation of strest[6]. Inspired from the work of Hillerborfp1]

and using the energy release rate concept, BfZadéerived a size effect law which describes the size
effect on nominal strength of quasi-brittle struet containing notches or traction-free (fatigued)
large cracks that have formed in a stable manneasMrement of the size effect on the maximum load
of notched specimens are shown to provide simplanmdor determining the fracture energy and
effective length of the FPZ and are embodied itaadard RILEM Recommendatiofi07].

According to Bazant'’s size effect law, introductioina crack with a FPZ of fixed widtimat peak load
causes the release of strain energy from the shadedles on the flanks of the crack band shown in
Figure 1.10 The slopek of the effective boundary of the stress-reliefed considered independent
of the sizeD of the specimen. The length of the crack at marinead, called hereafter, is assumed
proportional taD, while the widthh of the FPZ is essentially a constant, relatedi¢oini-homogeneity
size in the material. Subsequently, using an apmate energy release analysis, the following
approximate size effect law is deriv€d for the quasi-brittle size effect in structuredirfig after
large stable crack growth:
oy = Bft'(1+ Rj :
D

0

(1.3)

Where oy = nominal strength;D = characteristic size of the structui®;and Dy = parameters

depending on structural geometry dtid the material tensile strength.
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Figure 1.1(Zones of stress relief according Bazant's sizeatfaw (from[7]).

It is important to note that according to Bazarsize effect law, stress reduction in the triangular

zones of are&ia’/2 (Figure. 1.1) causes an energy release= 2(ka’/2)on/2E (E being the Young’s

modulus). The stress drop within the crack bandvwith h causes further energy releadg =

hao\*/2E. The total energy dissipated by fracturéNis= aG;, whereG; is the fracture energy, a

material property representing the energy dissipaer unit fracture length. Energy balance during

static failure requires tha(U,+Up)/0a = dW/ da. Settinga = D(a/D), wherea/D assumed constant for

structures with geometrically similar sizes, théuson of the last equation fary yields Bazant's

approximate size effect laiequation 1.3

Logon

", Strength Criteria

Most e
lab tests Bazant's size effect law
H._______...—q:....\,--..__________..
Most structures '
' -
D Log (size)

Figure 1.11Transitional scaling of quasi brittle structurésifi[14]).

More rigorous derivations of this law, applicabtearbitrary structure geometries, have been giuen i

terms of asymptotic analysis based on equivalemNLEL4]. The application of Bazant's size effect

law to predict the size effect on peak strengtltaicrete beams has been verified experimentally,
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among which the earliest is found in the famous3dWaltests of notched concrete bedh3®]. For
very large sizesl{ >> D), the size effect lawHguation 1.3 reduces to the power laar, a D2,

which represents the size effect of LEFM (for getsivally similar large cracks) and corresponds to
the inclined asymptote of slope -1/2Rigure 1.11 For very small sizedX << D), this law reduces to
on = constant, which corresponds to the horizontainpsote and means that there is no size effect, as

in plastic limit analysis.
1.5.2 Brittleness number

Brittleness number is defined as the non-dimensiataracteristic that indicates whether the
behaviour of a given specimen or structure is cldésea strength limit analysis or to LEFM. The
relative structure size = D/d, cannot serve as an objective indicator of thisabilur. Bazant and co-

workers[12] proposed that an objective indicator can be thtdoress number defined as:

B= (1.4)

The value off = 1 indicates that the specimenat the centre of the transition between the two
elementary failure criteria i.e. the point where thorizontal asymptote for the strength criterion
intersects the inclined straight line asymptotethef LEFM criterion. Foig < 0.1, the plastic limit

analysis can be used as an approximation angi*dt0, linear elastic fracture mechanics may be used

as an approximation.

Ao represents the value / d, for § = 1 and can be calculated by finding the struttstizzngthoy
simultaneously using a plastic limit analysis areFM analysis. By equating both equations dqr
Bazant obtained the following expression for tlaasition valueD, of the characteristic dimensidh

of the structure at the transitional point (ségure 1.1).

G.E
D, =+, A :& (1.5)
f, “B0; (ay) d,
Therefore,
f2D
B =Bg, (a,)— (1.6)
f\Ho G,E
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Whereq, = relative crack length at the transition poinas Do; gr (@,) = non-dimensional energy

release rate calculated according to LERRis the fracture energy corresponding to of an itdin
large specimen (under the condition that failureanfinfinitely large specimen must follow linear

elastic fracture mechanics).
1.5.3 Size effect on fracture energy and softening curve

Many numerical models can be found in literaturedtculate fracture energy as a material property.
Three of these models have been adopted by RILE§étermine experimentally the fracture energy:
the Fictitious crack moddb1], the Two parameter modf1] and the Size effect Mod¢§r]. The

details of the RILEM methods are presente8eation 2.2.

In the Fictitious crack model, the fracture enefgya specimen of heigl? and an initial notch (or
crack) lengtha is calculated as the area under the tensile soffesr cohesive stress-crack opening
(o~w) diagram. This definition of fracture energy woudkhd to different values if the ligament
length/size ([D-a)/D) ratio is varied. This variation has been repostédely in the literaturg¢38, 37,

36]. Van Mier [127] argued that a gradual post-peak load drop (oresiofiyy curve) is generally
observed when testing specimens of finite dimerssibat is highly unlikely to happen for cracks in
infinite plates (where material behaviour is beitdnd follows LEFM law). Therefore, the softening o
cohesive stress-crack opening-\{) diagram should be considered as an outcome dfingaof a
specific structure under specific boundary condgio

The size effect law proposed by Baz§fitis based on the assumption that the FPZ sizeractlfe
energy are independent of the structural size @wingtry. Bazant assumed that the FPZ size is not
negligible and for laboratory-size fracture specisjehe fracture process zone is of the same ofder
magnitude as the specimen size. Furthermore, luenasisthat due to the limited plasticity of concrete
under tensile loadings, the hardening nonlineaezurrounding the fracture process zone is rather
small and the boundary of this nonlinear zone Wiy close to the boundary of the fracture process
zone. Therefore, and in order to isolate the bogndHects, an extrapolation to an infinite speaime
size is made and thus the fracture process zomamescinfinitely small compared to the specimen.
Under this condition the failure of an infinitelgre specimen can be modelled with a linear elastic
fracture mechanics law. Based on this hypothedisusimg a dimensional analysis of energy release

rate for linear elastic materials, Bazant calcddbe fracture energy of concrete as:

_ 9:(a,)

AE (2.7)

G,
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where A = slope of the linear regression plot betwaominal strengthsy and square of specimen
dimension,D for failure of geometrically similar specimens aing to Bazant's size effect law
(Equation 1.3

It is very important to mention here that Bazastze effect law is based on two main assumptiohps (1
the size (width) of the FPZ ahead of the crackeatkdoad is constant and (2) the crack length ak pe

load is proportional to the specimen sizedgs a constant. The critical stage or unstable crack

propagation is assumed to occur at peak load. Ara@oiation to an infinite size of specimen is made
to apply LEFM and then the critical strain energlease rate is calculated according to equivalent

LEFM analysis for an infinite size of the specinveith proportional crack size.
1.5.4 Boundary effect on fracture properties

Hu and Wittmanr54, 56] examined the fracture of a large plate with aneedigick and pointed out

that failure transition from strength dominateduiaé to the LEFM controlled fracture was due to the
interactions between crack, fracture process zadébaundary, which lead to the common size effect.
They performed a saw cutting experiment on mortat showed that the development of FPZ in a
wedge splitting specimen was severely limited whpacimen size or ligament length was reduced
[57]. They also showed that the FPZ width decreasesalieally when the FPZ reaches the back face

of the notched concrete specimen.

In the following explanation of the non constardcture energyGe is used exclusively for the size
independent fracture energy aBgis for the size dependent fracture energy. Constbhe important
role of fracture process zone size (or width) acfure energy dissipation, Duan and co-workags

37, 36]proposed a local fracture enerdy; | model, in whichG (x) is assumed related only to the
cohesives(w) relationship[51] at one particular locatiorx) along the crack path. A bilinear function

is used to induce the boundary effect ®n (seeFigure 1.12. The bilinear function consists of a
horizontal length with a constant value of value @f (or Gg) (within the region where FPZ
length/width is maximum and essentially a constang a descending line that reduces to zero at the
back surface of the specimen (the region where ERgth/width is restricted due to boundary
influence). For a specimen with ligament lengird) longer than the transitional ligament length

(a*) (seeFigure 1.12, the local fracture energy is given as:

\ G, x<D-a-a
G (x) = . . (1.8)
G- (D-a-x)/a, x2D-a-g
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Subsequently, the size dependent fracture en€gy terms of the relative crack length/D) is

obtained as:
G{l—l(ﬂn 1-alW>a /W
a 2\1-a/D
G, (5) = (1.9)
GFE(MJ 1-a/W<a /W
2\ a /W

A representation of the changes in local fracturergygr and the size dependent fracture endggy
are illustrated irFigure 1.12

A size effect solution is proposed 86, 56] to describe the dependence of specimen’s nominal
strengthoy on the crack length.

f

Oy =—F—— (1.10)
§ J1+ala,

Wherea ,, is defined by the intersection of the maximum tensiress and the LEFM criterion and is

referred to as the reference crack size.

b7 |
G

G=G/@D) |

.
a,

(b) x 5

Figure 1.12The distribution of fracture energ§{andg) along the ligament of a specimen
(from[36, 56).
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In order to summarize the boundary effect on frac(ligure 1.12, the physical size of a specimen

alone is not sufficient to characterize the sizeatfon laboratory-size specimens. Boundary effect

(thus another level of size effect) exists on tmactiire properties if the(D—a)< a,* even
if D >> a,* .This clearly demonstrates the significance of lcrigngth in the size effect of concrete

fracture.
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Conclusion

When concrete is subjected to loadings, crackingalls initiates from the weakest links in the

material microstructure. Under tensile loadingse tinacture process is characterized by strain
localization and results in the post-peak softendfighe stress-strain diagram. Many toughening
mechanisms are responsible for the strain loc@dizatnd additional energy is consumed during such

mechanisms.

Cracking can be discretized into main cracks, sgagncracks and microcracks ahead of the main and
secondary cracks. Different theories are availabliterature to differentiate the different craogi
zones Hection 1.3 % However, the inner cracking zone (or the fraetpirocess zone) associated with
the main crack is more energetic and is respon$ibléhe decrease in the load bearing capacity of a

concrete structure.

The size of the fracture process zone is of fundaahemportance and is considered as a material
parameter in most numerical models. Recent expatahetudies have shown that the size of the
fracture process zone varies with the specimenasizeell as the aggregate sige¢tion 1.3.5, 14 A

boundary effect is also observed when the fracfuoeess zone approaches the boundary of the

specimen.

Experimental studies have shown that a size effeptesent on the strength of concrete. Different
theories exist in the literatur&Séction 1.5.}, among which the deterministic energetic sizeeaff
theory is most appealing. In this case, the deerefithe hominal strength while increasing the size
the structure is attributed to the growth of trecture process zone of significant size. In Bazasife
effect law[7], a size independent fracture energy is considanedt is assumed that at peak load the
crack length is proportional to the size of thecépen and the width of the fracture process zoree is
material parameteSection 1.5.1.3, 1.5 3However, Duan and co-worke38, 37, 36]propose a non
constant fracture energy modéetion 1.5 based on the experimental observation of a baynda

effect on the size of fracture process zone.
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Chapter 2

Experimental Approach to Characterize Fracture in
Concrete: Theoretical Background and Methodology

Different experimental techniques have been deeeldp measure fracture in concrete structures. The
main purpose of these techniques is to study twre process zone (FPZ), the deformation contours
and the crack path. Among the different experimeantthods to estimate intrinsic fracture properties
RILEM (International Union of Laboratories and Erggein Construction Materials, Systems and
Structures) has developed various testing procedamed recommendations based on simple

mechanical tests.

This chapter is dedicated to present the procedteelniques and protocols adopted in this study in

order to characterize the fracture in concrete.

* In the first section, the Digital Image Correlatitgthnique and its application as a fracture
measuring tool are discussed.

* In the second section, the RILEM recommended teshous to measure fracture parameters
of concrete are presented briefly, including thee stffect method which is adopted in this
study. The merits and demerits of these methoddiscessed.

« In the third section, details on the experimenghpaign performed iGeM atEcole Centrale
de Nantesin order to characterize fracture are presentegl (®@aterial aspects, specimen
preparation, experimental setup, loading system).

* The last section is dedicated to the difficulties@intered in the preparation of the concrete

specimens and the shortcomings of the mechangtideequipment used in this study.
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2.1 Digital Image Correlation as a fracture measuring ool

2.1.1 Introduction

In material testing, monitoring the geometrical mip@s of the test specimens is required to study the
behaviour of the structural elements and also tidate constitutive models. Displacement and
deformation measurements are typically measuratidgpfacement transducers or strain gauges. These
devices have been used extensively in the pastidong online results with sufficient precision and
reliability (under certain conditions). A generasatlvantage of these techniques, however, is their
point wise nature and (often) one-dimensional mesasent capability. If simultaneous two- or three-
dimensional measurements at several locationsegp@red, the instrumental effort quickly becomes
rather important. In other words, these technicaresgenerally not suited for tasks requiring adarg
number of measurement points distributed over agecbbsurface or for complete surface
measurements. For these cases, techniques baségltahphotogrammetry are a valuable alternative
as a powerful and flexible measurement tool. Datacgssing can be highly automated and fast,

limited only by the camera image rate.

A very popular photogrammetric technique known dgitBl Image Correlation (DIC) has been
validated theoretically and experimentally by maagearcherf21, 29, 76] In contrast to the more
traditional methods it is a robust technique, whiels a high degree of measurement accuracy and is
much easier to apply experimentally. DIC requirgsimal or no surface preparation and provides
surface displacement data as a primary outputs ihdw well known that digital images of the
deformed objects can be analyzed to estimate #pdaire displacements of various points on the
surface of a specimen. Continuum mechanics theoagdpted to calculate deformations from surface
displacements. Some specific properties of DIC thake it extremely attractive in the field of

experimental mechanics df9]:

* Optical digital image acquisition equipment, fror€@Q (Charged Coupled Device) to CMOS
(Complementary Metal Oxide Semiconductor) sensaetbacameras, are available with
increasing quality and decreasing cost. Nowaddngsyrésolution (number of pixels) reaches
10 Mega pixels.

« Image acquisition is a non-contact technique, ableg a large distance between the samples
and the camera even for large magnifications. mhiscontact character makes it suitable for
unfriendly environments (high temperatures and kupnicorrosive atmosphere).

« Fast digital cameras provide images with a highdency (from about o 1¢ frames per

second) and thus open the way to detailed anadfsmamic tests.
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* DIC requires minimal or no surface preparation. Tthage surface under analysis has to be
patterned. This pattern can be the natural suidatiee specimen if it is textured and opaque
enough (e.g., concrete, raw surface of ceramidje@itise, paints can be sprayed easily on the
surface to provide the required texture withou¢etihg the mechanical behaviour.

« Basic DIC dealing with image pairs only analyzeglane displacements. However, using
two (or more) cameras provides the relevant infoionafor the extraction of full three
dimensional displacement fields of the surfacehef $olid. This technique is called “stereo
correlation” and is useful for experiments wheré¢-auplane displacements are required e.g.
compression tests on cylindrical specimens.

* A typical full field measurement of the displacernsemsing DIC contains a considerable
amount of data compared with classical instrumentslable on universal testing machines
(e.g., extensometers, strain gauges). This carnsbtiluto validate and identify constitutive

laws.

2.1.2 Principles of Planar Digital Image Correlation

The process of correlation consists of analyzirsgies of images of the specimen surface having a
distributed grey level pattern. These patternsnaoaitored during the load application by a digital

camera and stored in a computer in a digital formBisplacements fields can be measured by
matching the first image (or the reference imagpictlly corresponding to the unloaded stage) and
each subsequent image. However, when displacemmgiitades are too large, the consecutive pairs
of images are generally matched to measure theeakamy displacement field. In the latter case, the
displacement field from the reference image is taoted as a sum of the elementary displacements,

taking into account the non-linearity induced by targe displacements.

During the imaging process, the intensity of thedan pattern is transformed into a finite number of
samples on a rectangular grid. Each sensor, ot, pixa typical camera averages the incident light
intensity in the form of a grey intensity value,iahis in the range of 0 to 256. Thus, a digitahge

is represented as a simple scalar valued numbay (gvel) at each pixel, and is denotéd. The x
argument is discretized into elementary pixelsaligun two dimensions, along a regular square grid
(the pixel matrix). For optimal results, the imagature should be a rapid varying field with sharp
contrast. An adequate speckle pattern must havenaiderable quantity of black speckles with
different shapes and sizdsidure 2.). The effectiveness of the speckle pattern caddbermined by
the quantity of pixels per black speckle. A gooddie pattern should have small black speckles (10
pixels), medium black speckles (20 pixels) andddastack speckles (30 pixels) (the above quantity of

pixels per speckles is approximated).
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B
| Reference
Isubimage

Deformed
subimage

(b)

Figure 2.1(a) Schematic representation of the deformed efeilance subimages located on an

instantaneous image (b) A medium black specklepattoomed. The speckle pattern is
approximately 15 pixels wide and 20 pixels high.

The basic principle underlying DIC is that each gmas deformed only by the in-plane displacement
field u, without any alteration of the gray levels. Thtl®e reference and deformed images can be

related by:

g (x) =f(x+u (x) (2.1)
Here g is the gray level of the deformed image. This ¢iquais often termed as the brightness
conservation equation. It does not take into actthm topography of the surface. Hence, it can be

modified to consider out-of-plane displacements.

Furthermore, the image acquisition is never perdec always contains a small amount of noise, so
that

g () =f(x+u(x)) +7 (x) (2.2)

Wherey, is the noise amplitude.

During an experiment, the illumination of the imagimdow can change (e.g. affine change in gray

levels). To improve the results, the gray levelseffb and rescalinga parametershave to be

determined in addition to the displacement unknowns

g(®¥) =[A+a () f(x+u )] +7 () +b(x) (2.3)
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The a andb coefficients of brightness conservation are oftgrored in order to make the algorithm
more robus{109].

To account for subpixel movement, it is necessauigpecify an interpolation schentédure 2.2. The
most elementary is the linear interpolation scherh&h consists of assigning a combination of four
functions (1 x, yandxy) at each square of pixels in order to match thHmpisel gray values. This
interpolation scheme gives satisfactory resultsneifat provides discontinuous derivatives across
edges and at the nodes of the pixel matrix. Higinder interpolation schemes (cubic, quintic spline
functions) are also in use. They typically imprdiie results (eliminate errors like lens distorsion
vibrations, periodic biagl17, 28) usually at the expense of longer computation simaother choice

is given by the Fourier decomposition of the orédiimage that naturally provides a continuous field
with infinite differentiability, and yet a small ogputational cost. The main difficulty of this chejc
however, is the aliasing effect of non-periodic hdary conditions on the edge of images or
subimage$109].

Raw image Bi-linear B-splirie interp. Bi-cubic B-splirie interp.

Figure 2.2Representation of interpolation schemes used ireletion of digital images.

An additional improvement consists of restrictirige tvariability of the displacement field. This
regularization is usually defined considering th@) is piecewise constant or linearly varying with
over zones, allowing for arbitrary discontinuitesross zone boundaries. The extension of these zone
referred to as “correlation zones” thus qualifibe tquality of regularization. Other than linear
variability, choices like imposing a global contityufor u through decomposition over classical finite
element shape functions, or extended shape fursctoitable for crackf93, 110] one may benefit
from a priorknowledge of the analytical displacement fieldsclStegularization can be made using
specific choices of the basis functipg(x).
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U() = Z e (¥) (2.4)

Because of the above image imperfections, or sirbglyause the actual displacement field is not
exactly part of the chosen subspace, the brighto@sservation cannot be exactly fulfilled. Thus, an
iterative approach known as correlation is usedninimizing a functionald in the spacev, of the

correlation zone. The following criteria can bed$or the minimization:

e Sum of Squared Differences criterion (SSD)

(@) = [ {g(x) - f(x+2wnwn(x)ﬂ dx (2.5)

* Zero mean Sum of Squared Differences criterion @SS
2
%(w) = Il:(g(x) —5)—(f(x+ S w, n(x)j —Tﬂ dx (2.6)

Where Eand f are the average grey levels over the domain ofetaion in the deformed and

reference images respectively.

Wheny is constant over the correlation zamg minimizing®? is equivalent to maximizing the cross-

correlation coefficien€C(w,) betweerf andg over this zone.

Clw) = g(x)f(x+2wn n(X)jdX 2.7)

The displacement which maximizes the above prodocesponds to the estimation of the unknown
displacement vectou(x). It can be computed in the reference space oa iRourier space. A
polynomial fit of the cross-correlation functioraals locating its maximum with subpixel resolution.
The advantage of this formulation is that a glosdrch for the maximum is easy to perform and
hence this technique is also suitable to largelaligents. The following two criteria can be usad f

maximizingC (w,):
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* Normalized Cross-Correlation criterion (NCC)

| g(x)f(x+2wnwn(x>jdx
Clw,) = - (2.8)

\/I(g(X))ZdXI(f(ngn n(x)Dzdx

» Zero mean Normalized Cross-Correlation criterioNCZ)

| (g(x)—a{f[x@wn n(x)j- ?jdx

Clw,) =
\/I(Q(X)—ﬁ)zdxj'(f(x+zn:wn n(x)j—?j dx

(2.9)

2.1.3 Overview of DIC application in fracture measurement

DIC has been established as a stable and reliablefdr damage and fracture measurem¢pg
[114]. In [28] DIC is used in concrete compression tests to tletacks and to measure strains. The
authors estimated the accuracy of the displacemeasurements using three different procedures and

the maximum error was about 1/20 pixels.

The possible error sources may be due to lensrtiists, vibrations, or periodic bias in measured
displacements. When cracks form in a concrete satithe pixels near the crack may rotate. Since
displacement measurements are based on the waasishift of images, rotation can affect the resul
to a small extent. Local discrepancies (e.g. chacks also significantly decrease the magnitudbef
coefficient of correlation. Thus, the acceptableleof the correlation coefficient should be seghtar

in order to have precise estimatiof28]. Lawler and co-worker§71] reported that single surface
information by DIC may not reflect the behaviour tbhe remaining surfaces or the inside of the
specimen. The crack propagation was shown as esemation of displacement contourgig@ine).
They demonstrated that for wider cracks, the canteaps of DIC results are unable to portray crack
shape as effectively, though crack width informai® clear and accurate. Also, the shape represente

in the contour map is dependent on the layout®hibde grid when the discontinuities become large.

The periodic bias in measured displacements carrbeved by using higher interpolation functions

[117]. A more precise estimation of the actual positbm point on the deformed specimen can also
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be determined by fitting a bilinear surface to doerelation coefficient scores for the discreteepix
locations surrounding the highest correlation ahdosing the location of the surface’s pdalk].
Lawler and co-worker$71] found that DIC is very effective at determininge tbrack width and

location of small cracks (under [36).

In the experimental campaign presented in this tehaphe size of each subimage is equal to 21 x 21
pixels. They are regularly spaced in the referemame (of size 1392 x 1040 pixels) in the form of a
grid. The commercial package Vic2D by Correlateduttans is used to perform digital image

correlation analysis and the NCC correlation dateris adopted. Gaussian weight functions that

provide the best combination for spatial and disptaent resolutions are ugd@1].

2.2 RILEM methods to determine material fracture parameters

Conventional test methods based on LEFM are nat tbtletermine material properties of concrete
due to the presence of a large fracture process. Z0ifferent nonlinear constitutive laws able to
describe strain localization and failure of quasitle materials can be found in the literatureeyh
use material parameters which are independent efstructural geometry and size. In order to
determine these material parameters, the RILEM cttews on fracture mechanics of concrete
(Committee50-FMCandTC89-FM) have proposed three tests detailed hereafter.

2.2.1 Work of fracture method

Work of fracture is the first method for determigiftacture properties of concrete to be proposeal as
standard105]. The basis for applying this method to concrets deaveloped by Hillerborg and co-
workers[50] who adopted the fictitious crack conc@pt]. In LEFM, the critical energy release rate
Gic is the energy required per unit crack extensioa material with no fracture process zone, i.e. all
the energy is surface energy, and no energy igdiesl away from the crack tip. On the contrary, in
the work of fracture method, the process zone £sistl therefore the total energy includes the gnerg
dissipated per unit crack propagation distancénefftacture process zone as a whole, and it isctall
fracture energy:. The proposed test standard uses a beam speaaded in three point bending
with a central notch. Complete details of the psmab standard are given in the RILEM

Recommendatiofi05]. The fracture energy is calculated as

_ W, + mgd,

(2.10)
Aig

G,
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WhereW, is area under the vertical load displacement cup/®dy; dp is displacement corresponding
to complete failure (when load equals zemog is (m+2m,)g wheremyg is beam weight between
supports, andn,g is extra weight carried by the beam (e.g. fixtyreasid Ay is original, un-cracked

ligament area.

The reported results show variability ranged frobowt 2.5% to 25%. The results also show an

undesirable dependency on the size of the bearthantbtch lengtfil4].

2.2.2 Jeng and Shah two parameters model

The effect of a large sized FPZ at the crack tighefnotch or continuous crack, is a reductiorhef t
stresses at the crack tip and a pushing back opé¢h& stress. Consequently, the specimen behaves
roughly as an elastic specimen with a longer effeatrack length. Such an approach is known as the

effective crack approach and is adopted in the inafdienqg and Shaiél].

The two fracture parameters of the model are (@)ctitical stress intensity fact#lc at the tip of the
effective crack of lengtla, at P, (defined hereafter) and (2) the value of the aaltiatP,) crack tip
opening displacemenddrop), Which is calculated at the tip of the pre-exigtcrack or notch, whose
length is denoted ag. RILEM recommend$106] to perform a three point bending test on a corcret
beam under stable displacement control with theckcrenouth opening displacement as the
displacement control variable. The critical pditis estimated at about 95% of the peak load in the
post-peak branch. At that point, the specimen ghbelunloaded manually and reloaded again as soon
as the load has reached zero. The effective cextth is calculated from the compliance decrease
(see[106]). In the RILEM Recommendations, the various forasulre given to compute the critical
stress intensity factd€,c and the critical tip opening displaceméptop. This method, although more

complicated, provides similar results with the sffiect model detailed hereaf{drl 8].

2.2.3 Size effect method

One of the RILEM Recommendatiorj$07] on concrete fracture recommends determining the
material fracture characteristics from the Bazastze effect law{107]. The idea of this method
proposed by Bazant and Pfeiffé2] is that one first determines the parameters obibe effect law
by linear regression and then the parameters oémahffracture. Three point bending beams are
recommended. The span to height ratio of the sp@tiB/D should be at least 2.5 and the ratio of
notch length to the beam heighg/D, should be between 0.15 and 0.5. The notch widthild be as

small as possible and must not exceeddd.®hered, is maximum aggregate size. The wititland
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heightD of the beam should not be less thap 3\t least three sizes of specimens of differemgltts
(D = D;...Dy) should be tested. The smallest hei@htmust not exceedd; and the largedd,, must
not be smaller than Q) Because of the random scatter exhibited by ctactiee ratidd,/D; must be
at least 4. To avoid differences in the hydratieatreffects and to minimize other types of sizeatff
all the specimens should be geometrically simitartiie other two dimensions, that is, the third
dimension (widthb) should be the same for all the specimens. Theirsea should be loaded under

constant displacement rates.

2.3 Experimental research

2.3.1 Materials

The cement used to prepare the concrete is ASTM kypith 28 days strength of 52.5 MPa. Two
types of coarse aggregates are selected from the saurce. These aggregates are crushed limestone
particles with maximum size of 12 andni2@respectively. Fine aggregates used are crushedénd
with maximum size not greater thams Particle size distribution curves are presenteeigure 2.3

The choice of coarse aggregates can be clearlyrstode from the graph i.e. the two coarse
aggregates present parallel size distribution betviBeir maximum and minimum sizes respectively.
Two types of concrete mixes are prepared with neigsigh proportions as shown Trable 2.1 In mix

M1, the maximum aggregate size isn#@ and in mix M2 the maximum aggregate size isnt®
Workability tests are performed and both mixesfatmd nearly equally workable in terms of slump
value (= 4.@m). However, cement paste content is found to hitle higher in concrete mix M2 than

in mix M1. This is because in mix M2, due to thealar aggregate size, a lesser amount of paste is
needed to coat the aggregate particles and theini@gagpaste stays in suspended form. A small
quantity of super plasticizer is used to improve torkability of both mixes from 5.0 to & in

terms of slump value.

Table 2.1Concrete mix design detalils. M1 M2
kg/n? kg/n?
Cement (Portland 52.5N) 312 312
Sand 820 820
Coarse aggregate (12.5 n2®) 784 -
Coarse aggregate (5 — 1%) 316 1100
Water 190 190
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Table 2.2Mechanical properties of concrete. M1 M2
Average strength at 28 days MPa MPa
Compressive strengtify] 45 48

Split cylinder strength 3.5 3.8
Young’s Modulus 38 x 0 45 x 16
Poison’s ratio 0.25 0.25

Tests for axial compressive strength and splitncidr tensile strength, using cylindrical specimens
with diameter 100im and height 20@m are performed on both mixes. Stiffness modulus is
determined by a non destructive test using Grinadiesapparatus. Results are summarizedable

2.2

100 —
90 +
80 4

70 1
—+—Sand
60
Aggregates (5-12 mm)
50 4

% age Passing

—+— Aggregates (12-25 mm)
40 4

30 4
20 A

10 A

0 5 10 15 20 25 30 35
Sieve size (mm)

Figure 2.3Particle size distribution curves of concrete titunsnts.

2.3.2 Specimen preparation

Three sizes of specimens are prepared, which amegecally similar in two dimensions. The cross
section of the specimens is rectangular, and tha spdepth ratio i¥d = 3:1 for all the specimens.
The cross sectional heiglat is 100, 200 and 4®dm respectively for the three specimens. The
thickness or third dimensidnis kept constant at 16tmfor all the specimens. The formwork used for
casting beams is made of wooden sheetswitBickness Figure 2.4. Smaller beams are cast using a
formwork to cast a set of 4 beams. For medium lseams, a formwork to cast a set of two beams is
used. The large beams are cast using a formworlafeingle beam. The beams are notched at

midspan. The notch length varies in proportiorhm gize of the beam with a constafd = 0.2 for all
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the beams. The notch is created using a rigid,stick-Teflon strip 8mthick, which is placed into
the mould before pouring the concrete. The condsep®ured in three layers, by increasing the layer
thickness and the vibration time as the time ins@eaThe concrete vibration is done using a vitmati
table. The formwork is removed with care after @itidal curing period of 24 hrs at 20°C and relative
humidity of 95%. The beams are covered with a adteet during this initial curing period to avoid

surface evaporation and autogenous shrinkage crbksbeams are then kept completely submerged

for 28 days in a water chamber controlled at 20°C.

(b)

Figure 2.4(a) Concrete specimens upside down (b) Formwodontrete beams

In the following, the beams are classified intoethrclasses depending upon their dimensions. The
beams are designated as D1, D2 and D3 for smatliiumeand large sizes respectivelidure 2.5.

For M1 concrete, all the three classes of specinagascast to study the size effect. The fracture
parameters are obtained following RILEM Size Effstdthod[107]. For M2 concrete, only D1 and

D2 specimens are cast to study the effect of agégexize on crack propagation of concrete.

Figure 2.5Three beams of geometrically similar size in timehsions (width is constant)
Some difficulties are encountered during the faion and testing of the beams. The current study

seems very sensitive to aggregate particles amagige Therefore to obtain the same quality of

concrete for all specimens, maximum attention ig garing the fabrication of concrete, its pouring
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and vibration. However, the casting of large beastuires special attention. Since the beam is
deeper, there is a chance that the formwork wiélbwherefore, inverted U shape supports are glace
on top of the formwork in the midspan region. Tiievides support to the beam formwork and helps
it to keep its shape and thus the beam thicknesdaFge sized beams, the formwork and Teflon strip

are removed with special care.

The surface of the specimen should be considerededls In fracture experiments where highly
accurate surface deformation measurements areredquine specimen size and the condition of the
surface of the specimen must be highly specifie [Hiter is extremely important when we are using
optical crack detection equipment. The most acewatface smoothness can be obtained when steel
moulds are used but they are difficult to handighis case, timber moulds were used. In the viesy f
batch, the specimen surface obtained was less Bmbben, by careful vibrating and placement of
concrete in layers, this problem was overcome. @éi@wn, in the cast specimens, problems always
remain, e.g. bleeding water normally causes a ratbegh surface. Moreover, the skin of the
specimen is rich in fine particles. High surfaceosthness can also be obtained by sawing the

specimen from large concrdgte?4].

Notched specimens are generally used in fractuperements to confine crack growth to a known
location, and the placement is controlled by LvVDar CMOD gauge). Concrete is rather notch
insensitive, in particular when large coarse agagegyare used in the mixtujE24]. In fact notches
restrict the possibilities where a crack nucletitas, by chance a notch may be situated in a strong
or weaker part of the specimen, which may causeliserved strength to be either higher or lower.
To avoid this problem newly developed electroniticies can be used on an un-notched specimen. In
such a scheme, many LVDTSs are placed in a row a@lmmgpecimen length. Dedicated electronics and
software decide which LVDT is to be used for temitcol and which fracture zone will nucleate from

the weakest spot.

2.3.3 Loading frame and mechanical measurement devices

The loading frame consists bfstron closed-loop universal testing machine of 160 kiNaciy. The

load was applied with the help of a circular jackeinsure a point load. A rubber pad was placed
between the load jack and beam to take care dfufface unevenness and to avoid damage under the
load. The beam was simply supported on two circidapports. The notch mouth opening
displacement was measured with a crack mouth ogatisplacement (CMOD) gauge of capacity +
4mm The two blades of the CMOD gauge, eachmdfn length, were attached to two metallic plates

10mmapart, one on either side of the notch at theoboface of the beam as shown in Higure 2.6
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These metal plates were firmly attached to theispEewith high strength glue, which guaranteed the
perfect stability of the plates and consequeniy@MOD gauge.

Force

T

Figure 2.6Experimental setup of three point bending test

O

2.3.4 Test control

All the tests were performed with a controlled motopening displacement rate of QudB/sec
Therefore, load was applied as a function of theelmanouth opening. This loading arrangement
allows us to obtain firstly, a gradual increasehe crack opening and secondly, a steady decrdéase o
load bearing capacity of the beam in the post-pegkne. The mechanical data thus obtained is the
evolution of a force with a precision of 1/100 Newiand the notch mouth opening displacement with
a precision of 1/10 of micrometer, acquired aftrtelsecinterval. The load is applied in two stages:
a preload and then the main load with controllettimanouth opening displacement. The preload is
the load corresponding todm of CMOD or 0.25 N (whichever is attained earliand is operated
manually.

The stability of the loading frame is also very omjant. The loading should be applied vertically to
study two dimensional crack propagation. Thereftire,stability and verticality of the loading frame
and the loading jack are assured before every A@seccentricity in the loading can produce crack

propagation which will have no characteristic magni

The measuring length of the CMOD gauge is the destdbetween the two metallic plates. Since the
cracking process is highly localized, the defororatneasured with the CMOD gauge is equal to the
crack width, plus the elastic strain of the parthef specimen contained in the measuring lengtiteSi

the specimen unloads during crack growth, at lacgack openings, i.e., in the tail of the softening

diagram, the contribution in the measuring lengéitdmes negligibly small. Therefore, the direct
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CMOD measurement is not generally corrected foreflastic deformations in the measuring length.
Moreover, the CMOD measures the displacement betivee points which are glued to the concrete
surface. Rotations of these measuring points migltoduce an error in the displacement
measurement as shown kigure 2.7 In tensile tests the rotations are generally igégyy small,
however, in bending and compressive tests the teffatight become important. Rotations of
measuring points do not blur the test results éf ¢skrain gauges are glued directly on the specimen
surface.

support for LVDT glued
to specimens surface

lmeas + AT

WOT

measured:
({meas + A WCDS o

Figure 2.7Local rotations as a source of error in notch amemeasurement using CMOD gauge.

2.3.5 Digital Image Correlation - experimental setup

In our experimental program, the digital images acguired continuously as the specimens are
loaded. Two digital cameras with mBn macro lens are used to capture images of botls fatéhe
beam Figure 2.8. The digital cameras have a resolution of 1043832 pixels and give 256 levels of
gray output. For each size of the beam, two safetests are performed. In the first series, the
cameras are mounted in order to image an areapobap60 x 10hmabove the notch of the beam.
At this location, notch opening and initial cradlofile are captured. For this resolution, one pixel

the image represents an approxp@bsquare on the specimen, which is considered sitido
determine a displacement measurement witim 2ccuracy{30]. In the second series, the cameras are
mounted at a distance required to observe theh&iht of the specimen (except for D3). Thus the
resolutions obtained for each size of specimerilgoexel = 10fumfor D1, 1 pixel = 18Qmfor D2

and 1 pixel = 288m for D3 specimens. Four lamps, two on either sice wsed to improve the
luminosity of the images. The images from the carere stored using an image grabber program
developed using LabVIEW. The image grabber is syomibhed with the testing machine and it allows
us to take images with two cameras at the sameatraegiven frame rate. The images are taken at a
rate of 6 images per minute for each camera. Tlagés are stored in the system and are analyzed

afterwards. The resolution of the system dependecttly on the distribution of gray levels which
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depends on the texture of the material. The textfirdhe surface can be improved by using a fine
network of scratches, classical painted speckleepabr nitropental paint. In this study, a speckle
pattern of black and white paint is sprayed on® s$hrface of the specimen, which improves the

displacement resolution to about five tinjg§5].

Figure 2.8Experimental setup of digital image correlatiortimoel

In the above experimental study, local estimateshef displacements are used by considering
independent interrogation windows. An alternatigiution is to use global (or Galerkin) approaches
to measure displacement fields. It is based onrati@nal formulation of the conservation of the
brightnesq128]. When particularized to finite element shape fiomd, it allows one to use all the
numerical tools to analyze cracks (e.g., X-FE®B8]). This procedure was followed to develop

eXtended Digital Image Correlation (X-DIC)10] to analyze straight or curved cracks.

Up to now, only 2D displacement fields are discds&tereovisionil16] can also be used to evaluate
3D displacements on external surfaces of a bodygusimera pairs. This technique is referred to as
3D-DIC or Volumetric-DIC, and will be reserved ihet sequel to determine 3D displacements in a

volume.

To monitor phenomena within opaque materials, X-Raynputed Micro Tomography (XCMT) is a
very powerful way of imaging material microstruasrin a non-destructive manriéf. In particular,
cracks can be observed and crack opening displaxteozen be measured in the interior of the
specimerj49]. When the crack morphology is determined, X-FEkhteques allow for the evaluation
of surface vs. bulk propagation featuf@®]. Enriched kinematics are also implemented (ite., i
corresponds to eXtended Digital Image Correlatomeasure 3D displacements, or X3D-DJC)1].
This procedure allows one to bridge the gap betv@&epictures and numerical models
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Conclusion

In this chapter, the outline of the experimentalgoam is presented. In order to study the sizecgeffe
RILEM size effect method was adopted. Two typesaicrete mixes were used. The M1 concrete
mix (Mmaximum aggregate size =r@2) was used in the RIELM size effect experimentgeéhpoint
bending tests were also performed on the M2 (maxiraggregate size = fr) concrete specimens
under similar loading and boundary conditions ideorto study the effect of aggregate size on the
fracture behaviour. The experimental procedure simple to carry out. The loadings were applied as
a function of constant notch mouth opening rates Thused a progressive fracture in the beams and

was easy to monitor.

Digital image correlation (DIC) technique is usedthis study to measure the cracking in concrete.
The basic principle and the application of DIC mstexperimental program are presented in this
chapter. DIC allows us to measure surface displaogsrof the concrete specimen. It is found to be a
robust and highly precise tool for fracture measwmets. The possible error sources (lens distortion,
vibrations, periodic bias and image distortions)edce eliminated by adopting a higher interpolatio

function and a higher order correlation algoritfirhe results will be presented in the next chapter.
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Chapter 3

Experimental Investigation of Crack Opening in
Concrete Fracture

In order to build sustainable structures and egflgdbr sensitive installations, the study of stural
behaviour must integrate with local phenomena, axture and strain localization. The fracture
usually develops in the form of main crack, withiches, secondary cracks and a microcracking zone
ahead, as shown iigure 3.1 The fracture process, however, depends largelhemggregates size

and distribution, the void structure and the aggtregnatrix interface.

»le »le »l
-

Traction-free crack Secondary cracks Microcracking
+ Microcracking

»le »/
»<€ 1

Macrocrack Fracture Process Zone (FPZ)

Crack opening> 6pum* Crack opening < 6pum

Figure 3.1A schematic diagram to illustrate cracking in cater 191]

Crack opening is a key parameter when estimatiaglthrability of the structural components of most
concrete structures. Also, in Eurocddé], the crack opening is specified as a principahelet in the
crack control provisions. Many numerical models @so be found in literature in which crack
opening is considered as a key fracture paramdmrever, very few experimental studies exist, in
which the fracture behaviour and the size effe@ #mvestigated based on the crack opening

measurements.
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In this chapter, experimental results of three pbending tests on concrete beams are analysed to

characterize the fracture process.

In the first section, the mechanical response @bigams is analyzed.

The approach to determine the crack opening displaats and profiles from the
displacement field obtained by DIC is presentethésecond section.

In the third section, the fracture process is dattar&zed based on the crack opening in the
crack beams.

The fourth section deals with the effect of aggtegize on the cracking process.

In sections five and six, the size effect on meatanresponse and crack opening are
investigated respectively.

In the last section a case study is presented inhafeinforced concrete beams are tested in
three point bending. The crack openings and spauiagnonitored and compared with design

values of Eurocode.
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3.1 Mechanical response of the concrete beams in terro$§ global variables

The results presented in this chapter refer taethnt bending tests, the experimental setup athwh

is presented irChapter 2 The mechanical data obtained is in the form af tariables: the force
applied by the hydraulic jack and the notch moyibrong displacement, measured using an external
Crack Mouth Opening Displacement (CMOD) gauge. &é&mmended by RILEM, loading is applied
by controlling the notch mouth opening with a canstrate of 0.0Bpm'sec

For each class of concrete beams (small D1, med@igrand large D3) three or more specimens are
tested to study the variability of the experimem&sults. The mechanical responses presentedsin thi
chapter are the average loading curves and thezgmag indicates the variability of the results. The
average curves are obtained by averaging the apfiree for different beams of the same class,

corresponding to the same crack mouth openingatisphent.

Two types of concrete mixes (M1 and M2) are usethigistudy, in which size of aggregates is varied.
In the following, firstly M1 @inax = 20mm) concrete beams are analyzed in order to studjraicture
process based on the crack opening measuremenés.eBect analysis is also performed on M1
concrete beams. Lastly, the results of the bengistg performed on the M#,(x = 12nn) concrete

beams are presented in order to study the influehaggregate size on crack opening in concrete.

3.1.1 M1 concrete beams
M1 — D1 beam

In the M1 — D1 beam, the ratio of maximum aggregae (20nm) to the height of the beam (19&)

is 1:5.Figure 3.2presents the Force-Notch mouth opening displaceowewre.

0 50 100 150 200 250 300 350 400

Notch Mouth Opening Displcement (um)

Figure 3.2Average Force-Notch mouth opening displacementectowthe M1 — D1 beam.
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M1 — D2 beam

This is the intermediate size beam in which tharat maximum size of aggregates to the height of
the beam (200 is 1:10.Figure 3.3presents the Force-Notch mouth opening displaceowewe for
the M1 — D2 beam.

14

12 4

10 ~

Force (kN)

0 50 100 150 200 250 300 350 400

Notch Mouth Opening Displcement (um)

Figure 3.3Average Force-Notch mouth opening displacementector the M1 — D2 beam.

M1 — D3 beam

This is the largest sized beam in which the ratithe maximum aggregate size to the height of the
beam (400mm) is 1:20.Figure 3.4presents the Force-Notch mouth opening displacemawe.
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Notch Mouth Opening Displcement (um)

Figure 3.4Average Force-Notch mouth opening displacementector the M1 — D3 beam.
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In all the above curves, the relationship betwden dpplied force and the notch mouth opening
displacement can be divided into four parts. Infttet part, the relationship is linear i.e. theteral
remains in the elastic range. The second partsstgrsoon as the curve deviates from linearityclCra
opening starts to increase at a faster rate, itidgcéghe development of damage in the materiathis
part, the load continues to increase further whélpeak load value is reached and the materialotan

go beyond this maximum loading capacity.

After the peak load stage, the notch mouth opediaglacement continues to increase and the load
starts to decrease. This is the third part of tlmve; where a major load drop occurs. A shift ia th
Force-Notch mouth opening displacement relationghipbserved in the tail of the curve. This final
part of the curve shows a considerable increasthéncrack opening, while the load decreases

gradually. The notch mouth opening displacementicoes to increase until the specimen fails.

The above stages are the typical trends observie ithree types of beams. These stages are nd doub
related to the crack propagation in the materialtbis information is not available in the mechahic

curves.

3.2 Digital Image Correlation : Determination of crack characteristics &
validation

This section is a description of the procedure tebbpgo determine crack opening profiles from

displacement fields which have been obtained byt&ligmage Correlation (DIC).

3.2.1 Displacement and strain fields

The correlation algorithm determines the locatibearh sub-pixel in the imaging area. It provides t
corresponding displacement vectors in the coordinats. The horizontal (axial) displacement can be
easily calculated from the displacement vectbrgure 3.5(apresents the axial displacement field on
the surface of the beam (M1-D2 specimen at peal)lo@a sudden jump in the displacement values
can be observed ahead of the notch and it repseaatiscontinuity (crack) in the material. Crackhpa

can be determined easily from this figure.

The other displacement field (vertical) determiriemim the displacement vectors can be useful in
obtaining the load point settlement, but this vahses to be corrected with the settlement of the
supports of the beam. In our experiments, the intpgrea is limited to the midspan of the beam and
thus, the specimen surface above the supportstisamiured. This is the reason why the vertical

displacement field is not analysed in this study.
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The displacement field can also be used to cakdrains (outside of the crack area) using stahdar
continuum mechanicsigure 3.5(b)presents the field of the first component of thedh Lagrange
strain tensorg,). It is calculated between two instantaneous leggdonditions i.e. 60% pre-peak and
at the peak load. It can be observed that strataize into a narrow band and the material undesgo

cracking in this area.

-100 15®.0 0.02 -1.56 1.56 0.0065 0.245

&) b) © (©)
Figure 3.5@) Axial displacementm) (b) Green Lagrange axial strai,j

(c) Principal strain directiorrgdiang (d) Correlation errorgixel).

The profile map of the principal strain directiangresented ifrigure 3.5(c) Comparing thd-igures
3.5(a) and 3.5(¢)it can be seen that in the areas near the dtaelgrincipal strains are almost parallel
to the horizontal axis (+ 0.2 radians). This obaéon will be used in the following section when
determining the crack openings.

The correlation error, calculated from the degresirailarity of the gray levels and the rotationtbé
sub-image is presented kigure 3.5¢)). The correlation error is relatively important n¢lae crack.
This is because the sub-images close to the ciatobnty translate but also rotate and deform, @i t

distortion of the sub-images affects the correratitgorithm.

Figures 3.64) and 3.6(b) show the surface profile of the axial (horizontdi¥placement and axial
strain field €,,) on the surfacé\ of the specimen (sefeigure 3.5(a)the y-axis corresponds to the
height of the specimen). The jump in the displaggnfield and the localization of strains show the

evidence of a strong discontinuity or crack in tieterial.
When a crack appears in the material, strainseératea near the crack cannot be calculated from the

displacement field, as the standard continuum nmechassumptions are no longer valid. Therefore,
the strain fields are not further analysed in gtigly.
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Figure 3.6(a) Axial displacement field in the area Aj) (Axial strain &) in the area A*.
* For area A se€igure 3.5(a).

3.2.2 Determination of crack opening displacement

In concrete structures, a crack usually passesghrthe interface between aggregates and the cement
matrix. Thus, the crack path is generally tortudapending upon the size of the aggregates. In this
experimental campaign, the cracked surface of edagpecimens is examined through the digital
image correlation method. The analysis of the adiigphlacement field diagram on the surface of the
specimen shows that a sudden jump in the axialatiement field occurs as soon as a crack appears
in the material. This displacement jump increaséth whe loading as shown ifrigure 3.7
Theoretically speaking, the crack opening is thspldcement jump between the two points located
just at the faces of the crack. This may be truemndn macrocrack is formed and it is wide open. At
the tip of the macrocrack, the cracking is diffusket to toughening mechanisms. Also, it is found
that the correlation error is maximum near the sdgehe crack. The displacement profileFigure

- 59 -



3. Experimental investigation of crack opening amerete fracture

3.7 shows that the displacement jump occurs in a semall length (aboutr@nm) and then the
displacement values remains practically constaherdfore, a practical approach to measure crack
openings is to use the points at a certain distdrme the crack, where the correlation error is
minimum and the diffused cracking can be contaihedhis study, crack opening is measured at a
distance of Bimon either side of the crack. This method providesmplified approach to measure

crack opening with a desirable level of precision.
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Figure 3.7Measurement of crack opening displacement (COf)rae different loading stages.

Using the above method, the notch mouth openinglatiement (CMOD) is also determined and
compared with the result coming from the CMOD ga(flggure 3.§. The two measurements show
good agreement with a maximum variation in the eang+ 3 pm. DIC can only produce surface
crack measurements, therefore some discrepanctesedre the crack opening measurements may
occur due to the anisotropy of the material. Byrtigkhe average of the displacement fields on both
faces of the specimen, this difference can be nimgich Nevertheless, this average will blur the Itesu

of the local phenomena occurring at each faceeggecimen.

15

— CMOD gauge

o DIC

=
o
IR

Force (kN)

0 50 100 150 200 250 300
Notch opening (um)

Figure 3.8Comparison of the notch mouth opening displacemeza@sured by the CMOD gauge
and DIC.
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3.2.3 Description of the crack opening profile

The shape of the crack path can be derived fromaiti@ displacement field as shown kigure
3.5@). The crack path obtained in all the experimenteiy tortuous. It is also probable that the crack
path inside the specimen is different from the knaath on the specimen surface, due to the internal
heterogeneity of the material. This is the reasby the crack path on one face of the specimentis no
similar to the crack path of the other sifiégglre 3.9. The figure presents the crack paths at peak load

on both sides of the M1-D2 specimen.

Figure 3.9Crack paths at peak load on both sides of the K17be dash line represents the crack
path on the other side of the specimen.
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Figure 3.10Determination of the crack profile from a displat field.
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In this study, we are not interested in the craathpbut in the actual crack openings along thekcra

In the following, the variation of the crack opemialong the length of the crack is termed crack
opening profile. The crack opening profile can bawh when two parameters are known: the crack
opening displacement at different points alongdfeek path and the vertical coordinates of thelcrac

line.

The crack opening displacement at different cracigths is calculated from the displacement vectors
located at Bimon each side of the crack path, as showkigure 3.10Beams are subjected to three
point bending i.e. the lower part of the beam pmeseensile stresses and the maximum bending
moment occurs at midspan. Because of the notchidspam, the crack always initiates from here and
propagates upwards into the specimen. As the sudhathe specimen above the notch is captured by
digital cameras, the complete crack opening profée from the notch mouth (bottom of the
specimen) to the crack tip, can be obtained froenatkial displacement field data as showrrigure
3.11

In Figure 3.11 crack profiles at three different loading cormht (60% pre-peak, peak load and 60%
post-peak) of two specimens (beam-1 and beam-2heofsame class (M1-D2) are presented. For
beam-1, a higher image resolution is chosen (1l pix@5um) and therefore the image is limited to a
small area in front of the notch. This resolutioveg a precision of 1.76n (1/20 pixel[28]) for the
DIC measurements. For beam-2, the digital imagelutien is lower (1 pixel = 10bm) with a
precision of 5.2Am It can be noticed that the profile of beam-2 a$ wniform and follows a zigzag
path. If the average line is drawn, the variatiérthe crack opening displacement will be grbfor

beam-2 and +2mfor beam-1.
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100 1 pixel = 10'un —+—100% peak beam-1
— i —4—60% post-peak beam-1
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S pe
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Figure 3.11Crack opening profiles at different loading stafgggwo similar specimens (M1-D2)

using different resolutions.
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In Figure 3.11it can be also observed that crack opening psofilem different resolutions are the
same in the pre-peak loading region and at the fmsak A slight variation appears in the post-peak
region. The mean variation calculated between thekcopenings of the two profiles is aboytn3
However, this variation can be ignored, considethng size of the aggregates o= 20nmfor M1

concrete) and the measurement precisipmi3
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Figure 3.12Crack opening profile on two sides of the sameispen (M1-D2).

* High resolution

We have already seenfiigure 3.9that the crack paths on each side of the specareenot identical.
Now Figure 3.12presents a comparison of the crack opening psoéitedifferent loading stages on
both sides of the specimen M1-D2. Compafigures 3.9and3.12 it can be observed that the crack
profiles have the same slope although the cradkspaie different. Also, the profiles on both sides
quite similar for all loading stages. However, aalnmean variation of Bm is observed. In the

following, this variation is ignored consideringethggregate size.

3.3 Digital Image Correlation : Results & characterizaton of the fracture
behaviour

In order to analyze the cracking process in theia beams, we first analyze the cracking behaviou
of the M1-D2 and M2-D2 beams. In the following, tbeacking process will be analysed in four

loading stages, presented as a percentage of dkdqaal attained by the specimen.

3.3.1 Crack opening in the elastic phase
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In the first stage i.e. up to about 60% of the pleakl in the pre-peak region, the Force-Notch mouth
opening displacement relationship is almost lindd&e crack opening profiles in this loading region
are presented ifigure 3.13and show a zigzag variation of crack opening lfie tange of 045m)
along the height of the beam. We assume that thesfles do not indicate the presence of a
macrocrack before 60% of the peak load. Howeveénamase in the crack opening with the increase
in load is observed in the parts of the crack tieamotch tip. This indicates that microcracks rhay
present and can be detected using a different imxpetal technique, e.g. acoustic emisqi@f]). As

the material shows elastic behaviour in this logdiagime, microcracks (if present) have not yet

localized.
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Figure 3.13Crack opening profiles in the elastic loading stég1-D2 beam).

* High resolution

3.3.2 Crack opening profile near the peak load

At the notch tip, the crack opening starts to iaseerapidly at about 60% of the peak lokiyre
3.14), evidence of the localization of microcracks itamicrocrack. If one adopts the definition of

Mindess[91], a macrocrack has not yet existed (crack openipgrsor to §im seeChapter L

In the subsequent loading stages (95% and 100%eope¢ak load), the crack opening continues to
increase near the notch tip of the bedfigre 3.14. The crack opening profiles show that the
macrocrack is advancing upwards in the specimeea.prbfiles are very zigzag in the final part of the
macrocrack and indicate the presence of microangckind toughening mechanisms at the macrocrack

tip. When the loading reaches near the peak loadcthck growth becomes more important. A
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significant increase of crack opening and advaricaazrocrack can be observed between the loading
stages 95% of peak load and the peak load. Itssnasd that when peak load is attained the crack
opening at the notch tip and the crack length (o@ack length + length of microcracking zone, see
Section 3.3 reach certain critical values. These values showypical trend when the size of the

specimen is varied and they will be analysed aseditect inSection 3.6
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Figure 3.14Crack opening profiles near peak load (M1-D2 beam)

* High resolution

In all the experiments the digital images are st@ea rate of 15 images per minute. The corralatio
of these images with respect to the reference infagwaded specimen) provide with the crack
opening at different crack locations and thus cigoining rate can also be calculated at each aiterv
of time. InFigure 3.1%he crack opening rate at three different cracktions is presented.

e At notch mouth, the opening rate is constant asdontrolled by the CMOD gauge.

* At notch tip (after a few unstable measurementghat beginning), the crack opening rate
decreases while the load increases. In this paheo€urve, the material behaviour is in the etasti
range and the decrease of crack opening rate poiritshe resistance of the material to the
opening of the crack. The rate then starts to asmewith further increase of the load. This
increase of the crack opening rate represents ib®enack localization or macrocrack initiation.
This continues until the specimen reaches its maxirtoad limit. After the peak load, the crack
opening continues to increase at constant ratehwinidicates that the crack surfaces are now
completely separated at the notch tip. It is alsseoved that the crack opening rate at the ngpch ti
is always less than the crack opening rate atdbehmouth.

* At 36.6mmfrom the notch tip, the crack opening rate incesasuddenly just after the peak load.

After this sudden increase, the crack opening mateeases smoothly and then it becomes

- 65 -



3. Experimental investigation of crack opening amcrete fracture

constant. Again it is observed that the crack apgmate is always less than that at the notch tip

and the notch mouth.
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Figure 3.15Crack opening rate at three locations in the b@4irD2 beam).

* High resolution

3.3.3 Crack opening profile in post peak

Figure 3.16presents the crack opening profiles in the poskpeading stages. The process of crack
growth in the post-peak regime can be divided it phases. In the first phase, i.e. early poskpea
stage, the macrocrack extends into the specimdnanibrresponding increase in the crack opening at
the notch tip. In the second phase, the crack agemécomes relatively more important as compared
to macrocrack extension. In D2-M1 specimens, titersg phase starts at about 50% of the peak load
in the post-peak regime and at this loading stigecrack length (segection 3.3.%is about 80% of
the specimen height. It is assumed that the top p@® of the specimen height contains strong

cohesion forces which may be due to compressiessds.

In the first phase, a sharp decrease in the spadioag bearing capacity is observed. This is due to
the development of macrocrack in the specimenhénsecond phase, the specimen strength (or load
carrying capacity) decreases mainly due to thekiags of the remaining bonds between the crack
surfaces (i.e. the failure of crack surface inteffodue to surface friction and aggregate bridgitay

in the semi-separated crack part. This is obselyed significant increase of the crack openindm t

lower part of the beanft{gure 3.1§. The macrocrack advances slowly until the specifagds when
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the material strength vanishes completely and tlser® possible transfer of stress across the crack
(due to surface friction or aggregate bridging). dase of pure tension, the specimen would
theoretically not have this behaviour and the cnaockild propagate rapidly until complete failure of

the specimen.
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Figure 3.16Crack opening profiles in the post peak loadirges (M1-D2 beam).

* Low resolution

3.3.4 Measurement of crack length from crack opening data

From the crack opening profile, the crack tip cantlieoretically estimated as the location where the
crack opening becomes zero i.e. crack closurehdnptrevious experimental crack opening profiles
(Figures 3.14and 3.16) it is observed that the crack opening decreapesds along the height of
the specimen, sometimes reaching zéfigure 3.16 and sometimes nofigure 3.14. In fact, the
crack tip is blurred by toughening mechanisms dedd mechanisms are more active in the pre-peak
regime Figure 3.14 as compared to post-peak regimrég(re 3.16. Thus, as shown iRigure 3.17

the crack can be divided in two parts:
« In the first part, the crack surfaces are compjleseparated up to the point where the crack

opening decreases and reaches zero (or a conataa).vThis part of the crack can be considered

as the macrocrack.
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* In the second part, the values obtained for thekcapening are limited by the precision of the
DIC measurement. Also, toughening mechanisms @ggregate bridging) and microcracking
processes occur. The crack surfaces are semi-segddiscontinuous crack lengthigure 3.17
and the size of this zone depends on the sizehangacking of aggregates particles. It is thus very

difficult to measure using DIC.
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Crack length measured with DIC

Figure 3.17Schematic diagram of a crack in concrete strustuspresenting the open macrocrack

and the semi-separated discontinuous cracf&l}*

Therefore, in the following, the crack length calesed is the one represented by the linear
interpolations irFigure 3.18

The crack length measured with DIC or simply créaigth is plotted at different loading stages in
Figure 3.19 The crack appears at about 60% of the peak lodbe pre-peak regime. This loading
stage also corresponds to the sudden increase icrdick opening rate at the notch fijg(re 3.1%

and the deviation of the mechanical behaviour ftovearity. The crack length increases smoothly
until the peak load. A sudden increase in cracitlems observed between the peak load and 80% of
the peak load in the post-peak regime. The craokggation becomes relatively slower in the final

loading stages until the specimen fails completely.
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120
] —+— peak-load
100 J¥
—=—80% post-peak
—~ 80
E 60% post-peak
% 60 - —— 40% post-peak
)
2 40 - 20% post-peak
o
= 20 -
©
I 0 -
Notch
mouth™~_-20
'40 T T T T T T T T T T T

0 20 40 60 80 100 120 140 160 180 200 220 240

Crack opening displacement (um)

Figure 3.18.inear interpolation of crack opening profiles (M2 beam).

* Low resolution
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Figure 3.1%volution of crack length with the loading stagle -D2 beam).
* Low resolution

3.3.5 Crack bridging effect and tail softening
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Crack interface bridging is a phenomenon in whicck surfaces are connected by weak ligaments.
This phenomenon is responsible for the tail diagodthe Force-Notch mouth opening displacement
curve in which large crack opening occufggire 3.19. The evolution of the crack length is slower as
compared to that in the early post-peak regimes Tshidue to the crack bridging phenomenon i.e. in
the final loading stages, much energy is consumebréaking the attached ligaments of the semi-
crack parts of the concrete. This results in reddyiless important crack extension. The beam ldses
remaining strength gradually and a softening taiicE-Notch mouth opening displacement diagram is

obtained. The beam fails finally when all the ligarts between the surfaces of the crack are broken.

3.3.6 Aggregate interlock and softening

The crack can sometimes be interlocked by an agtgedhis aggregate interlock or aggregate
shielding is observed in our experimental study.ekample of a M1-D2 beam presenting aggregate

interlock is shown hereafter.

The interlock can occur at any loading stage. Harew the following example it has occurred near
the peak loading stag€igures 3.2Gnd3.21). An aggregate particle usually comes into thé faad
causes the crack to deflect. Sometimes aggregetelgmalso break due to a higher stress statesin
location. In this case, aggregate interlock ocguss in front of the notch and causes an immediate

drop of the crack opening.
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Figure 3.20Crack opening profiles showing aggregate interiddk-D2 beam).

* High resolution
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Peak load 95% post-peak  90% post-peak 85% post-peak

Figure 3.21Crack propagation in a specimen showing aggragtgdock. (M1-D2 beam).
* High resolution (displacement field)

It can also be seen in the Force-Notch mouth ogedisplacement diagranfrigure 3.22 that the

beam presents a softening behaviour at this p&titoading stage. The softening of concrete is due

to large crack openings. However, the crack extenss almost insignificant during the phase of
aggregate interlock{gure 3.2). Thus, more energy is consumed to break the draelock than to

extend the crack. However, the crack continuesxtenel as soon as the aggregate interlock is

resolved. In this case, crack interlock is resolbgdarack deflection. We can see that the crack pat

the interlock location is not the same for 100%kpksad and 80% post-peak load i.e. when the

aggregate interlock is resolved. It is also obs#reat after the crack extends rapidly, it attains

“normal” crack length similar to other specimensandno aggregate interlock is observed.

12
| = With aggregate interlock
beam-1
10 eamy
— Without aggregate interlock
1 (beam-2)
8 -

Force (kN)
[}

0 50 100 150 200 250 300 350 400
Notch Mouth Opening Displcement (um)
Figure 3.22Comparison of the mechanical behaviour of beantts avid without aggregate interlock
(M1-D2 beams).
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3.4 Influence of aggregate size on the fracture behawio

In this section, the fracture behaviour of simd@ed beams that are made of different concretds (M
and M2), is discussed. In these concretes, the mari size of aggregates is varied to study the
influence of their size on fracture behaviour. Teams studied are the (small) D1 and (medium) D2

beams.
3.4.1 Influence on the mechanical behaviour

The mechanical responses of D1 and D2 beams aserpeel inFigures 3.23and 3.24 respectively.

The two concretes have the same initial slope. Wtewehe peak load is considerably affected by the
maximum size of the aggregate. It is observedbfith D1 and D2 specimens, that the peak load
increases with the decrease of the aggregate ld@eever, it occurs at the same notch mouth crack

opening.

= M1 Concrete, Dmax = 20 mm

— M2 Concrete, Dmax = 12.5 mm

Force (kN)
NS

0 50 100 150 200 250 300

Notch Mouth Opening Displcement (um)

Figure 3.23Average Force-Notch mouth opening displacementesufor the D1 beams.
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= M1 Concrete, Dmax = 20 mm

— M2 Concrete, Dmax = 12.5 mm
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0 50 100 150 200 250 300 350 400
Notch Mouth Opening Displcement (um)

Figure 3.24Average Force-Notch mouth opening displacementesufor the D2 beams.
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The post-peak characteristics are different fortihe types of concrete. For the M2 concrete which
has smaller sized aggregates, the response ishmtike than for the M1 concrete. The load decrsase
sharply in the early post-peak regime for the MBarete. This brittleness is more pronounced in the
D2 beam due to the size effect on the mechanidaveur. Moreover, the tail softening curves for

the two concretes are not the same. The residilattangth of concrete due to the crack bridging

effect is more important for the M1 concrete (esqbcfor the D2 beam).

3.4.2 Influence on the crack length evolution

The crack length evolution diagrams for both typEsoncrete mixes are presented-igure 3.251n

the pre-peak regime and at the peak load, the ¢eagkh in the M2-D2 specimen is bigger than in the
M1-D2 specimen. In other words, the M2-D2 specimati higher peak load (or nominal strength)
corresponds to a longer crack. However, the craoth extension becomes more important for the
M1-D2 concrete in the post-peak regime. At thelfstage (10% post-peak) both specimens have a
similar crack length. The same conclusion is folordhe D1 specimen

160

B M1 Concrete D2 beam

[y

ey

o
I

M2 Concrete D2 beam

=

N

o
I

=

o

o
I

80 -

60 -

Crack length (mm)

40 A
Notch tip

0

10 20 30 40 50 60 70 80 90 95 100 95 90 80 70 60 50 40 30 20 10
% Loading

Figure 3.25volution of crack length with the loading staged-D2 and M2-D2 beams).

* Low resolution

3.5 Size effect on the mechanical behaviour

Heterogeneity has an important effect on the machhbehaviour of concrete. In this experimental
campaign, bending tests under the same loadingtammslare performed on beams of three different
sizes (D1, D2 and D3). In this section, the infeemf the size effect on the mechanical results is

analysed. The mechanical results due to threerdifteatios of the maximum size of aggregatesdo th
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height of the beam, are used. In the next sectiosize effect analysis is performed following the
RILEM recommendationg 2, 14, 107].

Figure 3.26 shows the relationship between the nominal steesd the notch mouth opening

displacement for each specimen size. The nomiredssiy is calculated as:

_ 3PS

g, =—— , 3.1
N 2pD? 3D

WhereP is the applied loads is the span of the beain,is the width of the beam aral is the total
height of the beam (including the notch length).

45

Nominal Stress (MPa)

T T T T T T T
0 50 100 150 200 250 300 350 400
Notch Mouth Opening Displacement (um)

Figure 3.26Average Force-Notch mouth displacement curvesiieM1-D1, M1-D2
and M1-D3 beams.

It can be observed iRigure 3.2&hat the relationship between the nominal stregstiae notch mouth
opening displacement is different for each specisie@. In the pre-peak regime, the notch opening is
larger for the D3 as compared to the D1 specimegardless of the stress level. The difference
becomes more important as the load increases.ig pisssibly due to the fact that the notch length i
larger for the D3 specimen than for the D1 specinddrpeak load stage, a decrease in the nominal
strength is observed with the increase of specisimn This is the evidence of the famous size effec
and is attributed to the presence of a FPZ of cieriatic size[[7], seeSection 1.4.2 More details on

the size effect will be given in the following sect as well as irsection 3.6
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In the early post-peak regime, a relative suddep dr the nominal stress is observed. This drop may
be due to the fact that damage has already occunrdte major part of the beam section. Another
explanation will be given irsection 3.6with the help of crack profiles. In the tail of tip@st-peak

regime, the relationship between the notch moutbniopy displacement and the nominal stress

becomes quasi-similar for beams of all three sizes.

Another interesting observation is madeFigure 3.27 The notch mouth opening displacement at
peak load is plotted for the three beam sizes. site effect is obvious. More specifically, it cam b

observed that the size effect on the notch moutniog displacement is important for the D1 to the
D2 beams. The size effect on nominal strength, kewés less important. On the other hand, a strong
size effect is present on the nominal strength eetwD2 and D3 beams, and a relatively less

important size effect on the notch opening displzeat.
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Figure 3.27Size effect on nominal stress and notch mouthiogetisplacement at peak load.
3.5.1 Analysis of size effect according to RILEM size &ff method
The analysis of the results according to accordmd@ILEM size effect method is made in the
following in two steps. First, the size independématcture parameters are determined. Then an
analysis of the results is made based on the erpatal results and the Bazant size effect law.
3.5.1.1 Determination of fracture parameters
In our study, the size effect method recommende®RIEM is followed to determine the fracture

parameters of the M1 concrgi®7]. The calculation procedure adopted is the oneigeavby Bazant
and Planagl4].
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The measured maximum loaB§ for the three sizes of beams are giveTable 3.1 The loads are
corrected to take into account the weight of thecspens. The corrected maximum lodejsare

calculated using the following expression:

R=R’+mg(s -L)/2s | i=123 (3.2)
Wherem g is weight of the bean§; is the span and is length of the beam.
Table 3.1Results of three point bending tests at peak loatifl concrete.
Sive b D S L a m P P on
mm | mm mm mm mm kg N N MPa
9.57 5846 5877 2.64
D1 100 100 300 400 20 9.63 5928 5959 2.68
9.46 5942 5973 2.69
38.95 10451 10578 2.38
D2 100 200 600 800 40 38.10 11183 11307 2.54
38.30 12247 12372 2.78
153.6 18158 18660 2.10
D3 100 | 400 | 1200 1600 80 | 150.4 18575 19066 2.14
152.1 19333 19830 2.23

The nominal strengthy is then calculated, based on the corrected ukinestd for each specimen as

o =3RS
N opD?

, i =123 (3.3)

The above data is plotted to obtain a linear resjpescurve Figure 3.28. The coordinates of the data

points are

and Y =(/0o) (3.4)
WhereD; are the sizes correspondingo

The regression curve presents the Bazant sizetefi@c (Equation 1.3 We can see that the
experimental results do not truly present a limesation betweeD and 14y % Actually, the results

can be interpolated with a curve which is convewangls.
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The slopeA and intercepC (with the Y axis) of the regression line are cldted in the following

way:
JRED 20 X5 YRR Y1 ) o 3% 5
A ’ A

0,24

0,20 o

0,16 S

g 0,12 ¢
g

0,08

0,04

0,00 T T T T T T T T

0 50 100 150 200 250 300 350 400 450
X (mm)
Figure 3.28.inear regression curve of the nominal strengtlhiesifor M1 concrete.
Where,
A=Yy ~A3.) (3.6)
and
3 i 3 3
>=31 =3, DD >,=2,
i=1 , k—3l 3k—l (37)

Zxx: kz_l(xi)zl nyzéxl YI Zyyz kz—l( |)2

The shape factor for a span to depth ratio S/Rlisutated as:

_ Ps/o (@) _ 4D _
koo (@) =V g  P(@=pa@+p@-p.@)] @9
Where,
0,(@) = 1900-a |- 0089+ 060F1-a) - 04411-0)* + 12231-0)’| (3.9)
and
0.(a) = 1989-a (1-a ) 0448- 04581-a) + 12261-a)’] (3.10)
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The values ofk, (for « = a/D) anddk, / da are calculated from the above formulae. Numerical
differentiation is performed to obtadk,/ da. Finally, the fracture parameters are calculatdguthe

following expressions:

= i —ﬁl :—ko E °:E
ch_ko\/x : Gf_E,A : c 2k, da) A De=— (3.11)

The coefficients of variation g andC, i.e.w, andwg, and the relative width of the scatter bandre

determined as:

ol XY w2 o L X% o (-)x'Y (5 )

AT AT (n-2)n cTcr(n-2n (n-24(>, f (512

Wheren = number of specimens = 3 and
X =2, “AY, ~CZ,

According to RILEM recommendations, the valuengfshould not exceed 10% and the valuew/©f

andm 20%. The coefficients of variation of the fractperameters are finally estimated as:

1
Wiaic =§WA , Wg = /W, +We (3.13)

Wherewg is the coefficient of variation d& (Young modulus). In our case:is considered equal to

Z€ero.

3.5.1.2 Analysis of size effect on peak load based on Barameffect law

Table 3.2Fracture parameters of M1 concrete according ta&RlIsize effect methoflL07]

D’ B Bf; leh Y; G Kic Wa We m Wkic We
(mm | (mm (MPa) | (mm) | (mm) | (N/m) | (MPaim) | (%) | (%) | (%) | (%) | (%)
423.3 409.5 3.02 250.2 775 60.2 1.51 16 10 [0.7 86 |1

Table 3.2presents the different fracture parameters deteuinfrom the RILEM size effect method.

The coefficients of variation are in the acceptatalege, except fow,, which may be due to the
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inherent material heterogeneity. However, many expntal data widely accepted in literature show

a similar variation€.g. [12] B3 concre)e

According to the method)° is the characteristic dimension of the structoated at the transitional
point between linear elastic fracture mechanics strehgth based mechanical laws. In our case, this
value is larger than the heigbtof the largest specimen used, something whictcaids that a more
ductile behaviour should be expected for all beaht brittleness number can also be calculated
from Equation 1.4and is found equal to 0.24, 0.47 and 0.95 Bdr, D2 and D3 respectively.
Therefore, the specimens lie in the intermediadgestbetween plastic behavioy € 0.1) and the
transition state = 1). This type of behaviour is very important &ese it is the behaviour of the

concrete used in construction sites.

The values found for the characteristic lengthandl., are evidence of a large sized FPZ. This is
probably due to the large aggregate size useceicdhcrete. According to the Bazant size effect law
the effective fracture process zone lengths the distance from the notch tip to the tip oé th
equivalent LEFM crack in an infinitely large speeim or it is half of the FPZ length ahead of the re
crack.l¢, is the characteristic length of the material.tHae fictitious crack modgb1] it is considered
as the length of the FPZ. Irwin defined it as thagth in which the material undergoes plastic
deformation. For concrete, the material does notvsh rectangular yield plateau in front of the &ac
This is the reason why Hillerbof§1] using Irwin’s expression, estimated the lengthhef FPZ zone
of triangular or concave-upward shape. Therefone, will get a highet., as compared to the actual
damaged zoné>; is the fracture energy of the material and is imred as a material property. If we
consider thaGy is a function of the crack length that changesmihe crack approach the boundaries
([38, 56],see alsdChapter 1)we can conclude that Irwin’s characteristic lénigtnot constant but is a

function of the crack length.

:LKncj _EG (3.14)

According to Bazant’s size effect law, the fracterergyG; is defined as the energy required for a
unitary crack growth in an infinitely large specimeHe assumed that a linear relationship exists
between (I)? and D (the regression line iRigure 3.28. In the expression of fracture energy
(Equation 3.1}, kg is the value oksp for o wherea is the ratio of the notch length to specimen hieigh
By applying this to an infinite large dimension,Zaat calculated the fracture energy as the critical

energy release rate according to linear elastatdra mechanics (sésguation 1.7.
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Bazant's size effect curve is presentedrigure 3.291t can be seen that the size effect on the ndmina
strength is not very pronounced between D1 and 2, more prominent between D2 and D3.
Bazant's size effect lawEQuation 1.3 represents a smooth transition between D1, D2&$dThe
size effect curve passes well through the largeismn results (specimen near to the LEFM line), but
a slight discrepancy is present for D1 and D2 spens. This might show some inadequacy of the

Bazant size effect in this experimental range.

o D1
o D2
& D3
——Bazant SEL
= = Strength laws
LEFM

000 F === ==========---=

-0,10 ~

-0,20

Log (o\/Bf,)

-1,0 -08 -06 -04 -02 0,0 0,2 0,4 0,6 0,8 1,0
Log (D/D9

Figure 3.2%5ize effect curve between non-dimensional nomitmehgth and size of the beams.

3.6 Size effect on crack opening

In this section, the crack profiles for the threms of beams, obtained from DIC analysis at ciffier
loading stages, are studied. Size effect is ingattd in terms of crack opening displacement and
crack length at the same loading conditions (i.eofimaximum force) or in terms of loading

conditions at the same fracture state.
3.6.1 Size effect on crack initiation

The crack always initiates from the weakest linkthie material. Since the beams are notched, the
crack starts from the notch tip. This is the reastiy the crack opening at the notch tip is analysed

hereafter.

Figure 3.30presents the evolution of the crack opening dcgpieent rate at the notch tip for the three
beams. For the D1 beam, an increase in the réteeafrack opening is observed at about 50% of the
peak load. After this point, a small decrease &@mnd then a continuous increase in the crack

opening rate is observed until 95%,fin the post-peak regime. This shows that for thebBam the
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crack initiates at 50% in pre-peak regime and #@ntinues to grow gradually. For the D3 specimen,
the crack opening rate increases suddenly justdéhe peak load. A similar observation is made for
the D2 specimen. In other words, the crack initigtest before the peak load for the D2 and D3

specimens. Thus, an apparent size effect is presethie crack initiation.

0,05

0,04 4

0,08 4

0,02

Crack opening rate (um/sec)

0,01 ~

-~D1 =D2 <D3

0 T T T T T T T T T
0 20 40 60 80 100 20 40 60 80

Pre-peak % Loading Post-peak

Figure 3.3CEvolution of the crack opening displacement ratde notch tip with the loading stages

for the three beam sizes.

3.6.2 Size effect on crack opening profile at peak load

In Figure 3.31the crack opening profiles at peak load for tHe D2 and D3 beams are presented. It
can be seen that all the specimens show similak gnafiles (no size effect).

45
40 ——100% peak beam D-1

35 +
100% peak beam D-2

30 A
25 -=-100% peak beam D-3

20 A

15 +

Height of beam (mm)

10 |
Notch tip

0 10 20 30 40 50
Crack opening displacement (um)

Figure 3.31Size effect on crack opening profile at peak ltmadhree sizes of M1 beams.

* High resolution
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3.6.3 Size effect on crack length

The crack length can be estimated from the cra@hniog profiles. InFigure 3.32the relative crack
length (LeacdD) at different loading intervals for each spedainsize is plotted. It is the ratio of the
length of crack from the notch tip {k to length of specimen from notch tip (H). It da@ seen that
the formation of the crack starts before the maximmaad is reached. For the smaller specimen D1,

the crack initiates at a lower loading in the peadpregime as compared to the larger specimen D3.

In Figure 3.32the crack growth in D1 specimen can be divided thtee stages. The first stage is

from the crack initiation to 95%:kin the post peak regime. In this stage, the cgaolwth is smooth.

In the second stage i.e. between 95% 0 80% R in the post peak regime, the crack growth is
relatively abrupt and the crack length is almostiided. In the last stage, the crack propagation is

relatively slow.

The crack growth in D3 beam is relatively smootlre ¥an observe that the initiation of the crack is
delayed and the crack grows in the same way irstibsequent loading stages. We can also see that
the relative crack length in the D1 specimen isgbigas compared to D2 and D3. This shows a
significant size effect on the crack length. Juefole the rupture of the specimen, the relativelcra

length is almost the same for all the specimens.

According to the original version of Bazant sizdeef law [7], the crack length at peak load, in
concrete specimens of varying sizes, is proportitmahe height of the specimen (and equal to the
notch). This is not found here, as the crack lemgthpeak load are not proportional to their retpec

specimen sizes.

1,0
1] =p1

087| mp2

ED3

0,6

Lerack / H

0,4

0,2

00 ‘I‘I‘I‘
10 20 30 40 50 60 70 80 90 95 100 95 90 80 70 60 50 40 30 20 10
% Loading

Figure 3.32Evolution of the relative crack length (crack lénérom notch tip/specimen height from
notch tip) with the loading stages for the threesiof beams. *Low resolution
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3.7 Case study: Crack openings in reinforced concreteral size effect

Serviceability limit states (SLS) for reinforcednmoete (RC) structures are usually applied to ensur
their functionality and structural integrity undservice loading conditions. In current design codes
(EC2 EN 199240]), the serviceability limit states are defined pyiding three control parameters
(1) Limitation of stresses in the material (2) Gohtof crack openings and spacing (3) Deflection
(short term and long term) checks. The maximumsseg, deflections and crack openings are
computed from critical combinations of actual apglloads (called service loads), in conjunctiorhwit
the structure’s geometry (type and location offirement) and boundary conditions. In this segtion
an experimental study is presented, in which tigesmmetrically sized beams are tested in three point
bending. Experimental crack openings and crackisgare obtained, when the structure is subjected
to service loadings. A bibliographic study on thaok control and size effect on crack openings@ R
structures is first presented. Then, the experiatesgtup is explained and lastly, the results are

analysed.
3.7.1 Crack control in RC structures

It is recognized that cracking in reinforced cotemnmembers may be of two forms: (1) cracking due
to restraint provided by structure to volume charayel (2) cracking due to applied loads. In this

section, only the cracking due to applied load$issussed.

There are three principal elements in the provisiohcrack control (EC2 EN 19920]): (1) the
provision of minimum reinforcement area (2) a meifior calculating design crack opening and (3)
simplified rules which will avoid the necessity fexplicit calculation of crack opening in most natm

situations.

3.7.1.1 Design crack opening

The approach almost universally used to explairbsc cracking behaviour of reinforced concrete is
to consider the cracking of a concrete prism thakeinforced with a central bar which is subjedted
pure tension. Bending does influence the phenorbanthis is dealt with in the Eurocoi€0] by an

empirical adjustment of the coefficients.

According to Eurocode (EC2 EN 19920]), the design crack opening can be determined ubiag

following expression
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Wk = Sr max (‘ssm - gcm) (3-15)
Where,
W is design crack opening;max IS maximum crack spacing;n iS mean strain in the reinforcement

andec, IS mean strain in concrete between cracks.

In the expressiorEguation 3.1pesm - ecm May be calculated as:

fot eff ( )
Os ~ % L+ deP peff
P p,eff Og
Esm~€écm = c 2 O'6E_ (3.16)

S

Where,

os is stress in the tension reinforcement assumiagked section ang, ¢S AJ/Ac e, Which is the ratio
of area of tension reinforcemem) to the effective tension area of concrete arainedsteel A ).
However, A «depends implicitly upon the concrete cover providadhe tension face. See details in
EC2 EN 199740].

3.7.1.2 Maximum final crack spacing

According to Eurocode (EC2 EN 19920]) when reinforcement is fixed at a reasonably cose

spacing (spacing 5(c+®/2)), the maximum final crack spacing can be caliad as:

S, = 34C+ 0425k k, —2 (3.17)

p,eff

Where,
@ is bar diameters is concrete cover arld andk; are the coefficients depending upon steel-concrete

bond properties and loading type respectively.ESe2 EN 199340] for details.

In Equation 3.17concrete covet is explicitly introduced into the expression oéttrack opening as
suggested by A. Beelj$6, 17] Beeby studied the influence of concrete covethentransfer length.
The transfer length increases monotonically witk thcrease of concrete cover. This effect is

introduced in the calculation of crack spacing.eS&irin the concrete around the reinforcement is
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directly dependent on the stress transfer lengtivden concrete and steel. Since cracking in coacret
occurs at the points where stress exceeds théeteasistance of concrete, therefore, crack spasing
a function of concrete cover. In this study, thtoraf concrete cover to height of the beam is kept
constant in order to take into account the efféctverall structure size on the crack opening aadlc

spacing.

3.7.1.3 Analysis of test data

It has been suggested that when analyzing thedst of crack opening and crack spacing in
reinforced concrete tensile members, the followdogsiderations should be made (commentary to EN
1992[60]):

« The materials to be used should be similar to tlaerials in use today in the building
structures. The low bound rebars, concrete qusliéiss than 20 Ninf and steel qualities less
than 400 Nhnt should not be used.

* The stress range should be serviceability rangetH® purpose, results in the stress range of
steel from 150 to 350 Ninf should be considered for tests involving diredicas. For

indirect actions, steel stress range up to theliyiglstress of steel should be considered.

* To determine the crack spacing, the number of srgcksent at the last phase of the test is

always considered since it is the closest to thiilsted cracking, as given liyquation 3.17

In the literature a very little data is found fdwetdirect comparison between the calculated and the

experimental crack widths.

3.7.2 Size effect on crack opening in RC structures

It is obvious that the cracking behaviour is alsfbuenced by structural size. This has already been
demonstrated in the previous sections of this @rapt numerical study of reinforced concrete based
on fracture mechanics rules has also shown cradk@igviour to be size dependd4@b]. Crack
opening was calculated in tensile members who ratstant central reinforcement and member
length, but varying cross sectional areas. It veasd that crack opening decreases as the widtineof t
member increases. Results were not compared wbriemental data. They found that previously
obtained experimental data is very scattered beceask opening depends not only on the geometry

and loading condition of the structure, but alsotloa size of the structure. In the current design
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approach Equation 3.15and3.16 crack opening is evaluated using primarily engairimethods that
require some empirical constants. The size effedhe crack opening cannot be accounted for by the

conventional analysis unless additional empiricaistants are usgii14].

A limited amount of experimental data is availailditerature, concerning the study of size effeat

the crack opening and crack spacing in RC membéost of the results deal with reinforced concrete
members which have been subjected to tension ahwidve small dimensiof80]. In this section,

an experimental program is presented in orderudysthe effect of structural size on crack opening
and crack spacing. Three sizes of beams with gemaky similar length and height, but with
constant thickness, are tested in three-point Ipgndihe tensile reinforcement ratio is kept coristan
However, the concrete cover to the reinforcemestided according to the overall size of the beam.
The aim of this study is to evaluate the desigrelc@pening and crack spacing expressions present in

the EurocodeEquations 3.15-3.)7with the experimentally measured crack width apdcing.

3.7.3 Experimental program

3.7.3.1 Materials

The concrete used to prepare the beams is mix M2 Tables 2.1and 2.2). The longitudinal
reinforcement of beams is constituted of deformaus vhich are 10, 14 & 2@min diameter, while
the transverse reinforcement is provided by defdrivers which arerémin diameter. The steel bars

in both cases are typg $ 500 MPa.

3.7.3.2 Beams geometry

Three sizes of beams are tested. The dimensiothe dfeams are given rable 3.3 The beams have

a constant widthb(= 100dnm), however, the length and height are scaled. Timerete cover at the
tension face of the beam is also scaled with theegaroportion between different sizes of beams. The
beams are reinforced with a constant reinforcematid by varying the diameter of the bars. The
number of bars, however, is kept constant. Steeligs are used in the area of high shear. Twodrang
bars of Bnmdiameter are used to support the steel stirrupesd bars are cut where the stirrups are

not provided Figure 3.33.
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Table 3.3Specimens’ geometry.

Beam b h L I p cover
mm mm mm mm % mm
Small-D1 100 100 400 300 199 10
Medium-D2 100 200 800 600 184 20
Large-D3 100 400 1600 1200 1.83 40

2x @ 6mm Stirrups & 6mm

100 : )
48 0 :
o PN 251 20 40 | 40 50 40 | 402025
:\/" P > i
100mm ' 2x® 10mm ! ! /=250 mm ' !
1 L =300 mm 1
Stirrups @ 6mm
2 x @ 6mm
200
]
mm <> s0 120 |40 40f 40l 400 0] 60  [40 f40 [ 40f40 f40 20 50
o ¢ » \\/’
! ' 2x® l4mm >
80 mm /=500 nun
L =600 mm
2x®6mm  Stirrups @ 6mm
[~
400
mm *
<> 100 20 40140 160 40/ 40) 40 401401 4] 40408 40 40 [{ 20 {100
_JaN
v
100 i‘\/
! mm o »
. 7= 1000 mm
2x® 20 mm
L=1200mm

Figure 3.33Geometry and reinforcement details.*
* The figure is not scaled.
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3.7.3.3 Test procedure

All the experiments are performed using the sarstntg machine with controlled displacement. The
test setup is shown frigure 3.34The load is applied at the mid span with a cyiiral jack, ensuring

the point load. The load is transferred to the beaimg a rubber pad, to avoid the concrete damiage a
the load point. The test is carried out using astamt vertical displacement rate of @simin. The
displacement is measured using a laser sensorhwiéasures the displacement at the mid section of
the beam under the load. The sensor is attachedteel hanger, which is supported at the supgorts,

take into account the settlement of the beam asupgports.

Acquisition—l
system for
steel strain :

Lo

Hydraulic
jack

Light
project

W

Figure 3.34Test setup.

For each beam, two electric strain gauges arehatthto the lower face of the tension steel at mid

span. This is done to measure the longitudinairstnathe steel during the testigure 3.35.

Results are discussed here for three point bertdisig on three sizes of beams. After the fabrinatio
these beams are stored at a temperature of 20°@ aidtive humidity of 50% for 24 hours. After the

removal of the moulds, these beams are storedd#ol@lative humidity for 28 days.
|

Figure 3.35Strain gauges attached to the steel bars at raial’sp

*View before the pouring of concrete
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Figure 3.36Camera zones for digital image correlation.
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Figure 3.3™Measurement of crack opening displacement (COD)caack spacing
in small (D1) beam.

Digital image correlation technique is used to meagshe crack openings and crack spacing. The
correlation parameters used are the samedbkapter 2. The images on a single face of the specimen
are captured using two digital cameras, which @8é levels of gray intensity. The cameras are

placed in such a way that an area 15ga0s filmed by each camera on either side of the spian.

The mid span portion is filmed by both cameras. ek span section is taken as a reference to relate
the measurement values of the two camefdgufe 3.39. The measurement of crack opening

displacement (COD) and crack spacing by digitalgenaorrelation is presented kigure 3.37 COD
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IS measured as the displacement jump on the susfabe beam. The procedure in describ8aation

3.2 Multiple cracks are found, but only the maximu®ZTis considered in the further analysis. The
crack spacing is measured as the distance betweeoentre lines of the displacement jumps (see
Figure 3.37.

3.7.4 Results and discussions

In Figure 3.38 the crack opening measured using digital imageetadion technique is plotted as a
function of steel straigsyagainst the crack opening, which is obtained usiregEurocode 2 crack
opening formulaEquation 3.1h The crack opening is measured at the mouthetthck i.e. at the
lowest fibre of the beam where the crack openingagimum. It can be seen kigure 3.38hat the
Eurocode 2 formula underestimates the crack widthafl the three sizes. The difference between
measured and calculated value increases whenrthe it higher Figure 3.39shows the comparison

between measured and calculated values, for & starge under the yield limit of steel.

0,5

0,41

f o D3
0,3 1 .
_.‘ x D2

s D1
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= = Calc~test

0,2 03 04 0,5
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Figure 3.38Comparison of experimental crack openiidg () and calculated maximum crack

opening W may during crack formation stage,(< yield limit).

A more detail observation of the effect of sizetbe Eurocode 2 calculated crack opening is made in
Figure 3.38 The crack openings are calculated in the str@sger under the yield limit of steel. It is
clear that the calculated crack opening is moress comparable for a small sized beam but the erro

increases with an increase in size.
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Figure 3.3Size effect on experimental and calculated maxinatack opening.

The crack opening obtained from the Eurocode 2 fitandoes not take into account the size effect.
The calculated values are different for the thieessof beamsHigure 3.39, but this should not be
considered as size effect, as the Eurocode 2 faroheppends only on the concrete cover and diameter
of the bars. The true size effect, however, isdifiect of the dimensions of the structure on theralv
fracture mechanism. As the structure becomes geiitly large, the size of the heterogeneity becomes
negligible compared to the size of the structure the material follows brittle failure. However, &

the size of the structure becomes sufficiently §ntiiaé size of the heterogeneity becomes comparable

to the size of the structure and the material hrdhaterial follows the ductile failure.

200
150 +

100 ~

Sr,max (mm)

4 —o— Eurocode 2 EN 1992
50
1 —o— Experiment
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Figure 3.40Maximum spacing of cracks, comparison of measuadakes with the calculated values.

The maximum spacing between cracks is also measuned steel stress is equal to 300nNf. In
Figure 3.40this spacing is compared with the spacing obtaifrech the Eurocode 2 formula
(Equation 3.1). It is seen that for the medium (D2) and large3)(Bized beams, Eurocode 2

underestimates the crack spacing.
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Conclusion

This chapter was focused on the crack growth ieelsizes of geometrically similar beams, using DIC
technique. A procedure was developed in order taiolerack openings from the displacement field.
The fracture process was identified by monitoring track openings. In the elastic phase, the crack
openings were very small (1-5um). The crack openstgrted to increase rapidly after about 60% of
peak load in the pre-peak regime. In the post-pwse, two stages were identified. In the early-pos
peak stage, the crack openings increased with sidemable decrease in the loading capacity. In the
tail part of the post-peak regime, the crack opgsim the lower part of the crack significantly
increased, with a relatively gradual decrease enltlad bearing capacity. This was attributed to the

breakage of the remaining links of the semi-craci@ues.

Crack length was also estimated from crack opepmgles. It included the length of the macrocrack
and some part of the microcracking zone in whiak i@penings were not negligible. It was assumed
that this crack length plays a significant roléhe decrease of the load bearing capacity. It wasd
that (1) crack length in the pre-peak region wasniital in all the beams and did not vary in
proportion to the size of the beam. Thus, for allembeam (with highety), longer relative crack
length was observed. (2) In post peak region, ti&ges of crack propagation were observed. During
early post-peak, the length of the crack increaapdtlly up to 50% of the peak load. However, in the
final post-peak region, crack opening became muopoitant than the crack length propagation. (3) In
the D1 specimen during the post peak regime, dexuyth propagation was relatively slower due to
the boundary effect. (4) When aggregate size waiscel, a higher peak resistance was obtained, and
the corresponding relative crack length measurepleak load was also higher. This conclusion is

similar to (1) that higher resistance corresponds fonger relative crack length.

A case study is also presented in which crack ogsnand crack spacing in reinforced concrete beams
under three point bending tests were monitored. @&merimental results were compared with the
design values from Eurocode 2. It was observed(fhd@urocode 2 underestimates the crack openings
for all sizes of the beams. As the strains in #i®ars increased, the difference between the mehsure
and the calculated (Eurocode 2) values increagedir{ important size effect on the measured crack
openings was observed while keeping the strainl lemestant in different sizes of the beams. This
size effect was not considered in the Eurocodea2kccontrol expressions. Therefore it was not well
captured in the calculated crack openings. (3) Aeosize effect was observed on the maximum
spacing between the cracks. The Eurocode 2 expressiderestimates the crack spacing when the

size of the specimen increases.
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Chapter 4

Modelling of Size Effect and Crack Opening
Profiles: Comparison with the Experimental Results

Most engineering materials like concrete contaitiaglhdefects. Propagation of these defects under
certain loading conditions can result in the falaf the structure. Due to catastrophic failurethim

past, the engineering community re-examined thegdesodes and found that conventional strength
based design approaches are not valid in caseagb sinacks as the stress value cannot be used as a
failure criterion. Actually, the stress at the @ipa sharp crack in an elastic continuum is inémio
matter how small the applied lo§di8, 47] This led to the development of Linear Elasticdtuge
Mechanics (LEFM) and the use of fracture mechapigsciples in the design and modelling of

concrete structures.

In concrete numerical simulations, the applicat@inLEFM is restricted because a crack never
propagates alone but it is always accompanied bghening mechanisms e.g. microcracking, crack
branching, crack bridging etc. Alternatively, onéght include all these effects by using nonlinear

fracture theories like the fictitious crack approac continuum damage mechanics.

In this chapter, a finite element modelling applo#& used to simulate the experimental campaign

presented in the previous chapters. More spedifical

e In the first section, some fundamentals of cracppgation based on fracture mechanics
principles are presented.

» Continuum damage modelling of concrete is discusseithe second section. Emphasis is
made on the nonlocal approach of the continuum.

e The third section presents an elementary simulaifca bar using a nonlocal damage model.

The procedures to extract crack openings from raaleelds are outlined.
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* The fourth section deals with the simulation of tomcrete beams presentedGhapters 2
and 3. Focus is made on the determination of the modehrpeters. Global variables and

crack opening profiles are extracted and compaitdtive experimental data.
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4.1 Fundamentals of crack propagation

In this section, attempts are made to review samddmental aspects of concrete fracture. In fractur
mechanics, three fracture modes occur in solidsdéMoor “tensile opening mode” is the most
common case where a tensile loading occurs atrdok ¢ip. The crack tip can, however. undergo two
other modes, namely Mode-Il (in-plane shear) andi®il (out-of-plane shear). These three crack
modes are shown systematicallyFHigure 4.1 Only the tensile opening mode of the crack (Mde-

focused on in this chapter.

mode | mode 11 mode 1)
(epening) (sliding) {tearing)

Figure 4.1Three principle crack modes (a) Mode-I or tengpgening mode (2) Mode-Il or in plane
shear mode (c) Mode-IIl or out-of-plane shear miiden [20]).

4.1.1 Linear elastic crack

Kaplan[63] made a pioneering attempt to apply LEFM princiglzgoncrete. After him, many such
attempts have been made to determine global LEHR&shmeters for concretsuch as the critical stress
intensity factorK,c and the critical strain energy release r@g. Subsequent work involved
determining the relation between fracture pararsed@d other concrete material characteristics like
aggregate size, mechanical strength, rate of Igadin. Soon, it became apparent that a straight

forward application of LEFM concepts to concretads possible.

Hsu [53] established that the bond between aggregate atrik isathe weakest link in the concrete
material. When a load is applied, the bond startsack at the early pre-peak stage. The streamstr
diagram starts to deviate from linearity duringseduent loading and energy dissipation occursaue t
the formation of microcracks. Unlike brittle matds, a softening type stress-strain curve is obthin
Soon, it was realized that the energy actually iredguor unit crack propagation is much larger than
Gic due to the fact that cracks in quasi-brittle materare not smooth and are accompanied by
toughening mechanisnj§3]. For this reason, th€ is replaced by the crack growth resistandce
Successive experimental research consisted ohgetf test methods to measure One important
theoretical step was the discovery of the J-infelgyaRice [104] which provided a way to relate the
energy release rate for any elastic material tcstress and strain fields close to the crack tgbthos

gave a key to analyzing fracture for nonlinear male
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4.1.2 Critical crack tip opening displacement

Wells [132] proposed that crack tip opening displacem@ft@D), defined as the displacement at the
tip of the notch Figure 4.2, can be used to describe fracture toughnesstd#stic materials. Jenq and
Shah[61] proposed a two-parameter fracture model. Theynasdiuthat considering the presence of
the crack tip inelastic zon&;TOD consists of an elastic componei@TOD,) and an inelastic
component CTOD,). To separate the elastic and plastic fracturpaeses of a given specimen as
shown inFigure 4.2(a)the specimen may be loaded up to the maximursssteed an unloading and

reloading cycle is performed as showrigure 4.2(b)

The crack mouth opening displaceme@MOD) can be defined as the displacement at the notch
mouth. Based on the obtained unloading compliatke, value of the crack mouth opening

displacement at peak l0a@NIOD;) can also be divided into two components.
CMOD, =CMOLX +CMOD? (4.1)

Where CMOD,® and CMOD,” are the elastic and inelastic components resggtiand can be
determined as shown Figure 4.3(b) The measured values @MOD,® as well as the maximum stress
o. are further substituted into the following LEFMuadjons to calculate the critical stress intensity

factorK,c and the critical effective elastic crack length

Kic :Uc\/gc gl(agj (4.2)

._40a, (&
CMOD =—= - 4.3
=40 g% @3)

The value of critical tip opening displaceme®TOD.® is then determined based on the obtained

values of crack mouth opening displacement atcalistageCMOD,’.
CTOLF = CMODY g{iﬁ,:zj (4.4)

Whereg,, g, andgs are geometric functior{$1], b is the height of the specimen afds the Young's

modulus. The schematic diagram of the Jenq and Sioalel is presented Figure 4.3

Jenqg and Shalt1] proposed that the fracture property of a quasilennaterial may be characterized
by the values oK,c andCTOD.. It is important to note that tHeTOD, is defined at the initial crack
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tip and that geometric factors such as geometyisathilar crack lengths at critical loads are assdm
for geometrically similar beams. A large round-roltest program was conducted by RILEM
Committee TC8965]. It is shown that the critical stress intensitgtfa K,c evaluated at the tip of the
effective crack is essentially independent of fhecimen size as well as the methods of the estimati
of the effective crack lengths. A similar extenss@mparison has not been done @rOD.. Since

CTOL. is a small quantity and thus difficult to measuadditional verification is needed to confirm

that it is indeed a material property.

Karihaloo and Nallathami4] proposed an effective crack model based on théevalgut LEFM
approach. The basic concept is similar to the taameter fracture mod¢bl]. However, secant
compliance at the maximum load, rather than thstielgart of the unloading compliance is used to

determine the effective-elastic crack length.

-4

Initial crack

ooe 1

MOD* 1 CTOD =
CMoD*+ CMoO CTOD*s GTOD?
I

Figure 4.2Procedure for determining fracture parametersbywo-parameter fracture modél] (a)

CMOD

(a) (b)

crack tip opening displacement (b) loading and adilog procedure.

cMoD,

cyoo

Figure 4.3Stages of crack growth according to Jenq and 8taatel[61] (a) initiation of stable crack
growth (b) stable crack growth (c) start of unstatriack growth.
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In summary, all the models based on effective ielasack approach (e.g. Jeng and Shah mi&dg)

can only predict the maximum load and the corredmandisplacement (the crack lengths may not be
correct), since material fracture parameters afieet&for the critical fracture of a structure. &nthe
pre-peak stable crack growth can be controlledrhigal fracture, it may also be predicted. However
discrepancies increase as the fracture state eafay from the peak load. Generally, effectivetidas
crack approach may underestimate the displacenftenttbe peak load because the inelastic response

is ignored.
4.1.3 Fracture energy dissipation in a quasi-brittle criac

The fracture behaviour of concrete is greatly iafloed by the fracture process zone. Among the most
successful approaches to apply fracture mechamesis to simulate Mode-I concrete fracture with an
effective line crack. In this case, the inelastaxcfure process zone is taken into account by oahes
pressure acting on the crack faces. The cohesasspres(w) is a monotonic decreasing function of
the crack opening displacememtThe value of(w) is equal to material tensile strend@itfor w = 0 at

the crack tip (the end of the fracture process kons implies that microcracks ahead of the crack

tip are not included in the fracture process zone.

This is reasonable if the size of microcrackingezanegligible compared to the macrocrack and thus
the energy released due to microcracking can bkected. The energy release r&@gat the tip of the
effective quasi-brittle crack may therefore be déd into two portions (1) the energy consumed
during the material fracturing in creating two suwésG,c, which is equivalent to the material surface
energy, and (2) the energy rate to overcome thesied pressure(w) in separating the surfaces,.

As a result, the total energy release rate for dexiqjuasi-brittle crack can be expressed as:
Gq =G, +G, (4.5)

The value ofGc may be evaluated based on LEFM and is calleccaliénergy release rate. Sir@g
is equal to the work done by the cohesive pressuge a unit length of the crack for a structurehvet

unit thickness, its value can be calculated as:

1 Aa w 1 Aa w
G, =I J.a(w)dxdwzj dxj.a(w) dw
AaJo Jo AaJo 0 (4.6)

= Iog(w) dw
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Substituting we get
W

G, =G + IJ(W) dw (4.7)
0

Where Aa is the change in crack lengtt{w) is the normal cohesive pressure amds the crack
separation displacement at the initial crack tie TaboveEquation (4.7)is the general energy
equilibrium condition for the propagation of a mddguasi-brittle crack. It shows that for quasitthei
fracture, the energy release rate due to applied (8,) is balanced by two fracture energy dissipation
mechanisms i.e. the energy dissipation due toioreaf a new fracture surfagd7] and the energy

dissipation due to formation of a nonlinear fraetaone (due to toughening mechanisms).
4.1.4 Fictitious crack model

The fictitious crack approach assumes that eneegpired to create the new surfaces is small
compared to that required to separate them. Assaltreghe energy dissipation can be completely
characterized by the cohesive stress-crack opaeiagonships(w). Hillerborg and co-workerfs1]

were the firsts to propose a fictitious crack moielfracture in concrete. The area under the entir

softening stress-crack opening curve is denotég,aand it is given by

G, = Vg(w) dw (4.8)

0

The fracture energy represents the energy absgrbednit area of the crack and is regarded as a
material fracture parameter. In the fictitious &ramodel, the softening, stress-crack opening curve
o(w) is also assumed as material property, indeperafahe structural geometry and size. Therefore,
the fictitious crack model requires knowing onlyed material parameters: the value$,db- and the
shape of the(w) curve. Here, the characteristic length of theemal is defined as the length of the

fracture process zone and determined by

- (4.9)

WhereE is the modulus of elasticity of the material. Tvedue ofl., approximately ranges from
100mmto 400nm[52].
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It is noted that the choice of tlaéw) function influences significantly the predictiof the structural
responsg108, 1] and the local behaviour (e.g. the crack openisgldcement is particularly sensitive
to shape of the(w) curve). Different shapes ofw) curves, including linear, exponential and power
functions have been previously used. Experimergtdrchination otz(w) using tension tests has also
been suggested6]. However this is difficult as results may vary lwihe specimen size and shape
[127].

4.2 Damage Mechanics and Smeared crack concept

Two approaches can be found in the literature touksite cracks: the discrete approach and the
smeared crack approach. The former approach modmi& as a geometrical discontinuity, whereas
the latter imagines the cracked solid as a continua a typical finite element analysis cracks are
often modelled by means of a separation betweete falement edges. The approach suffers from a
major drawback that the crack is constrained ttowola predefined path along the element edges.
Recently, an extension of the finite element metkwown as the Extended Finite Element Method
(X-FEM) [93] was developed to cater the arbitrary discontinsiitiemeshes. This extension exploits

the partition of unity property of finite elemerj&4], which allows local enrichment functions to be

easily incorporated into a finite element approxiora Work has also been done to model cohesive

crack growth, where energetic considerations aed ts model the crack t{92].

The counterpart of the discrete crack conceptdsstheared crack concept, in which the cracked solid
is imagined to be a continuum. This approach, thioed by RashifL03], starts from the notion of
stress and strain and permits a description ingerfrstress-strain relations. Many numerical models
are proposed based on continuum damage modellimgpagh[113, 73] The procedure is attractive
not only because it preserves the topology of tiginal finite element mesh, but also because é@sdo
not impose restrictions with respect to the origotaof the crack planes. It is for these two re&so
that the smeared crack concept has quickly repldeeearly discrete concepts and has become into
widespread use after the 1970s. Different modededban the smeared crack concept and the damage

mechanics theory are detailed hereafter.

4.2.1 Crack band Model

Bazant and OH11] modelled the fracture process zone consideringard bof uniformly and
continuously distributed microcracks, which hasxad widthh and a blunt front as shown kigure

4.4. Crack propagation is simulated by a simple ststrg8n relationship. Bazant argued that for

randomly inhomogeneous materials, the equivalentimoum stresses and strain are defined as the
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averages of microstresses and microstrains overtairc representative volume. The cross section of
this volume should be ideally taken to be muchdatban the size of the inhomogeneities i.e. sévera
times the maximum aggregate size in the case ofretm From different measurements, Bazant
further assumed that large amount of microcracks cancentrated essentially on a line which is
highly tortuous, extending to each side of theigitdine to a distance equals to the aggregats sz

the crack is trying to pass around the harder aggeepieces. Also, Bazant assumed that the boundary
of the fracture process zone should not be defasethe boundary of visible microcracks, but as the
boundary of the strain- softening region. Since #teain softening is caused not only by
microcracking but also by any bond ruptures, tlaettire process zone could be much wider (as well
as longer) than the region of visible microcradks.build an equivalence principle between the crack

band model and the cohesive crack model, the apeking displacement is considered as:

hef =w (4.10)

Where ¢ " is the inelastic fracturing strain, graphically idefi as shown ifFigure 4.4andw is the

cohesive crack opening displacement.

o 1t o

f|t ______

fy

aann

v
v

€= Wllh

(a) (b)
Figure 4.4Correspondence between (a) the softening curveeofdhesive crack model and (b) the

stress-strain curve of the crack band mg¢ii&].

Based orEquation 4.10the energy consumed due to crack advance peangdtof the crack band is

the product of the area under the stress-straivecamd the width of the crack bahdThis leads to

E)f°
G, = 1+— _t
¢ hc( + EJZE (4.11)
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WherekE; is the strain-softening modulus (represented bydtished line iffigure 4.4 andf; is tensile
strength of the material. The width of the crackhd& calculated as= n, d,, d, being the maximum
aggregate size ang is an empirical constant whose suggested valBeas concrete. It implies that
the size of the facture process zone is indepenafetiie size and geometry of the specimen (this

assumption is criticized if38]).

For the models based on the fictitious crack apgrfgl, 11]it is often reported that the assumption
Gic = 0 provides some computational efficiency. Howeapecific features associated with crack
propagation, such as crack profiles, computed frioenfictitious crack approach often do not match
with those experimentally measur@®]. The fictitious crack model may physically make senhen

the crack tip fracture process zone has the saatufe mechanisms as the crack wake-process-zone
or macrocrack propagatiof81]. Another problem with fictitious crack models iBet need to
determine experimentally a size independent valu¢he tensile strength that can be measured

consistently and easi[jt14].
4.2.2 Continuum damage modelling of concrete

In the continuum damage mechanics theory the mésddasffects of toughening mechanisms, void
nucleation and growth are represented by a setaté variables which act on the elastic and/or

inelastic behaviour of the material at the macrpsctevel.
4.2.2.1 Mazars damage model

Hereafter, a simple scalar damage model is predemevhich damage is assumed to be isotropic
[82]. In damage mechanics theory, damage engendergradd&ion of the elastic stiffness of the

material through a variation of the Young’s modulus

1+v, Vo

& :m% ‘m%ﬁu (4.12)

Wherevy and g are the Poison’s ratio and Young's modulus of ahdamaged isotropic material
respectively and; the Kronecker symbol. The elastic (i.e. free) gpgyer unit mass of the material

is:

1
pY = 5 @-d)e; Cijqkl Eu (4.13)
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Whered is the damage variable. Its value varies from 0 tor the undamaged to fully damaged state
respectively.C, is the stiffness tensor of the undamaged materlas energy is assumed to be the
state potential. The damage energy release ratefiised as the variable associated to the damage

state variable in the state potential:

0 1
Y= —p% =& Cua <Ye (4.14)

With the rate of dissipated energy:

p=-—1d 4.15
ad (4.15)

Wherep is the mass density.

For an isotropic damage model, this equation resitae

p=Yd (4.16)

The damage energy release rate is always postigettaus the rate of damage must be positive in
order to comply with the second principle of thedyilwamics. The evolution of damage is very often
related to the strain state. Moreover, it is defime an explicit, integrated way, which is easier t

handle. The damage loading function can be defased
f(£,Y)=2 -« (4.17)

Where £ is a positive equivalent measure of strain arehuals the damage threshdi@,, initially

and during the damage process it is the largestreaehed value & . For the uni-axial tensile case,
the equivalent uni-axial strain is straightforwditds the axial strain). However, for general stabf
stress, damage evolution should be related to swakar quantity, function of the state of strain.

There are several proposals in this regard. Focrete, Mazar§82] proposed the following form:

(4.18)
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Whereg; are the principal strains.
The evolution of damage has the following form:

_ . d=h .
i f(£,6)=0 and f(Z,)=0then {K_g(’() where d =0

J - (4.19)
otherwisa{ B

k=0

The functionh(x) is specific, depending on different models in litexature.

In order to capture the differences of mechaniedponses of the material in tension and in

compression, the damage variable is often detedvdse linear combination of two damage variables

d: andd,, (se€82]):
d=a.d, +(1-a,)d, (4.20)

Whered; andd, are the damage variables in tension and compressspectively. They are combined
with the weight coefficients; defined as functions of the principal values o Ehlrainsé‘i} andé‘i}’,

due to positive and negative stresses.

UiE = (1_ d)Cij_kllgltd , JijC = (1_ d)Cij_kllglfl (4.21)

3 g
_ (&"°)(&),
a, .= Z( 72 j (4.22)

i=1

In uni-axial tensiorny, = 1 and in uni-axial compressian = 0. Henced, andd. can be obtained
separately from uni-axial tests. The purpose ofoeeptp is to reduce the effect of damage on the
response of the material under shear compareas$wtg100]. The evolution of damage is provided

in an integrated form, as a function of the vaealji82]:

1_
dt,c :1—M— A,c eXF(_ Bt,c(K_KDO)) (4-23)

Wherexpo, A, By, Ac andB; are model parameters.
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4.2.2.2 Influence of model parameters

Besides the elastic parameté&iso, there are six parameters to be defined in Mazamsada model

(A, A, B, B, xp0, f), SeeFigure 4.5

* kpo is the damage threshold. Its value influencessthess at peak as well as the curve of post
peak. The stress drop will be less brittle if tldue ofxpg is small. The recommended values of
kpo are from 0.5 to 1.5 x 10

* TheA coefficient influences the tail part of post-pestitess-strain curve. This coefficient gives the
horizontal asymptote af axis wherA equals to 1 and a horizontal line passing frompibek ifA
is taken as O.

* TheB coefficient influences the post-peak curve asduices a stress drop if its value is too high
(B > 10000). Typical values arB; between 1000 and 2000, aBdetween 5000 and 100000.

e fBis a corrective factor which makes it possiblémprove the result in shearing compared to the

initial version of the model (which correspondg'tel). The typical value used is 1.06.

4

Ey = 3 107 MPa
B =2 10%
bo wmpa
€p, = 1 10-4
R S SN i i e e £ S Sy = o e S S A =D
s
£ N
2+ \ S
\\ \""‘--.‘-
\ —~— e o ks =
\\ A 0,5
b
1 = \\
NN
S A =0,8
"\.‘ﬁ:" e —— A =0,
4 = e = A=1
; T - -
1] 1 2 3 4 5 6 10

b)
Figure 4.5Mazars model: Influence of the parameta)s?; (b) B;[82].
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4.2.2.3 Nonlocal continuum damage

The forgoing damage formulation of damage theorylosal. It is however clear that after
microcracking has taken place in concrete; a maome mechanism develops in the form of a
damage band. The strains tend to localize in aifgperea of finite dimension (macrocrack). The
local model formulation predicts this dimensionte zero, with vanishing energy dissipation at
failure. Numerically, it yields a response whichdispendent on the size and the orientation of the
mesh. Therefore, a regularization technique hasetadded in order to achieve a mesh independent

result and damage localization over several figiitenents.

It is often argued that the stress response oftariabpoint cannot be described locally but one ha
also to consider its neighbourhood in order to tate account microcracks interacti¢®8]. Non
locality, in a gradient or integral format, is aanefor a proper, consistent modelling of fracti®e33,
98]. It avoids the difficulties encountered upon miatesoftening and strain localization. Within a
single approach, it encompasses both crack imtiaffor which continuum models are very well

fitted) and crack propagation (for which discretectfure approaches have been developed).

In the scalar damage model proposed by Ma&&}s in which evolution of damage is controlled by
the equivalent straiél , the principle of nonlocal continuum models iggplace the equivalent strain

£ with its weighted averad®@8]:

1
Q. (%)

E(X) =

j W(x,OE(E)dE (4.24)

Where Q is the volume of the structure apdx, &) is the weight function. It is required that the
nonlocal operator does not alter the uniform figlthjch means that the weight function must satisfy

the condition:

Jorcpde=r  oxoa @.25)

For this reason, the weight function is recashanfollowing form[98]:
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w(x,a:% Q,(0= j W(x-&) dé (4.26)

WhereQ; (X) is a representative volume at paxrandyo(x-¢) is the basic nonlocal weight function of
the distancex) between the point at which the average is takehthe point contributing to that

average. A Gauss distribution function if often sidered to defingy(x-%):

4 x—fz
W,(x—¢)=ex —H (4.27)

C

| is the internal length of the nonlocal continuuénreplaces the equivalent strain in the evolution of

damage. In particular, the loading function becofhéE,Y) =£-K.

The representative volume in one, two or three dsims may be taken as a line segment of lelggth
or a circle or sphere of diameter Due to this spatial averaging, a special treatmenequired for
points located at the boundary or close to it wteengart of the material representative volufye

protrudes outside the boundary. For such pofatss considered as a variable.

Different variations of the original formulationrcde found in the literature. The advancements are
twofold: (1) preserving the uniform field in thecinity of the boundary makes the averaging in
Equation (4.26)not symmetric to its argumentsand ¢. This lack of symmetry leads to the non
symmetry of the tangent operaf®7, 62] A symmetrical nonlocal formulation has been régen
proposed19, 68] (2) The model should be able to capture the digzoous fields involved in the
process of failure due to increasing stress. Figr ibason focus is made on the case of evolving
boundaries of the nonlocal fields. Different modhfiions of the integral type nonlocal damage have
been introduced, in which the internal lendg¢hincreaseqd99] or decreasef45] in the course of

damage, based on experimental observations.

In the following sections the original nonlocal foslation of the Mazars damage model is ude}]
98]. In the following sections, this model is adoptedrder to investigate the numerical response of a
1D model bar and to simulate the experimental cégnpan concrete size effect presented in the

previous chapters.
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4.3 1D bar: Numerical investigations

4.3.1 Mesh discretization

A simple bar of length (L)rh and height (d) Orhis considered hereafter. The bar is simply sujgglort
on the left hand side as shownHigure 4.6 An incremental uni-axial displacemeid {s imposed in
X —x direction on the right hand side of the bar. Plaimess condition is assumed. The calculation is

performed using the finite element code Cast3M.

The mesh is constructed using quadrilateral elesnefth four gauss points. In order to analyze the
mesh objectivity, four different discretizationgadopted (m = 11, 22, 33 and 66) where m = number

of elements in the bar amds the size of the element.

h
N K—
H B
d B )
R 4 —
L

Figure 4.6Finite element mesh of the 1D bar.

4.3.2 Material parameters

Mazars damage model is used in this study and #terral parameters are givenTiable 4.1 The
Poison coefficient is taken equal to O to obtainkHDaviour. A spatial variability of damage thrdsho
kpo IS generated by using a Gaussian distribution fancas shown irFigure 4.7 This distribution

causes the variation of material tensile strefigiththe same magnitude, whéyes calculated as:

ft: E x Kpo (428)
WhereE is the Young’'s Modulus arh, is damage threshold and its value is varied betwgge and

1]
Kpo -

Table 4.1Material parameters.

Eo (M Pa) Vo KDol KDO” A B Ac Bc B

30 000 0 1.3x 16 7.0x 10° 1 3000 1.2 1500 1.06
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Kpo
7.0x10%

1.3x10%

Figure 4.7Distribution of damage threshold in different detzations of the model beam (a) m = 11,
(b) m=21, (c) m=31, (d) m=61.

FromFigure 4.7t can be seen that the gauss distribution fundticdast3M provides a distribution of
the damage thresholg, both in the X and Y directions.

4.3.3 Local calculation

The first calculation is performed using the loftaimulation of the Mazars damage constitutive law
(Section 4.2.2 )1 The global Force-Displacement curves obtainedHe different meshes are shown
in Figure 4.8 In each case, the peak load is the same; howleegrost-peak behaviour is different as
the mesh is refined. The snap back behaviour besonaee important as the size of finite element is
reduced. This is the consequence of the straimmade localization as shownkigure 4.9 Solution
depends on the finite element size. By further elese of the size of the element damage will logaliz
into a zone of vanishing volume. In this volume tbal energy dissipation rateduation 4.1p will
tend to zero which is physically unrealig@8].
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600

—+—N elements = 11
500 + N elements = 21
—+—N elements =31

400 - —=—N elements = 61

300 +

Force (kN)

200

100

0 0,2 0,4 0,6 [oK:] 1
Displacement (mm)

Figure 4.8Force — Displacement curves for different meshesal formulation).

1.0

0.8

0.6

0.5
Figure 4.9Damage field at final loading stage for differemshes (local formulation).

4.3.4 Nonlocal calculation

The nonlocal formulation of the Mazars damage md8elction 4.2.28is used hereafter with a
localization limiter or internal length equal to 0.3. This value is selected in orderdoehat least
three times the size of the finite elemdfigure 4.10shows the global Force-Displacement curves for
each mesh. Almost the same global response isvatsendependent of the mesh sizes. The small

differences are due to the differences on the apadriability of the damage threshold.
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600
—+—N elements = 11
500 4 N elements = 22
=
¥ —+—N elements = 33
400 A -=-N elements = 66
z
=
o 300 4
IS
S
is
200 +
100 +
0 T T
0 0,2 0,4 0,6 0,8 1

Displacement (mm)

Figure 4.10Force — Displacement curves for different mesheslpcal formulation).

Figure 4.11Damage field at final loading stage for differemshes (nonlocal formulation).

The damage field at the final loading stage andHerdifferent meshes is presented-igure 4.11
Damage is localized in the zone which is sevematsi the element size. The location of the damage
zone is different for the mesh m=21 due to the oamdistribution of the damage threshold.

In order to examine the evolution of damage fofedént finite element sizes, the damage fields at
different loading stages and for two types of mesiinements (m = 11 and 66) are presented in
Figures 4.12and4.13respectively. In both cases, a similar behaviewtiserved. In the elastic range,

damage is equal to zero in the beam. In the n@atinange up to the peak load, damage increases in
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the same way. The small fluctuations are due tordimelom distribution of the damage threshold.
However, the damage starts to localize as sooheapdak-load is attained. In the post-peak regime,

the damage increases in the localized zone ofteagtal to the internal length(0,3m).

Loading stages
F / Fmax (%)

Dpre-peak 40
W pre-peak 61
Opre-peak 81
Opre-peak 92
Damage M peak 100

B post-peak 91
W post-peak 80
Opost-peak 60
W post-peak 40

B post-peak 20

Opost-peak 10

Loading stages
F / Fmax (%)

B pre-peak 58
O pre-peak 78
O pre-peak 92
Damage B peak 100

O post-peak 90
B post-peak 80

O post-peak 60

M post-peak 40
B post-peak 30

O post-peak 20

O post-peak 10 %

0,73

Position -X (m)

0,82
0,91
1,00

Figure 4.13Damage evolution diagram (m = 61, nonlocal forrmafg.

4.3.5 Calculation of crack opening

In [83] it is shown that damage and fracture mechanicénareorrelated theories. In the later theory,
fracture is considered as the development of a eoeack and the fracture process zone is generally

introduced as a cohesive pressure near the cnacKRHtis approach is equivalent to the continuum
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damage mechanics approach and the information etleeory can be obtained from other theory on
the basis of an equivalence principle in termsrergy release. For example one can try to use crack
openings, which however are not directly availatlteen using continuum damage models. In general,
a post-processing method is needed to extract apehkings from continuous fields. Different post-
processing approaches have already been propoded inamework of the French national project
CEOS.fr[80]. Two of them are studied hereafter.

The first method (displacement jump technique)dsda on the assumption of the crack band theory
that the energy dissipation in the localized damag®e is equal to the energy consumed by a line
crack with certain crack openifgl]. In local models, damage is localized in one eldra nonlocal
models however, damage is localized in a zone dthméqual to the internal length (seeFigures
4.12 and 4.18 Crack opening can therefore be estimated asdibiglacement jump across the
localized damage zone of width equal to the intderath.Figure 4.14presents the evolution of axial
displacement in the beam (m=66). Since the beats &ithe left edge, crack openings can be
calculated as the difference of the displacemelutegaat the left and right boundaries of the |l
damage zone. In this example= 0.3m) the displacement jump between x = 0 and x m@®es the
crack opening at x = 0. At peak load the crack agenalculated is 130m

0,40

Loading stages
F / Fmax (%)

—e— pre-peak 58

—&— pre-peak 78
—&— pre-peak 92
—— peak 100

—*— post-peak 90
—e— post-peak 80
—+— post-peak 60

Displacement field (mm)

—— post-peak 40
—— post-peak 30

—e— post-peak 20

—m— post-peak 10

0,0 0,2 0,4 0,6 0,38 1,0 12
Position - X (m)

Figure 4.14Axial displacement profile (m = 66, nonlocal foriation).
The second method used for estimated crack opefiiogscontinuum damage fields is proposed by
Matallah and co-workerf81]. This method was basically developed for the a#skcal damage

models with fracture energy regularization. Theckrapening displacememt is taken as the fracture
strain accumulated over the widtlof the fracturing element.

w=¢g"°h (4.29)
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Where¢" is the unitary crack opening strain variable repreing the fracture portion of the total

strain.

This approach works satisfactorily for local damagedels, wherd is size of the element containing
the damage. For these models, fracture energy aegation is an easy task because the model
parameters are local. In case of nonlocal modmigeker, strains depend on the neighbouring strains
and damage is diffused in several elements. Tigsapplication of the above approaéigation
4.29 can underestimate crack openings. This is clestiywn inFigure 4.15where the two above

methods are compared (m = 61).

600

—— Displacement jump method

500 Matallah et al.

400

[ BN
)

300

Force (kN)

200 -

100 1

0 ‘ \

o] 0,2 0,4 0,6 0,8 1
Crack Opening (mm)

Figure 4.15Comparison of crack opening using two differenthods (nonlocal formulation, m =66).

4.4 Three point bending test

In this section the beams D1, D2 and D3 made floenM1 concrete (se€hapter 3)are modelled
using the nonlocal formulation of the Mazars camtim damage mechanics mo¢&2, 98]. The finite

element code is Cast3M and plane stress cond#iaasumed.
4.4.1 Mesh discretization

Two dimensional quadrilateral elements with foungmpoints are adopted. The mesh is constructed
with elements of different sizes. The elementskap small in the area close the notch where damage
is expected to occur. The lower limit of the eleinsize verifies the usual criterion that the
characteristic length. should be at least three times the size of thmexe However for the three
sizes of beams (D1 small, D2 medium, D3 large)dize of elements is kept constant, which is a

necessary to model the size effect. The resultieghms of D1, D2 and D3 beams are presented in
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Figure 4.16 (a, b, c)'he notch tip of the beam is modelled using anaarshown irFigure 4.16(d}o

avoid any singularity of the mechanical fields.

(@) )

Nonlocal
Damage
mode

Linear Elastic
Damage
model

© (d)
Figure 4.16Finite element meshes for the (a) D1 beam (b) &hb(c) D3 beam (d) notch.

4.4.2 Boundary conditions

Due to symmetrical boundary conditions and in otdereduce the computational demands, only one
symmetrical half of the beam is modelled. The noalalamage formulation of the model is applied in
the central part of the beam where damage is exghéatoccur (represented in redHigure 4.1§; the
other part is assumed linear elastic. This alspshedducing considerably the time of simulatiorhwit
negligible effects on the results. The part ofliram which is modelled with the nonlocal damage law

is always proportional to the height of the beam.

Loading is applied as an incremental vertical ldispment of a rigid plate (linear elastic law, wath
Young’s modulus ten times than that of concretegdiat the top right end of the beam (5&gure
4.17). To capture the symmetrical boundary conditighs, displacements in the horizontal direction
(X-displacement) of the right side of the beam abthe notch are blocked. The vertical displacement

of the articulation at the left side of the beamlso restrained.
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o
N
[
R
Point at which §
force is calculated §
N
o
\\ [ Point at which NMOD
R%m ) is calculated

Figure 4.17llustration of the boundary conditions.

In the following, global results are presented e tform of Force-Notch Mouth Opening
Displacement (NMOD). The force is calculated asubdical reaction at the bottom left support of
the beam and NMOD as the horizontal displacemethiealibottom right corner (séégure 4.17.

4.4.3 Determination of the nonlocal damage model paranste

Two sets of parameters need to be identified ferrtbnlocal formulation of the Mazars law (1) the
local parameters which are related to the locahbiglir of the model and (2) the spatial parameter
governing the interaction of the material pointdjich is also termed thaternal lengthof the
nonlocal continuum and is related to the imagingigth of the fracture process zone. These two sets
of parameters are closely related to each othershodld be appropriately determined to give the
nonlocal model a response consistent with the redunacroscopic material behaviour and the local
fracture characteristics. The existence of theigpparameter requires the solution of a boundary
value problem for the determination of the modelapseterqd18]. This is totally different from the
local approach, where the (point-wise) constitutvedaviour of the model can be calibrated directly

from the experimental data.

This issue has been discussed by several researdineir studies can be generally grouped into two
classes: those based directly on the numericalrsavanalysis of experimental results and those
exploiting the correspondence between the cohesiaek model and crack band model. In the first
category, an automatic calibration of model paransetbased on numerical inverse analysis is
generally employed by using optimization algorithmsperimental data from real structural tests and
size effect laws. Several different optimizatiogalthms are available in literatuf22, 77, 18] In the
second category, the correspondence between trsigelcrack model and crack band model along
with a relationship between the internal lengthapaeter of the nonlocal model and the wildtbf the
fracture process zone is exploited (e.g. in norilaod gradient models used by De Borst and Pamin
[32] and Di Prisco et a[34]).
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In the following, an optimization algorithm is apgal based on inverse analysis of the performed size

effect tests. The general procedure is the oneosexpby Le Bellego and co-workgis].

The model parameters are assembled in the followéctpr:
X'=[Evxo A B A Bc B ] (4.30)

Hence, the described model contains eight paramttdre identified.

« The two first parameters are the elastic moduliuMgs modulus E and Poison’s ratip They
are determined from standard uni-axial tests.

* kpo IS the damage threshold; and B, are the parameters of the model relative to theade
evolution under tensile loadingEdquation 4.2R They all are unknown.

« A, andB, are the parameters of the model relative to tmeag@ evolution law under compressive
loadings;f is linked to the shear response. For the cashreé tpoint bending tests of concrete
beams, tensile loadings are more important tharpoessive loadings and shear. In the following,
A, B. andg are therefore defined using typical values. Theytaken equal to 1.2, 1500 and 1.06
respectively.

* The internal length. characterises the material connectivity and thetére process zone and

needs to be determined.

The vector of unknown material parameters becomes

I::'Tz[KDo A B ] (4.31)

For computational efficiency, an initial set of nebdparameters is first determined by manual
calibration on the Force — NMOD curves. A trial aedor procedure is adopted by fitting the
numerical Force-NMOD curve with the experimentalveu The medium D2 beam is chosen for the

initial fitting of the numerical and experimentairges.

Le Bellego and co-workeld 8] proposed that the initial value lgfshould be related to the size of the
fracture process zone and can be taken betwegrno3sd, whered, is the maximum size of
aggregates. In this study, two different valued.are tested and two initial sets of parameters are
obtained as shown ifable 4.2 In the first set, an internal length equaldpand in the second
(almost) 8l, are chosen. The Force-NMOD curves from both paramnssts are presented figure
4.18
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Table 4.2nitial guess of the nonlocal model parametersngmcalibration).

Kpo A B lc (mm)
Initial Set — 1 5.0x 10 0.75 6500 20
Initial Set — 2 5.6 x 10° 0.83 21000 65
14
12 4

— Average Experimental

—&—|c = 65 mm

Force (kN)

0 50 100 150 200 250 300 350 400

Notch Mouth Opening Displcement (um)

Figure 4.18-orce — Notch Mouth Opening Displacement curvetierD2 beam (initial guess, manual

calibration).

Although the manual calibration provides acceptajdbal results for the D2 specimen (especially til
the peak load point), local phenomena may not beectly reproduced. Furthermore, application to

specimens of different sizes will not be accurateduse the size effect in not captuesl.

In the second step, the initial sets of paramdfesble 4.3 are adjusted according to the response of
geometrically similar beams with varying sizes. sTi8 done using an optimization procedure that
calibrates the Force-NMOD responses of the threeisgn sizes (D1, D2 and D3) simultaneously.
The optimization procedure proposed by Le Bellegaleg[18] proposes the use of the Levenberg-

Marquardt algorithm to perform minimization of tfwlowing functionalT(I?’) :

: R(P)-R,, ) (R (P)-R.,
D

"F)=3 Max(R.,) | | Max(R) (4:32)

size=l| measureddata points
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Where R‘exp is the experimental response for the sizell[1, 2, 3]) andR (P) is the numerical

response,Pis the vector of model parameters. Several dedinitican be used for the responses.
Hereafter we use the stresses computed from tHeedppad measured for 100 values of the NMOD
equally spaced and covering the whole experimetdtd range. Because the experimental responses
and the numerical ones have however different galuem one specimen size to another, it is
necessary to express them in a non-dimensional (aajo use a weighted functional). This is the
reason why the error between the numerical andrempetal responses is divided by the maximal
experimental response for each size. Five iterateme@ used to minimise the functional (the error
reaches a minimum and remains constant afterwaftié. optimization algorithm is run within the

finite element code Cast3M.

Table 4.3presents the model parameters calculated by ttmiaption procedure for both sets of the
initial parameters. The global responses providedyaven inFigure 4.19 1t can be observed that the
two sets give the same values for the peak loathtoicases of D1 and D2 beams. For the D3 beam
however, the peak load provided by the Automatdd %es higher. Thus, and in terms of size effect
the two sets of parameters give different resitsthermore, comparison with the experimental data

shows that calibration is poor in the post-pealkmeg

Table 4.3Nonlocal model parameters from the optimizatiagoathm.

Kpo A B lc (mm)
Automated Set — 1 3.52x 10 0.78 5089 15.3
Automated Set — 2 522 x 10° 0.80 22660 68.0

20

18

Experiment
—  lc=15mm
lc =68 mm

16

14 4

12 4

104

Force (kN)

0 50 100 150 200 250 300

Notch Opening (um)

Figure 4.19Global responses of geometrical similar beamsguie automated nonlocal model

parameters.
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It seems that the robustness of the optimizatiocguure is limited and is highly dependent on adgoo
estimation of the initial parameter set. In additithe estimation of a single set of parameter that
provides an acceptable fitting of the entire FerddMOD curves of several specimen sizes does not

necessarily correspond to a correct predictiomefieak load$58].

In the previous identification procedure, the intrlengthl. is treated as a general parameter in the
boundary value problem and a constant valug isfused for the different specimens’ sizes. Howeve
recent experimental studies have shown that thewABth varies with the specimen sif@4, 38, 37,
36].

Finally, lacono and co-workerfb8] have shown that even when using an inverse anafgsis
identifying the model parameters, calibration basedhree points bending experimental data does not

provide acceptable predictions for tensile tests.
4.4.4 Size effect and computation of global fracture panaters
The results are transported into the normalizes sftect plot in two waysHigure 4.20)

e In Figure 4.20(a)the normalization parametddS andBf; are obtained from numerical results at
the peak load condition. Bazant's size effect I®&L) is also presented. The computed points are
located on the right hand side of the size effesct/e& and a strong size effect on the nominal
strength is observed for both sets of model pararseThe results obtained from the second
parameter seti{= 68nm) present a relatively more brittle behaviour (eloo the LEFM law)
compared to results obtained from the first pareamsgt [, = 15mm). Nevertheless, the computed
results are not in good agreement with the experiaheesults.

* The fracture parameters can also be calculated fhee numerical results using the size effect
method[107] (Table 4.4. It can be seen that the normalization param&eendBf, coming from
the experiments and the computations are not similhis may be the first reason of the
disagreement between the experimental and numeridals on the size effect plot. The fracture
energy G¢ obtained from the numerical results is lower ahdsta more brittle behaviour is
obtained. The characteristic lendth according to Hillerborg is also deduced (uskguation
4.9). This characteristic length has already been bseBazant and Pfeiffer ifiL2] in order to
determine the size of the fracture process zihrshould be noted that the computed valuekof
do not correspond to the internal lengtiof the nonlocal model. Moreovdg, decreases while

the nonlocal internal lengthincreases.
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* In Figure 4.20(h)the computed results are normalized using thegmrameterD°® andBf; as for
normalizing the experimental data. Now the numérniesults are situated on the left hand side of
the size effect curve. Nevertheless, they do ntbvifoBazant's size effect law; they present

instead a steep decrease in the nominal strengthared to the experimental results.

Table 4.45ize independent Fracture parameters.

Parameter D° Bf, G len

set (mm (MPa) (N/m) (mm)
I = 15mm 88.9 4.78 31.6 52.6
I = 68nm 28.60 7.23 23.6 16.9
Experiment 423.3 3.02 60.2 250.2

len is the material characteristic length accordingfilterborg Equation 4.9

A Experiment
® |c=15mm

000  z===========-- @ Ic=68cm
—Bazant SEL
-0,10 = = Strength laws
LEFM
-0,20 A
&
> -0,30 -
b
=
S -0,404
-0,50 -
-0,60 T T : : . . . .
-10 -08 -06 -04 -02 00 02 04 06 08 10 12
Log (D/D9 (a)
& Experiment
B |c=15mm
0,10 - ¢ Ic=68cm
* Bazant SEL
000 zz===========-+ = = Strength laws
LEFM
-0,10 A A
Foa -0,20 A PS
5
— -0,30 A
o
3
-0,40 -
-0,50 -
-0,60 T T T T T T T T T T N
-0 -08 -06 -04 -02 00 02 04 06 08 1,0 1,2
Log (D/D9 (b)

Figure 4.20Size effect plots (a) Data are normalized witliedldnt parameters (b) data are normalized

using the same parameters as the experimental data.
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4.4.5 Evolution of the damage variable

The evolution of the internal damage variablés studied hereafted is a scalar variable and is
computed fromEquations 4.2Gand4.23 Its value varies from 0 to 1 (wheh= 1 the material is
completely damaged}igure 4.21presents the damage field at peak load and atathend of the

Force-NMOD curve. An important effect of the intakhengthl, on the width of the damaged zone

can be observed. The width of the damage zonedgesewith increasing internal length.

-0.8

L 06

0.5

a) b) C)
Figure 4.21Evolution of internal damage variable in D2 beandt peak load; = 15mm
(b) at the tail of the F-NMOD curvé, = 15mm(c) at peak load, = 68nm(d) at the tail of the F-
NMOD curve,l. = 68nm

In Figure 4.21(a)the internal length is almost the same to the zone in which damadgcadized.
As the beam is further loaded, damage grows buwitith of the localization zone stays almost the
same FEigure 4.21(h). In Figure 4.21(c)l. is now much larger as compared to the zone in lwhic
damage is localized. Later on however, the damage grows and at the tail of the Force-CMOD
curve its width is several times the characteristigth Eigure 4.21(c)

4.4.6 Estimation of crack opening and comparison with eeqiments
Figure 4.22presents the crack opening profile using two wéyes displacement jump method and the

method proposed by Matallah and co-worK@dq. It can be seen that the later method underestgnat

the crack opening as it is better suited for allémanulation of the damage model. The displacement
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jump method reproduces better the experimentalkcogening profile (the method is based on
measuring the displacement jump between two poimthe either side of the zone of width equals to
the internal lengti.). In the following, only the displacement jump timed is therefore used to

analyse the results of crack openings.

50

= = Experiment

204 M\ - = Displacement jump Method

— Matallah et al.

30 1

20 A

Crack length (mm)

10 A

0 5 10 15 20 25 30 35 40
Crack opening (um)

Figure 4.22Crack opening profile at peak load using two mdghg = 15mm D2 specimen).

4.4.7 Influence of characteristic length on the crack opmg profile

Crack opening profiles are estimated at differeating conditions for each set of model parameters
(Figure 4.23. It is noticed that the characteristic length hasgnificant influence on the results. For
lc= 15mm the profile is divided into two straight linestivia smooth transition between the two lines.
The initial straight line follows well the experim@l data. However, the second straight line dissgr
with the experimental data. In other words, the exical crack length is longer compared to the
experimental crack length. This is because in thyget part of the crack (close to the compression
zone) the nonlocal strains are influenced by thmpressive stresses (known as boundary effect).
Therefore, in the following only the initial parf the crack opening profile is considered. The krac
opening profile forl. = 68mm s essentially a straight line and it is not relucing correctly the
experimental results.

The crack opening profiles at different loadinggsm show that the numerical profile agrees wel wit
the experimental profile in the pre-peak regimetiie specimen passes the peak load the discrepancy
between experimental and numerical profile increa3dis may be due to the incapability of the
model to predict accurately the post-peak fracstage of the beam. This can be also seen in thelglo
F-NMOD curves, where coherence of experimental mnderical curves in the post-peak regime is
not satisfactoryKigure 4.19.
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120

110 = = EXP.60% pre-peak
= = EXP.peak
EXP. 60% post peak
90 = (Ic = 15 mm) 60% pre-peak

100 A

80 | === (Ic = 15 mm) peak

(Ic = 15 mm) 60% post-peak

704\

(Ic = 68 mm) 60% pre-peak

60 \ (Ic = 68 mm) peak

(Ic = 68 mm) 60% post-peak
50
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Crack length (mm)
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Crack opening (um)

Figure 4.23Crack opening profile (D2 specimen).
4.4.8 Size effect on computed crack opening profile

The influence of the beam dimensions (size effentthe crack opening profile is finally analysed.
Figure 4.24presents the crack opening profile at peak loadHoee geometrically similar sizes of
beams. It can be observed that the initial pathefcrack opening profile is practically the samedil
three sizes. This is in accordance with the expamtad findings Figure 3.3} i.e. specimens of
geometrically similar sizes show the same crackimgeprofile at their peak loads and the relative

crack length (crack length/specimen height) deegasen the specimen size increases.

In the original version of size effect law propossdBazan{7], the relative crack length at peak load
in concrete specimens of varying sizes is assurnedtant. This is clearly not found in this study

either with the numerical simulations or the exemtal data.

160

140 - ---D1 —D2 D3

120 A

100 -

80 q

60 1

Crack length (mm)

40 1 ~

201 N

0

T T
0 5 10 15 20 25 30 35 40
Crack opening (um)

Figure 4.24Size effect on crack opening profile at peak Idae 15mm).
Finally, the upper part of the crack opening pesfilis not same when the size of the specimens
increases. However, it is assumed that due to lmyyreffect on the nonlocal strains, the results of
crack openings are not good in this part and tbegeit is not considered in the above size effect

analysis.
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Conclusion

In this chapter, a numerical investigation on tifeuence of size effect on crack opening, crackien
and crack propagation is presented. An isotropiglawal strain softening damage model is used.
Calibration of the internal length and other mogarameters are done by using the Levenberg
Marquardt algorithm. It is concluded that the rdhass of the optimization procedure is limited and
highly dependent on a good estimation of the ihjfiwameter set. In addition, the estimation of a
single set of parameter that provides an accepfibie of the entire Force-Notch mouth opening
displacement curves of several specimen sizes mmasecessarily correspond to a correct prediction
of the peak loads. In general, the computed reanisnot in good agreement with the experimental
results. The fracture parameters are calculated fhe numerical results using the size effect natho
[107] (Table 4.4. It can be seen that the normalization paramddérand Bfi coming from the
experiments and the computations are not similae. ffacture energ; obtained from the numerical
results is lower and thus a more brittle behaviswbtained. The characteristic lengghaccording to
Hillerborg is also deduced frofquation 4.9 1t should be noted that the computed valuek;oflo

not correspond to the internal lendtiof the nonlocal modely, decrease while the nonlocal internal

lengthl. increase).

The damage mechanics model is able to produceizatah of damage but not the cracking itself.
Information about crack opening profile is extractesing a post processing method. The crack
opening data is extracted as the relative displactffield between the nodes of the finite element o
either side of the localized damage zone of widjiiaés to internal length. The crack opening prefile
at different loading stages show that the numepcafile agrees well with the experimental profite

the pre-peak regime. As the specimen passes tkdqmehthe discrepancy between experimental and
numerical profile increases. This may be due tarnbepability of the model to predict accuratelg th

post-peak fracture state of the beam.

The influence of beam dimensions (size effect)rendrack opening profile is finally analysédgure
4.24 presents the crack opening profile at peak loadhieee geometrically similar sizes of beams. It
can be observed that crack profile is practicdily $ame for all three sizes. This is in accordavitte

the experimental findingd=({gure 3.3} i.e. specimens of geometrically similar sizesvslibe same
crack opening profile at their peak loads and #lative crack length (crack length/specimen height)
decreases when the specimen size increases. loritheal version of size effect law proposed by
Bazant[7], the relative crack length at peak load in comcegiecimens of varying sizes is assumed
constant. However, this is clearly not found irstkiudy either with the numerical simulations @ th

experimental data.
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Different theories are available in literature tiffedtentiate between the different cracking zones.
Cracking in concrete can be discretized into maatlk; secondary cracks and microcracks ahead of
the main and secondary cracks. However, the inrsakimg zone associated with the main crack is
more energetic and is responsible for the decrefbfe load bearing capacity of a concrete strectur
When load is applied, at first, microcracks usuédiym in the weakest locations of the material. The
weakest locations are usually the aggregate metiexface. As the load increases, the microcracks
coalesce into the secondary and main cracks amarge lamount of energy is released. Some
microcracks, however, do not coalesce. They ex@iral the main crack and are usually termed as
dead microcracks. In some parts of the crack, thekdnterfaces are not completely separate. When
the crack traverses a major part of the specimentstre (i.e. just before the rupture of the
specimen/structure), these small links betweercthek interfaces start to break and are responsible

for the tail part of the stress-strain diagram.

Many toughening mechanisms are acting ahead ofntiia crack in a zone called Fracture Process
Zone (FPZ). These mechanisms include microcrackldihp, crack branching, crack interface
bridging, aggregate interlock and crack tip blugtiA considerable amount of energy supplied by the
applied load is consumed by the FPZ to overcomsetireechanisms. This phenomenon becomes
more important as the aggregate size is increA8een material is subjected to tensile loadings, the
strains localize in the FPZ and result in the mestk softening of the stress-strain diagram. The
characterization of fracture in terms of crack apgnis recently becoming more frequent for most
concrete structures. Crack opening is a key paemietorder to estimate the durability of their

structural components.

The fracture behaviour of concrete cannot be ségzhfeom the size effect. Different theories exist
literature, from among which the deterministic geic size effect theory of Bazant is analysedis t
study. In this case, the decrease of nominal dinendpile increasing the size of the structure is
attributed to the growth of the fracture processezdazan{7] considered fracture energy as the size
independent material parameter and assumed tipatftload, the crack length is proportional to the
size of the specimen. In the present study, thegraption is analysed and eventually a size effact o

the fracture process of concrete is investigated.
An experimental program is carried out in which RM size effect method is adopted to test

geometrically similar beams of various sizes. Twmes of concrete mixes (M1 and M2) are used. The

M1 concrete mix (maximum aggregate size ma) is used in the RILEM size effect experiments.

-129 -



General Conclusions

Three point bending tests are also performed ovibgmaximum aggregate size =r@) concrete
specimens under similar loading and boundary cmmditin order to study the effect of aggregate size

on the fracture behaviour.

Digital image correlation (DIC) technique is usedthis study to measure the cracking over the
surface of the concrete specimens. It is found @cabrobust and highly precise tool for fracture
measurements such as crack opening and crack leRigghpossible error sources (lens distortion,
vibrations, periodic bias and image distortions)edce eliminated by adopting a higher interpolatio
function and a higher order correlation algorithfwo types of DIC resolutions are adopted. In the
first type, the complete height of the specimendptured and in the second type an area above the
notch, which is approximately 8&mx 25mm is captured. The second type gives a higher numbe
pixels per unit area of the specimen. It is obsgmat the two resolutions essentially give theeam
crack opening profile. A small zigzag nature of thtack opening profile is noticed with the lower

resolution.

A procedure is developed in order to determinelcogeenings from displacement field obtained from

DIC. The fracture process is identified by monitgrithe crack openings. Crack openings start to
increase rapidly after about 60% of peak load engre-peak regime which indicates the localization
of microcracks and the formation of a macrocrack.the specimen crosses the peak load limit, a
considerable decrease in the loading capacity serwkd with a gradual increase in the crack
openings. In the tail part of the post-peak regithe, crack openings in the lower part of the crack
increase significantly, with a relatively gradualcdease in the load bearing capacity. This isoaiied

to the breakage of the remaining links in the seracked zones.

The analysis of the crack growth in three sizegasimetrically similar beams using DIC technique
showed that (1) crack length in the pre-peak reggddentical in all the beams and does not vary in
proportion to the size of the beam. Thus for a En&éleam (with highesy), a longer relative crack
length is observed. (2) In the post-peak regiomw, $tages of crack propagation are observed. During
early post-peak, the length of the crack increaapislly up to 50% of the peak load. However, in the
final post-peak region, crack opening becomes mmop®rtant than the crack length propagation. (3)
In the D1 specimen during the post-peak regimegkclength propagation is relatively slower due to
the boundary effect. (4) When aggregate size isaed, a higher peak resistance is obtained. The
corresponding relative crack length measured & [meal is also higher. This conclusion is similar t

(2): higher resistance corresponds to a longetivelarack length.
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Crack length is estimated using the crack opennofles. It includes the length of the macrocrack
and some part of the microcracking zone in whi@tkropenings are not negligible. It is assumed that
this crack length plays a significant role in trecikase of the load bearing capacity. It was fahad

(1) crack length in the pre-peak region is ideiticall the beams and does not vary in proportmn
the size of the beam. Thus for smaller beam (witthdr o), longer relative crack length was
observed. (2) In post peak region two stages afkcpropagation were observed. During early post-
peak, the length of the crack increases rapidlyoup0% of the peak load. However, in the final post
peak region, crack opening becomes more importaan the crack length propagation. (3) In D1
specimen during the post peak regime, crack lepgtpagation is relatively slower due to the
boundary effect. (4) When aggregate size is redueettigher peak resistance is obtained; the
corresponding relative crack length measured &t [weal is also higher. This conclusion is similar t

(1) that higher resistance corresponds to a loredative crack length.

A case study is also presented in which crack ogsnand crack spacing in reinforced concrete beams
under three point bending tests were monitored. @&merimental results were compared with the
design values from Eurocode 2. It was observed(fhd@urocode 2 underestimates the crack openings
for all sizes of the beams. As the strains in @igars increase, the difference between the measured
and the calculated (Eurocode 2) values increa3eArfdmportant size effect on the measured crack
openings is observed keeping same the strain iewdifferent sizes of the beams. This size effect i
not considered in the Eurocode 2 crack control @sgions. Therefore it is not well captured in the
calculated crack openings. (3) Another size effeabserved on the maximum spacing between the
cracks. The Eurocode 2 expression underestimagesréitk spacing when the size of the specimen

increases.

Numerical investigation of size effect on crack mipg, crack length and crack propagation is also
carried out. An isotropic nonlocal strain softenifgmage model is used. Calibration of the internal
length and other model parameters are done by davealibration technique using Levenberg
Marquardt algorithm. The damage mechanics modablis to produce localization of damage but not
the cracking itself. Information about crack openiprofile is extracted using a post processing
method. The crack opening data is extracted aselhéve displacement field between the nodes of

the finite element on either side of the localidednage zone.

It is concluded that the robustness of the optitromaprocedure is limited and is highly dependemt o
a good estimation of the initial parameter setadidition, the estimation of a single set of paramet
that provides an acceptable fitting of the enti@cE-Notch Mouth Opening curves of several

specimen sizes do not necessarily correspond ¢oraat prediction of the peak loads. In genera, th
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computed results are not in good agreement witlexiperimental results. The fracture parameters are
calculated from the numerical results using the gffect method107]. It can be seen that the
computed normalization parametddS and Bf, and the experimental values are not similar. The
fracture energyss obtained from the numerical results is lower amasta more brittle behaviour is
obtained. The characteristic lendth according to Hillerborg is also deduced fréquation 4.9 It
should be noted that the computed values;pfdo not correspond to the internal lendgttof the
nonlocal model. Wheh is increased in the nonlocal model, the computddes ofl, however, is

decreased.

The crack opening profiles at different loadinggsm show that the numerical profile agrees wel wit
the experimental profile in the pre-peak regime ties specimen passes the peak load the discrepancy
between experimental and numerical profile increa3dis may be due to the incapability of the

model to predict accurately the post-peak fracstaee of the beam.

Eventually, the influence of the beam dimensionge(®ffect) on the crack opening profile is
analysedFigure 4.24presents the crack opening profile at peak loadhiee geometrically similar
sizes of beams. It can be observed that crackl@isfpractically the same for all three sizes sTikiin
accordance with the experimental findingsgre 3.3) i.e. specimens of geometrically similar sizes
show the same crack opening profile at their pezdd and the relative crack length (crack
length/specimen height) decreases when the speaimernncreases. In the original version of size
effect law proposed by Bazaf#], the relative crack length at peak load in comcigiecimens of
varying sizes is assumed constant. However, thideiarly not found in this study either with the
numerical simulations or the experimental data. EMmv, it might be interesting to compare the

results with the latest version of Bazant sizeatfiaw[15].
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PERSPECTIVES

In the perspective of this work, further experinamesearch should be carried out to investigage th
role of crack openings and crack length in thettnac process of concrete. Crack openings can be
determined using more sophisticated techniqueseXtended Digital Image Correlation (X-DIC)
techniques. The combination of two more technigeeas be very useful to monitor crack growth.
Higher resolution cameras should be used to imptbgeprecision of the results and to capture the
maximum surface of the specimen. The crack opepnodile inside the specimen should also be
determined and compared with the surface crack ingeprofile. This can be done by using
interferometry techniques together with DIC. Thes usf acoustic emission technique (2D) in
combination with DIC can also be helpful in orderrmonitor fracture process zone development
along with crack opening profile. This can giveiasight into the theory of the variation of fraaur

process zone size with crack length.

The size effect on crack length can be further stigated by using notchless specimens of varying
sizes or by using specimens of the same size hyinganotch lengths. Also, different concrete

mixtures with varying fracture energies can be ugedrder to investigate the relationship of size
independent fracture energy term with crack lengtiis study can be conducted at different ages of
concrete. In early stage concrete, this study mayseful for investigating fracture process zone
development and early cracking of concrete. Longp iurability factors such as creep should also be

investigated along with the fracture process dguaknt and size effect.

Fracture or damage mechanics theories should eet@lolapture the size effect on global response as
well as on the local fracture phenomenon. For this,necessary to introduce an internal lengtthan
constitutive laws which relates directly to the esmental findings. One can use the experimental
crack opening profile and growth of crack lengthest the robustness of the numerical models. The
inverse calibration of model parameters is a pcattechnique but in this case, internal lengthusho

be determined from the local fracture observatem not the global curves.

The case study presentedGmapter 3has shown the ineffectiveness of Eurocode 2 tdigrresize

effect on crack openings and crack spacing. Thégaesquations can incorporate size effect by
including some empirical constants. In fact, thdesoshould consider energetic relations in order to
estimate crack openings and crack spacing. Fuekgerimental investigation can be carried out to

investigate the size effect on crack propagatiahénreinforced concrete specimens.
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