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FRENCH ABSTRACT

Modele thermo-hydro-chemomeécanique du béton au jeune age et son adaptation

pour I'analyse numérique de la croissance des tumesicancéreuses.

Mots-clés: multi-physique, multiphasique, hydratation, rittrluage, cellules, division

cellulaire, nécrose.

L’objectif du travail de these a été la mise ercelde deux modélisations multi-
physiques fondées sur des fondements théoriquesnons mais appliguées a deux
domaines de la recherche scientifique tres diftérapl’étude du comportement du béton
au jeune age pour la prévention de la fissurati@eqze; ii) I'analyse des phénomenes
physiques, chimiques et biologiques qui gouvernantroissance et I'évolution de la
tumeur cancéreuse.

Le développement d’'un outil numérique pour la misééion du béton au jeune
age est trés important pour la conception de sirestdurables. Le modéle développé
pendant la these doctorale a été implanté sur de emx éléments finis Cast3M, puis
validé expérimentalement. Il permet de multiplepli@ptions: étude des sollicitations et
des phénomenes de fissuration au jeune age, grathenmiques et hydriques, prédiction
du retrait endogene et de dessiccation, étuddardehition de I'hydratation causée par le
séchage, prédiction du fluage et de la redistrdiputies contraintes associées, étude des
réparations.

Les équations qui gouvernent le comportement thdryaoo-chemo-mécanique
du béton au jeune age ont plusieurs analogies fasn@vec celles qui sont typiquement
a la base de la modélisation de la croissanceutiesurs cancéreuses. L'élargissement de
l'analyse numérique dans le domaine médical est gfand intérét social en complément
de lintérét scientifique. Les équations utilisgesur le béton ont été réadaptées, et le
modele mathématique obtenu a été implanté dans3i@adtes premiers résultats du
modele ont été satisfaisants et qualitativemestpreches des données expérimentales de
la littérature dans ce domaine.






| TALIAN ABSTRACT

Modello termo-igro-chemo-meccanico del calcestruzzgiovane e suo adeguamento

per I'analisi numerica della crescita e dell’evoluione del tumore.

Parole chiave: multi-fisico, multifase, idratazione, ritiro, defapzione differita, cellule,

divisione cellulare, necrosi.

L’obiettivo del Dottorato e stato lo sviluppo di elunodelli multifase basati su
fondamenti teorici comuni ma applicati a due cardplla ricerca scientifica molto
diversi: i) lo studio del comportamento termo-igteemo-meccanico del calcestruzzo
giovane; ii) I'analisi dei fenomeni fisici, chimi@ biologici che regolano la crescita e lo
sviluppo dei tumori.

La modellazione numerica del comportamento delestfazzo giovane e di
grande importanza per la progettazione di strutaostenibili e durevoli. II modello
sviluppato durante il Dottorato e stato implememtatl codice agli elementi finiti
Cast3M e in seguito validato con la simulazioneati sperimentali. Il modello numerico
consente un’ampia gamma di applicazioni: studidedsbllecitazioni e dei fenomeni di
fessurazione nel calcestruzzo durante i primi giglopo la posa in opera, analisi dei
gradienti termici e igrometrici, valutazione deiro autogeno e di essiccazione, studio
dell'inibizione dell'idratazione causata dall’essazione, ridistribuzione delle tensioni
dovuta al ritiro e alle deformazioni differite, methzione delle riparazioni.

Le equazioni che governano il comportamento tergno-chemo-meccanico del
calcestruzzo hanno molte analogie formali con guelle sono tipicamente alla base della
modellazione della crescita dei tumori. L'allargatoeedell'analisi numerica al campo
medico é di grande interesse sociale oltre cheio®, pertanto le equazioni utilizzate
per il calcestruzzo sono state riadattate per laeftesdone della crescita tumorale, e |l
modello matematico ottenuto e stato anch’esso iattodn Cast3M. | primi risultati di
guesto modello sono stati soddisfacenti perchéitgtimhmente molto simili ai dati
sperimentali della letteratura scientifica.






ABSTRACT

Keywords: multi-physics, multiphase, hydration, shrinkagegegr, cells, cell division,

necrosis.

The aim of the PhD thesis is the development of twdtiphase models from a
common theoretical basis, applied to two very déifie research fields: i) the study of the
behavior of concrete at early ages, essentiallyHerprevention of cracking and related
issues; ii) the analysis of the physical, chemarad biological processes that govern the
growth of cancer.

The modeling of concrete at early ages is very itgmbrand useful for the design
of durable and sustainable structures. The modetldeed during the PhD thesis has
been implemented on the finite element code Cast8M then validatedsia the
simulation of experimental cases. Nowadays this fnalliews for several applications:
study of stresses and cracking in young concret@lysis of thermal and hygral
gradients, predictions of autogenous and dryinginkhge, creep strain, stress
redistribution, study of the inhibition of hydraticaused by drying, study of repairs, etc..

In the fight against cancer, the advance of meditrategies based on numerical
analysis has a crucial scientific interest andltave a great social impact. The equations
which govern the thermo-hygro-chemo-mechanical behaof concrete at early ages
have many formal analogies with those typicallyduse model tumor growth. Hence,
these equations have been readapted and a novetmmeical model for tumor growth
has been developed. This model has been implemen@aist3M and the first numerical
results are encouraging since qualitatively clas¢he experimental data present in the

scientific bibliography.
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GENERAL INTRODUCTION

Porous media mechanics is a major branch of continmmechanics since it is of interest

for a lot of engineering applications. A porous nuediconsist of a solid porous matrix

saturated by one or more fluids phases. In geomehaepending on the saturation

degree of the liquid water, complete or partial, estinguish between saturated and

partially saturated porous media respectively.hi@ following list the main features of

porous media are indicated.

Vi.

Each phase can consist of several species. Fanoestin the concrete model
presented here, the gas in the pores consisty @firdand water vapour.

There are interactions and momentum exchanges éettie fluid phases and
between these and the solid skeleton. Hence, pattains is associated with the
fluids-solid mechanical interactions.

If the porous medium is not in hygral equilibriumtérnal and with the external
environment), mass transport of the different flpichses and species occurs.
Mass exchanges between the different phases ofsyhem may arise. For
instance vaporization of the liquid water and/@sdiution of the solid phase in
the liquid one may happen.

In non-isothermal conditions, temperature variatimpacts on mass exchanges;
also mass transport is actually coupled with tereuoee and thermal gradients.
The macroscopic behavior of a porous medium isifeggntly connected with the
microstructure of the solid matrix and with the roiscale physics. Hence, to
achieve a meaningful set of macroscopic equatihese must be obtained taking

into account the pore scale thermodynamics.

According with the previous list, porous media miodge should be multiphase and

multiphysics, and must take into account phenonedea at scales different than the

macroscopic one (microscale and mesoscale). Thepects are the basis of the

Thermodynamically Constrained Averaging Theory (TIQAdeveloped by Gray and
Miller in this last decade (Gray and Miller, 200%). the TCAT procedure the balance
equations are initially written at the microscatel dhen upscaled by averaging theorems

to obtain the macroscopic balance equations. The diierence between the TCAT and

its “big sister” i.e. the Hybrid Mixture Theory (HNM (Hassanizadeh and Gray, 1979a,
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1979b and 1980), is that in the HMT the respedarifopy inequality is guaranteed only
at the macroscale (so not assured at the micrgsoal@lst in the TCAT balance
equations for entropy of each phase are writteth@tmicroscale, and then upscaled
similarly to the other balance equations; this essthat thermodynamic restrictions are
respected at both the microscopic and the macrassgples, and gives the advantage
that closure relationships exploiting the entrapgquality can be obtained and introduced
also at the microscale. Sometimes the macroscoei@wour cannot be explained
exhaustively at the macroscale but depends onkmellvnh microscopic phenomena; in
that case the introduction of closure relationskapshe microscale can be helpful. The
rigorous connection between the microscale and the macroscale given by the
TCAT procedure allows to take into account alsoepscale properties of the phases
which typically do not appear in classical moddlfav where the balance equations are
directly written at the macroscale. An example luf tsituation is fluid wettabilityas
measured by the contact angle between finigrfaces and the solid phase at the pore
scale; wettabilityis well known to affect drastically multiphase flaat the macroscale,
but does not appean classical models of flow at that scale.

The main features of the TCAT procedure are redated discussed iRaragraph 1.2.
However the mathematical procedure employed focalpgy is not fully shown because
it has not be developed during the PhD thesisptathematical framework is presented
in detail in the papers of Gray and Miller (200% @ubsequent papers).

The contents of the thesis and its structure reflee research during the three year of
PhD studies (2010-2012). Most of this time has bgsent on the analysis of concrete
behavior and on the development of a numerical¢aphble to model strains of concrete
at early age and prevent the related issues (eaéycracking which may reduce the

service life of the structure). Hence, three chaptd the thesis are dedicated to this part
of the research (sdeigure 1). In Chapter 1 TCAT is used as the rigorous theoretical
base from which the mathematical formulation of thedel of concrete at early age is

fully developed. All the governing balance equatiarsd constitutive equations are

reported together to the relationships betweenntlhén properties of concrete and its

hydration degree. The model is mainly inspiredni® approach of Gawin, Pesavento and
Schrefler (2006a and 2006b); however there are shffezences between this reference
formulation and the presented model and thesendieated in the text. IChapter 2 the

experimental behavior of concrete is presented bgns of the analysis of experimental
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results taken from bibliography. A number of nuroariexamples are also shown and
discussed to evidence the potentialities of the erical model in terms of quantity
(temperature, relative humidity, saturation deggee, pressure, hydration degree, thermal
strains, autogenous and drying shrinkage, creepada), and quality of the results by
means of comparison with experimental ones. Cerngditation, drying, shrinkage and
creep are the themes of this chapter. Within thegppter some aspects of the model are

discussed in detail and compared with other apbesmpresent in literature.

( ™
Multiphysics modeling of Formal é

° Extension ofthe
concrete at early ages «—— analogies > | mathematicalapproach to
Chapter 1 tumor growth modeling
s Chapter 4

Concrete behavior:
experimental data and

Three applications of

Briefoverview
of TCAT

model results Paragraph 1.2 biologicalinterest
Chapter 2 ) L Paragraph 4.9
I p [
Validation of the model: two Conclusionsand
real application cases perspectives
Chapter 3 Paragraph4.10
4 J/ -

Figure 1 - Structure of the thesis

In Chapter 3 the numerical model is validated through its aggilon to two real cases.
The first application case is one of the experimepérformed during the French
international benchmark on control of cracking ieinforced concrete structures
ConCracR. The second case is the repair of two beams usiraydinary concrete and a
fiber reinforced ultra-high-performance concretegdod agreement is shown between
the experimental results and the numerical onethdnast paragraph of the chapter other
application perspectives (for instance the analgdiprestress losses in pretensioned

concrete structures) of such a model are indicated.

Chapter 4 is the last one of the thesis and deals with ttheerotheme of the PhD

research, i.e. tumor growth modeling. After a brrefoduction of the research context
and a short bibliographic analysis of the modeésent in literature, the TCAT procedure
is followed to develop the mathematical model. Tgmverning equations and the

introduced constitutive relationships are presemted explained. Numerical results for

! This benchmark has been organized within the Fremoject CEOS Comportement et Evaluation des
Ouvrages Speciaux vis-a-vis de la fissuration etreit) a national French project on behaviour and
assessment of special construction works concerraking and shrinkage.
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three cases of biological interest as tumor spbsrand tumor cords are also shown. This
research is still in progress very actively and ldet part of the chapter illustrates the

short term improvements and the perspectives ofnibael.
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1 MULTIPHYSICS MODELING OF

CONCRETE AT EARLY AGES

1.1 INTRODUCTION

The behavior of cementitious materials is very claxgspecially during the first hours
after the casting, when various physical and chahmpbenomena determine thermal,
hygral and chemical strains. The hydration reactsoassociated with the production of
heat that in some cases, depending on the geowfeting structure and/or on the type of
concrete, can be very critical. This is the caserfstance of massive structures which are
typically concerned by relevant thermal gradiertiattcan induce cracking due to
differential and restrained strains. Hence, theainemo-mechanical models (TCM) are
usually used for massive structures because duhedfirst days their behavior and
related issues depend mainly on hydration and tateck thermal strains. On the other
hand, in repairs and in thin structures in genénal increase of temperature due to
hydration is not too high and this time the behavsogoverned mostly by drying and
self-desiccation, consequently hygro-chemo-mecladmeodels (HCM) are the most
appropriated. Between these two border class @&sc@rassive and thin structures) there
are a number of concrete structures whose beh@&vigoverned by both thermal and
hygral phenomena. One could think that the resyiltiehavior of these structures can be
estimated sufficiently summing the results of a T@wW a HCM models but this is false
essentially for two reasons: the first one is ttretre is a coupling between thermo-

chemical and the hygral phenomena; the secondsoiinat concrete is not a linear elastic
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material and so the actual solution cannot be pbthsumming two solutions obtained by
two different models. Therefore the choice is tovelep a thermo-hygro-chemo-
mechanical model, based on the Thermodynamicallysttaned Averaging Theory
(TCAT), which can predict correctly the complex beior of concrete at early age and

beyond.

1.2 BRIEF OVERVIEW OFTCAT

Thermodynamically constrained averaging theory e a rigorous yet flexible method
for developing multiphase, continuum models at aogle of interest. An important
feature of the procedure is that it explicitly aefs larger scale variables in terms of
smaller scale variables. When modeling flow anaidpart in systems involving more
than one phase, the length scale of the model itmghe form and parameterization of

the relevant conservation equations.

1.2.1 Microscale

The smallest scale at which the continuum hyposhkslds is called the microscale or
pore scale. At the microscale, a single (continugmint contains a large number of
molecules so that properties such as density, textyye, and pressure of a phase can all
be defined. A single point will be in only one pbaso at every location in the domain,
the type and state of the phase occupying thatitot#s considered. At the microscale,
well-known, classical “point” conservation equasand thermodynamic expressions can
be written. However, the domains of many probleshénterest are too large and the
phase distributions are too complex for the sysieine modeled at the microscale. The
level of detail required to account for geomettiusture and the variability of variables
at the microscale precludes simulation of any hatdmallest of problems. To overcome
this challenge, many porous media models are fatedlat a larger scale, called the
macroscale, that is adequate for describing systelnavior while filtering out the high

frequency spatial variability.

1.2.2 Macroscale and concept of representative elementalyme REV

The macroscale depends on the concept of the mpiative elementary volume (REV),
an averaging volume that can be centered at eaah ipaghe system and is large enough
to include all phases present such that valueverfages are independent of the size of
the REV.
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Macroscale point
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Microscale system

Figure 1.1 - Physical components of an exampketmhase microscale system (Gray, 1999).

The volume must also be much smaller than the hescgile of the entire system (known
as the megascale), so that quantities such asegtadare meaningful. TCAT uses
averaging theorems to formally and consistentlpgfarm microscale conservation and
thermodynamic equations to the larger macroscadhesd averaging theorems convert
averages of microscale derivatives into derivatiwvesacroscale average quantities, and
they share some features of the better known toahgmd divergence theorems. The
description of a multiphase system must include &ojs for all entities of importance,
where the term entities is used to designate dolldyg phases, interfaces (where two
phases meet), common curves (where three interfaees), and common points (where
four common curves meet). Averaging theorems argad@ for transforming equations
describing processes in these entities from theasoale to the macroscale (Gratyal,
1993).

1.2.3 Closure techniques

To close the conservation equations of mass, mamerand energy for the entities of
interest, additional model parameters and constgutelations must be specified.
Simplifications and modifications of the general &iipns that are appropriate to reach a

system of equations that is more easily solvabtebmaobtained by a variety of methods
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including elimination of unimportant terms and doidi of approximate supplementary
relations. Many existing models have been closealitih ad hoc selection or formulation
of equations, but TCAT employs averaged thermodynaatations in the context of an
entropy inequality to guide closure of the systemuations. The microscale
thermodynamic formalism that is chosen for averggiis classical irreversible
thermodynamics (CIT). This seems adequate for tlogleing goals here, but more
complex thermodynamic formalisms can be employatksired. The essential element
of TCAT is that regardless of the formalism seldctié is posed at the microscale and
averaged to the macroscale such that consisteititaefs of intensive variables are

maintained.

1.2.4 The TCAT procedure

The TCAT approach consists of the following stepsafy and Miller, 2005):

i. formulate conservation equations of mass, momenemeygy, along with an
entropy inequality for all relevant entities (volas) interfaces, common curves,
and common points);

ii.  make a consistent set of thermodynamic postulateslifmicroscale entities;

iii.  employ theorems that allow for a rigorous changsaale of universal relations
that preserve relations among variables acrosescal

Iv.  constrain entropy inequality (EI) using the product Lagrange multipliers with
conservation equations and with differential, cetesit-scale thermodynamic
eqguations;

v. determine values for the set of Lagrange multipligrat are consistent with the
detail at which the system will be modeled thatlleman entropy generation rate
that is expressed, essentially, in terms of pradatforces and fluxes;

vi. employ geometric identities and approximations &sist in simplifying the
entropy generation term to a form that is only@mis of macroscale forces and
fluxes;

vii.  use the resultant simplified El to guide the foratidn of general forms of closure
approximations consistent with conservation lawsl ahe second law of
thermodynamics;

viii.  compare microscale and macroscale modeling andriexg@ation to assist in
improving the forms and parameterizations of tlesate relations;

ix. develop needed additional constraints that mag @i to the scale of modeling.
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1.2.5 Advantages of the TCAT approach

The benefits of using a TCAT approach are as fdlowirst, the model derivation

proceeds systematically from known microscale i@hgt to mathematically and

physically consistent larger scale relations. Tisisaccomplished by use of averaging
theorems. Closure approximations are inserted theaend of the formulation. So, there
is an explicit path back to the exact (unclosedjtay if closure approximations are
deemed to be insufficient and need to be recoreidédther models that are formulated
without this systematic procedure may not be asilyeasutable. Second, the

thermodynamic analysis is consistent between scalethe definitions of variables at

different scales, and in satisfying the entropyguraity. The interscale consistency and
explicit definition of variables are achieved usiagational thermodynamic approach.
Macroscale variables are precisely defined by theragging theorems. Since they are
precisely defined from microscale antecedentsgti®eno chance of inconsistent variable
definitions among equations; and the macroscalitlarmaintains a clear connection to
its microscale counterpart. Models based on conservand/or constitutive equations
postulated directly at the macroscale run the ofkeing inconsistent with microscale
physics. Clear variable definitions, which are ir@mt to TCAT, are vital to the ability to

observe and measure macroscale parameters. Télations may be obtained for the
evolution of the spaces occupied by phases andheofiriterfacial area density. These
relations are based on the averaging theorems.

1.3 THE MULTIPHASE SYSTEM

Concrete is modeled as a multiphase material. Thkkphase system consists of three
phases: a solid phasga liquid phasé and a gaseous phage

Structure scale

Figure 1.2 - The multiphase system

33



CHAPTERL — Multiphysics modeling of concrete at early age

The solid phase contains several species: anhydp@iss of cement, aggregates, solid
addiction and hydrates (CSH, etringite, etc.). Titpeid phasd is liquid water whilst the
gaseous phasg is modeled as an ideal binary gas mixture ofaryand water vapour.
The REV and its correlation with the structure sk illustrated ifrigure 1.2.

1.4 GENERAL GOVERNING EQUATIONS

The model is inspired by the theoretical approaevetbped by Gawiet al. (2006a and
2006b); however, there are differences betweenajhisoach and the presented model: i)
the model has been simplified in some aspects asm#ance the partial uncoupling
between the mechanical (M) and thermo-hygro-chdn{itdC) parts (the M solution
depends on the THC one but nateversy; ii) a new flexible analytical expression for
the chemical affinity is proposed and adopted; tli¢ constitutive relationship of the
desorption isotherm has been properly modifiedate tinto account its dependence on
the concrete hydration degree; iv) the autogendumlsage comes out mechanically
without a dedicate additional constitutive equatitirough the adoption of a relevant
porosity function which respects stoichiometry;th@ mechanical damage is considered
and coupled with creep; vi) 3D implementation.

The governing equations are derived by averagio fthe microscale to the macroscale
and then using closure techniques to parameteheerdsultant equations. Only the
macroscopic equations are reported here since thaivation from microscale is
mathematically intensive such that providing iténén detail would distract from the
main thrust of the thesis. These averaging techsitpage been employed for transport
and for multiphase systems elsewhere (Gray andeM#009, Jacksoat al. 2009, and
Shelton 2011) and the procedure is the same focuhent system. An important feature

of the approach is that the interphase contactexacitly accounted for.

1.4.1 Mass.

Concrete is treated as a porous solid and porasitdenoted by, so that the volume
fraction occupied by the solid skeletonss1- ¢. The rest of the volume is occupied by
the liquid water £); and the gaseous phas8).(Indeed, the sum of the volume fractions

for all phases has to be unit

E+e +g9=1 (1.1)
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The saturation degree of the phaseS§ts:’/c. Indeed, based on the definition of porosity

¢ and volume fraction” in eqn (1.1)t follows that

S+9=1 (1.2)
The mass balance equation for an arbitrary phdsesed on application of the averaging
theorems is written as
6( £ pa)

T+D]](£”’,0"v")— KDZ;[,KMHZ 0 (1.3)

K-a

where p” is the densityy? is the velocity vector,M are the mass exchange terms

accounting for transport of mass at the interfaevben the phasasanda, and Z is

K o

the summation over all the phases exchanging ntdke aterfaces with the phage

An arbitrary species dispersed within the phasehas to satisfy mass conservation too,

and therefore the following equation is derivedavgraging

a(gapaa)?)
ot .
i 4 z IG'\7IIK 0
M

+[H](£”p"a)?v‘;)¢-DD (e" Yol a?u'”:-l) .

where »'? identifies the mass fraction of the spedidsspersed with the phagg £°r" is

a reaction term that allows to take into accouatréactions between the spediesd the
other chemical species dispersed in the plhased U is the diffusive velocity of the

specied. Differently than a mass exchange term betweersq:ma\h ), a reaction term

£7r'“ is an intra-phase exchange term.

The solid phass comprises a portion of anhydrous cement with nfigggion o (the

anhydrous cement fraction may contains also a ptage of anhydrous silica fume or
other additions), a portion of aggregate with miaastion «*°, and hydrates with mass

fraction ™. Thus the conservation equation for each fractimuld be similar to eqgn
(1.4). Assuming that there is no diffusion of th#fedent portions of the solid phase the
mass conservation equations for hydrates, aggremadethe anhydrous cement read

respectively
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a(esg):st) +DD(£spstsV75)_ op s IMHs: 0 (1.5)
5(55,;):(4) )+ DD(«E P wisv’s): 0 (1.6)

a(gspswfs) o
S ~S,,C S I—E
. (5 foX7aaY, )+ et 0 a.7)
| -Hs
wheree*r"** and M represent the hydrated cement and the combined watesecond
respectively. Summation of these three equatioeflyian overall mass conservation

equation for the solid phase as

a(‘;tp )+[H](£ oV M (1.8)

The mass balance equation for the liquid whteads

I Al
a(ztp) (g'p'v')z— Mo M (1.9)

1 -Wg
where M is the vaporized watgrer second.

The gaseous phase consists of water vapor with frection «"? and dry air with mass

fraction &. The mass conservation equations for these twriespeead

w (705" f M (£7p%" W% v (1.10)
—a(gg'gtgwAg)+D]](£9p9a)A9vg)1-D]] (Egpgwﬂhz‘\% 0 (1.11)

Being the gas phase an ideal binary gas mixtuee rekationship between the diffusive

fluxes of vapor water and dry air reads:
D]](agpgcd"’guwg - (59,0 ga)AEJAa (1.12)

Equation (1.12) allows to rewrite (1.11) as
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a(gg,oga)rg) o S
N S 9 ~9,,)A%, 9 9 A0, W

p” +D]](£pa) v)—DD(apw%“% 0 (1.13)
Summing egs (1.10, 1.13) gives the mass balancgiequof the gaseous phage

oer) (g;pg) + D]]((sg,ogvfg s (1.14)

1.4.2 Momentum.

The momentum equation for the arbitrary phasiacluding multiple specieis is

WWL DD(s”p”VEVE}DD (éﬂtz) (1.15)
-0 - Y gﬂz wil'v +K%ﬂj -
kI s

where gE is the body force,M, V* represents the momentum exchange fromcttuethe

K-a

o. phase due to mass exchange of spebiég is the stress tensor and is the
interaction force between phase and the adjacent interfaces. When the interface
properties are negligible, this last term is simghlg force interaction between adjacent
phases. Given the characteristic times scales ¢hand days) of the problem and the
small velocities, inertial forces as well as thecéodue to mass exchange are neglected so

that the momentum equation simplifies to

—DD(s”tE} ehe- > T=0 (1.16)

g}

From TCAT, sedAppendix A, it can be shown that the stress tensor for d fitnasd is

of the formt’ = -p'1, with p’ being the averaged fluid pressure dnthe unit tensor,

and that the momentum balance equation can beifedpb
e'Op- &' p'g™ RfD(VT— vg): 0 (1.17)

whereR" is the resistance tensor.
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1.4.3 Energy

A general macroscopic averaged equation for totatgy conservation of thephase is

%(Eu%gﬂp"vﬂ V£ F K +E B wj+

+DDHE"+ %5",0"V”Dv"+ EFK+ £4 zﬂjﬂ} (1.18)

-m(etvi #qf } 8- Y (KMQ “fv”+“6j: 0
&I

where E° is the internal energyl,(é is the kinetic energy due to microscale velocity

fluctuations;(/la is the gravitational potentiaqz is the heat flux vectors” is a heat

K-a K-a

source, M., T, , andkéa express the transfer of energy from iaeinterface to thex

phase due phase change, interfacial stress, and titaeesfer. Thng’ terms have

traditionally been neglected or lumped in with otheacroscale quantities, such as the

internal energy. The heat flux vector is assumedpgutional to the gradient of
temperatureqz =-A\"06&" (being L”the thermal conductivity tensor of the pha3eAlso

not heat source terms’s” are usually considered and these will be furtmeitted.

Due to the considered time scale it is assumed ghases are locally in a state of
thermodynamic equilibrium. This means that the aged temperatures of all phases are

assumed equal:
6°=6=6°=6 (1.19)

In eqn (1.18) terms related to viscous dissipasind mechanical work, caused by density
variation due to temperature changes have beerctedl as usually done in mechanics
of geomaterials. Being the phases in thermal dguilin also heat transfers between
adjacent phases can be neglected, as well as nietickenergy due to slow velocities.
Using the general mass balance equation of theephd&.3), the linear momentum
balance equation (1.15), through the definitiontloé material time derivative and
expressing the energy balance by means of thefgppbase enthalpy give the enthalpy
balance equations of the solid, the liquid andghgeous phases respectively

l-s
epC; 2 -m(en3 &) My (1.20)
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£pC, 20 OV me- (41 9) M. M (1.21)

_ |-
ggpgcg%wgpgcgvg[ﬂmm (e° 4) M, (1.22)
where the convective heat flux in the solid phass been neglected since usually
insignificant. C7 is the specific heat of the phasat constant pressure.

The heat production due to hydration and the eneogggumption due to vaporization are
proportional to the mass of chemically combined aamporized water respectively

l-s so | |- Hs I-g | -Wg

N g-l
Me+Mg=H, , M MM =-H M (1.23)

vap

where H, , and H,, are the specific enthalpies of hydration and vaation

respectively. Summing eqs (1.20-1.22) and intraugieign (1.23) give

(eC,), Lo(epcy +& pov)mem (1 9
ot (1.24)

-Wg | - Hs

|
=-M Hvap+ M thdr

where

(£C,),

Ay =R+ +£9.°

=€s SCS+£I IC|+Eg gCg
R EP T TEL T TELT, (1.25)

1.5 CONSTITUTIVE EQUATIONS

After the introduction of the general governing atpns of the model several
constitutive relationships are needed to obtairolaable system of equations. In this
section all the assumptions and additional equatioimoduced to close the mathematical

model are reported and discussed.

1.5.1 The hydration model and averaged stoichiometryhefreaction
The hydration degregis the percentage of hydrated cement, therefaeatio between

mass of hydrated cement,, (t), and its total content in the mia,

c
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When the water to cement ratio is relatively low far high performance concretes, only

a fraction of the cement present in the mix willHyelrated and the percentage of cement
hydrated at sufficiently large time (nominatiy) is here indicated ag,. The degree

of reactionI" is the ratio between the amount of water chemjcadimbined at time,

| - Hs | ~Hs

m (t), and that chemically combined for «, (i.e. m, )

r(t) = (1.27)

&(t)=¢&.1(t) (1.28)
I'(t) =1 doesn’t meara priori that all the cement has reacted, but that the atigar

process is ended and the fraction of hydrated cemas reached,. The degree of

reactionl” is the main internal variable of the mathematmabel.

The cement hydration is a thermo-activated procksghe model this is taken into
account through an Arrhenius type law (e.g. Regaund Gauthier, 1980) which governs
the reaction kinetic

dr E.
& =AnB exp(— RT) (1.29)

whereT is the absolute temperatufg is the macroscopic volume-averaged chemical
affinity, E; is the hydration activation enerdy,is the universal gas constant giis a
function of the relative humiditgh) to take into account its effect on the hydration

process. The functiof, varies between 0 and 1 and reads

By =[1+(a, -3 h)' | (1.30)

wherea, is an empirical constant which has to be identifieth test datag, =~ 3+6). To
compute the chemical affinity, a new analytical regsion is proposed (Sciune¢ al.
2012)
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) A+(A {jiz[flrlpslﬁprp F>H _(1?}] <r1: ﬁ: > (1.31)
1-T, /.

whereA is the initial affinity, A, is the maximum value of the affinity function réad

for I' = Iy, { governs the deceleration phase of the hydratioegss, and <.>is the
positive part operatoFigure 1.3 shows that eqn (1.31) is quite accurate to intatpo
the experimental data of the affinity function. Tjp@rameters of such an equation govern
the hydration reaction and even if they have nophysical interpretation their
identification results very effortless since theyv a “graphical connotation”. Usually no
more than two numerical tests are needed to repeothe hydration kinetic.

To quantify the different phases present in thear@rpaste during hydration the model of
Power (1960), subsequently improved by Jensen aréh (1996, 2001 and 2002) to
take into account silica fume, is adopted. Thisragmg stoichiometric approach is
governed by the following equations valid for amlage system (i.e. without mass

changes with the external environment):

Chemical shrinkage: £ = K 0,20+ 0,69 /s)¢[{l + )if
Capillary water : e"=p- k132 1,57 ¢ $|( = pF

Gel water : "=kl 0,60 15¢¢ ¢|0 4 pF (1.32)
Gel solid : £®=kf11,52+0,74(5 |+ P F .
Cement: =Kl & pi <)
Silica fume: e = K 1,49 $ ¥ ¢ p 2¢)
with 3 ¢ =1 and
D= w/c
(we)+(0"/ o) +(p"/ ™) s ¢
] (1.33)

(007059

w, ¢ ands are respectively the masses of water, cemertgadilime. The following typical

values are assumed as densities:
p°=3150kg/nt ; p = 2200kg M ; p" = 1000kg rh (1.34)
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20

Chemical affinity

T T

0,0 0,2 0,4 0,6 0,8 1,0

I - hydration degree [ -]

Figure 1.3 - Experimental data (open symbols) efahemical affinity interpolated using eqn (1.31)

The cement’s hydration is accompanied by a decreagelume which is equal to about

8,7% of the formed hydrates volume, in other wdhdsvolume of the hydrates is smaller
than the volume of the reacting water plus thathef anhydrous cement (LeChatelier,
1900). In the set of eqgs (1.32) this is expressethé first equation (chemical shrinkage).
Hence, in the capillary pores initially quasi-sated by water, there is the development
of a volume of gas that causes the self-dessictafithe cement paste (Jensen, 1993).

The theoretic upper limit value for the fractionhofdrated cemeidt, , can be calculated

imposing equal to zero the capillary water (secone in eqs (1.32))

1

k(fl1,32+ 1,57?@(:)][@ +p

It is worth to underline that the valug , resulting from the approximated stoichiometry

&, =min (2.35)

of the reaction and corresponding to perfect cdritatween water and cement grains, is
always greater than the real odg, The final hydration degre&,, , depends upon the

watercement ratio and can be estimated using empirgpaations as for instance those
proposed by Mills (1966) and Waller (1999)

EOI;/IiIIS — 103:(\,\// C)

0184w ) E1 =1-exd -3.3w/c) | (1.36)

In Figure 1.4 the differences between the theoretical vafye(computed with eqn

(1.35)) and that given by egs (1.36) can be observe

42



THCM model of concrete at early ages and its exter® tumor growth numerical analysis

Eqn (1.35
1.0 Jr— Sk L

alel
0.8 - s

Co 06 -

0,4 -

0,2 . \
0,20 0,40 0,60 0,80
w/c

Figure 1.4 — Maximum hydration degree over the natm. Value given by egn (1.35) and estimations

obtained using egs (1.36).

Once assumed,,, the total porosity of the cement paste can beesged as function of
the degree of reactiof(t) summing the chemical shrinkage, the capillary aaldvepater

volume fractions of egs (1.32)

£(M)=1-£(r) O n® a (T )R+ n*(xQ) (1.37)

where Q is the volume of the cement paste? is the averaged porosity of the aggregate

(n”* can be usually neglected),” is the final value of the porosity of the cemenstpa

(for F'=1) anda, is a constant coefficient and a, are given by

n® = p—k[0.52- 0.69(¢ 9] (1 + ) 4.
a, =k[0.52- 0.69(5 9 || + 9

The porosity function (1.37) respecting stoichiomeind volume balance of the different

(1.38)

phases during hydration (Jensen, 1993), allowsate tinto account the chemical
shrinkage and then to estimate autogenous shrintageeans of the governing balance
equations and of the shrinkage constitutive mod#hout the introduction of additional

constitutive equations or parameters.

From egs (1.32) the total amount of chemically lwbwater (non-evaporable) forto

can be obtained. This quantity does not depenth@sitica fume content and reads

| »Hs

m, = 0.228¢ (4, (1.39)

43



CHAPTERL — Multiphysics modeling of concrete at early age

| -Hs

Hence from eqs (1.27 and 1.39) the water consumeedecond by hydratiorM (sink
term in eqn (1.9)) reads:

| - Hs
M = 0.228[¢ wa(i—lg (1.40)

The heat release associated with hydration is takenaccount of through the last term

| ~Hs
of equation (1.24). This source termM H, ) can be also expressed as

| -Hs
M Hy g =L o (1.41)

hydr ~ —hydr dt

where L, =0.228¢l§ H, , is the latent heat of hydration which usually dae

estimated from adiabatic calorimetry.

1.5.2 Fluid phases velocities

R* of egn (1.17) is the resistance tensor that adsofor the frictional interactions
between phases. For example, porous medium flaavsofigle fluid encounters resistance
to flow due to interaction of the fluid with thelgb If one has to model the flow at the
microscale, a viscous stress tensor within thedfiphase would be employed. At the
macroscale, the effects of the viscous interaci@naccounted for as being related to the
difference in velocities of the phases. In multiphdlow, resistance tensors must be
developed that account for the velocity differenbesween each pair of phases. Eqn

K-a
(1.15) contains the interaction vectdr that arises between each pair of phases. In the
full implementation of the TCAT analysis, the simgli result is that this vector is
proportional to the velocity difference between tiweo considered phases with the

resistance tensor being the coefficient of propoality. In the present version of the

S-a
model, the interaction forcel between the fluid phase and the solid phase (solid
mineral skeleton) is explicitly taken into accowmhile the macroscopic effect of the

interaction forces between the liquid and the gaseihases is taken care of through the

relative permeabilitie«“®. The form of(R")_l is here assumed following the modeling

rel *

of multiphase flow in porous media (Lewis and Sélere1998), that is to say

(R)” :ﬁk2 (a=1g) (1.42)
u(e)
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Where k and y are the intrinsic permeability tensor and the dyita viscosity,
respectively. The relative permeabilities of tlguld (wetting phase) and of the gas (non-

wetting phase) are given by Van Genuchten (1980)

ke =(s')” { - } (1.43)

ki = ()| 1-(1- )| (1.44)

rel

Introducing (1.42) in (1.17), and neglecting théeef of gravitational forces give the
relative velocity of the fluid phase

Ve —ve = - Kok Op” (o= 1,9) (1.45)
ue”
The intrinsic permeability tensdr of the interstitial fluid is isotropic and depenas the
degree of reaction

k =k 104" (1.46)

wherek, is the intrinsic permeability wheh =1, A is a constant coefficienA(=4+6)

andl is the unit tensor.

1.5.3 Water vapour diffusion
To approximate the diffusive flux in eqs (1.10 ahd3), the Fick's law is used (
,oga)"Tgqu: —,o‘v’DTVQD a)TV‘). Based on the work of Per(#987) and Bazardt al. (1972),

Gawin et al. (1999) proposed the following relationship for thiéective diffusivity of

vapour in concrete

1.667
DY = DOVV@’( T j Pam ¢ s, (1.47)
27315  p

where p,, is the atmospheric pressurd;)}jvg: 2.6[10° nt /s, and the factor
f,=0.002+ 0.0.is a constant coefficient which allows to takeoirccount tortuosity.

Here f, = f_, 104" to consider the effect of hydratioAis the same of eqn (1.46)).

Dry air, water vapour and their mixture, are asslim@ behave as perfect gases,

following Dalton’s law
p? = p”+ p™ (1.48)
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and the Clapeyron equation of state:

o7 =p° MO,/ RT (a=9A gW, ¢ (1.49)
where

+ = + (1.50)

The density of water vapoug?”, calculated by means of (1.49) differs slightignfr the

results of the experimental tests but may be usettheé temperature range encountered
usually in practical problems with sufficient acacy. In these conditions the diffusive

flow of the water vapour can be also expressed as

R — — — g i gw
g poss EMon (2] gy
£ M? p

1.5.4 A hydration-dependent desorption isotherm

The desorption isotherm is closely linked with thierostructure of the cement paste that
shows important changes during hydration (refinenoéthe porous network). Hence the
classical analytical expression proposed by VanuGleten (1980) is properly adapted to
take into account the degree of hydration (Scietal., 2012)

5%

. - To1

S = 1{&“”} ] (1.52)
al 1+7,

wherea andb are the classical parameters of the equation of 8anuchten, while,
and7/; are the newly introduced parameters. The curvésiradd at different degrees of
reaction are shown irFigure 1.5.a. The experimental evaluation of adsorption
properties during hydration is hard to perform niteethe results in bibliography concern
hydrated or almost completely hydrated concreteseonent pastes. Due to this reason
egn (1.52) has not been directly validated. Howgvear parallelism between the w/c ratio
and the hydration degree is considergd the degree of refinement of the microstructure
of the cement paste, to a lower w/c ratio corredsanmore refined microstructure and so

an higher degree of reactidn
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Liquid water saturation

Capillary pressure [MPa] Hydration degree
300 —— (C) — 300 (d) —]
—
data CO '
| mdam a dataBO ‘
& _LJ = g dataBH |
= 200 | £ 200 =
@
- / fit CH §
g 2 fit BH
E 100 . » E 00
& fitCO 2 o
S 3 7
o fit BO o
0 j—— 0 ;
00 02 04 06 08 1. 0.0 02 04 06 08 10
Liquid water saturation () Liquid water saturation (-)

Figure 1.5 - Desorption isotherm function usethimmmodel: the number in the lines is the degree of
reaction (a); Two different refined porous network#h the same saturation degree (b). Results édaby
Baroghel-Bouny (1999): desorption isotherms foigh performance cement paste CH (w/c = 0.19, s/c =
0.10) and an ordinary one CO (w/c = 0.34) (c), desorption isotherms for a high performance corcret
BH (w/c = 0.26, s/c = 0.10) and an ordinary one B4 = 0.48) (d);

With this parallelism in mind, the experimental ukks of Baroghel-Bouny (1999) are
consistent with the proposed equatioRigures 1.5.c-d). Moreover, the curves
represented irFigure 1.5.a are similar to those proposed by Tacke (2002) also
considers the effect of the hydration degree ondésorption isotherm. Also a physical
justification can be given for eqgn (1.52). In f&dgure 1.5.b shows that at two different
hydration degrees (i.e. different degrees of refiast of the microstructure) the same
saturation degree of liquid water does not corredpo the same capillary pressure, due
to the different radir of the interface between the wetting and the netting phases,

according with the Young-Laplace equation

p° - (1.53)
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where y is the surface tension. For temperatures normatgountered in concrete
structures (i.e. lower than the critical point ofter, T<Tecr) the capillary pressurgy, is

given by the difference between the pressureseohtin wetting (gas) and wetting phase
(liquid)
pPP=p'-p (1.54)

This equation is valid only at thermodynamic eduilim and can be obtained from an
exploitation of the entropy inequality as shown®say (2000) and Gray and Schrefler
(2001). The Kelvin equation gives the relationshgiween the relative humidity and

the capillary pressung

gw (3
h=2P :exp[—ﬂm] (1.55)

where p®* is the saturated vapour pressure which varies teithperature and is given

by the classical Antoine equation

by— bs
p?*=ph oo " (1.56)

Whereb;=133.322,=8.07131)3=1730.63 and,=233.426.

1.5.5 The effective stress principle
The closure relation for the stress tensor actinghe solid phase according with the

effective stress principle is

ts, =tS+apl (1.57)

with tﬁﬁ the effective stress tensor in the sense of ponoeidia mechanics and the solid

pressurg® given as (Gray and Schrefler, 2007)

P =xp+x°p (1.58)

wherey” is the solid surface fraction in contact with tieepective fluid phase, known as

the parameter of Bishop. This parameter is a fonctf the degree of saturation and is

taken here equal to this last one (R€.=S").
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1.5.6 Effective thermal conductivity and thermal capacity

The effect of hydration degree on thermal propsrttan be considered indirectly by
accounting for changes of the volume fractionshef ltquid waters' and the solid phase
£°. More in detail the effective thermal conductiviby the moist material may be

evaluated as

_ pe
Ay =A, | 1+4 1.59
eff dry[ psgsj ( )
The effect of the gaseous phase on the effectmenrtal capacity is not considered. Hence
the first of egs (1.25) simplifies to

(pcp)eﬁ = p°Cr+e'p'Cy (1.60)

1.5.7 Mechanical constitutive model
The mechanical behavior is governed by the macpmscosolume-averaged linear
momentum balance equation in a rate form (LewisScitefler, 1998):

ot dp

| —+ — 0 1.61
(ét el (1.61)

wherep is the averaged concrete density:

p=ep°+e'p +£9p° (1.62)
The interaction between the solid and the two #uiébuid water and gas), is accounted
for through the effective stress principle (eq$T731.58)) and the related strains which
are defined in the follow.
Concrete is modeled as a visco-elastic damageadierial, whose mechanical properties
depend on the hydration degree (De Schutter ancwEaE996). The relationship between
apparent stresses effective stresses (in the sense of damage mechanics), daniage
elastic stiffness matrik, elastic straing,, creep strains,,, shrinkage straines, (caused

by the fluid pressures), thermal stragsand total strains reads:
t=(1-D)t (1.63)

t=E s =B (e-& —6 —6) (1.64)
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The Young’s modulug€, the tensile strength and the Poisson’s ratio vary due to
hydration as follows (De Schutter and Taerwe 1886 Schutter 2002)

r-r,\"
Ery = E"°<1—|‘0> (1.69)
0/ +
r-r Ver
fir = fo 0 (1.66)
t(r) t <1_|-0 >+
Vi) =[V., ~0.49exi{ - 19] si67—27 rj+ 0.49efp T) (1.67)

in which I'p is the mechanical percolation threshold that spoeds to the degree of
reaction below which the concrete has negligiblecmaaical properties (Young’s
modulus, strength, etc.k. is the final value of the Young’'s modulds, andv,, are the

final values of the tensile strength and Poissaatf respectively, ange and y; are

constants obtained from experiments. Equation jli67a readapted version of the
equation proposed by De Schutter (2002). The mechlapercolation threshold depends
in general on the aggregate content, type of cemedtwater to cement ratio (Torrenti

and Benboudjema, 2005), however for ordinary cdesi& can be taken equal to 0.1.

1.5.8 Creep rheological model

In the reference model of Gawiet al (2006b), creep is modeled by means of the
solidification theory (Bazant and Prasannan, 1988 1989b) for the description of the
basic creep, and microprestress theory (Bagardl, 1997) for the description of the
long-term creep and the drying induced creep (ihecaled drying creep); both the
solidification and the microprestress theories hadn properly adapted for a multiphase
porous material by Gawiat al (2006b). The thermodynamic consistency of then@gi
visco-elasticity theory has been shown by Pesavental. (2008). Here, a rearranged
version of the reference model is adopted to comfhe creep deformation: the separate
effects of aging elasticity, non-aging creep androprestress developments are reunified
through the definition of a rheological model maafea Kelvin-Voigt chain and two
dashpots combined in serial way (degure 1.6). The first two cells (aging Kelvin-
Voigt chain and one single dashpot) are used tgpabenthe basic creep and the last cell

(single dashpot) is dedicated to the drying creeprs
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Figure 1.6 - Creep rheological model

In the first creep cell an incremental constitutigiation for an aging spring is used:

=t +fu (1.68)

in which tandt_, are the stresses acting on the dashpot and tireg sgfrthe Kelvin-

Voigt chain. The behaviour law of the spring reads:

ko (M) &1 = b (1.69)

where €, is the basic creep strain of the first cell dgd is the stiffness of the spring.

The behaviour law of the dashpot reads:

,7bcl(r)écr1= tia (1.70)

in which 73, is the viscosity of the dashpot.

The effect of age on basic creep is taken into @acby relating the material parameters
to the degree of reactidn The relationships proposed by De Schutter (1298 slightly
modified by Benboudjema and Torrenti (2008):

Koa (1) = Ko o 0.47{ 2.08% 1.6C<8%> J <r—r0>' (1.71)

- _/ha(T)
" a(T)

(1.72)

in which k,, ., is the final stiffness (i.e. wheh =1) of the spring. The retardation time

I, IS assumed to be constant. Therefore combiningteeious equations (1.68-1.72),

the behavior of the first creep cell is governedtlsy following non-linear second-order

differential equation:
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t i} K .
E = TpuCn +(rbclK_fl +1J €n (173)

cl

For the creep cell® and3 the constitutive relationships are:

f = ”chéch (174)
f=_1 —&.; (1.75)
5dc g

in which dg is the coefficient that governs the drying creegpomse of the model, ad

is the liquid water flux in the porous medium.

For the time integration of the equations (1.73).&nd their extension to the three-
dimensional case see tA@pendix B.

1.5.9 Thermal and hygral strains

The thermal straimey, is related to the temperature variation:

&, =a,61 (1.76)

in which oy is the thermal dilatation coefficient (kept comgjaandl is the unit tensor.
To compute the shrinkage, the instantaneous elpstic and the viscous one must be
considered:

e = € + & (1.77)

For a porous medium the hygral strain is proposgida the Biot’s coefficientr :

&

g =1-| (1.78)
% 5

K™y

where K is the Bulk modulus of the skeleton and i& the Bulk modulus of the solid
phase (grain). The Bulk modulus of the skeletomglea with hydration and conforming
with equations (1.65) and (1.67) can be estimased a

2.2 GPa
K(Tr) = max Er (1.79)
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where 2.2 GPa is the water compressibility assuasechinimum Bulk modulus for the
skeleton. During hydration also the Bulk modulusth solid phase Kvaries since the
relative volume fractions of the different solidnstituents change due to the chemical
reactions. However the variation of ks relatively negligible compared to evolution of

KT during hydration. Hence the Bulk modulus of thédsphase is here assumed to be

constant and equal to its final value (ilé.s(r)z K2=const). With respect to this

hypothesis and to egs (1.78, 1.79), assuming ag jpgrameter the final valug, (Biot

coefficient wherl” = 1), the evolution of the Biot coefficient witlydiration reads

1-a,
KT

K™ (T) (1.80)

whereK_ is the final Bulk modulus of the solid skeletonh@mI” = 1). Note that setting

a, as input parameter is equivalent to assuie=K_(1-a )'l. Shrinkage and

autogenous shrinkage are strongly governed by tbiecBefficient and its final value,

should to be evaluated experimentally.
In Figure 1.7 the evolutions of the most important mechanicabpprties during

hydration are represented.

40 1,00
30 / 0,75
Young's Poisson's ratio
& - 0,50 &
Bulk moduli Biot coefficient
[GPa]
0,25
- 0,00

0,00 0,25 0,50 0,75 1,00
I" - Hydration degree

Figure 1.7 - Evolution of the main mechanical pmbipe with hydration

Defining the solid pressurg® = p°-S p, the constitutive model used to compute the

instantaneous shrinkageads
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gnst L a(ﬁ(r)ps)

e =
sh 3K(Tr) ot

(1.81)

Finally the viscous part of the shrinkage straii®is computed using the creep
rheological model (egs (1.68-1.75)) in which thess$ tensor is now,, p°1l.

For the time integration of eqs (1.76-1.81) see/ppendix B.

1.5.10Damage model

The damage D is linked to the elastic equivalensite strainé. To take into account the
coupling between creep and cracking, the expressi@énproposed by Mazars (1986) is
modified by Mazzotti and Savoia (2003), and reads

e=(e.). (). +Au (). (&), (1.82)

wheref.; is a coefficient calibrated experimentally, whiglows to consider that often
cracking may occur even at lower tensile stresa tha expected tensile strength since

caused by the excess of strain. The damage critexigiven by:

f=&-x,(I) (1.83)

where ko(I') is the tensile strain threshold, which is comgduteom the evolution of
tensile strength (1.66) and the Young’s moduluH)L.

_ﬂzh r_ro Yer ™l
Ko(M) = EQ) E <—1—r0> (1.84)

+

Considering the equivalent tensile straéieqn (1.82) and with respect to criterion (1.83),
the damag® is given by the equations proposed by Benboudj@neaTorrenti (2008).
Strain softening may induce mesh dependency beca#ude local damage formulation
(Pijaudier-Cabot and Bazant, 1987). To overcomg phoblem the model is regularized
in tension with the introduction of a characteadength,l, related to the size of each
finite element (Rots, 1988, Cervera and Chium&)6). After cracking strains localize
in one row of finite elements but thanks to thisrecteristic length the same amount of
energy is dissipated even if different meshes asluThe dissipated energy densgjty

(for tension failure) reads
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f(N(1+A/2) _ G, ()
B(r) l,

whereGy, is the fracture energy arigdis the characteristic lengti; andB; are constant

9,(MN=

(1.85)

material parameters which control the softening pathe stress—strain curve in tension.
To take into account the dependence of fractureggnen the degree of reactidn the

expression proposed by De Schutter and Taerwe [19%i8ed:

PR o A
Gy (M) = Gﬁw<1_ |_0> (1.86)

+

in with yg is a constant which have to be estimated expetatigrfif experiments are not
available it can be taken equal to 0.46).

1.6 FINAL SYSTEM OF EQUATIONS

Introducing some of the constitutive relationshijpssented in the previous paragraph the

governing equations can be rewritten as follows:

Mass balance equation of the solid phase

d(s°p°) ou® dr
+m| ep° 29k 0208l 1.87

Mass balance equation of the liquid phase

W) il o [ o8k (v

I W
- —0.20aem A0 _'\p"
dt
Mass balance equation of the water vapour (speniéise gaseous phase)
6(59,090)%) —Au’ ke
- T4 DD gg ga)Wg_ DD gW el g
e fm (o b
(1.89)

- pg M D"T@ ng IR\//;/Q
M? p?
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Mass balance equation of the dry air (species enghseous phase)

a(fgpga)Ag)+[D:|[£gpga)Agaa_lf}DD (pgAkielﬁ ng

ot ¢
” (1.90)
_ 9
+[0 ngA—'\gV"DV‘E] P b9
M p°
Enthalpy balance equation
ae | | a
(pCp)eﬁE+(€,dCJp\/ +£ OV e (A )
g dar (2.92)
=-M Hvap H‘hydra
Linear momentum balance equation
ot dp
M —+ —g 0 1.92
[at Pl (1.92)

To simplify the general reference formulation ofwda et al. (2006a and 2006b) the

following hypotheses are introduced:

i) the concrete is always partially saturated by Hquater S <1);

i) the velocity of the solid skeleton is negligiblengoared to those of the fluid
phases;

iii) the advective heat transport is insignificant beeathe heat transport is
dominated by conduction;

iv) the parameters governing the thermo-hygro-chenpbainomena (THC) do

not depend on mechanics (strains, cracking etc.).

i), ii), iii) and iv) allow to partially uncouplehte problem in the sense that the mechanical
solution depend on the THC one but mmeversa These assumptions are admissible for
not extreme thermal and/or hygral load conditiond amall cracks opening (less than
10um, BaZantet al, 1986) as is generally the case of concrete diy eaye. The
assumption of small deformation regime togethehvijtand ii) lead to the equivalent
hypothesis that the impact of mechanical strainpanosity and on the fluid pressures is
negligible.
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Hence, taking into account these assumptions e§0)(&implifies to

ot

o(e%pow w
Mm(p% o {p Mt g | pﬂ 0 (153)
g

also adding (1.88) and (1.89) eliminates and gives:

s(e0), (o) [ .
ot ’ ot _DD[ U (pg pﬂ

g _ gw
_E[D(pgw kre|g pg_jE[D l:pg M'QII\ZIW [D]Wg ( ppg_J:l (194)
7]

g

dr
=-0.228¢, —
So gt

using (1.88) to eliminatev’ from (1.91) and passing from the relative tempesd to

the absolute on€ give:

(oC,) aT—DD(kep B Lhydrir- H M

p eﬁa
r
+Hvap0-228:5mz—t—DD{H o f—e'D (log pﬂ (1.95)

ons]s 0 o o]

1.7 NUMERICAL SOLUTION AND COMPUTATIONAL PROCEDURE

The primary variables of the model are: the gassanep?, the capillary pressurg, the
absolute temperature and the displacements vectar The hydration degreE and the
mechanical damagde are internal variables. With reference to thes@any variables the
weak form of eqgs (1.93-1.95) and (1.92) is obtaibgdneans of the standard Galerkin
procedure and is then discretized using the fieiegnent method (Lewis and Schrelfer,
1998). The integration in the time domain is carrait using th&)-Wilson Method in
which @ is set equal to 0.52. Within each time step theagqgns are linearized by means

of the Newton-Raphson method.
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THERMO-HYGRO-CHEMICAL part
Equations 1.93, 1.94, 1.95.

MECHANICAL part

Equation 1.92.

Figure 1.8 - Computational procedure: stepn + 1

For the FE discretization the primary variables expressed in terms of their nodal
values as
p° (t) DN, (1) p*(90 N,p°(Y)

TOONT()  u(DNa() (1.96)

where p°(t) , p°(t), T(t) and TU(t) are vectors of the nodal values of the primary

variables at the time instaptandN,, Nt andN, are vectors of shape functions related to
these variables. After the FE discretization, thalfsystem of equations can be expressed

in a matrix form, egs (1.97 and 1.98).

c, (x)%+ K, ()% =F, (x) (1.97)
with
Cy Coe Cou O Ky Kg Kg 0 fy
CC CCC CCt 0 C K cc K ct 0 f
Ci =l & Ki=| " fi= (1.98)
Ctg th Ctt 0 th K tc K tt 0 ft
0 0 0 C, 0O 0 0 0 f,
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where x’ ={pg,p°,'T',U} is the approximated solution. The nonlinear cogdfits of the

matricesC, (x) andK , (x ), and the source terms in the vectdix) are given in the

Appendix C.

The solution of the system of equations (1.93-1i9%)btained by a monolithic approach
(fully coupled) in which the internal variablé (degree of reaction) is updated at each
iterationvia the hydration model presented in thé-paragraph 1.5.1After the thermo-
hygro-chemical (THC) step, the new computed THQutmh is used to compute the
mechanical solution (M) (i.e. displacements and alige). The computational procedure
is represented ikRigure 1.8. The degree of reactiof, and the hydration rate (results of
the THC computation), are given to the M part & thodel as input variables. The effect
of the THC results on the M solution is taken dlreugh the introduction of the thermal
and shrinkage strains in the source term in ed@v§1Similarly, creep strains (basic and
drying creep) are introduced in this source terrhthase are updated at each iteration
within the time step, because they depend on tigeofethe effective stress tensor and on
its averaged value in the time step. Also damBgdyeing related to stresses and strains,
is updated at each iteration within the time stefhe M calculation. This model has been
implemented in the code Cast3M of the French Atoariergy Commissiorhtp://www-

cast3m.cea.jr
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2 CONCRETE BEHAVIOR : EXPERIMENTAL

DATA AND MODEL RESULTS

2.1 INTRODUCTION

Concrete is a highly heterogeneous material. Dukeda@omplexity of its micro and meso
structures its behavior is strongly non-linear aedy hard to predict. Concrete can be
considered as a composite material consisting iwlecé paste and aggregates (in special
concretes other phases may be present). The cqrastd is a cohesive matrix which
gives to concrete stiffness and strength; its peegge in volume normally varies between
25% and 45% of the total volume of concrete. Mdsthe volume of concrete (up to
75%) is occupied by aggregates. Originally aggegatere viewed as inert materials
dispersed throughout the cement paste largelydon@mic reasons. However economy
is not the only reason for using aggregates sihey ttonfer considerable technical
advantages to concrete, such as higher volumeligtabnd better durability than
hydrated cement paste alone. Aggregates are cathbgtmeans of the cement paste, in
a manner similar to masonry construction. The fater area between cement paste and
aggregates, commonly called the interfacial tramsizone (ITZ), is often the weak point
of concrete where cracks start. Both cement paste aggregates are porous solids
phases. The pores are saturated by liquid wategasdmixture of water vapour and dry
air) which can flow within the porous network. Aare/ ages, the largest and surface
pores of aggregates are filled by the fresh cermpaste and even if the residual porosity

of aggregates contributes to the overall porositycancrete, the liquid and gaseous
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transfers occur essentially within the cement péesteept in special cases as for instance
aggregates with entrained water, Hansen and Jek8eh). Due to this heterogeneity and
to the presence of water and gas in the poresgithiigal behavior of concrete is the
consequence of the coupling of several chemicafgrdly thermal and mechanical

phenomena at different scales, from the nano tonheroscopic level.

This chapter deals about concrete hydration, itehaweical properties, shrinkage and
creep. Each of these aspects is presented sepabgteheans of simple tests analyzed
together with the results obtained numericall/the developed model.

2.2 HYDRATION PROCESS AND RELATED PHENOMENA

Portland Cements consist essentially of four comgsueported ifable 2.1.

Table 2.1. — Main compounds of Portland Cement {ig\1996).

Name of compound Oxide composition  Abbreviation
Tricalcium silicate 3Ca0.Sio CsS

Dicalcium silicate 2Ca0.Sip C,S

Tricalcium aluminate 3Ca0.5D; CA
Tetracalcium aluminoferrite| 4CaO.A)s. F&O; | C,AF

Cement chemists use abbreviated symbols which ibesoceach oxide by one letter: CaO
= C; SIQ = S; ALOs=A; and FgOs=F. Similarly HO in hydrated cement is denoted by
H, and SQby S. The compounds listed in the previous taééetrwith water forming the
solid hydrated cement paste. The two calcium s$égaare the main constituents of
cements and so the physical behaviour of cemennglinydration is similar to that of
these two compounds alone. The mechanics of hypdragi not yet perfectly known but
probably hydration proceeds by a gradual reduatiotine size of the anhydrous grain of
cement. For instance, Giertz-Hedstrom (1938) fothad after 28 days in contact with
water only a depth of 4m of cement grains is hydrated anduB after a year.
Furthermore Powers (1949) calculated that complstération is possible only for
cement particles smaller than p since in greater particles water cannot reacltone.
The main hydrates are the calcium silicate hydr@&sH; (the so called C-S-H) and the
tricalcium aluminate hydrate s8Hes. CsS;H3 consists of fibrous particles with a very
irregular shape (sdeigure 2.1).
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Figure 2.1 — Mesoscopic scale: aggregates withimece paste (a); gel pores scale: Calcium Silicate
Hydrates (C-S-H) (b).

Assuming that gS;Hzis the final product of hydration of botls® and GS, the reaction

of the two calcium silicates and of the tricalcialmminate with water is given by

2C,S+6H- G S H +3C4 OM
2C,S+4H- G S H +C§ ON, (2.1)
C,A+6H — C,AH,

These equations are approximations since the knigel®f the exact stoichiometry of
cement hydration is not yet exhaustive; also tbeBiometric approach of Power (1960)
presented in the following pages (and used in tlehematical model) is based on
approximated equations. In other word stoichiomefryrydration should be understood
here as approximate stoichiometry.

The kinetic of cement hydration results from thdfedent hydration rates of its
compounds and their interactions. Being the hydnatif cement an exothermic reaction
the heat production is a direct indicator of theddayion rate.Figure 2.2 shows the
evolution of the heat production with respect todi The first peak corresponds to the
initial hydration of the surface of the cement wdes, largely involving the €A; in fact
when the cement grain ‘meets’ water, a quasi-iiate@ous hydration of its surface
happens and the formed layer of hydrates impedeseiu hydration; consequently
concrete passes througll@mantphase during which the hydration rate is very ovd
concrete is workable. Following this dormant ph#@see or two hours) there is an
important increase of the hydration rate until eosel peak is achieved typically between
eight and twelve hours of age.
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Figure 2.2 — Heat of hydration, evolution with respto time. The first part of the time axis is moscale.
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Figure 2.3 - Compressive strength of cement pasgitbsdifferent w/c ratios. H/C is the amount of

hydration products per gram of cement (readaptad ffaplin, 1957).

After this peak the hydration rate decreases duaitang period. In some cements there is
also a third peak related to a renewed reactio@;Af due to the exhaustion of gypsum.
The hydration rate of €A is very high and leads to an immediate stiffenaighe cement
paste, the so called flash set. For this reasopsigy is addetto the cement to control
the reaction of gA: gypsum and @A react to form insoluble ettringite crystals reliag
and weakening the reaction ogAC However gypsum needs a few minutes to exert its
retardation effect and consequently we observeraingortant peak within the first five
minutes after the contact with water, probably aared with the reaction of pure;A&

with water.

2 Gypsum, which reacts withs& and GAF, partially modifies the last reaction in eqni(2.
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Figure 2.4 — Microscopic image of the cement pé3tamond, 2004) (a), and a model for its solid

microstructure (b). C indicates the capillary pores

During the first hours of hydration the change frtme semi-liquid to the solid stage
occurs; this is the so calletting Setting is the consequence of the mutual coagulat

of the components of the paste thanks to the ceddsydration products. For cement
pastes the amount of hydrates which allows setteygends strictly on the water/cement
ratio. Figure 2.3 shows that for cement pastes more elevated is #terigement ratio

more hydrates are needed to have a not negliginleevof compressive strength.
However for concrete due to the presence of agtgegalower amount of hydrates is

sufficient to set the material (Taplin, 1957).

2.2.1 Microstructure of the cement paste

The microstructure of the cement paste consisteehydration products (essentially C-
S-H gel and Ca(OH), anhydrous cement grains and capillary pores kvhie partially
saturated by water (s€éagure 2.4). Actually also hydrates are porous but their paee
very small compared to the capillary ones (from tm&vo orders of magnitude smaller),
and for the relative humidities higher than the 583 completely water-filled.

The porosity of hydrates is approximately equad.28 and the order of magnitude of the
pores size is about 2 nm. The mass of non-evaporabter (chemically combined) has
been estimated as 23% of the mass of the anhydesment. The volume of the solid part
of hydrates is smaller than the sum of the volumishe anhydrous cement and the
chemically bound water by about 0.254 of the voluofethe latter. These averaged
relationships have been obtained experimentallyPbyer (1947 and 1960) and are the
basis for the equations proposed by Jensen andeHgd996, 2001 and 2002) where
silica fume is also considered (eqs (1.32Lbfapter 1). These equations are valid for an
isolated system (i.e. without mass exchanges \Witheikternal environment) and give the
evolution with hydration of the volume fractions afemical shrinkage, capillary water,

gel water, gel solid, anhydrous cement and silicad.
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Figure 2.5 — Volume fractions over hydration of yditated cement, silica fume, capillary water, gatev
and hydrates (solid part) for four cement pastés=®&30 (a); w/c =0.42 (b); w/c = 0.5 (c); w/c H@nd
s/c = 0.2 (d).

The chemical shrinkage has been firstly observetcuantified by LeChéatelier in 1900.
The development of a volume of gas caused by thenpmenon leads to the self-
desiccation of the cement paste (Jensen, 1993n Ehig averaging stoichiometric model,
the smallest water/cement ratio that allows therdiyoin of all the cement is 0.4Bigure
2.5.a-c shows the volume fractions of the different phasethree cement pastes with
w/c = 0.30, w/c = 0.42 and w/c = 0.50. In the casgresented ikigure 2.5.d also silica
fume is considered (w/c=0.5, s/c=0.2). The capillporosity, at any stage of hydration,
represents that part of the volume which has nehlfidled by the hydration products; the
total volume of capillary pores decreases with finegress of hydration and can be
estimated fronFigure 2.5 as the sum of capillary water and chemical shgekévhite

area in the diagrams).
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Figure 2.6 — Idealized structure of hydrated siésgFeldmaret al,1968).

The order of magnitude of the size of capillarygsowas estimated to be aboufrh,
however the size of pores varies widely and Glésssgudies (1992) indicate that in
mature cement pastes few pores are larger than, Wwith most pores being smaller than
100 nm. The capillary pores are partially filled Wwater which is commonly called “free
water”; due to their size, very large comparedhiat bf the gel pores, capillary pores are
usually empty for relative humidities lower thae #5%. The distribution of the capillary
pores and their connection grade are the mainr@aetbich affect concrete permeability.
With water/cement ratios greater than 0.7 even #fieecomplete hydration the volume of
hydrates is not sufficient to fill all the interaoections between capillaries, hence the
permeability of concrete may become very importdmEigure 2.5 the volume fraction

of the gel water is also reported. Being the gebpavater filled, the volume fraction of
gel water in the figure represents also the voloiitbe gel porosity. Water in gel pores is
typically classified as evaporable water but is migss “free” than water in capillary
pores, because gel water is physically adsorbethensurfaces of C-S-H sheets (see
Figure 2.6).

2.2.2 Heat of hydration of cement

The hydration reaction is exothermic, energy oftaib00 Jper gram of cement being
liberated. Consequently in massive structures himracan result in a large rise in
temperature and also in large thermal gradientchvimay induce diffuse or localized
cracking. This behavior modified by creep and aetagis shrinkage can be very difficult
to predict. Moreover, especially in the summer rhen{depending evidently on the
geographic region) also solar radiation on theasi@$ must be taken into account since it
has a not negligible effect (Sciuraal.2012a). The knowledge of the heat production of

cement is then critical especially in mass concrete

69



CHAPTERZ2 — Concrete behavior: experimental data and medelts

Table 2.2. —Indicative values of the heat of hyidrabf the cement compounds (Lerethal. 1934).

Compound Heat of hydration (J/kg)
CsS 502 x 18
C,S 260 x 16
CA 867 x 16
C.AF 419 x 16

The measured heat of hydration consists of the wadrheat of the reactions of the

compounds and the heat of adsorption of water erstinface of the formed gel, this last

part is almost a quarter of the total heat of hiydra The factors that impact on the heat

release of concrete during hydration are essenfialir.

The quantity of cement in the mikhe cement content can be varied in order to
control the heat development.

The cement type and its chemical compositidre heat of hydration depends on
the chemical composition of cement, and can beutatked with good degree of
accuracy summing the heats of hydration of theviddial compounds when
hydrated separately. Typical values of the hedatyafration of pure compounds
are given inTable 2.2. From this table follows that by reducing the pydjon of

the compounds that hydrate most rapidlgAGnd GS) the high rate of heat
release at early ages can be controlled.

The fineness of cementhe increase in fineness speeds up the reaction o
hydration and consequently the heat release ratedses. It is realistic to assume
that the initial hydration rate is proportional tbe surface area of cement.
However, at later stages, the total amount of seldaheat is not affected
significantly by the fineness of cement.

Curing temperatureThe temperature at which hydration occurs hagrgoortant
effect on the development of the rate of heat. H@wresimilarly the fineness of
cement, the curing temperature has no substaffieadt @n the long term value of
the heat of hydration.

The hydration degreg¢has been defined as the ratio between the masacied cement

attimet, ¢, (t), and the initial mass of anhydrous cement preisetfie mixc

f(t) — Chydr(t) (2.2)

c
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However the experimental quantification of the makthe hydrated cement is not easy.
For this reason indirect methods based on the atratuof the consequences of hydration
have been developed. These methods are based defithidon of the degree of reaction,
(already introduced, and briefly explainedGhapter 1) which varies from 0 to 1. The
hydration degreé€, is the degree of reactidntimes the final hydration degrég, which

depends essentially on the water/binder ratio @fcément paste.

&(t)=¢,r(t) (2.3)

Actually for most of frequently used concretes #mount of water is not sufficient to
hydrate all the cement present in the mix and sditial hydration degree will be lower
than 1. Hence, to estimate the hydration degréniaZ(t), the evolution of the degree of
reactionI'(t) and the final value of the hydration degfeare needed. The final hydration
degreeé,, can be obtained using the averaged stoichiometfjigations presented in

Chapter 1 (egs 1.32), imposing the volume of the capillagtey equal to zero

1

£, =min (2.4)

P
k{i1,32+ 1,57(s/ | + p)

However, the obtained value d&f, is very often an overestimation of the real final
hydration degree; indeed after a certain degrdeydfation the formed hydrates obstruct
the contact of water with the not hydrated corethed cement grain. Then empirical
equations based on experiments (Mills 1966, andiaal999) are commonly used to
estimateZ,.. (see eqgs (1.36) adgure 1.4 of Chapterl).

In the presented model the degree of reaction bas defined as the ratio between the
amount of water chemically combined at titnen,, (t), and that chemically combined at

timet = oo, M, (t=o)

()=l

= 2.5
(1= ) (2.5)

The mass of chemically combined watay, is also indicated as bound water. The degree
of reaction can also be defined from the amourteait released until tinte Qnyqft), and

the total heat releas&@,yq(t=o), when the reaction is finished
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I (t) — thdr (t)

= 2.6
thdr(t: ) (20

Hydration is not only exothermic but also a theraotivated reaction. For this reason in
mass concrete the important increase of temperagives an acceleration of the

hydration process. Therefore time dependent hyalrdéiws are not adequate in particular
when the temperature of concrete varies a lot dunydration. The effect of temperature

can be integrated by means of an Arrhenius typgéage Regourd and Gauthier, 1980)

ar_ E,
< An exp(— RT) (2.7)

whereT is the absolute temperatufg is the macroscopic volume-averaged chemical
affinity, E, is the hydration activation energy aRds the universal gas constant (8.314
J.mol*.K™). In egn (2.7), which is used in the parameteesiification process, the effect
of relative humidity is not explicitly taken int@weount as done in eqn (1.29) ©hapter

1 where the functiof(, is introduced. In fact the effect of self-desidcaton hydration
kinetic is intrinsic on the affinity functiondyr), and fx has essentially no impact in
sealed condition but only in drying condition.

Similarly to the heat of hydration the activatiomeegy depends on the chemical
composition of cement (Kishi & Maekawa, 1994). Raebean empirical equation based
on the percentage of3& and GAF and on the specific surface of cement has been
proposed by Schindler (2004)

E, =22100fR. ) {R. ;) Blane** 2.8)

where P, , and P ,. are the weight ratios of48 and GAF respectively (in term of total

cement content) arBlaineis the Blaine valuk

The chemical affinity is a hydration dependent fiort which allows describing the
hydration kinetic; its evolution with hydration cée obtained by means of the adiabatic
calorimetry test: the concrete is placed in an lzatia calorimeter and assuming the
appropriate activation enerdy,, from the evolution of the concrete temperature th
averaged chemical affinity can be evaluated.

® The Blaine value is the specific surface areaeofient (MV/kg).

72



THCM model of concrete at early ages and its exter® tumor growth numerical analysis

(a) (b)

1,0 1600
I 1.7 TRU— » 140 . Texperiment
=Y = —interpolation
S 06 A £ 1000
g % 800
® 047 2 600
2 | 2 400
04 G 200
0,0 '-\. T T T T 0 T T T T
0 10 20 30 40 50 60 00 02 04 06 08 10
Time [ hours] Degree of reaction
(c)
360
R s ——
&
@ 340 A
% 330 1 ----experiment
2 320 1 —numerical
g 310 A
300 A
290

0 10 20 30 40 50 60
Time [ hours]

Figure 2.7 — Hydration degree over time estimatethfthe measured temperatures in adiabatic conditio
(a); experimental averaged chemical affinity asdriterpolatiorvia eqn (1.31) (b); measured temperature

and numerical one computed after the identificatibthe averaged chemical affinity (c).
The system is thermally governed by the followiggation

ar _ . d°
(pC)eff ot Q. dt (2.9)

where Q,, is the total heat released during hydration whiah simply be estimated as
Q. =(pC),, (Tfin —fo) . From the n measured temperature§,T,.... T, , at the
correspondent times the degree of reacfioran be computed as

i+ sy
| T(Tm—Ti) i=0,1,.(n-3  (2.10)

Once computed the degrees of reactl%mfl ..... fn, egn (2.7) allows to calculate

approximately the chemical affinity as

)T oo - B[ imoae) e
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Figure 2.8 — Evolution of the hydration degree (MDYl increase of temperatur€r() in non-thermally-
isolated conditions considering three external terafures (20°C, 30°C and 40°C).

The following example is considered for an ordinaoncrete (w/c = 0.46) withJR =
5369 K.Figure 2.7.a-b shows the evolution of the hydration degree (smoading to
the measured temperatures), the experimental tgffamd its interpolation by means of
egn (1.31) inChapter 1. Once the affinity has been evaluated by meargsf(2.11 and
2.12) the numerical simulation of the experimem ba performed and the comparison
between the numerical results and the experimemas is shown ifrigure 2.7.c for

temperature.

Considering a cylindrical specimen with a radius3@fmm and assuming a convective

exchange of heat at the lateral surfaces ohly,(=10W K™ [m* ), the model is able to

reproduce the effect of the curing temperature han Hydration process. Three curing
temperatures are considered: 20 °C, 30 °C and 4hFigure 2.8 the numerical results
are reported: a reduction of the dormant phaseéagsase of the hydration rate and of the
rise in temperature can be observed at higher gteimperature.

The identification of the affinity function is sttly related to the activation ener@y of
concrete, in other word the assumed activationggndetermines the chemical affinity
curve obtainediia the parameters identification process. With refeeeto the previous
considered concret&igure 2.9 shows the affinity curves obtained wily/R = 450Q
Es/R = 5000and E,/R = 5369 these three values represent almost the rangaeof
common value oE4/R (Schindler, 2004). The effect of temperature dependn the

assumed rati&z/R is shown inFigure 2.10.
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Figure 2.10 — Effect of temperature for three asslinalues of the activation energy.
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Figure 2.11 — Hydration degree during 48 hourgHerthree considered values of the activation gnerg

Two curing temperatures are considered: 20 °C (lohgs) and 40 °C (red lines).
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The results in terms of adiabatic temperatureddaetical for the three cases, but this is
obvious since the identification procedure is basedhe adiabatic calorimeter test. The
interesting results is that in non-adiabatic candg the results are also similar and this is
shown inFigure 2.11. Of course this does not mean that the use ofdhect activation
energyk, is not important, but even if its knowledge is adequate, a small error in the
activation energy, assumed to identify the averagfédity function, has no great impact

on the results of the model. A similar result haeen obtained by Briffaudt al (2012).

2.3 MECHANICAL PROPERTIES

Concrete can be considered as a composite matdriah consists of aggregates within
the cement paste. Therefore the mechanical pregexi concrete depend on the
properties of aggregate, cement paste and on thktyqof their bond zone, also called
interfacial transition zone (ITZ}-igure 2.12 shows the typical stress-strain curves (in
compression) of net cement paste, aggregate ancketen Interesting is to note that
aggregate and hydrated cement paste, when indilgdoansidered, exhibit a linear
stress-strain relation, although for cement pasterelation becomes non linear for high
stress level. The curve relative to concrete isqdabetween those of cement paste and
aggregate; the stress-strain relationship is lir@dy in its first part, then the curve
continues to bend over with an apparent pseuddiplashavior until a peak of stress is

reached.
50
40 4 Aggregate
& 30 Concrete
=3
w
o
3 297 Cement paste
10 -
0 T T
0 1000 2000 3000

Strain [x 109

Figure 2.12 — Stress-strain relation for cementepagygregate and concrete (Neville, 1996)
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Figure 2.13 — Stress-strain relation of concregstet! in compression at a constant rate of stvdanget

al., 1978) (a); Example of the stress-strain relaiiodirect tension (Guet al, 1987) (b).

The reason of this non-linear relationship in ceteris the development of bond
microcracks at the interfaces between the cemestepand the aggregate. These
microcracks lead to the reduction of the effectwea resisting the applied load, so that
the local stress is higher than the nominal stbesed on the total cross-section of the
specimen and strain increases at a faster ratetheamominal applied stress until the
ultimate strength of the specimen is reached.dftdst is performed at controlled rate of
strain also the post-peak part of the stress-stcaimve can be obtained: the strain
continues to increase with a decrease of the ndmaipplied stress; this is the typical
strain softening of concrete (sEegure 2.13.a). High strength concretes and lightweight
aggregate concretes have a more brittle behavaor tlormal concretes and consequently
exhibit a steeper descending part of the stresssturve (sed~igure 2.13.a). The
stress-strain curve in tension is similar to thatcompression but the peak stress is
considerably lower than in compression since tlaeks (perpendicular to the strain rate)
cause a brutal reduction of the effective aresstiegj stress. Also the stress-strain curve
ends more abruptly at the peak than in compredstgause tensile failure is usually not
ductile.Figure 2.13.b shows an example of stress-strain relation inctlbension.

The elastic modulug; and the tensile strengthcan be estimated from the compressive
strengthf.. In general a concrete with a high compressivengith has also high elastic
modulus and tensile strength, and an increasesofdimpressive strength for instance due
to hydration corresponds to an increase of theielawdulus and of the tensile strength.
For the modulus of elasticity this relationship lwithe compressive strength is

recommended by ACI 318-02
E =473 1) (2.12)
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with E. expressed in GPa arfigdthe cylindrical compressive strength expresselfiifa.

The Eurocode 2 suggests a similar equation

f 0.3
E - 22(ﬁj (2.13)

wheref., is the mean value of the compressive strengtho £ds the tensile strength a

number of empirical formulae are proposed, and rabdtem have the form

fo=k (f.)" (2.14)

In the Eurocode %; = 0.3 andn = 2/3, but depending on the type of aggregaterothe
values of these coefficients may be used. In tree cd fiber reinforced concretes the
tensile strength depends also on the amount amrdatfyfibers.

When a uniaxial load is applied to a concrete spenj in addition to the longitudinal
strain in the direction of the applied load it puods a lateral strain of opposite sign.
Strictly speaking a uniaxial tensile load in theedtionz, results in an extension in this
direction and in a contraction in the directionandy, this contraction being governed by
the Poisson’s ratio. For a fully hydrated concréte Poisson’s ratio is approximately
constant and depending on the properties of thd aggregate it varies in the range of
0.15 to 0.22. No differences have been found beatwee Poisson’s ratio in compression
and that in tension. On the other hand the Poiss@tio varies during hydration but this

is discussed on the following of the paragraph.

Concrete properties are very variable and dependhenconcrete mix. Nowadays a
number of concretes and mortars are used and ifrdhson it is hard to state general
laws or values for the material properties. Henegeml authors have studied the
influence of the mix on the properties of concrétaking into account fully compacted

concretes (in which the presence of air voids isualthe 1% of the total volume), the
water/cement ratio has been found to be one afib& important features, but also other
factors have critical effect on the material projest With reference to the mechanical
properties, concrete strength is inversely propogi to the water/cement ratio and
various laws have been proposed from the end oXtKecentury and can be found in the

literature. HoweveFigure 2.14.a shows that the range of the validity of these l&svs

limited. In fact for low values of the water/cemematio these laws are generally not

correct and the mean of compaction of the fresltiaia has a crucial impact.
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Figure 2.14 — Relation between strength and wasrént ratio of concrete (Neville, 1996) (a). Relati
between the calculated strength of neat cement jpast cement/water ratio (Nielsen, 1993) (b); maxmm
possible hydration is assumed to have taken plaiteence of aggregate/cement ratio on strength of

concrete (Singh, 1958) (c). Variation in the lggafosity of the hydrated cement paste with theadist

from the surface of an aggregate particle (Scriv&n@&ariner, 1988) (d).

As suggested by Gilkey (1961) the strength of cetecand its mechanical properties in
general are influenced by: i) ratio of cement taing water; ii) ratio of cement to
aggregate; iii) grading, surface texture, shapeg, sstrength, and stiffness of aggregate
particles.

Ratio of cement to mixing wateFor cement pastes cured in water (achieving the
maximum possible hydration), from 1.2 until a cetheater ratio to almost 2.6
(corresponding to w/c = 0.38), the relation betwdlem strength and the c/w ratio is
approximately linear. For cement/water ratios larpan 2.6 there exists a different but
also linear relation with strength. These resudtgéehbeen obtained by Nielsen (1993) and

are shown inFigure 2.14.b. According to the model of Power (1960) for w/tioa
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lower than about 0.38 the maximum possible hydnaisoless than 100% and with high
probability this is the reason of the change ofdlope of the curve.

Ratio of cement to aggregatéhe impact of the aggregate/cement ratio isdaliffito be
quantified since it is related also to the hygtates of the particles which may modify the
effective water content of the mix. For constantewaement ratio higher strength and
modulus of elasticity have been measured with riiseese of the aggregate/cement ratio
(seeFigure 2.14.c by Singh, 1958). This tendency in some cases neggrl on the
water absorbed by the aggregate which reducesftbéetiee water/cement ratio of the
cement paste and/or on the lower shrinkage of ed@awhich produces less damage at
the bond between the aggregate and the cement (s&siekage is proportional to the
volume of cement paste). Furthermore for constateicement ratio the overall porosity
and the total content of water in concrete are @rignal to the volume of cement paste.
Consequently in a leaner mix the volume of voidkiger and this has a positive effect
on strength. Indeed, capillary porosity is a priméactor influencing the strength of
cement paste and concrete.

Grading, surface texture, shape, size, strengtldl, stiffness of aggregate particleBhe
meso-structure of concrete (at the level of thereggie particles) has an important effect
on the strength which is also affected by the ciéypaaf the material to resist crack
propagation. In a loaded specimen, peaks of swessr at the interfaces between the
coarse aggregate and the mortar arising from tfiereince in the modulus of elasticity
and the Poisson’s ratio of the two materials. Meatg of bond is influenced by the
surface properties and the shape of the coarsegafgr, in fact microcracking starts at
the interface between coarse aggregate and theuswling mortar, and also at failure
macrocracks mostly include interface areas. Thesefomproving the mechanical
properties of the interface zone leads to higheemngth of concrete. During mixing of
fresh concrete, unhydrated cement particles arblerna become closely packed against
large particles of aggregate. Hence, in the prayiwii coarse aggregate the water/cement
ratio is higher than the averaged value of the amg so in this zone porosity is much
higher than in the hydrated cement paste furtheayaftom the coarse aggregate (see
Figure 2.14.d). The influence of porosity on strength is reldvand this explains the
weakness of the interface zone. Thus, the abilityesist crack propagation depends on
the quality of the interface between the coarseegge and the surrounding mortar and
on the surface properties of the particles: smgadlvel leads to cracking at lower stresses

than rough and angular crushed rock.
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Figure 2.15 — Relation between the compressivagtiheof mortar and gel/space ratio (Power, 1958) (a
Cumulative volume of pores larger than the indidaise diameter in concrete with a water/cement rati
0.45 (Winslowet al, 1990) (b).

The quality of bond is often enhanced by the additf silica fume with is very much
finer than cement particles and leads to a morsalerierface zone; also aggregates with
a porous outer layer improves mechanical interloglaf the aggregate particles and the

hydrated cement paste.

Until this point only the final mechanical propesiof concrete have been considered and
discussed. However it is clear that mechanical gmogs, as well as physical and
chemical ones, vary with hydration. In such a sden&ery interesting is the correlation
between the strength of cement paste and the ge#smtio proposed by Powers (1958)
(seeFigure 2.15.a). In fact the microstructure of the cement pasis hn important
impact on the mechanical properties of the concr&aring hydration with the
refinement of the porous microstructure the striengft concrete increases; kigure
2.15.b the distribution of pores at two different degreésydration is represented. The

gel/space ratio, according with Powers’ model, deljgeon the hydration degree and reads

gel _ 0.657%

space 0.31%+( W} (2.15)

The strength versus the gel/space ratio has a gereral application than relationships
based on the water-cement ratio because the anwbumel and the volume of voids

depend on the cement type, on the mix of the cerpaste (w/c ratio, silica fume,

admixtures etc.), but also on the degree of hyainati
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Figure 2.16 — Relationships between the degreeadftion and the compressive strength (a), Young’s
modulus (b), tensile strength (c) and Poissonis i(@f). Readapted from De Schutter & Taerwe (1996).

If the evolution of the hydration degree is knowime development of the mechanical
properties with time can be predicted. The knowtedd the strength-time relation is
important to state when the structure can be gotuse, to remove formwork or in other
situations as for example prestressed concreterdlagonships proposed by De Schutter
and Taerwe (1996) give the mechanical propertiesi(g’'s modulus, tensile strength and
compressive strength) from the degree of reactemn ((2.5). These equations can be
summarized in the following form

M(r)=M (r:1)<m> M (2.16)

1-T,

+

whereM is the considered mechanical propelw(r =1) is the final value oM , and

av is the exponent (associated wih) which has to be calibrated experimentally. An
empirical relationship between the Poisson’s ratiand the degree of reaction has been
also proposed by De Schutter (2002)

v(r)= o.1ssingr+ 0.5exp- 10) (2.17)

82



THCM model of concrete at early ages and its exter® tumor growth numerical analysis

Eqgn (2.17) gives = 0.5 whenl" = 0; 0.5 is the characteristic value of the Paissoatio
for non compressible fluids. Eqn (2.16) and a medifversion of eqn (2.17) are used in
the mathematical model to relate the hydration elegrith the mechanical properties of

concrete.

2.4 SELF-DESICCATION AND AUTOGENOUS SHRINKAGE

After setting, with the progress of hydration thdume changes of the different phases
present in the cement paste have as consequendetbpment of a volume of gas
which leads to the self-desiccation of the cemeaste (Jensen, 1993). The self-
desiccation is very important in high performanoaaetes and cement pastes with a low
water/binder ratio. Ifrigure 2.17 the internal relative humidity measured in an cadyn
concrete (OC) and in a high-performance concreteQHis plotted over time (the
specimen are sealed). A strong self-desiccationtter high-performance concrete is
shown. Being the self-desiccation related to thdr&ityon process the decrease of relative

humidity is very important during the first 3 weekfer the casting.
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Figure 2.17 - Internal RH measured in sealed canmditby RH-sensors at T = 20°C. Readapted from
Baroughel-Bouny and Mounanga (2005).

However the first couple of data-points Figure 2.17 is relative to 28 days; this
depends probably to the fact that RH-sensors aftert work properly at early age since
water condensation inside the protection ‘headthef sensor occurs. This problem has
been observed by our research team using a typensbrs which during the first 5 days
of hydration stay at RH = 100%. Due to self-dediorathe capillary pressure in the pore

increases inducing an autogenous contraction coryneailed autogenous shrinkage.
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Figure 2.18 — Chemical shrinkage and autogenousksige for a cement paste (Jensen, 2005).

1400

& 1200 i, S —
it — g::::ﬁ -8 A
< 1000 —e | [—e—wic=02
o o —1 21 IC=
g s . o;k—"_"_"-,_f-——-l*'_f_ —O—Wie=030
.-g 500 & 13 ’,,;/ 0 o—o o -0 +WC-035
@ o shrinkage —o—WiC=0.40
@ 400 W WIC=045
g 200 || -o-wic=0s0
2 o —— W/C=0.60
5 * swelling
< 200

-400 4

0 50 100 150 200 250 300 350 400
Age (days)

Figure 2.19 - 1-D autogenous deformation (lengtncfes) versus age, measured from setting up tarl ye
on @20x160-mm sealed samples of cement pastewithstement 1 and various wi/c, at T = 20 °C. From

Baroughel-Bouny and Mounanga (2005).

In concretes, autogenous shrinkage is partiallragsed by the aggregate particles and
then is an order of magnitude smaller than in remhent paste. Before setting the
autogenous shrinkage corresponds to the chemicalkahe since capillary effects are
negligible at this stage (pores remain almost s&dd). After setting, which for concretes
corresponds to a degree of reaction 0.1, the chemical shrinkage results in a dimimutio
of the liquid saturation degree and the autogersiutnkage is produced mainly by
capillary forces. The volumetric amplitudes of chesh and autogenous shrinkage for a
cement paste are representedFilgure 2.18. Autogenous shrinkage depends on the
water/cement ratio of the mix and in concretes®isely proportional to the volume of
aggregate. IfFigure 2.19 the autogenous shrinkage of seven cement pasp#etied;

the influence of the water/cement ratio is cleat snevidenced also iRigure 2.20.
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Figure 2.20 — 28-days and 1-year autogenous defmmaersus the water/cement ratio (no silica fusne

present in the considered cement pastes). FronuBhed-Bouny and Mounanga (2005).

Autogenous shrinkage can be modeled with diffeagproaches which are mainly based
on the degree of hydration of concrete.
When the hygral aspects are not explicitly congidethe autogenous contractia@sp
can be assumed proportional to the degree of maacti

or

= r=1)1— 2.18
eash eash( ) at ( )

where e, (I =1) is the final isotropic contraction. Using this stitutive model the

autogenous shrinkage stops to increase when hgdriatiended. Also the viscous part of
the contraction cannot be correctly taken into aotoln fact after setting the autogenous
shrinkage is governed by capillary forces which actpon the effective stress tensor and
cause elastic and viscous strain.

Another method is based on the evolution of poyaaitd liquid saturation degree during
hydration. The volume of pores and the pore sig#&itution with hydration are predicted
using empirical models based on experiments. Hegpomsity and the decrease of the
saturation degrees, (given by stoichiometry), allow to calculate theeraged radius of
liqguid menisci (at the pore level), and so the Bapi pressurep®, by means of the
Laplace’s equation

p°=p?-p =— (2.19)

wherey is the surface tension of water. Assuming the rhpé gas pressure negligible

the autogenous shrinkage can be computed by mé#ms effective stress principle as
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1 0
e .= —lap® 2.20
ash 3KT at( p ) ( )
where K " is the Bulk modulus of concret@; is the Biot's coefficient ang® is the solid

pressure, given by
p’=-S ¢ (2.21)

An example of this approach is that of Michaetdal. (2006); in such a model concrete
viscosity is taken into account and so the viscitan originated by the solid pressipre

is computed and added to the elastic part of antmge shrinkage (eqn (2.20)). For this
type of model we can summarize that the relatignbletween the saturation degree and
the capillary pressure is given through the volwhpores and the pore size distribution.
In the presented model the pore size distributondt modeled, however the capillary
pressurep® is a primary variable of the model and is goveresdentially by the mass
balance equation of the liquid phase. In sealedlition the evolution of the saturation
degree depends only on the volume balance of tierett phases in the mix, and is
given fundamentally by the averaged stoichiometiyth@ hydration reaction (Power,
1960); on the other hand the evolution of capillargssure results from the assumed
desorption isotherm and its evolution with hydmatieeqn (1.52)). In other words
changing the desorption isotherm gives differepilay pressure but the results in terms
of saturation degre€ do not change. The hygral solution (capillary puee and
saturation degree) is used to compute the autogemnw@mco-elastic contraction with
respect to the effective stress principle similadythe previous presented method (for
more details seParagraph 1.5.9 To conclude the features and the parameterbeof t
developed model which govern autogenous shrinkage loe summarized in the

following list:

a) Volume balance of the phases during hydratibrdepends on the concrete mix
according with the model of Powers (1960). No paatars have to be identified.

b) Advance of the hydration degre€he evolution of the autogenous shrinkage
depends on concrete hydration. The parameterggthvatrn the hydration process
are effortlessly identified by means of adiabatitoametry.

c) Desorption isotherm functionThe capillary pressure is related to the assumed
desorption isotherm which can be calibrated usirgeemental results of the

evolution of relative humidity during hydration énsealed specimen.
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d) Biot’s coefficient The contraction is proportional to the Biot'sefficient which

can be estimated from the autogenous shrinkageQedy the final value of the
Biot's coefficient a,, is needed (see eqn (1.80)); the evolution of thet's

coefficient with hydration is representedringure 1.7.

e) Bulk’s modulus and creep propertieshe Bulk’s modulus and creep have a
primary impact on autogenous shrinkage. Howeverth@ model calibration
procedure, when autogenous shrinkage is analyzetk’sBmodulus and the
parameters which govern creep are already knoweespreviously identified
from the experimental measurements of Young’s meglaihd Poisson’s ratio at

different age and by means of the basic creep test.

Hence, to reproduce correctly the autogenous deftbom the final Biot's coefficient of
concrete and the desorption isotherm are the kéytpof the presented model. The
desorption isotherm is evaluated from the evolut@nrelative humidity in sealed
condition while for the identification of the Biat’coefficient the autogenous shrinkage

measured experimentally is considered.

Sealed condition Sealed condition
Texl =20°C l L Tem= 20 °C
N~ N
N N
N eC N
Convective heat Convective heat
exchange exchange
| 10 cm |

| 7

Figure 2.21 — Geometry and boundary conditioniefsimulated case.

A numerical example is presented for three differncretes: two ordinary concretes
(OC1 and OC2) and an ultra-high-performance coacfgHPC) (se€lable 2.3). The
geometry and the boundary conditions of the mod&é@dase are representeddigure
2.21. The specimens are supposed to be in perfectlgdseandition. A convective heat

exchange at the surface is assumed
9, =4 (T, TN (2.22)

whereg; = 10 W.ni%2.K™ is the thermal convective coefficieff; is the temperature on
the surface Ty is the imposed ambient temperature (20 °C), ransl the unit vector
normal to the surface (oriented towards the exterio
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Figure 2.22 — Desorption isotherms of the threecetes at different degrees of reaction.

The evolution of the degree of reactibnsaturation degre8, relative humidityh, gas
pressurep’ and temperature) are reported inFigures 2.23-28 for the point C
represented ifrigure 2.21. The assumed desorption isotherm for the thresidered
concretes are shown kFigure 2.22. Figure 2.23 andFigure 2.25 show the decrease
of relative humidityh and saturation degre® due to self-desiccation for OC1 and OC2.
For ordinary concretes, in sealed condition tyfpycdahe relative humidity doesn’t
decrease below 90-85%, also the saturation de§rstays generally below the relative
humidity h; these facts can be observed in the numericaltsesiOC1 and OC2. On the
other hand for high-performance concretes the dsereof relative humidity is more
important and relative humidity can fall below thaturation degree as in the case of

UHPC (sed~igure 2.27).

Table 2.3 — Mix data of the three concretes modiglélde 1D case in Figure 2.21

water/cem. Silica fume/cem water/binder
OC1 0.67 0.10 0.62
0C2 0.46 0.00 0.46
UHPC 0.27 0.25 0.21
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Figure 2.23 - Degree of reactidhsaturation degre® and relative humidity for OC1. Specimen in

perfectly sealed condition (numerical results).
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Figure 2.24 - Degree of reactidhgas pressung’ and temperaturé for OC1. Specimen in perfectly sealed

condition (numerical results).
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Figure 2.25 — Degree of reactidhsaturation degre® and relative humidity for OC2. Specimen in

perfectly sealed condition (numerical results).
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Figure 2.26 - Degree of reactidhgas pressung’ and temperature for OC2. Specimen in perfectly sealed

condition (numerical results).
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Figure 2.27 - Degree of reactidhsaturation degre® and relative humidity for UHPC. Specimen in

perfectly sealed condition (numerical results).

g Degree of

o) reaction [-]

= and

© .

o normalized gas
3 pressure

& (pg'zpalm) [']

TIME [ days ]

Figure 2.28 - Degree of reactidhgas pressung® and temperaturé for UHPC. Specimen in perfectly

sealed condition (numerical results).
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Figure 2.29 — Degree of reaction and autogenousaxaiion during the first week.
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Figure 2.30 — Ratio between the autogenous shrankarigin and that obtained after 28 days.

These differences between the two ordinary consr@€1 and OC2) and the considered
ultra-high-performance concrete (UHPC) depend atsp the desorption isotherm
functions (sed-igure 2.22). A relatively important decrease of the gas pressan be
observed for each of the three concretes [Segire 2.24, Figure 2.26 andFigure
2.28). This internal depressurization is due to the h&€lier contraction which leads to

an increase of the volume of gas.
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Figure 2.31 - Degree of reaction and autogenouslstge during 60 days. The solid line are the sgrai

computed from the beginning whilst the dashed laresthe strains computed from 1 day after tharaast

Figure 2.29 shows the degree of reaction and the autogenairgkabe versus time for
the three concretes. The hydration kinetics areedlifferent, in particular the progress of
hydration for UHPC is slower than those of the twrdinary concretes OC1 and OC2.
After seven days the amplitude of the autogenotsksdge of UHPC is almost two times
that of OC1 and more than two times larger thart #faOC2. In Figure 2.30 is
interesting to observe that for the ordinary cotegeafter 1 year the autogenous
shrinkage is only 8% larger than that obtained&uays, in contrast for UHPC the 1-
year-strain is almost 30% larger than that obtaiaitdr 28 days; these differences in
terms of strain evolution are the reflections @ thfferent hydration kinetic between the
two ordinary concretes, OC1 and OC2, and the h@gifiepmance concrete, UHPC.

The experimental measurement of autogenous shen&agery early age is difficult to
perform because the specimen has low mechanicglegires and its manipulation is
delicate. Thus, very frequently the autogenousnghge is not measured from the

beginning but from a time that varies between 1f#th 24h after the casting.
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Figure 2.32 — Ratio between the autogenous shrinkeansidered from the beginning) and that coneidler
from 24 hours, when typically the experimental nueament starts. Numerical results over the timg (a)

numerical results over the water/binder ratio (b).

Figure 2.31 shows the autogenous shrinkage considered frortintlee“zero”, when the
degree of reaction for the three concreted’is 0 (solid lines), together with the
autogenous shrinkage considered from 1 day aftercéisting (dashed lines). From this
figure and fromFigures 2.32.a-b we can realistically presume that the shrinkage
measured from 1 day is an underestimation of thksterinkage of the material especially
for ordinary concretes. Of course autogenous dsrare larger in high-performace
concretes with low water/cement ratio, however, nwvsemetimes in literature is stated
that for concretes with relatively big water/cemeatio the autogenous shrinkage is not
relevant it must be added that a non-negligible @amhof strain occurs before the start of
experimental measurement, and if this fact is akén into account in the design process

it can results in early age cracking.
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2.5 HYGRAL TRANSPORT AND DRYING SHRINKAGE

In the previous paragraph the self-desiccationooiccete and its consequences have been
discussed, and numerical examples have been pedsafthen the material is hygrally
isolated from the environment, if not importantrthal gradients are established during
the hydration process, the hydration degree inesehemogenously and so also the self-
desiccation is homogenous. This means that in deadaditions hygral gradients are
negligible and then no mass transport of water &;cnonetheless it is important to
remember that for mass concrete this statememtivalid because in that case serious
thermal gradients leads to non homogenous hydratilmancement, and so also to a non
homogenous self-desiccation of the material whichuces a weak hygral transport from
the colder border to the hydrated core of the #trec an example is presented in the
following pages.

After the exposure of concrete to the environmest, happens in civil engineering
structures when the formworks are removed, if theirenmental relative humidity is
lower than that of the material, a movement of imternal water from the concrete
structure to the environment occurs. Taking intocaat this phenomenon in concrete
structure design is of critical significance be@dsying is the cause of shrinkage and has
effect on creep strain. Moreover hygral gradiertuiges gradient of strain which can
produce cracks due to the self-restrained shrinkage

In the present model liquid transport, gas transaod diffusion of vapour water and dry
air are considered. The equations have been pessémiChapter 1. The fluxes are
computed with a generalized form of the Darcy’s lawvhich the relative permeabilities

of the liquid and of the gas are introduce@&(and k% ). As typically done for

rel
geomaterials other than concrete, the darcian gasgability of concrete is assumed
equal to the liquid one according with the conaaipintrinsic permeability of a porous
medium, which is independent from the nature ofdtwesidered fluid. Several authors, as
for instance Gawiret al. 2006, follow the philosophy of an unique intrmgiermeability

of concrete for both the liquid and the gaseoussphiaHowever recent experimental
measurements (Baroghel-Bourgt al, 2002) demonstrate that the intrinsic gas
permeabilityk?®, may be two or three order of magnitude largen ttiee intrinsic water
permeabilityk®. In addition, for high-performance concretes thimkenberg's &ect may
become important. Thidfect is due to the slip flow of gas at pore wallsalihénhances

gas flow when pore sizes are very small. Theretbee|iquid flow is only laminar whilst
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the gas flow, following the approach of Klinkenbét®41), consist of two parts: i) one is
the viscous flow; ii) the second one is the slgfldue to the slippage velocity of the gas
molecules at pore walls. The Klinkenbergf$eet is taken into account by Thieey al
(2007) who considers also two different intrinsermpeabilities for the gaseous and the
liquid phases (i.ek® andk'®). These aspects can be easily incorporated irptagent

model modifying the relative velocity of gas (edmb)) which becomes

gs
vi-v®=— a oy P Op* (2.23)
’uggg el pg

where k % is the intrinsic gas permeability an#l allows to take into account the
Klinkenberg’'s effect. The other symbols have beeamplaned in Chapter 1. The
coefficient¥ is not constant and depends on the saturatioredeafrconcrete. It can be

estimated using the following equation

W= kIJ(S') = gexp( -8, S) (2.24)

where iy and pp are constant parametefsigure 2.33 shows experimental curves of
¥(S) interpolated using eqn (2.24).

x 10

1‘ ® Exp. Villain (BO)

- O Exp. Villain (BH)
25} w/e=0.27(BH) = Exp. Thiery (820)|1
O  Exp. Thiery (B60)
Num. (BO)
2F ' == Num. (BH)
D . ~ — — Num. (B20)
Y [Pa] i 3 - Num. (B60)

Figure 2.33 — Experimental estimation (symbolstheffunction®(S) (Klinkenberg effect) for several
concretes (Villairet al, 2001, and Thiery, 2000). The experimental resaté interpolated using eqn (2.24)
(solid lines). The used coefficients arepj)= 47334 angy, = 4.28 for B20; ii)py = 100604 angd, = 3.77
for BO; iii) pp = 173862 ang, = 4.01 for B60; iv)py = 758336 ang, = 7.26 for BH.
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Figure 2.34 — Ratio between the loss of mass 4680 days of drying calculated using the two sifrgai
models (SM1 and SM2) and that calculated usinduhenodel (FM). Three concretes have been
considered (M25, BO and BH). The initial relativentidity has been set equallig= 99% and the
resulting ratios are plotted as functions of thpased external relative humidity,, Image readapted from
Thieryet al. (2007).

Figure 2.33 is taken from the paper of Thiegt al (2007), where also the results of
simplified models for hygral transport are studieddetail. Two simplified approaches
are analyzed: in the first one the drying is modedaly taking into account the darcian
flow of liquid water (this simplified version is dicated as SM1 in the sequel), in the
second one transport is modeled considering lifjoid and vapour water diffusion with
the gas pressure assumed to be constant and eqliahttn (this simplified version is
indicated as SM2 in the sequel). The conclusiothisf comparative study is summarized
in Figure 2.34 where the ratio between the loss of mass afteO lddys of drying
obtained with the two simplified models and thataited with the full model are plotted
for several external values of relative humidity,isothermal conditionf(= 20°C). The
water/cement ratio of the three concretes considier¢his study are: w/c = 0.84 for M25,
w/c = 0.487 for BO and w/c = 0.267 for BH. If thearimum admissible relative error is
0.1, fromFigure 2.34 can be learned that SM2 is always adequate fonitile for BO
and M25 can be used respectively fRg>20% andhe,>30%. Concerning SM1, the
ranges of validity are more restrictivgy; >20% for BH,hex: >45% for BO andhex >65%
for M25. Thus, from this interesting comparativeidst, it may be deduced that it is
sufficient (at ordinary thermal and hygral enviremtal conditions) to take into account
the liquid flow and vapour diffusion (SM2) to modklying; in addition this may be valid
for all concretes since the considered materialeeicalmost the whole range of usual

water/cement ratios. In other words, one can aftinat the darcian flow of gas has no
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significant effect on the final results in terms loks of mass. Moreover, from these
results we can suppose that probably gas presasralbo no impact on the evolution of
the saturation degree and on its spatial distoiotihese last hypotheses are confirmed in
the same paper by Thieeg al (2007). In spite of these numerical resultss itlmportant
to underline that this negligible impact of gasgsuere, in the general solution of a drying
case, has been demonstrated only in isothermalitgmmsl and at 20°C. Furthermore,
sometime it may be very interesting to know qu#éliaand quantitative numerical data
about the gas flow, for instance in the analysighefinfiltration in concrete of unwanted
gases (carbon dioxide is an example). Also is ifgudrto remember that at high
temperatures the gas pressure together with cendedtydration is the main cause of
spalling. Hence, as already shownQhapter 1 the choice is to include the gas pressure
p® between the primary variables of the model, togethith the capillary pressung,
temperaturel and the displacement vectorin order to have a flexible mathematical
model which from early age can be easily extendeshddeling of other aspects. In fact
this general mathematical model has been alreaely {8 concrete at high temperature
(Gawin et al, 2003), leaching (Gawirt al, 2008) and for the analysis of concrete
degradation due to alkali-silica reaction (Pesaventl, 2012).

On the other hand, even if experimental measuren@aroghel-Bounyet al, 2002)
apparently demonstrate that the intrinsic gas pebifity k% is different from the liquid
onek', and also suggest the existence of the Klinkerbefiect (especially in concretes
with relatively low water/cement ratio), in the d@éeped model the choice is to neglect
the Klinkenberg’s effect and to use a unique isidrpermeability for both the gaseous
and liquid phases according to the concept ofrisiti permeability and to the reference
paper of Gawinet al. (2006). The main reason of these preferencesssnéially the
absence of certain experimental results of thepgessure distribution and evolution in a
drying specimen. A small number of data are culyeatailable in literature, these are
mostly numerical results, frequently in contrasthweach other. Also experimental
techniques for the measurement of concretes’ gasngability seem still not
consolidated: the intrinsic gas permeability is sugad in completely dried specimens
and it cannot be excluded that the micro-cracking t the specimen desiccation process
(caused by strain incompatibilities at meso androrievel) leads to an increase of the
measured value. This opinion is also supportechbypper of Hearn and Morley (1997)
where the water permeability of concrete was memkun two sets of concrete

specimens: the first set consists of virgin sampies never-dried), while the second one
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consists of dried and resaturated samples. Inebensl set an important increase (two
order of magnitude) of the water permeability hasrbomeasured and this is explained as
caused by the previous drying of the specimenglamdonsequent micro-cracking which
enhances the water flow within the porous netwdrkancrete. In this paragraph it has
been shown that the effect of Klinkenberg can bsilyancorporated in the model
together with the adoption of a different permdagbifor gas; these aspects may be

implemented in a future version of the code whermemexperimental results will be

available.
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Figure 2.35 - Geometry and boundary conditionsaifeeind after 1 day) of the simulated 1D case.

For the 1D case considered in the previous paragrag assume now drying condition at
the lateral surface from 1 day after casting, (Bégure 2.35). This time for sake of
brevity only the OC2 is considered (w/c = 0.46).eTiygral boundary conditions are
assumed to be of convective type similarly to thermal boundary ones. Thus, the
convective water mass flug, (kg s* m™) is given by

A :¢h(pg_ IOZXf)n (2.25)

wheregn is the hygral convective coefficienfs is the capillary pressure at the surface in

contact with the environment angf . is a fictitious capillary pressure related to the

ambient relative humidity and temperature (caladatising the Kelvin equation egn

(1.55) inChapter 1). The gas pressu is imposed equal to the atmospheric one since
1 day after the casting
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Figure 2.36 — Saturation degree at different tigmesnerical results). The indicated time is constdesince

the casting of the specimen.
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Figure 2.37 - Relative humidity at different tim@simerical results). The indicated time is consdesince

the casting of the specimen.
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Figure 2.38 — Spatial distribution of the gas puessit different times (numerical results). Thedated

time is considered since the casting of the spatime
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Figures 2.36-37 shows the saturation degree and relative humilitgifferent time
within the structure. The spatial distribution aedhporal evolution of the gas pressure
shown inFigure 2.38 is qualitatively consistent with that obtained &osimilar case by
Mainguy et al. (2001) (sed-igure 2.39). In this interesting article is also shown that
when a higher permeability of the gaseous phasesésl (18 times greater than the
intrinsic permeability to water) the magnitude bktobtained overpressure decreases
notably and the transport of water vapour is enedn€onsequently to obtain the same
experimental results numerically (evolution and tspadistribution of the liquid
saturation degree), the intrinsic permeability o tiquid phase has to be re-identified:
the value found is 60% lower than that identifiesing the model with a unique intrinsic

permeability: 4x13? m? instead of 18* m? (Mainguyet al, 2001).

i
[
e
-
g
[=%
3
w -
E!
(=]
et
I 0 day
0 2 4 6 8 10
Height (cm)

Figure 2.39 - Predicted gas pressure at diffefer@g in an ordinary cement paste (Maingtial, 2001).

The following example is a massive wall with a Kmess of 150 cm. The geometry of the
wall is represented iRigure 2.40.a. As in the previous example for sake of brevityyon
the OC2 is considered (w/c = 0.46). Half of theusture is analyzed (seeigure
2.40.b). The thermal and hygral boundary conditions atdhternal faces are assumed to
be of convective type similarly to the previousesaat theaxis ythe symmetry of the
problem is respected. The structure is assumectated condition during the first 24
hours after the casting, then a convective watev fliquid and water vapour) is imposed
at the external surfaces. The gas presgli®imposed equal to the atmospheric one since
1 day after the casting. For the first week, thmarical results at different times over the
line joining the points C and B (&) are shown irfFigure 2.41.
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Figure 2.40 — Geometry of the massive wall (a)it€ialement mesh of half of the wall (b).
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Figure 2.41 — Numerical results over the ling hat different times (12 hours, 24 hours, 48 hodidays
and 7 days). Relative humidity near the edgediygerature over the fulld (ii); relative humidity over

the full Lcg (iii); degree of reaction near the edge (iv).
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Figure 2.42 — Relative humidity over the lingplat different times: 7 days, 2 years, 4 years,d@e8
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Figure 2.43 — Numerical results from 0 to 7 daystffie points A, B, C and D: degree of reaction (i);

temperature (ii); relative humidity (iii); normaéd gas pressure (iv).
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Figure 2.44 — Temperature in the massive wall@ays after the casting (a); Relative humidity ana 10
years in the proximity of point A (b).
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Figure 2.45 - Numerical results during 10 yearstfierpoints A, B, C and D: degree of reactionr@jative
humidity (ii).
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Figure 2.42 shows the relative humidity overg at 7 days, 2 years, 4 years, 2 years, 8
years and 10 years; from this figure is confirmiedt thygral phenomena are very slow
compared to thermal ones. frigure 2.43 the obtained results are also plotted over the
time (from O to 7 days after the casting) for tharfpoint represented figure 2.40.a.

In Figure 2.44.a the severe thermal gradient established at tws détgr the casting of
the wall can be clearly observdeigure 2.44.b shows the relative humidity after 2 and
10 years of drying in the proximity of the point Bue to drying the hydration in A and B
is inhibited and retarded. This can be seefrigure 2.45.i where the evolution with
time of the degree of reaction from 1 to 10 yearplotted for the considered points (A,

B, C and D). InFigure 2.45.ii the relative humidity is plotted for the same pdri

The decrease of relative humidity and the loss afiewin consequence of drying cause
the drying shrinkage which in the model is compuigdneans of the same constitutive
model already presented for autogenous shrinkage. change in the volume of the
drying concrete is not equal to the volume of watemoved since drying results
essentially in the decrease of the saturation @egfehe porous medium. The reduction
of concrete porosity due to the autogenous anchdrghrinkage is of a lower order of
magnitude (the same of concrete contraction) andasobe neglected in the governing
equation of the thermo-hygro-chemical part of teeedoped modél

Shrinkage is larger the higher the water/cemeno fa¢cause the latter determines the
amount of evaporable water in the cement paste thadmaterial permeability and
consequently also the rate at which water can niowerds the surface of the specimen.
Brooks (1989) demonstrated that shrinkage of cenpastes is proportional to the
water/cement ratio between the values of abouafd20.6. At higher water/cement ratios
the additional water is removed upon drying withagulting in shrinkage. Passing from
cement paste to mortar and concrete experimenidémeses have demonstrated that the
content of aggregate has a critical impact on &age since aggregate particles restrain
the shrinkage contraction; the degree of restrafféared depends on the mechanical
properties of aggregate. In the system aggregatement paste, being in general the
cement paste much more involved by drying and Ehge than the aggregates, the
resulting contraction in concrete is larger thehkeigis the volume of cement paste. Also,
shrinkage consists of an elastic part and a visq@us and so its magnitude depends

primarily on concrete compressibility and on iteep potential.

* This is another way to enunciate the simplificatiypothesis iin Paragraph 1.6.
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Figure 2.46 — Relation between shrinkage and tomedncretes stored at different relative humiditie

(Troxell, 1958). Time reckoned since end of weirtiat the age of 28 days.
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Figure 2.47 — Schematic pattern of crack developmen tensile strain due to restrained shrinkage i

relieved by creep (Neville, 1996).

Clearly the environmental relative humidity is #dernal factor which mainly affects the

magnitude of shrinkage as shownRigure 2.46; this figure illustrates also swelling of

concrete in water (curve with r.h. = 100%): theadbte magnitude of swelling is very

lower than that of shrinkage.

Experimentally, the magnitude of the measuredn&hage varies considerably with the

size and the shape of the specimen and dependieosutface/volume ratio. In fact

moisture loss takes place at the surfaces in contitit the environment. The established

gradient of relative humidity induces fluid flowofn the core of the structure to the

external surfaces, and produces a non-homogenairkkatpe: the contraction is more

important at the dryer external surfaces than & dbre of the structure. In addition to
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drying shrinkage, the surface zone of concrete tguds carbonation and the associated
contraction. Hence, even if drying and carbonatoa& quite distinct phenomena, often
experimental data on drying shrinkage include #igoeffect of carbonation. At the dried
surfaces, the differential shrinkage induces tensitesses partially relaxed by creep in
tension; this latter, if drying in not too rapidagnprevent the development of cracking.
Therefore the cracking tendency depends not onthemagnitude of shrinkage but also
on the rate of the contraction, on tensile streragtth on the extensibility of concrete (of
course in concrete structures cracking tendencgritipalso on the mechanical boundary
conditions which may restrain shrinkage). At eadye concrete properties vary with time
and socracking prevention is very hard to be generalized in a number of giesi
specifications because cracking tendency dependgwaral factord-igure 2.47 shows
the schematic pattern of crack development duedtrained shrinkage with the induced
stress relaxed by creep. Nowadays self-restraihedkage and cracking tendency of
concretes are often studied experimentally by me#rmsring-shaped concrete specimen
restrained by an internal steel ring. This testl$® useful for the analysis of cracking due
to thermal shrinkage and autogenous shrinkage ssivea structures: a thermo-activated
ring reproduces the increase of temperature dtieetdydration process and restrains the
contraction due to autogenous shrinkage and toélecase of temperature which occurs
when the hydration rate decreases and the reagbies towards its end (sBegure 2.48
taken from the paper of Briffaet al. 2011).

(@)

Strain gage

Brass (width: 2cm)

Concrete without hydrous exchange

Figure 2.48 — Geometry of the thermo-activated taxj (a); Cracks due to the restrained autogenous
contraction (b) (readapted from Briffaett al. 2011).

In such a scenario is clear that numerical modetivay be crucial in the prevention of

cracking caused by restrained or self-restraineithisige.
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The first set of numerical results deals with aidgpcylindrical specimen sealed during
the first 24 hours and then drying at the latetafaces only (different environmental

conditions are tested). The geometry of the modslgecimen and the FE mesh are
shown inFigure 2.49. Half of the cylinder is considered and the casealved in axial

symmetry Y is the vertical axis of the cylinder).

(@) (b)

|
|
> <
SO, " SIS

22 cm
11 cm

Figure 2.49 — Geometry (a), and FE mesh (b), otthesidered cylinder. The specimen is sealed dihiag

first 24 hours, then it dries at the lateral sugfaaly.
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Figure 2.50 — Predicted results during 36 monthss bf mass (a), drying shrinkage (b), loss of massus
drying shrinkage curves (c), legend of the grajis (
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U
shrinkage = —=
5 H

Figure 2.51 — Shrinkage measured on the vertidalaithe specimen.

Figures 2.50.a-c show the numerical results during 36 months dftercasting of the
specimen. Four environmental situations are consitiearying the external temperature,
Text, and relative humidityex:: 1) Text = 20°C anthex=50%; i) Text = 40°C anchex=50%;

i) Text = 20°C anthex=70%:; iV) Text = 40°C anchex=70%.

The averaged shrinkage is estimated from verticgllacement of points A ifrigure
2.49 (the point C doesn't move according to the symmefrghe problem). This is
consistent with the experimental measuring methedresented inFigure 2.51.
However shrinkage sometimes is measured at theacmurbf the specimen. The
autogenous shrinkage is removed from the totalraotibn in order to obtain the sole
drying shrinkage.

As expected, with the same external temperatuss, & mass and shrinkage are higher
the lower the external relative humidity is (i.er hex=50%). Interesting is the effect of
temperature. A higher external temperature hasoasegjuence an higher loss of mass
and this means that the mass transport of watenhsnced the higher the temperature.
On the other hand shrinkage is smaller when thereat temperature is set equal to 40
°C. Actually at 24 hours, when the concrete is eggoto the external environment, the
specimen cured at 20°C is much less hydrated thancured at 40 °C and therefore in
this last one the amplitude of drying shrinkagsnsaller. The loss-of-mas®rsusdrying-
shrinkage curves representedHigure 2.50.c are in agreement with literature (Neville
1996), in fact the loss of free water causes ilhtia modest contraction, then as drying
continues the absorbed water begins to be remowednaore substantial shrinkage

occurs.
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Figure 2.52 - Predicted results during 36 monthgtfe reference cylinder (110x22) and the bigger on

(16D%32): loss of mass (a), drying shrinkage @jslof massersusdrying shrinkage curves (c), legend of
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the graphs (d).
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Figure 2.53 - Predicted results during 1080 daysife reference cylinder (11@%22) and the bigger on
(16@x32): loss of mass [% of the initial weight],(&ss of mass[kg/fi (b).

The effect of the surface/volume ratio can be olesgrin Figure 2.52.a-c where the
results obtained with a cylinder 16@x32 are comgbasgth those obtained with the
cylinder 11@x22 (for both casdsx = 20°C andhe=50%). Even if the loss of mass is

more important in the smaller specimen (fegure 2.52.a), shrinkage after a certain

time tends to the same value ($&8gure 2.52.b). On the other hand iRigure 2.52.a

the loss of mass is expressed in terms of percergaghe initial mass of the cylinder.
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Being the initial mass of the two cylinders veryfelient (np = 4.9 kg for the cylinder
11@x22 andmy = 15.1 kg for the cylinder 16@%32) it is interestito plot the loss of
massper nt of drying surface [kg/fi} to understand better the drying process in the tw
cases. This plot is shown Figure 2.53.b over a logarithmic time scale; the graph in
percentage (i.eFigure 2.52.a) is re-plotted over a logarithmic time scaleRingure
2.53.a to facilitate the comparison with the previous ow& can clearly observe that in
the two cases the loss of mg&s square meter of drying surface is not influencedhe
size of the cylinder until one month; then the dgyirate decreases in the cylinder
11@%22.

To test the effect of the shape, a prismatic spegiia also modeled. When the specimens
dry only from the lateral faces, a cylinder and @uase prism have the same
surface/volume ratio if the edge of the square Imsgual to the diameter of the cylinder.
The geometry of the prism and the 3D finite elemmeish are represented kigure
2.54. The specimen has three planes of symmetry, hemgean octave is modeled. The
external temperature and relative humidity are eespely Text = 20°C andhex=50%.
Figure 2.55 shows damage and stresses at 36 months in 1@ pfismatic specimen.
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Figure 2.54 - Geometry (a), and FE mesh (b), otthesidered square prism. The specimen is seakigdu

the first 24 hours, then it dries at the laterafaes only .

In Figure 2.56.a-b the obtained results are compared with that ofcifimder having
the same surface/volume ratio: the differences betwthe two cases is not remarkable
and this means that the loss of mass and the amglibf drying shrinkage depend

essentially on the surface/volume ratio and nathershape of the specimen.
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Figure 2.55 — Negative stresdggqa), positive stresses (b), and damage (c) in the prismatic specimen at

Loss of mass [%]

Shrinkage [um/m]

Figure 2.56 - Predicted results during 36 montingHe reference cylinder (11@x22) and the prismaie
(11x11x22): loss of mass (a), drying shrinkage Ro¢dicted drying shrinkage for the reference cgin
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Concerning the loss of mass, being the differeratevéen the two cases irrelevant when
this is expressed in percentage of the initial Wei§igure 2.56.a), if this is expressed
in kg per m? of drying surface the difference between the twses is also irrelevant
because the specimens have the same surface/vatime

To conclude this group of numerical tests, a cm@l1@x10 is modeled. In this case
even at constant surface/volume ratio the estimstteidkage is lower than in the cylinder
11@%22 because the structural effect is signifigareiduced (se€igure 2.56.c).

The numerical results presented and discussednwiths paragraph are in agreement
with the experimental data of concrete’s bibliognapregarding drying and drying
shrinkage. It can be summarized that the exterglative humidity together with the
external temperature and the surface/volume Yafighe specimen are the key factors
which control the loss of mass and drying shrinkdgeaddition, when the ratio between
the height of the specimen and the characteristigth of the badés lower than 2, the
drying shrinkage can be underestimated if measusaty the method shown kigure
2.51.

2.6 BASIC AND DRYING CREEP

The total strain of concrete can be expressedrasmation of several components: elastic
strain, thermal and hygral strains (autogenous digohg shrinkage) and viscous strain
which is usually is indicated as creep. Creep @addfined as the increase in strain under
a sustained stress. From another point of viewpches also the effect of relaxation: if a
concrete specimen is subjected to a constant stilaén consequence of creep is the
conversion of the elastic strain in a viscous degtion which leads to the decrease of
stress. Being the final creep strain almost twahoee times the instantaneous elastic
strain obviously it cannot be neglected in desifyjoomcrete structures. The mechanism of
creep has not yet been fully elucidated, but a remub aspects have been understood
with time and are explained in the following pag€ke basic creep is the strain of a
concrete specimen loaded in sealed condition. Hewths definition is not completely
exhaustive. In effect the specimen must been itedeeondition but also in internal
hygral equilibrium (not necessary saturated or apecific relative humidity but water

transport must not occur).

® The surface is the drying surface of the analygEetimen.
® The characteristic length of the base is the dianfer a cylinder and the edge for a square prism.
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Figure 2.57 — Time dependent deformation in corcsebjected to a sustained load (Neville, 1996)

If a specimen is drying while under load anothemponent of strain calledrying

creep is induced (in addition to shrinkage). This addil deformation has been
discovered by Pickett (1942). In other word thensation of the basic creep strain of a
sealed specimen, and the shrinkage of the samegdsgecimen (not loaded), is lower

than the total strain of a third identical specindeying and loaded at the same time.
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Figure 2.58 — Creep and creep recovery of a mepacimen loaded with a stress of 14.8 MPa and then
unloaded after 120 days (Neville, 1959).
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Figure 2.59 — Creep of concrete cured at r.h=108928 days, then loaded and stored at differeative
humidities (Troxell, 1958).

This means that creep and shrinkage are not indepeérphenomena and that their
associated strains are not additive (Begure 2.57). Hence distinction will be made
between creep of concrete under conditions of néston@ movement to or from the
ambient medium (basic creep) and the additionaoaused by drying (drying creep).
When the load is removed the instantaneous elastiavery is followed by the creep
recovery, however part of strain remains unrecavenet being creep completely
reversible (residual deformation Figure 2.58). The main significant property of creep
is its proportionality with the applied stress whhe loading stress is less than 1/2 of the

concrete strength (this limit may vary dependingluntype of concrete). After this limit
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value for the applied stress, creep loses the ptiopality with stress because of the

development of severe micro-cracking.

The factors that influence creep are essentially game which impact on shrinkage
strain. This is due almost certainly to the intitcnsonnection of both creep and shrinkage
with cement paste micro-structure and concrete fix.example, similarly to shrinkage,
creep is function of the volumetric content of cainpaste in concrete. Also, creep is
inversely proportional to the strength of concratehe time of application of the load.
The relation between creep and the stress/stremagith has been demonstrated to be
approximately linear (Neville, 1959).

If the specimen is not sealed, the environmentative humidity has an important effect
on creep: generally creep is higher the lower #ative humidity (sed-igure 2.59).
However, this figure is just indicative, because tmportance of the effect of relative
humidity depends also on the size and on the sbbfhee considered specimen. Also, the
influence of relative humidity is much smaller ihet case of specimens which have
reached the hygral equilibrium with the surroundemyironment prior to the application
of the load. Hence it is not the relative humiditat influences creep but the process of
drying which induces the drying creep strain. A temof hypotheses, more or less
plausible, have been proposed to explain the drgnegp but up to now its mechanism
has not been fully understood. Surely drying creapnot be connected with a sort of
consolidation: Maney (1941) had shown experimeynthiht the mechanical load does not
increase the drying rate of a specimen. A probaRfdication is given by Bazarmt al.
(1997) who suggest that drying creep is a stredsiced shrinkage caused by local
movement of water between capillary pores and gekeg the rheological model
proposed by Bazant is one of the most used for tmaderying creep. In this model
creep is explained with the microprestress-sotidiion theory. More in detail basic and
drying creep are associated with the microprestgesserated as a reaction to the

disjoining pressure at the micro level. This micegtress depends on relative humidity

and changes with time; in brief with a constanttige humidity,g—?:o, this model

gives the basic creep, while Wi%:ko and additional strain is computed (i.e. the drying

creep). This model works for the current experirakwases, but even if is clear that

drying creep is associated with drying, experimdrase not clarified if this additional

116



THCM model of concrete at early ages and its exter® tumor growth numerical analysis

strain is related to moisture movement (vapor amad water flows) or to the specimen
desiccation (decrease of the internal relative laityji In fact in some situations we can
have moisture movement without decrease of reldtiwamidity. An example of such a
situation is illustrated inFigure 2.60: with the represented boundary conditions
(constant with time) the hygral equilibrium is aeVed after a certain timeg, which
depends on the thickness of the concrete structaréhis case the hygral equilibrium
does not correspond to a homogenous relative htymiit to the establishment of a
hygral gradient which determines a stationary wétev. Hence if drying creep is only
connected to changes of relative humidity (as i miodel proposed by Bazaet al,
1997) drying creep is exhausted when the hygrailibgum is achieved. On the other
hand if drying creep is the consequence of the tm@gransport, it persists even after the
hygral equilibrium is reached, because of the wtatly water flow. However, similar

cases have not yet been analyzed experimentallg@tite question remains still open.

Load

WL

CoCols rh. = 50%
rh.=99% !'.h.(FO).' 99%

Figure 2.60 — Example of mass transport under hygpailibrium.

As already pointed out, the physical mechanism&asfic and drying creep seem not
sufficiently understood until now. For instance,dompletely dried specimen creep is

negligible or absent, but the intrinsic effect bétwater content on creep has not been

guantified.
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Figure 2.61 - Creep rheological model
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In the present model creep is modeled by means KElain-Voigt chain and two
dashpots combined in serial way (d&@ure 2.61). The first two cells (aging Kelvin-
Voigt chain and one single dashpot) are used topcoenthe basic creep and the last cell
(single dashpot) is dedicated to the drying crdeqirs The effect of hydration is taken
care by relating the material parameters to theedegf reactiorl’. The relationship is
similar to that proposed by De Schutter (1999)thie model is hypothesized that drying
creep is directly associated with the liquid flowthin the porous medium (see eqn
(1.75)). Details about the adopted rheological rhaie given in thesection 1.5.80f
Chapter 1. The intrinsic impact of temperature is not neiblig (see for instanceigure
2.62 which represents experimental results from Arthiaaad Yu (1967)). Temperature
increases creep strains due to the two followingoia (Hauggaar@t al, 1999): i) at
constant temperature, creep strain rate incresdsigher the temperature and this is due
to the decrease of water viscosity with temperatijetransient temperature history
increases also creep strains. The obtained defmnmiatcalled transient thermal creep or

load induced thermal strains.

100 +

0
=

Basic creep strain [um.m!
MPa|

0 20 40 60 80
Time [days]

Figure 2.62 - Basic creep strain evolution forelifint constant temperatures (experimental resdtd@m
Arthanari and Yu, 1967).

Such kind of strain is also observed at very higfngerature (above 100 °C). Bazant

al. (1997) suggest that this strain correspond tondryireep. The effect of temperature
and its correlation with the progression of the Hagidn degree of concrete is broadly
discussed in the work of Benboudjema and Torré@@d8), where a way to integrate the

intrinsic effect of temperature in creep modeliagiso proposed.
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In the first numerical example the cylinder 11@*@@deled in the previous paragraph is
loaded in compression at 7 days with 10 MPa. Themggry and the mechanical
boundary conditions are representedrigure 2.63.a. The concrete is the same used for
the numerical analyses of shrinkage (OC2, w/c £)00.4

Three situations are considered: i) the cylindesealed; ii) the cylinder dries withy:=
50%; iii) the cylinder dries withhexs = 70%. The sole creep strains (shrinkage and
autogenous shrinkage are removed) are plottddigure 2.63.b. In case i) the strain is
only the elastic one + basic creep while in theesag and iii) also drying creep occurs,
since the material is drying while loaded. As expdovhen the specimen is exposed to

hext= 50% creep strain is more important.
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Figure 2.63 — Geometry and boundary condition efrtitodeled case (a); Creep strains in the three

considered conditions (b).
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Figure 2.64 — Basic creep of three specimens loatiédlay, 2 days and 7 days respectively. Thethre

specimens have been unloaded at 30 days.
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In the second example three numerical analysepenfermed: the three cylinders are
loaded at 1 day, 2 days and 7 days respectively,then unloaded at 30 days. This
example is useful to evidence the effect of therele@f reaction and creep recovery. The
specimens are assumed to be in sealed condRigure 2.64 shows that the residual

strain is more important when the cylinder is lahdeearly age (1 day and 2 days).

In the actual version of the model the effect ofiperature on creep is not considered but
will be introduced in a future development of thedwal. Also the effect of aging on the
creep properties of concrete must be investigated nm detail and taken into account in
the definition of rheological model. Therefore, theesent model needs to be enhanced

regarding these two aspects of creep.
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3 VALIDATION OF THE MODEL . TWO REAL

APPLICATION CASES

3.1 INTRODUCTION

In the first chapter the mathematical model of cete at early age, the associated
constitutive equations, and its numerical solutlawve been presented. Then, in the
second chapter the complex behavior of concretdobas analyzed more in detail. Also,
the developed model is used to perform numericalyses of simple cases and the
obtained results are commented and compared dualtawith the experimental data of
literaturé.

Within this third chapter the model is validatedoatingh its application to two real cases: a
massive beam specimen with restrained shrinkagefvem repaired beams (one repaired
using an ordinary concrete, OC, the other usiniper feinforced ultra-high-performance
concrete, UHPC).

3.2 THE CONCRACK BENCHMARK

ConCrack has been an international benchmark for ControCiacking in reinforced
concrete structures. This benchmark is part of mlagional French project CEOS
(Comportement et Evaluation des Ouvrages Speciasa-vis de la fissuration et du
retrait) dedicated to the analysis of the behaviour ofcipheconstruction works

concerning cracking and shrinkage. The modeledtsire is a large beam specimen with

" The experimental results of Chapter 2 are pririgipaken from Neville (1996).
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restrained shrinkageF{gures 3.1, 3.2 and 3.3). This test deals with the cracking
occurring at early age under THM loading and iftuence on the mechanical behavior
of the structure. The massive structure has a apé&mim and the contraction of the
central part is restrained by two metallic strutdah induce cracking at early age.

We can divide the test in three phases.

i) During two days after the casting the structurgristected from drying and
thermally isolated. Therefore, the structure istfsubjected to a THM loading
(self-desiccation and temperature elevation dueytivation).

i) After these two days the isolation and the formwark removed and the
structure is conserved during 2 months in the emwirent. During these 2
months environmental temperature and relative hitynichve been measured.

iii) Finally, subsequent to this THM test, the structhas been submitted to a
static bending test.

During the hardening stage (phases i) and ii))om was instrumented by: temperature
sensors, vibrating cord sensors for local intearad external deformation, internal and
external optical fibre sensor, electrical strainuggs placed on reinforcement bars.
Moreover, during the bending test (phase iii)),0alead and displacement sensors,

acoustic sensors and an image correlation techrmiguwelateral face have been used.

Figure 3.1 - 3D specimen model (a). Photo of tlecspen after the removal of formwork and thermal

isolation (b). Images from ConCrack home page

The test process has followed this schedule:
— 07 April 2010, 10:30: beginning of the casting,(€oncrete = 17°C);
— 07 April 2010, 12:00: end of the casting;
— 09 April 2010, 9:00: prestressing of the “headsthd# structure;
— 09 April 2010, 10:00: removing of the isolation ahé formwork on all the faces;
— 06 June 2010: static bending test;
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3.2.1 Identification of the model parameters
The concrete used in the analyzed structure isG#8D05xoncrete cast with a CEM | 52.5N

cement. The composition is given in the followiagle:

Table 3.1 - Mix design of the concrete used indhleulation

CONSTITUENTS Quantities (kg/m3)
CEM | 52,5N CE CP2 NF Couvrot 400

Sand 0/4 GSM LGP 785

Gravel 4/20 GSM LGP 980
Superplastifiant Axim 4019 5.4

Total water 185

Several tests have been performed by the benchoragnizer§ to characterize the
concrete used to cast the beam. These tests atéauskentify the input parameters of the

numerical model.

Hydration adiabatic testThe hydration adiabatic test has the objectivdotiow the
concrete’s temperature during the cast and maturgthase. The fresh concrete has been

placed in a 300 mm sealed cubic container, theynwdlated (adiabatic conditions).

(a) (b)
360 T 10 1.2
= w =
x 350 1 s w09 L 10 §
g 3407 g 08 +—d—ot— 08 ¥
£ 3301 = 0.7 : 06 @
I% 320 - B S N O N I Coa
a 310 ~--experiment < 0.6 - i i : 04 &
= . —saturation degree
w300 —numerical 2 05 - 0,2 2
[ IE ++++Jas pressure S
290 . . . . ; % 04 . . . [ ‘ 0,0
0 12 24 36 48 60 72 0 12 24 36 48 60 72
TIME[h] TIME[h]

Figure 3.4 - Results of the hydration adiabatit. tediabatic temperature (a). Numerical resultstfer gas

pressure and the saturation degree (b)

There is good agreement between the experimentadgsured temperature and the
numerical one (sed-igure 3.4.a). The only available experimental result is the
temperature, but the numerical simulation gives dlse expected evolution of the
saturation degree and of the gas pressure duringdiabatic test. The cement’s hydration

is accompanied by a decrease in volume which isleuabout 8,7% of the formed

8 All the experimental results shown within this agraph have been obtained by the organizers of
ConCrack.
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hydrates volume (LeChéatelier, 1900). Before theettlgument of a rigid mineral skeleton,
this contraction produces only a small decreasthénexternal volume of cement paste.
After the transition from semi-fluid state to sesohld state I[ > I'o), the decrease in
volume due to hydration is incompatible with themégkible deformation of the solid
skeleton. Therefore in the capillary pores initiadlmost saturated by water, the volume
of gas increases and consequently the gas presisute down (se€igure 3.4.b). The
decrease of the saturation degree causes the aotmyshrinkage. The stoichiometric
approach used in the mathematical formulation efftidration model allows to compute
the autogenous shrinkage mechanically withoutrtb@duction of additional constitutive

equations.

Loss of mass and shrinkage te&titogenous and total shrinkage are determined by a
refractometer with 70x70x280 mm specimens. Threxispens have been made up for

each kind of shrinkage.

160 600
E E 500 |
E 1207 E 400 -
= =
w 80 w [\
) 4o ) 300
§ 40 < autogenous - experiment § 200 - © total - experiment
= —autogenous - numerical Z 100 —total - numerical
o 0 r : . o
I T 0
77} 77}

40 -100
0 10 20 30 40 50 60 0 10 20 30 40 50 60
TIME [ days ] TIME [ days ]
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Figure 3.5 - Comparison of the simulation resulithwhe experimental data for: autogenous shrinKage

total shrinkage (b); loss of mass (c); loss-ofsnassusdrying-shrinkage curve (d).

After the cast, the specimens have been protegteddastic film and kept at 20° for the
first 24 hours. Then the specimens have been rednofvéheir form and transported to the

laboratory. The autogenous shrinkage has been meehsuithout water exchange
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between the specimen and the environment. Forata shrinkage, the specimens are
subjected to the environmental conditions of tHetatory (20°C and 50+5% RH). For

the specimen subjected to the desiccation, thedbgster mass has also been measured.

Experimental and numerical results are showigure 3.5.

Mechanical properties during hydratiolhe mechanical properties of concrete have

been measured at several ages in order to investibair variation during hydration.

Figures 3.6-a-b show the good agreement between experimental mesasand

numerical results.

YOUNG MODULUS [GPa]

(a)

< experiment

—numerical

10

100
TIME[h]
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1 10

100
TIME[h]

1000

Figure 3.6 - Evolution of Young’'s modulus (a), aedsile strength (b) during hydration

Viscous propertiesTo investigate the delayed behaviour of concretaesaylindrical

110x220 mm specimens were cast in the laboratonyiali temperature 17.3°C) and

saved at 20°C.

AXIAL STRAIN [pm/m]

-400
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100
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—--basic creep -
---shrinkage (r.h. 50%) - numerical

—total strain (r.h. 50%) - numerical

numerical

Figure 3.7 - Comparison of the simulation resuliththe experimental data for the creep test

After 48 hours, they have been loaded at 60% ofctimapressive strength measured on

the specimens (Rc = 20.3 MPa => load = 12.2MPag fHst was performed without

water interchange between the specimen and theoemvent (basic creep). The delayed
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creep deformation has been calculated by dedudifatine instantaneous elastic strain
from the total strain measured. The experimental anmerical results are shown in

Figure 3.7.

A lot of parameters are needed to model the beaameSof these are given by the
literature, others, as for instance those of thegity function are given by stoichiometry,
and the remains parameters are identifiedthe previous presented experiments. In the

following table the main identified parameters aggorted.

Table 3.2 - Main input parameters

PARAMETERS SYMBOL UNIT CEOSoncrete
Thermal conductivity (dry ) Aeff [ WImK] 15
Heat of hydration Liyer [ MI/m?] 117
Activation energy EJ/R [K] 5369
ParameteA; in Equ. (1.31) A [ 1/s] 0.15
ParameteArin Equ. (1.31) Ap [ 1/s] 1350
Parametefpin Equ. (1.31) I'p [-] 0.215
Parametefin Equ. (1.31) C [-] 71
Mechanical percolation threshold Iy [-] 0.1
Porosity (final i.e. fol'= 1) n, [-] 0.13
Biot's coefficient (final i.e. fol'= 1) a, [-] 0.33
Intrinsic permeability (final i.e. for= 1) K [m?] 6:10%
Parameteain Equ. (1.52) a [ MPa] 23
Parametebin Equ. (1.52) b [-] 2.1
Paramete€rin Equ. (1.52) Cr [-] 1.1
Parameteri in Equ. (1.52) I [-] 0.1
Young modulus (final i.e. for= 1) E. [ GPa] 394
Tensile strength (final i.e. fdr= 1) fioo [ MPa] 4.65
Poisson ratio (final i.e. fdr= 1) Voo [-] 0.19
Creep cell 1: spring (final i.e. fai= 1) Kocto [ GPa] 24
Creep cell 1: retardation time Thel days 20
Creep cell 3: drying creep coeff. dc [ m*(Pa-kg) ] 1.0 x 10"

3.2.2 Finite element mesh of the structure and boundarnddions
The mesh of concrete consists of 3D elemeRigyre 3.8). To model the steel, truss
elements rigidly linked with the concrete 3D mesh ased. Two truss elements are also

used to model the two struts that contrast shriekahe boundary conditions are
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assumed to be of convective type for both heatraasls exchange. Thus, the convective

heat fluxg, (Wm™2) and convective water mass flgx (kg s* m™2) are defined as:

q, =4, (Ts _Text)n q,=¢ h( P p:eXt)n (3.1)

whereg; and ¢ are the thermal and hygral convective coefficiehiss the temperature
on the surfaceTey is the ambient temperatuigs is the capillary pressure on the surface,
Plex i a fictitious capillary pressure related to theabient relative humidity and
temperature (calculated using the Kelvin equatianyin is the unit vector normal to the

surface (oriented towards the exterior).

(a) (b)
Structure ‘heads’ ‘
Viscoelastic

T

Central part:
Viscoelastic + damage

Figure 3.8 - Finite elements mesh of concreteNi&sh of reinforcement bars (b)

According with the real conditions of the test thphases are considered:

Phasel: structure isolated-or the thermal part, we use two different equintale
convective coefficients (0,73 WHn?and 3,9 W K'm™), in this way we can take into
account the thermal bridge of the lateral isolafiseeFigure 3.9). For the hygral part,

we assume sealed conditions.

Figure 3.9 - Drawing of lateral isolation interragtby formwork reinforcements (ConCrack website®01
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Phase2: structure in the environmeRbr the thermal part, we pass at a uniform thermal
convective coefficient (10,0 W ¥n™?) and we take into account also solar irradiation.
For the hygral part, we use a hygral convectivefiment set to 5.e-14 kg'sm?Pa’.
Phase3: four point bending tegtfter 60 days the structure is submitted to a fpoints
bending test.

3.2.3 Thermo-hygro-chemical results

During the test, the temperature has been measuiezl/eral point of the specimen. For
the first phase (structure isolated) to take intooaint the thermal bridge of the lateral
isolation, two different equivalent convective digénts (0,73 W K'm2and 3,9 W K
'm™) are used. For the hygral part sealed conditioeasssumed.

For the second phase a uniform thermal convectedficient (10 W K'm™) is used and
solar radiation is taken into account. To compine tonvective water mass flux the

hygral convective coefficient is set equal to 5ekfj&* m2Pa™.
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Figure 3.10 - Specimen orientation and surroun@gTemperature after 2,25 days (b). Temperature i

the central point of the beam (c). Hydration dedrethe central point of the beam (d)

3.2.4 Mechanical results and four point bending test
During the first and second phases the longitudthgphlacements of the specimen are

globally restrained by the two metallic struts. Dgrhydration the thermal extension of
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concrete is restrained and so in this phase thenbhgaxially compressed. Then, when
hydration is ended the thermal and hygral contoastiof the beam, due to the decrease of
temperature and to autogenous and drying shrinkagecontrasted and this generates
tensile stresses and localized and diffuse cradhsFigure 3.11.b the relative
displacement between the points C and D is shoemRgyure 3.11.a, for the position

of the two points).
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i I | I R (m) | (m) | (m)
1.26 | 26 | 049
- 126 | 51 | 0.49
25m
(b) (c)
0,8 200
—numerical = x50 s
t 0.4 «---experiment & 0T & | enEreeaf
w
E. O 100 :
o B x —truss 1 - numerical
i ¥ ANMAMAE R ol - ~truss 2 _ numerical
8 04 1 B AFEETIGAR E 0 | | ‘ ; .
<
-0.8 -50
0 o 10 15 20 25 0 5 10 15 20 25
TIME [ days ] TIME [ days ]

Figure 3.11 - Position of the points C and D whéeerelative displacement is measured (a); Relative
displacement between the point C and D (b). Nurakrasults for the axial force in the two metattigss

which restrain shrinkage (positive values indiaaienpression) (c).
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Figure 3.12 - Deformed configuration (x 500) andchdge after 60 days. Face exposed to the sun (a) and

face not exposed to the sun (b)
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Figure 3.13 - Estimation of cracks width two mondlfier the cast for two specimens with differenbamt

of longitudinal bars reinforcement. Specimen 1 meieforced than specimen 2.

In Figure 3.11.c the axial forces obtained numerically in the twetaflic struts are
shown over time; these forces are different becdahseeboundary conditions are not
symmetric due to the solar radiation. This asymynetithe solution is clearly visible also
in Figure 3.12 where damage after 60 days is depicted.

Figure 3.13 shows the cracks’ width two months after the ¢astwo specimens with
different amount of longitudinal bars reinforcemeM/hen the structure is more
reinforced, case 1 iRigure 3.13, the distance between the cracks is smaller Isot thie
cracks widths are generally smaller than in case 2.

After two months a static four point bending testtilurupture has been carried out.
Compression will be assured by eight jacks and dimetrolled by a pressure sensor with
an independent data registration system. The agplied with increments of 50kN and
each loading step is kept during 20 min. For mataits on the analyzed test see the
reference web page of the benchmark (Concrack veeld¥010). InFigure 3.14.a the
experimental crack pattern is compared with thaaioled numerically; a good agreement

can be observed especially in the central pati@beam.
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Figure 3.14 - Comparison between the numericalexpeérimental crack pattern (a). Curve force vs

displacements during the bending test (b).

3.3 APPLICATION TO REPAIRS OF CONCRETE STRUCTURES

Concrete, even if exposed to aggressive envirorsneah have a service life of 50 years
or longer. However, due to workmanship or desigrorer and to the current fast
construction methods, some concrete structuresgbaint in the past and today may
require repairs after as few as 5 years of serais®, change of environmental conditions,
not taken into account during the dimensioning pss¢ may induce extensive cracking.
For example, the total cost for repair, strengthgniand protection of the concrete
structures in the U.S. represents $18 to $21 hilligear (Emmons and Sordyl, 2006).
Stresses induced

by self and —
external restraint

Propagation of
cracking

Drying
shrinkage

2222 A

Reparation material

Drying ==

Old layer

Shrinkage Compression| Tension
Figure 3.15 - Drying cracking due to self and exéérestraint in a reparation (adapted from MoR8Q3)

During the last twenty years great progress has bmshieved in the study and
development of special mortars and concretes fer rigpairs of damaged concrete
structures. The main modes of failure in repairgstate systems are tensile cracking
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through the thickness and peeling or shearing atirtkerface between both materials
(Maurouxet al. 2012, Molez L. 2003, Emmoret al. 1994, Cussoet al. 1996, Saucieet

al. 1997): internal stresses and cracking may be ediuxy the differential shrinkage
between the reparation layer and the repaired mhtérdeed, the development at early
age of the aforementioned stress state is very mgnd heterogeneous in the mortar
thickness igure 3.15) due to the combination of several phenomena, sagh
hydration, drying, evolution of mechanical propesti creep. Therefore, a good
compatibility between both materials has to be exadil for a durable repair: low
shrinkage and Young’s modulus, great tensile stherapd creep strains in tension,
especially.

Lots of experimental studies can be found in therdture on the durability of repairs
regarding: i) characterization of material propestiinvolved in cracking process by
differential shrinkage: autogeneous and drying riétage, basic and drying creep (in
particular in tension), Young’s modulus and tensteength evolutions, influence of
fibers, quality of adhesion (Bissonnegteal, 1995 and 1999); ii) development of devices
to analyze the behavior of repaired systems. Oaenple is the ring-test, which consists
in casting a mortar ring around a metallic ring @faking the substrate rigidity) for the
determination of stresses induced by strain incdibitites during hardening in the
reparation material (Hossa@t al. 2006, Bentuet al. 2003, Briffautet al. 2011). Besides,
several authors designed “real” systems (beammébance). Experiments are performed
in laboratory conditions (temperature and relativemidity, mechanical boundary
conditions) which may be controlled or not. Sinakphenomena involved in cracking by
differential shrinkages are strongly dependenth@sé conditions, but also on specimen
size, such approaches and results cannot be demilyposed to any other conditions.
Hence the experimental approaches can typicallpdoice errors when changing from
laboratory specimens to real repairs cases. A gtiedi (numerical) model, which takes
into account all complex phenomena involved (hydmgtdrying, shrinkages, creeps,
cracking, etc.) needs to be used for such a goal.

The purpose is to show that the developed numemcalel is useful for the analysis of
the thermo-hygro-chemo-mechanical behaviour ofireptaking into account the history
of the repaired material (drying, hydration, shegks, creeps, cracking), realistic casting
and environmental conditions. A numerical tool tedict the expected behavior of the
repairs would be of great help for the industrpwaihg it to improve repair materials and

to design optimal and durable repair solutions.
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Two repaired beams analyzed experimentally by Bad#lasse (2010) are modeled. The
experimental data are used to identify the matgrdabmeters; most of these have been

measured, and all tests have been performed incaettolled conditions.

3.3.1 Identification of the model parameters
The beams were repaired using two different comsretn ordinary concrete (OC) and an
ultra-high performance fiber reinforced concretdHRL). The mix of the two concretes

used for the repairs is reportedTiable 3.3.

Table 3.3 - Formwork and thermal isolation data

CONSTITUENT UNIT oC UHPC
Cement [ kg/m] 276 1007
Silica fume [ kg/mi] 24 252
Gravel [ kg/mi] 980 -
Sand [ kg/m] 875 600
Water [ L/n?] 184 225
Superplasticizer [ L/ 2.50 42
Steel fibers (10 mm) [ % vdl. - 4

To predict correctly the behavior of a concretaicttiral repair the knowledge of the
material properties, in particular those of thetoestion materials is essential. An
exhaustive experimental analysis to identify theperties of the two repair concretes
(shrinkage, Young's modulus, tensile strength, greetc.) has been carried out by
Bastien Masse (2010). On the other hand for thered@ used to cast the beams only the
mechanical properties have been measured. Beiagctimicrete very similar (in term of
mix design) to the ordinary concrete (OC), the chois to assume the unknown

properties equal to those of OC.

340 410
. ]
< 330 - ¥ 390 D/fk
5 320 - 2 £ =0
5 & 350
g 310 - g
3 oc g 30 UHPGC
2 300 - 2 310 }E,Dfﬂmd
290 —_— 290 ———
0 10 20 30 40 50 60 0O 10 20 30 40 50 60
Time [ hours] Time [ hours]

Figure 3.16 - Adiabatic calorimetry test for theotvepair concretes. Experimental (open symbols) and

numerical results (solid lines)
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Figure 3.17 - Shrinkage (a,b) and creep tests:(exgerimental (open symbols) and numerical result

(solid lines) for the two repair concretes

The hydration parameters are identified via senelzatic calorimetry: the fresh concrete
is placed in a quasi-adiabatic calorimeter and ndursix days the evolution of the
temperature is measured (the temperature of therdtdry is 23°C = 1°C). From the
measured temperatures, knowing the calorimeter Ibseat it is possible to compute the
adiabatic temperature (open symbolsHigure 3.16). Figure 3.16 shows also the
numerical results (solid lines) of the adiabatitodenetry for the two repair concretes,
and their fine agreement with the experiments.

Measuring shrinkage is very important because thésfirst cause of repairs’ cracking
(which reduce the service life). The total shrinkkaand the autogenous shrinkage have
been measured in for both the repair concretesn(gyenbols inFigures 3.17.a-b).
Concerning the UHPC, due to the low water/cemetiv r@nd its high cement content,
Figure 3.17.b shows that the autogenous shrinkage is relevashtimmarger than the
drying shrinkage (difference between the totalrdtage and autogenous one). Globally
the UHPC has a total shrinkage potential (autogeneurying shrinkage) almost 1.5
times bigger than the OC.
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Table 3.4 - Parameters of the two concretes ugetthéarepairs.

PARAMETERS SYMBOL UNIT OCepair UHPCiepair
Thermal conductivity (dry ) Aeff [ WImK] 15 1.95
Heat of hydration Liyar [ MJ/m®] 64 230
Activation energy EJ/R [K] 5000 4500
ParameteA; in Equ. (1.31) A [ 1/s] 10 2.0
ParameteArin Equ. (1.31) Ap [ 1/s] 340 17.5
Parametefrin Equ. (1.31) Ip [-] 0.16 0.13
Parametefin Equ. (1.31) C [-] 16 18
Mechanical percolation threshold Iy [-] 0.1 0.1
Porosity (wherl'= 1) n, [-] 0.1439 0.2071
Intrinsic permeability (wheli= 1) . [m?] 8 x 10%* 2.8 x 107
Parameteain Equ. (1.52) a [ MPa] 17.00 58.04
Parametebin Equ. (1.52) b [-] 2.4 2.11
Paramete€rin Equ. (1.52) Cr [-] 1.50 1.50
Parameteri in Equ. (1.52) I [-] 0.20 0.20
Biot coefficient (wherl'= 1) a, [-] 0.68 0.36
Young modulus (wheh= 1) E. [ GPa] 30 36
Tensile strength (wheli= 1) fio [ MPa] 3.0 11.0
Poisson ratio (wheh= 1) Voo [-] 0.20 0.25
Parametef,, in Equ. (1.82) Ber [-] 0.35 0.35
Creep cell 1: spring (wher= 1) Kocto [ GPa] 38 37
Creep cell 1: retardation time Thel days 16 35
Creep cell 2: dashpot (whétF 1) ez [ GPa-days] 9.3x1d 3.5 x 1d
Creep cell 3: drying creep coeff. Jdc [ m%(Pa-kg) ] 3 x 10" 1 x 10"

In Figures 3.17.a-b the numerical results are also reported (soliedji-igures 3.17.c
shows the results of the basic creep test for tGea@d the UHPC. The specimens have
been charged in compression at 7 days with twoewdifft loads; to simplify the
comparison the experimental and numerical resuésshown inFigure 3.17.c in term

of specific creep. Alsarigures 3.17.d shows the numerical results for three OC
specimens charged at 1, 3 and 7 days and dischatg#?0 days. The specific creep
potential and the residual strains (after unloadiage higher when the specimen is
charged at 1 and 3 days as clearly shown in thedigThis typical behavior due to the

evolution of the main mechanical properties dutiygration is taken care in the model
via the evolution of the Young's moduld&(I") (eqn (1.65)) and of the stiffness of the
spring of the first creep cel,, () (egn (1.71)).

The described experiments test are used to caibitee¢ numerical model and the

identified input parameters are summarizedable 3.4.
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3.3.2 Modeling of the two repaired beam and of the refieeeone

Once the model parameters have been identifiedyuheerical simulation of the thermo-
hygro-mechanical behavior of the two repaired beeamsbe performed. The geometry of
the beams is representeddigure 3.18.

For the experiment, three identical reinforced bearare cast. Two of these beams, after
the hydrodemolition of 30 mm of the upper part, Haskn repaired: one using the
ordinary concrete (OC) and the other using theatliigh performance fiber reinforced
concrete (UHPC). The third beam is the referenceciapen. Two fiber-optic sensors
(FO-h and FO-b) were placed inside the beams.

l Symmetry axis
: 120 cm !
3cm Repair 50 cm -
22.5l | A i T e R
cm
! — T-b~ ok
— K
-Pot.

Steel reinforcements  Repair concrete

Bl Ol | - T-b: lower thermocouple
== | -T-h: higher thermocouple
| -Pot: linear potentiometer
D | -FO-b: lower fiber-optic sensor

-FO-h: higher fiber-optic sensor

Figure 3.18 - Geometry of the repaired beams (ygadafrom Bastien Masse, 2010) and associate finite

element mesh

The experiment was realized in a laboratory withtoaled environmental conditions (22
+ 2 °C and 50 £ 5 % of relative humidity). Thedheconcrete of the repairs has been
cured and protected from drying during the first lBfurs. The lateral surfaces of the
beams had been covered using a resin so that skeecaa be analyzed in 2D plane stress
(the lateral surfaces were not thermally isolatad, the thermal aspect has not a critical
impact on thin repairs). The 2D F.E. mesh of theccete consists of 1200 plate elements.
To model the reinforcements, beam elements rigidked with the concrete mesh are
used. The nodes of the mesh of the reinforcemenst imve the same spatial position of

those of the concrete mesh.
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For temperatur@ and capillary pressurg the boundary conditions are assumed to be of
convective type. The convective heat flgx(Wm 2) and convective water mass flay

(kg s* m™) are:
q =4, (Ts _Text)n q,=¢ h( - FfeXt)n (3.2)

where the meaning of symbols is the same of edh).(Fhe gas pressug is assumed
equal to the atmospheric one at the surface of sipecimens. The environmental
conditions of the laboratory and the initial coratis for the two repairs are summarized
in Table 3.5.

Table 3.5 - Environmental and initial conditions foe repairs.

T R.H r
Environment 22°C(x2°C) 0.50(x0.05) -
Repair concretes (initial values 22 °C 0.99 0.00

The full THCM history of the reference beam andtlué two repaired beams, and the
wetting procedure for the preparation of the s#tstare also taken into account; in other
words the numerical simulations start from the iogsbf the three beams.igure 3.19
shows the boundary conditions of the three bearfdand after the repair time which

is indicated in the following as the time “zero”.

Cast of the 3 beams REPAIR &) Repaircured until 90 hours 3 points bending test
230 0 b)  Gravitytaken into account 120
hydration r~1 | | Reference
1 I m - 1
dr : . !
-— —=0 ! ——hydration ' .
at d | | OCrepaired
hydration Tl E =
dr

| FTI hydration
L _._| UHPC repaired
| Time [days] >

Figure 3.19 - Boundary conditions for the referepeam and the two repaired beams before and héer t

repair of the beams. The repair time is the tinre ze
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Figure 3.20 - Relative humidity (a) and (b), antusation degree (c) and (d), for the two repairesas

Because of the two types of repair concretes, tbbaf and local behaviour of the
repaired beams will be very different. For bothesathe relative humidity is continuous
at the interface (sefeigures 3.20.a-b), but there are discontinuities for the liquid pba
saturation degree (sdeigures 3.20.c-d). This discontinuity depends on the different
porous micro-structures (and associated desorpsiotherms) of the new material of
restoration and the substrate. When the repairriahie the same of the substrate this
discontinuity decreases due to hydration and besdameperceptible after 1 month (see
blue lineFigure 3.20.c). If the repair material is different from that thie substrate, this
discontinuity of the saturation degree persisteafter the hydration of the restoration
material. Concerning the analyzed caBégure 3.20.d shows that at the beginning
(dashed and red line) at the interface the sulesisatmore saturated than the repair, but
after the first hours the discontinuity invertscarthe solid skeleton of the UHPC has a
more refined porous micro-structure.

Figures 3.21 shows the numerical and the experimental resudts tlie vertical
displacement of the three beams measured usin{intder potentiometer placed in the

lower middle point of the beams (Pot.Ringure 3.18).

144



THCM model of concrete at early ages and its exter® tumor growth numerical analysis
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Figure 3.21 - Experimental (open symbols) and nigakresults (solid lines) for the vertical dispdaeent

of the middle points of the three beams. The timerd” corresponds to the application of the repairs

Reference Repaired using OC Repaired using UHPC

@ T P

0.0 0.5 1.0

Figure 3.22 - Damage at 5 days (a), at 30 dayar(bh)at 120 days (c) after the repair of two oftikams

(numerical results for a half beam).

In Figure 3.21 a good agreement between the experimental resnttsthe numerical
ones can be observed. The deflection of the refer&eam is mainly due to its weight
and also to the not symmetric position of the steeiforcements: in other words the
shrinkage of the upper and lower part of the beameates an eccentric force which
increases the deflection of the beam. In the reddieams the deflections are accentuated
by the autogenous and drying shrinkage of the frestoration materialgzigure 3.22
shows the damage at 5 days (first line), 30 dagrsof=d line) and at 120 days (third line)
after the repair of two of the beams.
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Figure 3.23 - Horizontal displacemenisati 120 days along the upper face (AB) and lowee {&D) of the

three beams.

These beams had been repaired 30 days after tsting, hence 5 days after the repair
means also 35 days after the casting of the be@umscerning the beam repaired using
the OC (second columnifigure 3.22.a shows that after 5 days there is damage only at
the interface between the restoration materialthadsubstrate, although after 30 days the
whole thickness of the restoration concrete is dppdadue to the contrasted shrinkage.
Differently the third column oFigure 3.22 shows that for the UHPC repaired beam up
to 120 days the damage is localized only at therfiate with the substrate. The horizontal
displacementsi, at 120 days along the upper face (from A to B) tredlower face (from

C to D) are reported ifrigure 3.23. For each of the three beams the lack of evident
discontinuities in the horizontal displacementstioé upper face indicates that only
diffuse micro-cracks caused by the contrasted khge are present. On the other hand in
the lower face, four macro-cracks are clearly olmae from the horizontal
displacements discontinuities. For the referencanrba@nd the OC repaired beam the
maximum cracks’ width is of about 18n while for the UHPC repaired beam is of about

45 pum.
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Figure 3.24 - Mechanical boundary conditions anohgetrical configuration for the three points bemgdin
test (a); Force versus averaged strain of the cesspd fiber optic sensor (b); Force versus dispiaoé

curves (numerical results) (c)

After 120 days from the repair, the repaired beand the reference one are first
submitted to a fatigue test and then to a threatgmnding test until failure. Here only
the bending test is simulated and the imposed kmyndonditions are represented in
Figure 3.24.a. A controlled vertical displacement has been inggos the charged area
(surfaceAq in Figure 3.24.a). Figure 3.24.b shows that experimentally the global
response (in term of force-strain curve) of therefice beam is very similar to that of the
OC repaired beam, and this is confirmed by the migalesimulations. Also the results in
terms of damage for the reference and the OC mxpdieams are very similar (see
Figure 3.25). The analogous bending behavior of these two Baardue mainly to the
fact that the OC repaired beam had been repairgd30ndays after its casting, hence the
substrate was yet saturated (fegure 3.20.c) and the differential shrinkage is not too
relevant. In other words when the three point begdest was performed (120 days after
the repair) no relevant differences can be obsebastdieen the reference and the OC
repaired beams in terms of damage and stressesef@amg the UHPC repaired beam the
increase of the initial flexural stiffness and dfetlimit load observed during the

experiment is qualitatively obtained by the numarimanodel as shown iRigure 3.24.b.
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Figure 3.25 - Damage of the three beams at difféengmosed displacements: 5mm (a), 10 mm (b), 15 mm

(c). Numerical results for the entire beam obtaibgdymmetry
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Figure 3.26 - Cracks width of the UHPC repairednbed 15 mm of imposed vertical displacement.

Numerical results for the entire beam obtainedybyraetry

Indeed UHPC has greater mechanical performance t©&h Similarly to the
experimental crack pattern (insertkigure 3.26), Figure 3.26 shows that not all the
cracks obtained numerically cross the UHPC repdhitness.

As shown within this section, the numerical modeéable to capture the most significant
physical phenomena governing the behavior of caecrstructural repairs. The
experimental results have been successfully regextiby the model which is useful for
completely general repair cases, when experimeanisbe not representative of the real

environmental and casting conditions.
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3.4 CONCLUSIONS

In the first application is shown that the 3D implntation in Cast3M allows to model
properly reinforced concrete structures (Sciuete al, 2012). Moreover the tests
performed by the benchmark organizers to charaetaéhie CEOS concrete allowed the
model validation.

In the second application the model is used to kitauthe behavior of two repaired
beams analyzed experimentally by Bastien Masse0j2@hese beams had been repaired
using two wholly different concretes: an ordinapncrete (w/b = 0.62) and an ultra high
performance fiber reinforced concrete (w/b = 0.ZBhe model is able to simulate
accurately the thermo-hygro-mechanical behaviortrd two considered concretes:
hydration evolution, autogenous and drying shrimkagyeep. Going from the material
scale (experimental tests used to identify therpatars of the model) to the structure one
(modeling of the reference and repaired beamsagapement between the numerical and
experimental results is achieved qualitatively andantitatively. The analyzed cases
confirm that the factors influencing mainly the betour of repairs are: installation and
environmental conditions, the repair's geometry tiedmaterials’ properties. Concerning
the repair material, elastic modulus, tensile gjtierand creep potential impact critically
on the success of a repair. The creep has a vemgriant role because it relaxes the
tensile stress and moderates crack phenomena.

To succeed in simulating the behaviour of concedtearly age many parameters are
needed and the model must be calibrated accuradelyever to identify the main input
parameters only four classical experiments are etteq) adiabatic calorimetry, ii)
measuring shrinkage and loss of mass, iii) Youngluhes and tensile strength values
(possibly also their evolution during hydrationy) icreep test. Therefore even if the
model is quite sophisticated it can be reasonapplied to real cases of interest. This
multiphase THCM model can be applied to very dédfersituations such as massive
structures, repairs, losses analysis in pre-stlessacrete structures, and reinforced
structures in general. Examples of model applicatm practical engineering problems

have been presented, showing the effectiveneascbfa kind of approach.

REFERENCES OFCHAPTER3

Al-Gadhib A H, Rahman M K and Baluch M H 1999 Pwdidin of shrinkage and creep stresses in
concrete repair systerdsCl Mater. J.96 542-551.

149



CHAPTER3 — Validation of the model: two real applicaticases

Bastien Masse M. 2010 Etude du comportement détameel des bétons de réparatitvaster
ThesisUniversité de Montréal.

Bentur A and Kovler K 2003 Evaluation of early agmcking characteristics in cementitious
systemdMater. Struct.36 183-190.

Bissonnette B and Pigeon M 1995 Tensile creep iy ages of ordinary, silica fume and fiber
reinforced concreteSement and Concrete Reseaf(5) 1075-1085.

Bissonnette B, Pascale P and Pigeon M 1999 Infrief&ey parameters on drying shrinkage of
cementitious materialSement and Concrete Resea810) 1655-1662.

Briffaut M, Benboudjema F, Torrenti JM and Naha8@. 1 A thermal active restrained shrinkage
ring test to study the early age concrete behasionassive structureSem. Conc. Resgll
56-63.

Cast3M: FE code developed by the French Atomic AgéGEA) - www-cast3m.cea.fr.

Concrack - international benchmark for Control sa€king in reinforced concrete structures —
Organized within the national French project CE@&wv.concrack.org.

Cusson D and Mailvaganarn V 1996 Durability of iepaaterialsConc. Int.18 34-38.

Emmons P H and Vaysburd 1994 A Factors affectirey drability of concrete repair: the
contractor's viewpointonst. Build. Mat8 5-16.

Emmons P H and Sordyl D J 2006 The State of theexetsm Repair Industry, and a Vision for Its
FutureConcrete Repair Bulletin July/Auguétl4.

Hossain A B and Weiss J 2006 The role of specingamgtry and boundary conditions on stress
development and cracking in the restrained ringG@esn. Conc. Re86 189-199.

Mauroux T, Benboudjema F, Turcry P, Ait-Mokhtar AdaDeves O 2012 Study of cracking due
to drying in coating mortars by digital image cdatemon Cement and Concrete Research
42(7) 1014-1023.

Molez L 2003 Comportement des réparations strulesiren beton : couplage des effets hydriques
et mécanique$hD thesisENS Cachan.

Neville A M 1996 Properties of Concrete — Fouthtledi. Pearson, Edinburgh.

Saucier F, Claireaux F, Cusson D and Pigeon M T9% challenge of numerical modeling of
strains and stresses in concrete refg2ém. Conc. Re271261-1270.

Sciumé G Schrefler B A and Pesavento F 2012 Théygoe-chemo-mechanical modeling of the
behavior of a massive beam with restrained shriak&yoceedings of RILEM-JCI
international workshop on crack control of mass @ete and related issues concerning

early-age of concrete structuré83-144.

150



4 EXTENSION OF THE MATHEMATICAL
APPROACH TO TUMOR GROWTH

MODELING

4.1 INTRODUCTION

Several mathematical formulations have analyzed titine-dependent behaviour of a
tumor mass. However, most of these propose simatitins that compromise the
physical soundness of the model. Here, multiphaseys media mechanics is extended
to model tumor evolution, using governing equatiorsbtained via the
Thermodynamically Constrained Averaging Theory (TIGAA tumor mass is treated as a
multiphase medium composed of an extracellular imgdECM); tumor cells (TCs),
which may become necrotic depending on the nutrdemicentration and tumor phase
pressure; healthy cells (HCs); and an interstftiatl (IF) for the transport of nutrients.
The equations are solved by the Finite Element ateth predict the growth rate of the
tumor mass as a function of the initial tumor-taltiey cell density ratio, nutrient
concentration, mechanical strain, cell adhesion gemwmetry. Within the chapter results
are shown for three cases of biological interesthsas multicellular tumor spheroids
(MTSs) and tumor cords. First, the model is vakdaby experimental data for time-
dependent growth of an MTS in a culture medium. ftreor growth pattern follows a
biphasic behaviour: initially, the rapidly growirttgmor cells tend to saturate the volume

available without any significant increase in oVeramor size; then, a classical
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Gompertzian pattern is observed for the MTS radiaigation with time. A core with

necrotic cells appears for tumor sizes larger ttsdum, surrounded by a shell of viable
tumor cells whose thickness stays almost constaht time. A formula to estimate the

size of the necrotic core is proposed. In the seaase, the MTS is confined within a
healthy tissue. The growth rate is reduced, as eoedpto the first case — mostly due to
the relative adhesion of the tumor and healthysaellthe ECM, and the less favourable
transport of nutrients. In particular, for hostlseddhering less avidly to the ECM, the
healthy tissue is progressively displaced as thégment mass grows, whereas tumor
cells infiltration is predicted for the opposite nclition. Interestingly, the infiltration

potential of the tumor mass is mostly driven by télative cell adhesion to the ECM. In
the third case, a tumor cord model is analyzed g/hiee malignant cells grow around
microvessels in a 3D geometry. It is shown thatdurcells tend to migrate among
adjacent vessels seeking new oxygen and nutridvis. odel can predict and optimize
the efficacy of anticancer therapeutic strategiesan be further developed to answer
guestions on tumor biophysics, related to the &ffe€ ECM stiffness and cell adhesion

on tumor cell proliferation.

4.2 TCAT PROCEDURE FOR BIOLOGICAL SYSTEM

Although TCAT has heretofore been employed pringaiml hydrology, it can impact
tumor modeling in that the underlying physics andtimematics needed to describe
tumors are related. Biological growth also lendselit to modeling using mass
conservation because cells require nutrient inpugriow and divide into new cells.
TCAT provides a framework in which the aspects #irat unique to biological modeling
can be incorporated directly, and the fundamentalsigal laws remain unchanged
whether we are modeling a tumor or an aquifer. Aoidally, if hybrid tumor models are
to be developed in the future, it is essential that relation between the smaller scale
variables and continuum variables be known. TCABuees that these relations are

known.

4.3 CONTEXT AND BIBLIOGRAPHIC REVIEW OF TUMOR GROWTH MOELS

With the aging world population, a surge in caniceidence is anticipated in coming

years, with major societal and economic impact.hvgéiich a scenario, the development
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of novel therapeutic strategies is critical for noying the prognosis, outcome of
intervention, quality of life, and minimizing ecamdical impact. In this context,
computational models for tumor growth and its reseoto different therapeutic regimens
play a pivotal role. Over the past two decades tiplalmodels have been developed to
tackle this problem. As discussed in the comprekiensorks of Rooseet al. (2007),
Lowengrubet al. (2010), and Deisboeak al (2011), three major classes of models have
been proposed: discrete, continuum, and hybrid lsoBéscrete model$ollow the fate

of a single cell, or a small cohort of cells, otiene. As such, they cannot capture tissue
mechanics aspects, nor are the modelled subdomepnssentative of the whole tumor.
However, they explain cell-to-cell cross signalliagpd cell response to therapeutic
molecules (Perfahdt al 2011). On the other hanechntinuum modeldescribe cancerous
tissues as domains composed of multiple homogenfdgdsand solid phases interacting
one with the other. Differential equations describe spatiotemporal evolution of the
system, but no direct information is provided a #ingle cell level (Rooset al 2007).
Finally, hybrid modelsincorporate different aspects of discrete and inanin models,
depending on the problem of interest. For instaheg represent cells individually and
extracellular water as a continuum (Chaplain, 2@0@jerson, 2005, Bearet al 2009).

At very early stages, solid tumors are composed f&w abnormal cells growing within
an otherwise healthy tissue. The vasculature i@y absent, and the tumor cells take
all their nutrients by diffusion from the surroundi tissue. This is defined as the
avascular phaséor a solid tumor. As the mass of tumor cells @ages, the extracellular
matrix undergoes extensive rearrangements witheasad deposition of collagen fibers,
making the resulting tissue thicker and more diftido trespass (Jain, 1999, Jain and
Stylianopoulos, 2010). Also, since the tumor cdilide much faster than normal cells,
the growing tumor mass exerts mechanical stressethe surrounding healthy tissue,
leading to the localized constriction and, at timesllapse of blood and lymphatic
vessels. At this point, the tumor cells are alregdmillions and the malignant tissue has
reached a characteristic size of hundreds of m&crAmecrotic zone appears deep inside,
far from the pre-existing vasculature, and therstigal fluid pressure (IFP) builds up
against the vascular hydrostatic pressure maink tduthe compression of the healthy
tissue, obstruction of the lymphatic vessels andehypermeability of the new blood
vessels. Using proper biochemical stimuli, the turoells recruit new blood vessels
(angiogenesis) to support a continuous transpomnutrients and oxygen. This is defined

thevascular phasef a solid tumor.
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Figure 4.1 — Stages of tumor growth. From the avasdo the vascular stage: angiogenesis (from

Yancopoulost al,2000) (a). Spheroid of 6Q0n diameter stained with Pimonidazole to show regjioi
hypoxia (in brown). Staining starts approximateb@Imm from the surface, and increases in intensity
towards the center with a loosely packed necraiter (from Tupper ét al, 2004) (b). Metastatic stage

and formation of secondary tumor (Permalink, 20€)5)(

Over time, these new blood vessels become als@ferpntial route for the malignant
mass to shed into circulation millions of abnormaells that, transported by the blood
flow, would reach distant sites and lead eventuallthe develop secondary tumors. This
is themetastatic phaseypically occurring for a few solid tumors. THisiefly describes

the multiple phases and stages that characterezewblution of tumors; representations
of these phases are shownHigure 4.1. In this chapter, the focus will be on tumor
initiation, and on a novel continuum model for theolution of avascular tumors.

However angiogenesis is currently studied andnit©oduction in the model is one of the

future objectives.

Most continuum models for avascular tumors describe malignant mass as a
homogeneous, viscous fluid and employ reactiorudiéin-advection equations for
predicting the distribution and transport of nutteeand cells (Rooset al 2007). Cell
diffusion, convection and chemotactic motion areluded, and cell proliferation is
governed by mass and momentum balance equatioesfirffhmodel was by Casciast

al. (1992). More advanced models also included iethalar mechanical interactions
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(pressure, shear, adhesion) and interaction of weth the interstitial fluid pervading the
extracellular matrix. In these cases, momentum noalaequations and constitutive
relations are also required for describing thesstsrain response of each individual
phase. One of the earlier models (Byrne and Chapl#i96) treated the tumor cells as a
viscous liquid and introduced, quite artificiallg, hydrostatic pressure within the tumor
domain representing the IFP. More sophisticated atsodince treated solid and fluid
phases independently. For instance, Raaisal. (2003) modelled the tissue matrix as a
linear poroelastic solid, whilst the interstitidlitl was prescribed to obey Darcy’s law.
Cell growth was incorporated in the stress-stragtationship, still imposing small
displacements. See also Sarntinoramdratl (2003).

Byrne et al. (2003) has proposed a new class of models deiivetthe multi-phase
framework of mixture theory. Mixture theory consist a macroscopic description (level
of observation) of the system where conservatiars lare introduced in analogy with the
balance laws of single bodies. Additional terms areoduced to account for the
interaction among phases. The disadvantage ofasoach is that no connection is
made with the microscopic reality. Interfacial peojges are absent from both
conservation laws and constitutive equations - @ogge deficiency when applied to
porous media (Gray and Miller, 2005). Within thigpaoach the cellular phase (for both
tumor and healthy tissues) is modelled as a viséid and the interstitial fluid as
inviscid. Although, the mixture theory formalissypotent and flexible, major challenges
lie in the treatment of the interfaces arisingdiféerent phases. Traditionally, two classes
have been proposed: the sharp interface methodidming the interface as a sharp
discontinuity; and the diffuse interface methodngidering the interface as a diffuse
zone. The sharp interface approach — difficultmplement for interfaces separating pure
media (interstitial fluid) and mixtures (tumor cedind healthy tissue) — has been followed
by Preziosi and Tosin (2009), and Preziosi andl®ia011). However, necrotic cells are
not distinguished from live tumor cells: tumors anedelled as if necrotic cells are no
longer part of the tumor. They are hinted at ingbarce/sink term but the related balance
equations are missing. Their inclusion would reguaccounting for an additional
interface between living and dead cells, whichas sharp in nature. On the other hand,
the diffuse interface approach introduces an aifimixture at the interface, and the
challenge here is to derive physically, mathemHlyicaand numerically consistent
thermodynamic laws for these interfaces. Wasal (2008), Cristiniet al. (2009); Oden
et al. (2010) and Hawkis Daarugt al (2012) have all followed this approach. However,
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they include only one interface, separating the durcells from the healthy tissue.
Strictly, this is insufficient in the mixture thgoformalism where each interface should
be accounted for throughout the whole computatia@ltahain. The models lack some
rigour because the designation of phases as disfioen chemical constituents
comprising a phase is unclear. Consequently sontleedbalance equations contain terms
that cannot be justified on a theoretical basiesehsimplified approaches lead to fourth-
order-in-space parabolic partial differential egoas, of Cahn-Hilliard type. This entails
some difficulties for three-dimensional solutionghnfinite element methods because
higher order basis functions are needed than inethlen of second order spatial operators
(Gomez et al. 2008). Further, considering more than two or éhphases becomes

cumbersome, especially if a solid phase is included

There is a need for tumor growth models for the atiyits of multiple phases and
interfaces in a physically and numerically sound/wRecently the thermodynamically
constrained averaging theory (TCAT) framework haserbestablished (Gray and Miller
(2005); Gray et al (2012)) for continuum, porous media models that a
thermodynamically consistent across scales. HaeeTCAT formalism will be used for
predicting the growth of tumors under different pimjogically relevant conditions. We
show that second-order differential equations cam@modate more phases than most of
the existing models. The interface behaviour is etled through surface tension (Dunlop
et al. 2011, Ambroset al. 2012) and adhesion (Baumgarteeml, 2000). More than the
60% of the human body consist of fluids and a fabiological tissues can be classified
(and modeled) as porous media. Many porous medidelmoare formulated at the
macroscale, adequate for describing system behawidule filtering out the high
frequency spatial variability. The standard contimumechanics approach to formulating
these models is a direct approach wherein the ceatsen equations are written at the
larger scale and a rational thermodynamic appraackemployed to obtain closure
relations. Although this approach can be mathemaliconsistent, the use of rational
thermodynamics fails to retain a connection betwkeger scale variables and their
microscale precursors (Maugin 1999, Jstual 2001). Thus mathematical elegance is
achieved typically at the price of inconsistentiahle definitions and an inability to relate
guantities at one scale to those at another sd&e.averaging conservation and
thermodynamic equations, TCAT avoids both of thafalls and leads to equations that

are both thermodynamically and physically consisten
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4.4 THE MULTIPHASE SYSTEM

The proposed computational model comprises thewvatlg phases: i) the tumor cells
(TC), which partition into living cells (LTC) andeorotic cells (NTC); ii) the healthy
cells (HC); iii) the extracellular matrix (ECM); dniv) the interstitial fluid (IF) (see
Figure 4.2).

Extracellular matrix (ECM)
| Interstitial fluid (IF)

Living tumor cell (LTC)
Necrotic tumor cell (NTC)
Healthy cells (HC)

Nutrient, Cytokine, ...

Figure 4.2 - The multiphase system within a repredeve elementary volume (REV).

The ECM and IF pervade the whole computational domahereas the TC and HC are
limited only to the subdomains with the tumor mass the healthy tissue, respectively.
The ECM is modelled as a solid, while all other g are fluids. The tumor cells
become necrotic upon exposure to low nutrient coimagons or excessive mechanical
pressure. The interstitial fluid, transporting merts, is a mixture of water and
biomolecules, as nutrients, oxygen and waste ptedua the following mass and
momentum conservation equationgjenotes an arbitrary phasehe tumor cells (TCh
the healthy cells (HC} the extra cellular matrix (ECM), andhe interstitial fluid (IF).

4.5 GENERAL GOVERNING EQUATIONS

The governing equations are derived by averagio fthe microscale to the macroscale
and then using closure techniques to parametehze résultant equations. These
techniques have been employed for transport andhidtiphase systems elsewhere (Gray
and Miller 2009, Jacksomt al. 2009) and the procedure is the same for the durren
system, although the number of phases is diffedmtimportant feature of the approach
is that the interphase contacts are explicitly aoted for.

The ECM is treated as a porous solid and porositgeinoted by, so that the volume

fraction occupied by the ECM iS=1- ¢. The rest of the volume is occupied by the tumor
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cells ¢); the healthy cellss{); and the interstitial fluide{). Indeed, the sum of the volume

fractions for all phases has to be unit

e+eh+et+e' =1 (4.1)

The saturation degree of the phaseS§¥s:’/e . Indeed, based on the definition of porosity

¢ and volume fraction” in egn (4.1)t follows that

S"+S+ $=1 (4.2)

The mass balance equation for an arbitrary phasesed on application of the averaging

theorems is written as

0 (4.3)

K-a

wheres” is the volume fractiory” is the densityy? is the local velocity vectof are

the mass exchange terms accounting for transpomasfs at the interface between the

phasesc anda, and Z is the summation over all the phases exchanging ratghe

K o
interfaces with the phase However, if the interface is treated as masskbgstransfer is
to the adjacent phases, designatex. @& arbitrary speciesdispersed within the phase
has to satisfy mass conservation too, and there¢fardollowing equation is derived by

averaging

ia-ik

wm(gapﬂayw}m(fﬂwuv—) & 1% ;Mz 0 (4.4)

wherew'™ identifies the mass fraction of the spedieispersed with the phase £7r@

is a reaction term that allows to take into accdbetreactions between the specgiesd

the other chemical species dispersed in the phased ui’ is the diffusive velocity of

the species

In particular, the mass conservation equation efrthtrient speciesin the IF (phasé)

reads
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6(£I,O|CJT)
ot

- - - = il it
+m(e' PV (é,bc'bd ME O (4.5)
where it is assumed that no chemical reaction sceuthin the phase and that the
exchange of mass in the liquid is only with the turphase. Summing eqn (4.5) over all

species gives

6(5'/))
ot

+D1](e'ﬁ\/)k M= 0 (4.6)

where

| ot il it

M=> M (4.7)

Note that the mass exchange from the liquid tottimor is actually to the living cell

(LTC) portion of the tumor phase. The necrotic ortof the tumor is inert and does not
exchange any nutrient with the IF. Also there isneed to make a distinction between the
solvent part of the liquid phase and any of thesalieed species. All species are in the
liquid phase. However, due to the relatively lomcentrations of chemicals, the solvent
phase is the dominant species and hence the giblyaical properties of the IF, such as

density, intrinsic permeability and dynamic visd¢psire essentially those of the solvent.

The tumor phasé comprises a necrotic portion with mass fractiof and a growing

phase with living cells whose mass fractiorlisw"'. Thus the conservation equation for
each fraction would be similar to egn (4.5). Assugnihat there is no diffusion of either
necrotic or living cells, and that there is no exuatpe of the necrotic cells with other
phases the mass conservation equation for the tireepantion reads as

M_'_[H](gtptaj\ltvt)_ drve o (4.8)

where'r Mt is the rate of death of tumor cells, or in otherds the rate of generation of

ISt
necrotic cells. Differently than a mass exchange teetween phasedA in eqn (4.6) for
instance), the reaction tergir™ is an intra-phase exchange term. The mass balance

equation for the living tumor cells is given as
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()[et,ot gl— w'“)}

+D]][£tpt (} az’“)vi}r £V M= 0 (4.9)

|-t
where M includes the exchange of nutrients and solveninfitbe IF to the tumor.
Summation of these two equations yields an ovenals conservation equation for the

tumor phase as

t At
a(ztp)+D]](£‘,0‘v‘ ll\?lt: 0 (4.10)

We can expand eqgn (4.8) by use of the productantesubstitute in eqn (4.10) to obtain
an alternative form of the necrotic species equadi®

t tac")’\li toAty,t t i N
E'p Ths,ov Ma'% J"M- =0 (4.11)

For the ECM and HC, the mass conservation equagoomes respectively

0 (esps)

S Dﬂ(eSpS\fS): 0 (4.12)
0(‘5;,0“) . D]](EhphVB): 0 (4.13)

For the ECM and the HC phases no mass exchangpested with any other phase

The momentum equation for the arbitrary phasiacluding multiple specieis is

o(e p?v* o _
—( 5 )+DD(£”p”v”v”}D]] (‘s”t”i) w10
- p'g - Y Eﬂz ikl\ﬁivaxﬁ +K:|'aj =0

KD X

ik sia

where gz’ is the body forceM, v? represents the momentum exchange fromxttethe

K->a

a phase due to mass exchange of spe'r;iéé is the stress tensor and is the
interaction force between phase and the adjacent interfaces. When the interface
properties are negligible, this last term is simghlg force interaction between adjacent

phases. Given the characteristic times scales ¢hand days) of the problem and the
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small difference in density between cells and ageemlutions, inertial forces as well as

the force due to mass exchange are neglectedtitausomentum equation simplifies to

—DD(g”t”)— “hd- Y T=0 (4.15)

&I o,
From TCAT, seéAppendix A, it can be shown that the stress tensor for a filnase is

of the formt‘; =—p1, with p* being the averaged fluid pressure dnthe unit tensor,

and that the momentum balance equation can beifigdpb

£Op% RO(V- v¥E 0 (4.16)

whereR" is the resistance tensor.

4.6 CONSTITUTIVE EQUATIONS

No special assumption has been made yet for thstiaative behaviour of the different
phases, except for the fluid phases described by446). In this paragraph, constitutive
relations are explicitly presented for describipghie tumor cell growth and ii) the tumor
cell death, as a function of the nutrients’ masstion and local mechanical stresses, for
egn (4.6) and egn (4.8), respectively; iii) theeraf nutrient consumption from the IF, in
particular, to the living tumor cells, for eqn (4.%) the diffusion of nutrients within the
porous ECM, for eqn (4.5); v) the interaction foemaong the phases, for egn (4.15); vi)
the mechanical behaviour of the ECM; and vii) tifeecential pressure between the fluid

phases.

The formulation presented in the above paragraphbeafurther simplified by assuming

that the densities of the phases are constantqual e

0 =p"=p'=p =p=consi (4.17)

4.6.1 Tumor cell growth.

This is regulated by a variety of nutrient speaesl intracellular signalling. However,
without losing generality, in the present model simggle nutrient is considered: oxygen.
The case of multiple species can be easily obtaased straightforward extension of the
current formulation. Tumor cell growth is relatedthe exchange of nutrients between the
IF and the living portion of the tumor. Therefoleetmass exchange term in eqgn (4.6)
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represents tumor growth and, similarly to a parthef relevant equation in Preziosi and
Vitale (2011), takes the form

M =Y M {V<%> H (P - pt)}a-af“)rfs (418)

env crit

where the coefficienléWh accounts for the nutrient uptake and the consummiavater

needed for cell growth from the IRy" is the local mass fraction of the nutrient, a

fundamental variable in the problemf), is a constant critical value below which cell

growth is inhibited; and the constanf,'1V is the environmental mass fraction of the
nutrient. Also,p' denotes the tumor cell pressure aitgl critical value p., above which
growth is inhibited. The Macaulay bracke(ts>+ indicate the positive value of its
argument. Note that, since the local nutrient niession «" within the tumor domain
can be equal or smaller thaﬁﬂv, it derives that the non-negative part of the argat of

the Macaulay brackets varies betweend' € «f' ) and 0 @" < of', ). Consequently the
growth rate for the viable tumor cells could at s equal to)goun - Also in eqn (4.18),

H is the Heaviside function which is zero fpr> g, and is unity forp' < g, . Note

Nt Nt

that o = ’Ot is the mass fraction of tumor cells that are necra@nd hence

£'p

(1- ') eS! is the volume fraction of viable tumor cells.

4.6.2 Tumor cell death.
The rate of tumor cell death in egn (4.8) can kscdked by the relation

‘gtrNt :|:_yrt1ecrosis<aaj):]| __Cﬁ > +6tr:H (pt _ptnec):|(1_(‘}\“) ‘SSt (419)

‘env crit

where V,ﬂemosis is the rate of cell death. All the other terms sirailar to those presented

in egn (4.18). However, the negative part of thguarent of the Macaulay bracke(s>_

is considered. Alsop,t1ecr is the pressure above which the tumor stress tiast ®n the

cell death rate, and, is the additional necrosis induced by a pressuoess. Note that

162



THCM model of concrete at early ages and its exter® tumor growth numerical analysis

the mathematical form of eqn (4.19) is very simiiaregn (4.18) in that cell death is
assumed to be solely regulated by insufficient eatr@tion of nutrients (oxygen) and
excessive mechanical pressure. No drugs or otleeapoptotic molecules are used in the
present model, but egn (4.19) can be readily medlifo include also this contribution.
Mathematically, a therapeutic agent or drug wowddtdeated just as a ‘nutrient’. Effects
of cells membrane rupture and consequent tran$fieguod from the tumor cell phase to
the interstitial fluid has been not yet includedhe model. These aspects will certainly be
included in future extensions of the current commpanal model. This will be also
connected with the release of chemo-attractants aunbdsequent infiltration of

macrophages. As such, these aspects can influeadedal interstitial fluid pressure.

4.6.3 The rate of nutrient consumption.
As tumor grows, nutrients are taken up from thedRhat the sink term in eqn (4.5) takes

the following form

nl-t nl - nt — aﬁ_ag'lit ¢ . — T CJH ;
M =M { <—aﬁ_ a}g,m>+H(pm—p)+;€' Sm(E@H (1-d'") €S (4.20)

Nutrient consumption from IF is due to two conttion namely i) the growth of the

tumor cells, as given by the first term within thguare brackets in egn (4.20); ii) the

normal metabolism of the healthy cells, as preskmehe second term. Indee}zﬂOvvth is

related to the tumor growth, as discussed abovereds the coefficienl%i relates to the

normal cell metabolism. Being the nutrient masstioam & in the tumor extra-cellular
spaces always equal to or smaller th{h, the argument of the sine function varies
betweeny/2 and 0. The part of consumption of oxygen relatethe cells metabolism

depends on the oxygen availability and becomeswblen the mass fraction of oxygen is
zero; this allows having always positive valueshaf local mass fraction of oxygen since
negative values have not physical meaning.

4.6.4 The diffusion of nutrients through the ECM.

To approximate the diffusive flux in eqn (4.5), Ficlaw is used pad'u’ =-D" p0

). The effective diffusion coefficient of nutrientsthe extracellular spaces is given as
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Dy =DJ' (es')’ (4.21)

where Dg' is the diffusion coefficient in the unbound intéral fluid and ¢ is a constant

coefficient greater than one which takes into aotdlie tortuosity of the porous network.
Actually the effective diffusion coefficient of oggn has not a linear dependence on the
volume fraction of the IF, because it depends an ¢bnnectivity grade of the extra

cellular spacesi is a parameter that has to be calibrated expetatign

4.6.5 The interaction force among the phases.

R" of egn (4.16) is the resistance tensor that adsofor the frictional interactions
between phases. For example, porous medium flaavsirigle fluid encounters resistance
to flow due to interaction of the fluid with thelgb If one has to model the flow at the
microscale, a viscous stress tensor within thedfiphase would be employed. At the
macroscale, the effects of the viscous interaci@accounted for as being related to the
difference in velocities of the phases. The cogdfit of proportionality is the resistance
tensor. In multiphase flow, resistance tensors nigstdeveloped that account for the

velocity differences between each pair of phaseg &.14) contains the interaction

K-a

vector T that arises between each pair of phases. In thenfiglementation of the
TCAT analysis, the simplest result is that thistweds proportional to the velocity
difference between the two indicated phases with tésistance tensor being the
coefficient of proportionality. In the present Jiers of the model, the interaction force

S->a

T between the fluid phase and the solid phase(the ECM) is explicitly taken into

account while the macroscopic effect of the inteoacforces between the fluid phases

I-t 1-h t-h
T, T and Tis taken care of through the relative permeabkify. The form of(R")_1

is here assumed following the modelling of multipddlow in porous media (Lewis and
Schrefler, 1998), that is to say

(R7)" = kak ™ (a=h,t,1) (4.22)
w(€)

where k“® and (' are the intrinsic permeability tensor and the dmyita viscosity,

respectively. Since there is no information avddabbout this relative permeability
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which is a nonlinear function of the saturation aadies between 0 and 1, the following
form is assumed

ke, =(s7)’ (@=htl) (4.23)

rel

Eqgn (4.23) respects the constraili k7, <1 and gives realistic results in agreement

a=h,t,l
with the classical models present in the literaturgorous media mechanics (Brooks and
Corey (1964), Coreyet al (1956), Van Genuchten.(1980)). A more accurate

determination ofk?’ should derive from specific experiments or by tipplEation of

rel
Lattice-Boltzmann modelling or analysis of micro-dets. By introducing (22) in (16),

the relative velocity of the phasas derived as

7o = KK = htl
Vv T D (e= htl) (4.24)

The intrinsic permeability tens@f® of the interstitial fluid phase is constant anatrispic.

Experimental evidence confirms that cells wouldy sta contact with the ECM if the
mechanical pressure gradients exerted over thehkale are smaller than a critical value
(Baumgartneret al. 2000). For this reason, for the healthy and tuoedls the intrinsic
permeability tensors (i.&k" andk®™) are isotropic but not constant, and are computed
using the following equation

ks =max ks( 1- ,k—s (a=ht) (4.25)
Op| /" 100

This represents in mathematical terms the factifralls adhere firmly to the ECM, the

phase permeability within the ECM is reduced. ThHaimum value of the permeability
(set equal t&”s/loo) eliminates the indeterminacy in the c@ﬁp"f a,, contained in
the approach of Preziosi and Tosin (2009). Thiansanalogue in fluid dynamics to the

stick-slip behaviour in contact mechanics (Zavaesal, 1992).

4.6.6 The mechanical behaviour of the ECM.

The closure relation for the stress tensor actmghe ECM (sole solid phase) is
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S _4s
teff _ttot

+apl (4.26)

with tiﬁthe effective stress tensor in the sense of ponoedia mechanics and the solid

pressurg® given as (Gray and Schrefler, 2007)

P =x"p"+x'p+x'p (4.27)
wherey” is the solid surface fraction in contact with tiespective fluid phase, known as

the Bishop parameter. This parameter is a funaifdhe degree of saturation and is taken

here equal to this last one (i.g" =S"). The Biot coefficienty is equal to 1 because of

the incompressibility of the ECM. Indeed, this doest mean that the ECM cannot
deform. The constitutive behaviour of the solid gihas that of an elasto-visco-plastic

solid in large deformation regime. (Zienkiewicz aralylor, 2000).

4.6.7 The differential pressure between the three fllhdges.

The differential pressure between the fluid phases different concept from the
interaction forces dealt with in section 3.2.5.binmef, the interaction forces are in play
when there is flow. The different velocities ofetldifferent phases set up resistance
forces between the phases. These are the interdotices discussed above. Differential
pressure, on the other hand, can exist even afilegun. It is not related to flow
processes but is a statement that the pressuradjacent phases can be different. In
multiple fluid flow in porous media, this differemdn pressures can be attributed to the
curvature of the interface between fluid phases tanthe surface tension. In the tumor
system, the interfaces between phases are alsbleapfasustaining a jump in pressure
between phases. In fact cells have surface tensidoh influences their growth and
adhesion behaviour (Dunlagt al. 2011, Bidaret al. 2012, Ambrosket al 2012). At the
microscale, the pressure difference between tHephakes and the fluid phases is equal
to the interfacial tensions,, multiplied by the interfacial curvature. Afteatrsformation

to the macroscale, a macroscale measure is neededsarrogate for the interfacial
curvature. In porous media analyses, a surrogatééopressure difference between fluid
phases is proposed heuristically as a functiorheffluid saturations (e.g., Brooks and
Corey 1966, van Genuchten 1990). The cell presbemmes very large when the
available pore space is occupied by the cellsyirenS tends to zero. This behaviour is
depicted inFigure 4.3. The following equation is proposed as a modeltlier pressure
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difference between the interstitial fluid phasessteep' and those of the cell phasg's

andp”

NAp=p-pg=p-p atan[ (S+S)} (4.28)

whereo; andb are constants. The use of egn (4.28) to accouthieatnacroscale for the
curvature of the interface between the phases ispproximation that assumes the
distribution of the cells within the pore space slo®t impact the pressure difference
between the phases. This expression can be reinezbquently in light of experimental

analysis.

25

20 /
15 /

10 /
5

/

Ap [mmHg]

0
0,0 0,2 0,4 0,6 0,8 1,0

sh+s[-]

Figure 4.3 - Pressure difference - saturationimiahip.

4.7 FINAL SYSTEM OF EQUATIONS

The primary variables of the model are: the tumatumation -S', the healthy cell
saturation S", the IF pressure P, and the nutrient mass fractiomo™ , together with

the displacement of the solid phase (ECM) The time derivative of the latter is the
ECM velocityv®. After substituting for the explicit form of th@wstitutive equations, the
final form of the governing equations is obtaindthe mass balance equations of the
ECM, TC, HC and IF are, respectively:

0(1—5)+ ou®
— m[(} £)— m } 0 (4.29)
a(;g)+m](£s‘ } [ﬁg pj 19:V;h (4.30)
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d gSh s hy, hs
( )+Dm[gs“al}m] [—Qkfe"ﬁ rﬁj 0 (4.31)
ot ot Y7
9(es) au® KL K" 1
+| €S M| =58 p M (4.32)
ot ot Y7} pgrowth

Summing egs (4.30-32), using the constraint eqnatim porosity and saturation, gives

oG pm (5 vl (S ) (8= 6] o e

The mass fraction of the necrotic cells is obtaiftech eqn (4.11) as

t L ] ]
0N _ = [etr“‘t—(w”‘ M j—(estpvt)ﬂﬂai“} (4.34)
ot ESp growth

The mass balance equation of the nutrient, usiegRitk’ Law to approximate the

diffusive velocity (0 &J'u’ = -D" 40dJ ) and assuming eqn (4.17) is:

(gsldl)m(es'w'v}un(.sg,@ ap M (4.35)

Expanding eqn (4.35) by use of the product rule ambstituting eqn (4.6) gives an

alternative form of the advection-diffusion equatiaf the nutrient species:

nl -t

es 09 _ m(es gp (aﬁ'#/l M—j eSIM @ (4.36)

The linear momentum balance of the solid phaserateaform (Schrefler, 2002) is

ots s
m{a—iﬁ— aari 1} 0 (4.37)

where the interaction between the solid and fluidslusive of the cell populations, has

been accounted for through the effective stresgipie, i.e., eqs (4.26-27).

Finally for the solid phase the constitutive redaship between the effective stress:Z@s
and the elastic straing,, which is the difference between total stra@isand visco-

plastic strainsg],, reads as
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(4.38)

- ot ot

Oty _p 06 _ [0€° 08y,
ot ° ot °

where Dy is the tangent matrix containing the mechanicapprties of the solid skeleton.

The elasto-visco-plastic behavior of tumor is cotie under investigation; an more
exhaustive description of the mechanical model bélpresented in the future being the

enhancement of the mechanical part of the modekisort time objective of the research.

4.8 SPATIO-TEMPORAL DISCRETIZATION AND COMPUTATIONAL PROCEDURE

The weak form of equations (4.30), (4.31), (4.38)36) and (4.37) is obtained by means
of the standard Galerkin procedure and is therrelized in space by means of the finite
element method (Lewis and Schrefler, 1998). Intixgman the time domain is carried out

with the generalized mid-point rule where an imiplzocedure is used. Within each time
step the equations are linearized by means of #wetdh-Raphson method. For the FE
discretization the primary variables are expressedrms of their nodal values as

a"(t)  S(PONS()  S(P NS()

o' (t) ON,
(4.39)
_ INT

wherea®” (t), S(t), S'(t), pi(t), T(t) are vectors of nodal values of the primary

|
variables at time instamtandN,, N, Ni, N;, andN, are vectors of shape functions related

to these variables.

For the solution of the resulting governing equadioa staggered scheme is adopted with
iterations within each time step to preserve thepted nature of the system. The
convergence properties of such staggered schenvesbegn investigated by Turska

al., (1994). In particular, for the iteration convemge within each time step a lower limit
of At/h* has to be observed. Such a limit has also beerdfby Murthyet al, (1989) for
Poisson equations and by Raeikal. (1983) invoking the discrete maximum principle.
The existence of this limit means that we cannotigiish at will the time step below a

certain threshold without also decreasing the efdrsiee.
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MODULE 1
Nutrient mass MODULE 2

fraction

Phases saturation and
W, nl interstitial fluid pressure

St Sh pl
go to next step \NO J
- MODULE 3

k[ Residuals ]

controls Solid phase
displacement

vector
N— .

Figure 4.4 — Computational procedure implementeQasat3M.

Three computational units are used in the staggechdme: the first is for the nutrient

mass fraction, the second to comp8teS', andp', and the third is used to obtain the
displacement vectau®. Within each coupling iteration, eqn (4.36) isv&al for the mass
fraction of the nutrientJ” . Then the group of eqs (4.30, 4.31, 4.33) is gsbivea fully
coupled way forS, S, p'. In this second computational unit, at each iterat the

approximate solutior§ , ", p! is used to update the mass fraction of the nectothor

cells a)l'“, egn (4.34), the mass exchange term, eqn (4.08)tlee reaction term, eqn

(4.19). Once convergence is achieved for the secontputational unit, the pressure in
the cells phases (given by eqn (4.28)) is usediopute the solid pressure, eqgn (4.27).
The solid pressure is needed to solve the momebalance equation (egn (4.37)). Once
convergence is achieved within a time step the g@ore can march forward. The
computational procedure is representeBiigure 4.4.

Taking into account the chosen staggered scheradijrtal system of equations can be
expressed in a matrix form as follows, where sorhé¢he coupling terms have been
placed in the source terms and are updated atitemation to preserve the coupled nature
of the problem.

0X

o (X)E+Kij (x)x =f, (x) (4.40)

With
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c, 0 0o 0 O
O Ctl Clh Cﬂ 0
C;={0 G C, C O
o ¢ ¢ ¢ 0
O 0 0 o0 C,
(4.41)
K, O 0 0 O f,
0 Ktt K th K tl O ft
Ki=l 0 Ky, Ky K, 0], f.=f,
0 K, K, K, 0 fi
0 0 0 0 O f

where x" :{(T)m,ét,_S“,Td ,T.f}. The non linear coefficient matric&; (x), K, (x) and

f, (x) are given in thé\ppendix D.

The modular computational structure allows to tete account more than one chemical
species, simply adding a computational unit (edemato the first one used for the
nutrient) for each of the additional chemical speaonsidered.

The procedure has been implemented in the code GMJMttp://www-cast3m.cea)fiof

the French Atomic Energy Commission taking advamtaf) previous work done on

modelling concrete at early age (Gawinal, 2006). There is a striking analogy between
the two physical problems (concrete hydration anddr growth) as far as the balance
equations are concerned. In both we have one pblide and immiscible fluid phases

together with reactions and mass exchanges.

4.9 THREE APPLICATIONS OF BIOLOGICAL INTEREST

The computational framework above has been apptiesblve three cases of practical
interest: i) growth of a multicellular tumor sphetdMTS) in vitro; ii) growth of a
multicellular tumor spheroid (MTSh vivg, and iii) growth of a tumor along micro-
vessels (tumor cord model). For all cases, the traf the tumor mass, including the
necrotic mass and living tumor cells; and the camsion of nutrient (oxygen) are
analyzed over time. A direct comparison with exmemtal data is presented for case i).
The extracellular matrix (ECM) is assumed rigid &irthree cases. This assumption will

be relaxed in future studies. Results are presentégtms of volume fractions!, c" and

¢, pressuresp®and p', and mass fraction of oxyg@.

171



CHAPTER4 — Extension of the mathematical approach to tugnowth modeling

4.9.1 Growth of a multicellular tumor spheroid (MTS) iitre

MTS can be efficiently used to study timevitro growth of tumors in the avascular stage.
The tumor size can be easily measured experimgntalhg microscopy techniques and
can be predicted quite accurately by analytical @mputational methods. Here, the time
evolution of a MTS is considered, assuming that ¢le#ular mass is floating in a
quiescent, cell culture medium. The geometry anghdary conditions of the problem are
described inFigure 4.5. Modeled as a half sphere imposing cylindrical sygtry the
MTS comprises three phases: i) the living and rtectamor cells (LTC and NTC); ii)
the extracellular matrix (ECM); and iii) the intét&l fluid (IF). At time t = O h, these
phases coexist in the red area showhiigure 4.5, having a radius of 50m. Within this
region, the initial volume fraction of the tumorllse(TC) is set to 0.01; whereas the
volume fraction of the ECM is set to 0.05 throughthe computational domain. Note
that, assuming a characteristic cell diametetGofim, the initial number of tumor cells in

the red area would be ~ 10.

Cylindrical Boundary 1:
symmetry axis

Type: Imposed values

0" =0 =7.0-107
B1 e =1-£=0.05
g"=eS"=0.00
B2 &' =&5" =0.00

p' =0 mmHg

Boundary 2:

Type: Imposed fluxes

i Due to the
. B2 symmetry of the
A EE—— : problem there are

S0 um 1000 um no normal fluxes.

Figure 4.5 - Geometry and boundary conditions foMA'S (red) in a medium (not to scale).

Table 4.1 - Initial conditions for an MTS in a meudi.

& Py eh pl ™
Red zone 0.05 0.01 0.00 0.00 7210
Blu zone 0.05 0.00 0.00 0.00 790
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Table 4.2 - Input parameters used to simulatditbiecase

Parameter Symbol Value Unit
Density of the phases P) 1000 kg/nt
Diffusion coefficient of oxygen in the interstitifitid DY 3.2.10° mé/sec
Coefficients (eqn (4.21)) 0 2.00 —
Intrinsic permeability for interstitial fluid phase K 1.8-10 m’
Intrinsic permeability for tumor cell phase K- 5-10% m?
Adhesion of tumor cells (to ECM) a 1-16 N/m?
Growth coefficient of tumor cells (eqn (14.8)) y;ruwth 0.016 —
Critical mass fraction of oxygen (egs (4.18,4.20)) wfﬁi, 3-10° —
Critical pressure for cell growth (eqs (4.18,4.20)) Pl 1330 Pa
Necrosis coefficient (eqn (4.19)) Veerosis 0.016 —
Cells pressure above which necrosis occurs (ed®)y. Phoer 930 Pa
Pressure dependent additional necrosis (eqn (4.19)) &, 5.10* —
Consumption coeff. related to growth in eqgn (4.20) VZZOM 4.10* —
Consumption coeff. related to metabolism in eq@@}. V’,“? 6-10* —
Coefficients. in eqn (4.28) O¢ 532 Pa
Coefficient b in eqn (4.28) b 1 —

The blue shell ifFigure 4.5 - the cell culture medium surrounding the MTS this rest

of the computational domain up to 1,00®. These initial conditions are summarized in

Table 4.1. At the outer boundary (B1), the primary variabfs " and p are fixed

with time (Dirichlet boundary conditions). At thegmsmetry boundaries B2, zero flux
(Neumann boundary conditions) is imposed for & pinases. The atmospheric pressure

is taken as the reference pressure. In this exaropygen is the sole nutrient species, and

its mass fraction is fixed to bef’ =7010° at B1 and throughout the computational

env

domain at t = 0 h. The non-apoptotic cell deatk ratcalculated by eqn (4.19), where the

critical value of the oxygen mass fraction is gi\hgnaﬁ =3[10°, and the cell pressure

crit
above which the cell death rate increasep,js. =930 Pz The necrotic regions are those

) Nt Nt
where the mass fraction of necrotic cetl8' = A5 exceeds 0.%All other governing

parameters are listed Trable 4.2.
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Figure 4.6 - (a) Volume fraction of the tumor cdtistal and living) during 360h. (b) Volume fraatiof the
tumor cells phase over 120h; lines drawn at evetydf simulations. (c) Numerical results comparéith w
different in vitro experiments. The symbols areadaittained in the following in vitro cultures: sges.=
FSA cells (methylcholantrene-transformed mouseoflasts, Yuhast al, 1977); diamonds = MCF7 cells
(human breast carcinoma, Chignetaal, 1995); circles = 9L cells (rat glioblastoma, Giataet al, 2000).

(d) Numerical results (points) for spheroid androéc core radii, and their interpolations (solies).

The volume fractions of the tumor cel§(TC — solid line) and of the living tumor cells
(LTC — dashed line) with time is presentedHigure 4.6.a. The radius for which the
volume fractione' is zero gives the actual radiu¥" of the MTS. With time, the TC
front moves outward and”"grows. The difference between the solid and dasines
(TC — LTC) identifies the volume fraction of theanetic tumor cells. The LTC lines
present a peak that moves outward with time, inmglya continuous growth of the
necrotic area within the MT$igure 4.6.a clearly shows that™™"grows from 50 pm (t
= 0h) todJ 400 um at 360h. The early evolution of the tumasmis shown with more
details inFigure 4.6.b. Starting from a 5@m radius withS = 0.01, the tumor does not
grow significantly in size within the first 50h. &htumor cells are rapidly dividing,
increasing the volume fraction but not the sizethef tumor mass. Thence, the tumor
enlarges with a monotonic growth of" The tumor radiusr{™{t)) is presented in

Figure 4.6.c (solid line) along with experimental data (opembypls).
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Figure 4.7 - (a) Apparent volume of the tumor splereffective volume of the tumor cells, and the
effective volume of the living tumor cells, ovemt. (b) Mass fraction of oxygen over 360h. (c) Bues in
the tumor cells phase over 360h. (d) Numerical iptiexh of the interstitial fluid pressure over 18Qines

drawn at every 10h of simulations.

Notably, our prediction agrees well with three éifint MTS datasets (Yuhatsal 1977;
Chignolaet al. 1995; Chignolat al. 2000). The growth rate of tumor is lower for firet
80h. The numerical results are interpolatedFilgure 4.6.d using the Gompertzian

growth function

)" =r.exp(a exptA ) (4.42)

wherer,, = 600um is the tumor radius™" at sufficiently large times (nominally-t ),
a andp are two constants derived from numerical data 7.5 and3 = 0.00545 H). The
time t in egn (4.42) is measured in hours. For rikerotic core, a similar functional

relationship is here proposed as
o= <rm exp(-a expEst )= Jing >+ (4.43)

where di\,ing is a constant, penalty term related to the thicknet the outer shell

comprising mostly viable cells (LTC) which are Istilell nourished and oxygenated. The
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shell thickness depends on the cell line and misiavailability (Mueller-Klieseet al,
1986), but it is well accepted that at distancegdathan 100 — 200m, nutrient diffusion
is impaired. From our simulation, the shell thickaés 15Qum. Figure 4.6.d also shows
the necrotic core and the viable shell at threéeiht times: necrotic cells are in the

darker zone.

Note that the measured (apparent) voluh‘g%i of the MTS could be very different from
the effective volumh/eTﬁC. Figure 4.7.a shows these along with the effective volume of

the living tumor celléx/;fCL; these are defined as

Vip=[H(e'-g)de  wfs[eda ies[(L-wt)etda (4.4)
Q Q @

where £} =0.01, H is the Heaviside function which is zero kK Ef) and unity for &' >

E(t,, and Q is the computational domain. The apparent voluorgains also the IF while

the effective volume comprises tumor cells aloRegure 4.7.a shows that for small

. TC LTC T ..
times, Vs andV; “are equal as necrosis is initially negligible.

The evolution of the oxygen mass fraction, the sulient species considered here for
cell proliferation and metabolism, is shownFigure 4.7.b. As the spheroid increases in
size, gradients of oxygen concentration developnftbe periphery, where the oxygen

mass fraction is fixed t@g:]V:?ElUG, to the center of the spheroid. Once the nutrient

concentration in the center goes below an imposgdat value (ag'it =3ElOﬂ, cell
necrosis commences. Note that at the boundary kettfee tumor and the surrounding
cell culture medium, a significant change in thadient of the mass fraction of oxygen is
observed as a kink in the curves (delgure 4.7.b) - due to the lower effective
diffusivity in the tumor. After a certain time, ithe necrotic core the mass fraction of

oxygen reaches a minimum value of aboutx1®, lower than the threshold critical

value (Cug'it =3ElOﬁ). The oxygen concentration continues to fall beline threshold

value until all cells are dead since in the necrggion (here defined as the region where
at least 50% of the cells are dead) the still voells consume oxygen and slowly die.

FromFigure 4.7.b the necrotic core could be also identified as tbeipn of the MTS
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with a relatively homogeneous mass fraction of @wygrhe reasons: i) necrotic cells do
not consume oxygen, hence no nutrient gradienheéncbre; ii) the local consumption of
oxygen (regulated by eqn (4.20)) decreases subEtgnand tends to zero with the

reduction of the oxygen availability.

The pressure of the tumor cells within the compotetl domain (computed using egn
(4.28)) is plotted irFigure 4.7.c. The maximum pressure of about 6.0 mmHg (~ 800 Pa)
in the core of the MTS is lower than the criticaggsure for cell deathpf., =930 Pe).

Thus oxygen deficiency is the sole cause of calfods in the current example. Note that
for relatively low saturations, the relationshiptveeen pressure and volume fraction is
almost linear (sed-igure 4.3). Hence, the trends shown in tReégures 4.6.a and
Figure 4.7.c are similar. However with increasing saturatiorelesf the tumor cells, the
relationship with the pressure becomes nonlinear s;m the peak pressure kHigure
4.7.c is more pronounced than the peak volume fractida'= S'/¢) in Figure 4.6.a.
The interstitial fluid pressurep] is plotted inFigure 4.7.d. Within the first 50h, the
tumor cells grow locally, whilst the overall extatnradius of the tumor mass stays
constant at its original value (30n). As the IF is consumed by the tumor cells, dred t
assumption (4.17) allows satisfying the volume bedalocally the IF pressure gradient
remains unalteredzigure 4.7.d shows that until 50h the IF pressure gradienei® 0
that no additional interstitial fluid from the enenment is needed (oxygen moves only by
diffusion). After 50h, the spheroid increases #@slius; hence with tumor growth the
interstitial fluid must flow inward, per constraiagin (4.2). Therefore the IF pressure in
the MTS core decreases. The intrinsic permeabditythe interstitial fluid phase is
relatively high compared to that of the tumor celese (se&able 4.2). For this reason,
the variations in pressur&igure 4.7.d) are minimal but significant to explain that IF
flows into the viable tumor shell during growth.deed, the interstitial fluid pressure
computed is slightly lower than in the surroundtisgue. This has to be ascribed to the
lack of vasculature networks and lymphatic systemghe current model. The high
interstitial fluid pressure measured in tumors i®stty associated to the higher
permeability of the fenestrated tumor endotheliumd &ck, or reduction, in lymphatic
flow. Therefore the plasma permeating the tumomftbe vascular compartment cannot
be drained out efficiently through the dysfunctibmgmphatic systems leading the
progressive liquid accumulation in the extraceliidpace and consequent pressure built
up (Jain and Stylianopoulos, 2010). All this wi# Included in future extensions of the
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model incorporating also the vascular compartmenit the lymphatic system. It should
also be noted that, in the present computationalaindhe IFP depends among others
strongly on the pressure difference-saturationticelahip of sub-paragraph4.6.7 and
possibly also on the deformation of the ECM. Thapext is currently under investigation.

4.9.2 Multicellular tumor spheroid (MTS) in vivo

In this second example, the tumor is growing witthiea healthy tissue, which substitutes
the cell culture medium in the previous case. Tioeee the initial configuration of the
system comprises four phases: i) the living andoatectumor cells (LTC and NTC); ii)
the host cells of the healthy tissue surroundirgttimor mass (HC); iii) the extracellular
matrix (ECM); and iv) the interstitial fluid (IF)The ECM and IF are distributed
throughout the computational domain. The growing3vidushes on the healthy cells as

its radius increases.

Cylindrical Boundary 1:
symmetry axis

Type: Imposed values
0" =" =42.10°°
B1 ef=1-£=0.05
g"=e8"=045
B2 g'=eS8" =0.00
p' =0 mmHg
Boundary 2:
Type: Imposed fluxes

! Due to the
30 pm B2 i symmetry of the

problem there are
no normal fluxes.

Figure 4.8 - Geometry and boundary conditions fifTeé5 growing within a healthy tissue. (not to sg¢ale

Table 4.3 - Initial conditions for a MTS growingthiin a healthy tissue.

g g gh P "l
Red zone 0.05 0.45 0.00 0.00 4.2210
Blu zone 0.05 0.00 0.45 0.00 4.2%10
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Table 4.4 - Additional input parameters for theosetcase.

Parameter Symbol Value Unit
Intrinsic permeability for host cell phase WS 5.10% m?
Adhesion of host ceft§to ECM) an 1.16/1.5-16 N/m®
Growth coefficient of tumor cells (eqn (4.18)) V;mw,,, 0.0096 —
Necrosis coefficient (egn (4.19)) Y. cerosis 0.0096 —
Consumption coeff. related to growth in eqn (4.20) szowzh 2.4.10 —

#1n the second case the effect of cells adhesianadyzed; then more than one value is used

Also, it is anticipated that the diffusion of netnts towards the tumor mass would be
reduced by the presence of the healthy tissuehésumor, the thin healthy tissue corona
is assumed here to be not vascularised. The gepraptt boundary conditions of the
problem are described iRigure 4.8. The MTS is modelled considering a half sphere
and imposing cylindrical symmetry. The red regi@mtain the tumor cells (TC) with an
initial radius of 30um (t = 0 h) and an initial volume fraction set t@t® The orange
region is the healthy tissue extending till theesuboundary B1 of the computational

domain of 150um. The volume fraction of the host cells in theltitgazone is initially
homogeneous and set to 0.45 (t = 0 h). At B1, tiragry variabless', S", " and p'

are prescribed and constant (Dirichlet boundaryditam). At the boundaries B2, zero
flux (Neumann boundary condition) is imposed fdr@iases and nutrients due to the

radial symmetry. The atmospheric pressure is tferagece pressure. As in the previous

example, oxygen is the sole nutrient and its meadibn is fixed aid' =4.2110° on

env
B1 and throughout the computational domain at th= Dhe chosen mass fraction of
oxygen corresponds to the average of the dissawgden in the plasma of a healthy
individual. Although in this case the vasculatweot explicitly considered, the radius of
the computational domain (here 150n) can be taken as an indicator of the

vascularisation grade of the host tissue: highéii cmrrespond to smaller vascularisation

and vice versa. Due to the lower reference enviemal mass fraction of oxygen”

env’

the parameter$fgrovvth and J..... that govern growth and necrosis respectively, @mel

coefficient of the oxygen sink term functiom{jk,wth, see eqn 4.20) are different from the

first example (sed@able 4.4). The initial conditions are listed ihable 4.3 while the
parameters of the healthy phase are givehable 4.4. All the other parameters are the

same as ifable 4.2.
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Figure 4.9 - (a,b)Numerical prediction of the vokifnactions of the living tumor cells (LTC), theanetic
tumor cells (NTC) and the host cells (HC), at difet times (from up to down: 1h, 180h, and 360tme T
left column (@) is for @= a, while the right column (b) is for,& 1.5-a (c) Evolution of the effective
volume of the tumor cells, and the effective voluofi¢he living tumor cells. The black lines referthe
case &, = &), while the grey lines refer to the casg< 1.5a). (d) Scaled effective volume of tumor

(normalized by initial value) after 360 hours faffetent radii of the computational domain.

The adhesions of the cells to the ECMdanda,) has a more significant effect than in the
first case, since there were no healthy cells sumgling the tumor mass. This example
shows clearly that the relative cell adhesion playsajor role in affecting the overall
tumor growth. The panels iRigure 4.9a andFigure 4.9.b show the variation of the
tumor cell volume fractions over time for two diféat adhesion conditions, namely =

& (left column,Figure 4.9.a) anda, = 1.5a (right column,Figure 4.9.b). The times
for the 3 panels are 1h, 180h and 360h. As forfitlse example, the variation of the
volume fraction for the tumor cells (TC) is presshts a solid line, the living portion of
the tumor cells (LTC) by a dashed line; the differe between the two gives the fraction
of necrotic cells (NTC). As expected, the overalinbr mass expands with time and a
necrotic area appears in the core. Interestingky,panels reveal a significant difference
in the evolution of the volume fractions dependimgthe adhesion conditions. Whan=

a; (Figure 4.9.a), the growing tumor mass displaces completely hiealthy cells;
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whereas fom, > a; (Figure 4.9.b), the tumor spheroid during its growth pushestan t
healthy cells and partially invades their domaintetestingly, tumor invasion of the
surrounding healthy tissue is controlled by theatreé adhesion properties of the cell
populations. Diffuse interface models and fourtdesrdifferential equations as used by

Hawkins-Daaruckt al. (2012) are not needed to capture the invasivaxbetr.

Surprisingly, cell adhesion does not affect theralNevolume size as clearly seen in
Figure 4.9.c where the effective volumes of the tumor and tked tumor cells are
plotted for the two adhesive conditions definedvedn the other hand, by comparing
Figure 4.9.c and Figure 4.7.a, the growth patterns of an MTS in a medium and an
MTS in tissue appear quite dissimilar. This is rodtie to the presence of the adhesive
host cells phase that contrasts the tumor growth raéduces the nutrient supply. In
addition to the difference in growth pattern, a eméwo orders of magnitude difference
in effective tumor volume can also be observed.ddehe experimental results obtained
in vitro are not indicative of the vivo cases since the growth environments are very

different.

The radius of the computational domain can be taksn an indicator of the

vascularisation grade of the host tissue, becauteeedoundary B1 the mass fraction is

fixed to beag“,=4.2EI.06 (mass fraction of dissolved oxygen in the plasma bkalthy
individual). We have solved the case wailx 1.5 for rex= 200um, rex= 250um and

rext= 300pum, (values of the initial thickness of host cetspectively of 17@um, 220 um
and 270um) to evaluate the influence of the vascularisatipade on the growth of
tumor. The ratio between the effective tumor volume ati3@@dd at t = Oh has been
plotted inFigure 4.9.d for the different considered spherical domaingera860 hours
the volume of the tumor is 18 times the initial wole for gx= 150um, and 13 times the

initial volume for gx= 200um, hence if we increasgthe growth rate decreases.

4.9.3 Tumor growth along microvessels (tumor cord model).

In this last case, tumor cells grow in proximity tefo otherwise healthy blood vessels
that are the only source of oxygen. The presenceapiilary vessels has an important
impact on the tumor development and on its spabtafiguration (Astanin and Preziosi
(2009)); this is confirmed in our application cashere the progressive migration of

tumor cells among adjacent vessels is also shown.
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Figure 4.10 - Initial conditions of the third ca¥&llow shows the axes of the two capillary vess@ls
Geometry and boundary conditions. (c) Volume fiawdiof the living tumor cells (first column) of the

healthy cells (second column) and mass fractioaxgfien (third column) for the case S1.

The system comprises four phases: i) the living meatotic tumor cells (TLC and NTC);
i) the healthy tissue surrounding the tumor mégshe extracellular matrix (ECM); and
iv) the interstitial fluid (IF). The ECM and IF ardistributed throughout the
computational domain. The geometry and the boundanditions of the problem are
described inFigure 4.10.b. We consider two straight blood vessels qir8 diameter.
The tumor cells are initially located around onesed only (sed-igure 4.10.a). Two
different separation distances between the vesselgonsidered: in the first simulation
(S1) the distance is 8@m; in the second (S2) the distance is 18 Note that in these
cases, a full three dimensional (3D) computaticadlition is required. The geometry has
two planes of symmetry (i.e. the median horizoptahe and that passing through the two
vesselsFigure 4.10.b); hence only a quarter of the complete geometrgissretized.
The FE mesh here is more complex than that of theigqus cases. The parameters used
are those of the second case, as treated in tlagnagh 4.2, with the exception of the
volume fraction of the ECM, here set to 0.1.
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Figure 4.11 - (a) Mass fraction of oxygen alonglthe joining points A and B for S2. (b) Volume ét&oons
of the LTC and oxygen mass fraction for S2 at 1ysdéc) Volume fractions of the LTC for S2 at 2¢/sla

“N” indicates the necrotic areas. (d) Volume of tissue invaded by the tumor.

The mass fraction of the oxygem)iv =4.2[10°) is imposed as a boundary condition on

the cylindrical surface of the two blood vessels.tiie remaining bounding surfaces the
flux of oxygen is zero. The fluxes of all the phadgeh, t) are zero at the two symmetry
planes and at the cylindrical surface of the tweillary vessels. For the remaining
boundary the imposed conditions are showhiigure 4.10.b. The initial conditions are

summarized ifFigure 4.10.a.

The volume fractions at 7 and 15 days of the hgaddl phase HC, and of the living
tumor cells phase TCL are shownhmgure 4.10.c for case S1. The healthy cells are
almost completely replaced by the tumor cells aiter 45 days necrosis occurs in parts
of the tumor which are more distant from the léftdal vesselFigure 4.10.c shows also
the oxygen mass fraction at 7 days and 15 daygh®rsame simulation. The strong
decrease in the oxygen mass fraction, caused byrédsence of the tumor, can be readily
observed by comparing the areas populated by theraial and healthy cells.
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In the second numerical simulation (S2), the distabetween the two vessels is higher
than in case S1. The progressive expansion ofuim®rt mass from the left to the right
vessel is therefore less. The results for the oxygass fraction are qualitatively similar
to that of S1.Figure 4.11.a shows the mass fraction of oxygen along a linesipgs
through the two vessels, at different days. Theat$f of consumption of oxygen coming
from the vessels are evident. Oxygen is here réegiied only through the two blood
vessels (two peaksfigure 4.11.b shows the tumor and the local mass fraction of
oxygen (in the computational grid) at 15 days; dletghe higher values of the oxygen

mass fraction are close to the two capillary vesséegisse|=4.2ﬂ06). In S2, the tumor

has not yet completely reached the right vesser &f6 days. InFigure 4.11c, the
volume of the tumor after 20 days is representedS) and the necrotic area is clearly
visible (only the finite elements in which the voia fraction of the tumor phase is higher
than 0.01 are shown). IRigure 4.11.d, the time evolution of the tumor volume is
plotted for the two cases, S1 and S2. The plottddme is that of the finite elements with
a volume fraction of the tumor cells higher tha®10.Note that initially there is no
difference between the two cases because the grewthainly influenced by the left
vessel. After 10 days, the growth rate increasestife S1 case due to the additional

nutrient supply coming from the right vessel.

4.10CONCLUSIONS AND PERSPECTIVES

A tumor growth model has been developed based dtipmase porous media mechanics.
The governing differential equations have been veéeri by means of the
Thermodynamically Constrained Averaging Theory. Skhare mass balance equations
for the different phases with the appropriate Imeementum balance equations. The
equations have been discretized by means of tlite #hement method and a staggered
procedure has been adopted for their solution. [dtver limit of the ratio between time
step size and square of the element size, neceksaayproper numerical behaviour of
staggered schemes and Poisson type equations, deas determined by means of

numerical tests.

The computational framework has been applied teettexamples of practical interest,
namely a multicellular tumor spheroid (MTS) immetse a cell culture medium; a tumor

spheroid surrounded by healthy tissue; and a tucood. Multiple phases have been
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considered in the model including i) the living ametcrotic tumor cells (LTC and NTC);
i) the extracellular matrix (ECM); iii) the inteigal fluid (IF) and iv) the healthy cells
(HC). For all cases, growth of the tumor mass,udilg the necrotic and living tumor
cells areas; and the consumption of nutrient (orygee analyzed over time within the

whole computational domain.

For an MTS suspended in its culture medium, a tlicemparison with three different
experimental cases in the literature is presentéde agreement between the
computational prediction of the tumor radius ane #&xperimentally measured values is
good. Also, the tumor growth follows the well kno@ompertzian growth pattern
demonstrating again the accuracy of the computaltiomodel. Interestingly, the early
development of the malignant mass is charactetizeal rapid division of the tumor cells
accompanied by an equally rapid increase in tunaedir volume saturation, whilst the
overall tumor size stays almost constant. This whserved up to 50-60h from the
beginning. This early phase is then followed byt fgponential growth (Gompertzian
growth pattern). The model allows the volume ofreaclividual phase to be calculated at

each time.

In the second example, the MTS is surrounded beadtlny tissue. The coexistence of
two different cell populations (healthy and tumalpws quantification of their relative
adhesion to the ECM on tumor growth. In this respge® different conditions are
analyzed showing that when the healthy cells adhess to the ECM, the tumor
advancing front displaces uniformly the healthysuis; in the opposite case the tumor
cells infiltrate the healthy tissue at discretenp®i Interestingly, this result has been
achieved without involving diffuse interface modedsmd fourth order differential
equations. The presence of the healthy tissue leadm overall reduction in tumor

growth mostly due to the lower nutrient transpord geometrical confinement.

In the third example, the of tumor cells along messels is predicted in a fully 3D
geometry, with a clear delineation of necrotic dimohg tumor regions. The progressive
migration of tumor cells among adjacent vesselsseéarch of additional sources of
nutrients and oxygen is revealed. Also shown i$ shkarger distance between adjacent
vessels needs longer time tumor to grow, also dstreting our model’s capability to

account for the vasculature.
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The numerical accuracy and physical soundnesseoédmputational model will increase
the level of complexity that we can address in tubiophysics - such as the contribution
of the ECM stiffness, relative cell adhesion and pifessure on the infiltration and
development of malignant masses. Also, modellirgttansport of therapeutic agents, in
the form of individual drug molecules as well asogarticle, and angiogenic vascular
growth will be introduced in future extensions. Axedt comparison of the predicted
tumor behaviour with experimental data derived frpatients using clinically relevant
imaging modalities should provide a validation loé presented approach. The modular
structure of the framework allows straightforwarttlusion of additional phases and

nutrient types.

Faced with a continuously aging world population &ime surge in cancer incidence, the
approach presented here should engender novelpthdira strategies and treatment

optimization for improving the prognosis, outconieéndervention and quality of life.
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A. LINEAR MOMENTUM BALANCE EQUATION FOR A FLUID PHASE

The general conservation of momentum eqs (1.154at) will be denoted for the fluid

phase using the lettéas a qualifier.

O(Ef;zfvf ) 4 D]](gf‘pflvaf)_[]] (é.fti) o
-£'p'g" - Y LZMf v fff] =0
K o s

ik —if

where gT is the body forceM, v’ represents the momentum exchange fromxttethe

K- f
f phase due to mass exchange of spegcief is the interaction force between phdse

and the adjacent interfaces, arlds the stress tensor. If the inertial terms aresitered
to be negligible, as is the case for slow flow ipaous medium, the first two terms in

egn (A.1) can be neglected. Additionally, the motuanexchange due to mass transfer,
iKk-if

M, A may also be considered small since this term th®fkame order of magnitude as

the inertial terms. Thus the momentum equation kfiep to

—[[D(gftf)— e p'g- Zkff: 0 (A.2)
K o
The TCAT method of closure involves arranging terimghe entropy inequality into
force-flux pairs. At equilibrium each member of thece-flux pair will be zero. This
equilibrium constraint guides closure of the comagon system for near equilibrium
situations. In the case here where the flows aoav,slthe near-equilibrium state
assumption is appropriate. Based on the TCAT puaeedhe elements of the entropy

inequality relating to flow velocity that arisetine entropy inequality are

—9—1f|:£f,0fgf +£fpf D(Cﬂ' ‘//7)7 0 (gf pf‘l) KD]ZCf K:I_f% (V1 V%)
L ) (A.3)
+%( "4p'1):d’ 20
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In this equation;97 is the macroscale temperature of tlﬁhasegl/T is the gravitational

potential,cT is the chemical potentiap is the fluid pressurey® is the velocity of the

solid phase and" the rate of strain tensor of the phége :%[Dv% (] v )T}). All of

these quantities are macroscale averages.

Consider the variability in volume fraction of thephase to be small. For this situation,

Dt//7+ g 0. Additionally, consider an isothermal case sucht tthe Gibbs-Duhem

equation providesprCT—D p= 0. Application of these two conditions to egn (A.3)

reduces it to

g' ( Ty o 71 fof g T_ s
—|t +pl):d -——| —-p Ue'+ T HOv-v’E 0 (A.4)
ef ef KD]ZCf ( )2

This equation contains two independent force-flugdpicts. The stipulation that both

elements of each product pair must be zero atibquiin and the requirement that the

grouping of terms must be non-negative suggestbrtbar relations

Zf?—pth—RE@Lvﬂ (A.5)

KM

cf

and

t'+p'1=A":d’ (A.6)

In the first relation,R " is a symmetric, positive, semi-definite tensoraacting for the
resistance to flow. In the second relatién’ is fourth order tensor that accounts for the
dependence of the stress tensor on the rate @f.séttathe macroscale for slow flow, this
tensor is taken to be zero such that

t' =—p'1 (A7)

is the resulting form of the stress tensor. We niodé this does not imply that the fluid is

inviscid. The effects of viscosity are accounted dbthe macroscale by the momentum

K- f

exchange terml . Substitution of the closure relations eqns (4B (A.7) into Eqgn

(A.2) provides the momentum equation in the form
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e'Op- e'p'g+ RfD(VT— vg): 0 (A.8)
Typically this relation is expressed as

K [(]Dpf— ,ofg?): s (VT— vg) (A.9)
whereK " = (Ef )2 (R f )_1is called the hydraulic conductivity.

The hydraulic conductivity depends on the propertié both the flowing fluid and the
solid porous material. For an isotropic mediuki! =K1 . The morphology and
topology of the solid media are important in det@ing the hydraulic conductivity of the
cellular solid phases. The conductivity is influeddy the cell size distribution, shape of
the cells, tortuosity of passages, specific surfaea, and porosity (the sum of the fluid
volume fractions). It also depends on the densiy ascosity of the fluid. Neglecting

gravity in egn (A.8) yields eqn (4.16).

B. TIME DISCRETIZATION OF CREERSHRINKAGE AND THERMAL STRAINS

The creep rheological model has been describéthapter 1 and consists of a Kelvin-

Voigt chain and two dashpots combined in serial iriagure 1.6.

The creep strain is updated as follows:

e =g +A A +AES (B.1)

For thecreep cell 1 combining the egs (1.68 - 1.72), we obtain a nioear second-order

differential equation (egn (B.2)) that is here ditized in time.

—L = Tp€oa T de@ +11€4 (B.2)
Ko K,

cl

The stiffness of the sprinly,, depends on the hydration degree (see eqn 1.7 1)nmAsg

_ n+l n .
K =kl O km(%] and K, Di( e kgd) constant during the time step, and

introducingew = 7, iibcl +1, (B.2) can be discretized in time as follows:
bcl
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Fn+l _&n n+1 ; 1,
t -t 1_1. q;d_Fw d+‘%a

Ak, At

(B.3)

Some operations give:

f“ﬂ—f“:e;:l{adrmﬁ ]é;d[kbgm LS At] ®.4)

Adding and removing;gcl(imrbﬁ b lme gives:

S -(e;:ll+em)[ Ko b kb;“’mj 28,7 1 (8.5)

+1 .
HenceAegrl can be estimated as:

N+l £n+l _©n
Ae:r;_l 0 (encl encl)A = t -1 + Tha qﬂ (BG)
2 2kbclrbc1 + kb y @ + g
¢ At 2

Extending to the 3D case, the creep strain ofitkedell can be expressed as:

Aéc]:f @ érl = '%rl+ ar;fl +Qr 1~trﬂ (B-7)

The vectorA¢1 reads:

— Tbcl AN
Acrl - T a)ecrl (88)
bcl +7

At 2

n

A€ g
Cen -d7). The

where the creep rai@ is updated at the end of each time st £2—= A

two matricesB¢1 andC1 read:

S P C.,=-B (B.9)

crl crl
bcl
+k, @
bcl
At ¢

in which the matriX¥? by means of a creep Poisson ratio (taken equbktelastic one) is:
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1 v v 0 0 0
-v 1 -v 0 0 0
v v 1 0 0 0
p=| ~ (B.10)
0 0 0 2(1v) 0 0
O 0 O 0 A 1v) 0
O 0 O 0 0 L 1v)
For thecreep cells 2 and3 the strain increments are:
Ney =€ -6, = ) (B.11)
pei=@i-g,=—1 He+rr) =2 ™) (B.12)
2,7dc3

The thermal strain and the instantaneous part efstirinkage strain are computed as

follows:
(8&,) " =a, (T™-T")12 (B.13)
(neg)™ = '3KT1 [(ﬁ(r)ps)m (@ p” (19

)

the viscous part of the shrinkage strélkev'“) "is computed using the creep rheological

model in which the stresses are now the solid pres% 1p ) and( 1p ) using

the previous described approach (egs (B.1 - B.12)).

C. COEFFICIENTS OF THE MATRICES APPEARING IN EQUATIONL.98)

The coefficients which are not reported are equaktro.

M
Cyy =[N} [5(1—5')—R? Np}dQ (C.1)
— T A 0S' MAang
CgC—L}Np{—pgfa—chp—f(l—S') ST Np}dQ (C.2)
[ NT _a)| M, _p™) M,
Cgt—IQNp{s(l s){ RT[ T | e PN A0 (C.3)



APPENDICES

C, = QN;:g(p'—p )g§°N +e(1- s)'\éT aappf N }dQ (C.4)
Nl My, (0P _p*"
Co=| N; _8(1—8‘) Fg( o N [a@ (C.5)
Co=[ N] —Hvapplggsl NdeQ (C.6)
Co=| NI [(pCp)eﬁ Nt}dQ (C.7)
(C.), =~ B'DBdQ (C.8)
T Akrge
Kgg:jQ(DNp) (pg ylg Np}m
C.9
Tl oMMy W peY (©9)
+[ (ON,) | o L5 D (pg)p N,
9
_ T YRY, 1 op™
Ke=[ (IN,) F £° MZWDWQ pQﬁN 0 (C.10)
M M 1 op™
th :J.Q(END)T’_ '0 M2W DWQ pg%D N, fo+ (C.11)
o= (0, | o Math e 0% ]m
( ’) (C12)
+jQ(DNp)T(p9W%<g Ny ! ;‘l Npsjzdr
gw
KCC:jQ(DNp)T(p MM'\Q'W D" :g%a N }m
| (C.13)
(ol o
MM, ~w 1 op*
o :J‘Q(ENP)TLIOQWDWQF%D Nt}zﬁ (C.14)
¢}
Ky =IQ(DNt)T[— H pp'%D N ]@1 (C.15)
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Ktc=jQ(DNt)( o }d (C.16)
Ktt _I ( ) ( ep N )Ql (C'17)
fy=[.N] [pgAgg_Sr'-pgA(l-s')g_ﬁJ " (C.18)

- _ T Il gwW 6_6‘ I gw aS' or

= IQNP[(,OS +p Sg)ar +e(p' -p )ar +0.228¢, }EdQ (C.19)
f, :jQNthydr‘;—fdQ

aS or
TH [ ur 2

+[ NTH, (0 228 *PESE +p§arj o % (€.20)

‘LNI{DHW.D{/)'%% (p® Pﬂ}m
P s e o

D. COEFFICIENTS OF THE MATRICES APPEARING IN EQUATIO.41)

In the following equationsK® is the Bulk modulus of the solid skeleton and

a;sw = 33(3 aari s the swelling strain rate depending on the spiiessure (eqn (4.27)).

Co=[ N7 (eSN,)do (D.1)

C, :jQNI _sNt K{St g; S“‘m +p- ijt} 59 (D.2)

Cp =[N0 Ki S gsﬁh gaﬁ + 8- 'bj } (0.3)
e[S [s%es du] e o

oo [E[s%+ 5% o ] o
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Gl M N 505+ S35 B e

chlsz{Ki(s‘amgw j }m

clt:jQNT{Ki(stggt S“aph + p- ijt}(Q

(g0, g0,
< os " §a§+ﬁ 'ij“}(Q

N[ o]

kl:(ektsat Zkhsa h
K||=_[(DN|)T( It _p|E|NT krlh N,
U op u' op
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(D.9)
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(D.11)
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f=] Nﬁ(l(aﬂ'mt—nﬁﬁt)—gs'v' Dﬂaﬂ'j@ (D.22)
o "o
Tl TN (08 08, ) ou’
f, —IQNt {;gmﬂh Str(E > j m| S)][s o ﬂﬁ (D.23)
(ol _on,[0€ 06, o’
3 T__ e’ o€,
fi=] N, _ tr(at o ﬂdQ (D.25)
f:BTDa—S" Q+jBTDai:WdQ D.26
u Q S at Q S at ( . )
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