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ABSTRACT

COUPLED THERMOMECHANICAL ANALYSIS OF CONCRETE
HARDENING

Andic, Halil ibrahim
M.S., Department of Civil Engineering
Supervisor : Assist. Prof. Dr. Serdar Goktepe
Co-Supervisor : Prof. Dismail Ozgiir Yaman

February 2015, 72 pages

Thermomechanically coupled modeling of fresh concretaadlus to predict the in-

teraction between thermal and mechanical mechanismsghooti the setting and

hardening process. Because of cement hydration, an exedssiperature increase
may occur in the interior regions of mass concrete strustuiiéis temperature in-

crease along with the thermal boundary conditions may résuhermal gradients

within concrete structures. Owing to the thermal gradieamtd mechanical con-
straints, thermally induced stress concentrations mayrocthese often manifest
themselves in the form of undesired cracks. These crackgualéy deteriorate the

concrete unity and shorten the service life of such strestuflthough there are sev-
eral conventional techniques devised to avoid thermalignésiand cracking, they do
not always provide an efficient and thorough protection.hia thesis, we propose a
thermomechanically coupled finite element model to pretietpotential regions of

cracking.

To this end, we develop a thermomechanical constitutiveahtmdaccount for the
strong couplings in early-age concrete. The local tempegdield in concrete is
solved through the transient heat conduction equation eviier heat generation due
to hydration enters as an internal heat source. The streg®itrations, however,
are calculated by solving the balance of linear momenturh witonstitutive model
that takes into account the dependency of the material pessnon the degree of
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hydration and other time-dependent phenomena. We articipat the proposed
approach can be used to conduct thermomechanically coapkdgses of important
mass concrete structures including dams, mass foundatahgiaducts to quantify
the risk of thermal cracking.

Keywords: Early-Age Concrete, Coupled Concrete Thermomecha@onstitutive
Modeling, Finite Element Method, ABAQUS
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BETON SERTLESMESNIN BAGLASIK TERMOMEKANIK ANAL 1Z]

Andic, Halil Ibrahim
Yiiksek Lisans|nsaat Miithendisiji Bélimii
Tez YoOneticisi : Yrd. Dog. Dr. Serdar Goktepe
Ortak Tez Yoneticisi : Prof. Dismail Ozgir Yaman

Subat 2015[, 12 sayfa

Taze betonun ligasik termomekanik modellenmesi, betonun priz almasevéesmesi
sirasindaki termal ve mekanik etkenler arasi iletisimkinada fikir almamizi sglar.
Cimento hidratasyonunun ekzotermik yapisi nedeniyle,frk@teli yapilarin i¢ kisim-
larinda yuksek sicaklik artisi meydana gelebilir. Bu digadtisi termal sinir kosullari
ile birlikte beton icerisinde 1sil gradyanlar meydanageeton yapinin sahip oldju
mekanik kisitlamalar, isil gradyanlarin beton kitlesigeelme yaratmasina neden
olur. Bu gerilmeler genellikle istenmeyen catlaklara yahia¢ atlak olusumu beto-
nun butinl@und bozarak, servis 6mrindn kisalmasina yol acar. Terradlygnlar-
dan ve yol acfii catlaklardan sakinmanin ¢esitli aligilagelmis golblmasina karsin,
bu teknikler her zaman etkili koruma@ayamayabilir. Bu ¢alismada, beton yapida
olusmasi muhtemel ¢atlamalari tahmin etmek igin sonlmatdar metodu ile hesa-
planmis bglasik termomekanik modeli sunmaktayiz.

Bu amacla, betonun sertlesmesini termomekanik ilk siefiedproblemi olarak tanim-
layarak, binye denklemleri olusturulmustur. Cimentor&iidsyonu sonucu ortaya
¢itkan isinin igsel 1s1 kay@a olarak girdgi sureksiz 1si iletim formult ¢ozulerek
yerel sicaklik dgisimleri hesaplanmistir. Malzeme parametreleri Habgon dere-
cesinin ve djer zamana ligi olgularin fonksiyonu olarak tanimlandi. Sunulan bu
yaklasimin, baraj, masif temel ve viyadiik gibi 6nemli mhasiton yapilardaki termal
catlama riskini dlgen lifasik termomekanik analizlerde kullanilabilgcemulmak-
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tadir.

Anahtar Kelimeler: Taze Beton, Bisik Beton Termomekatii Biinye Modellemesi,
Sonlu Elemanlar Metodu, ABAQUS
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CHAPTER 1

INTRODUCTION

Concrete has been used as a civilization material for thalssahyears. With the

rising needs of humanity, properties and geometry of caadrave developed and
the intended use of it has spread to different areas. Todagrete is preferred for
the construction of buildings, bridges, viaducts, damikilng water utilities, roads,

tunnels etc. By volume, the largest manufactured produdtenatorld today is con-

crete.

The reason behind becoming the most manufactured produegs three main ad-
vantages can be said. First, Portland Cement Concrete (PCChlab/anced re-
sistance to water. In the ancient times, water transpo#éirdystoring could be han-
dled with concrete aqueducts and waterproof concretesstdoelay, the necessity of
electric power makes humanity build bigger concrete danhe dther characteristic
property of PCC is the ease of forming it into desired struadtalement shape. The
plastic behavior of concrete provides an advantage andotagdic form longs for

hours. Besides, raw materials of PCC can be found in the naasily @nd they are

relatively inexpensive. The term concrete will refer to P@Ghis thesis.

These advantages make concrete more popular and thergferepnsumption rate
of concrete keeps the positive trend. With more needs dizavion, the bigger sized
concrete elements have begun to use. Concrete dams, vigducidations and these
kinds of bigger sized structures are called mass concrdte.dévelopment of new
concrete technologies and increasing the necessity ofreanconsumption brings
new and big challenges with them. Especially in mass coa@guctures, because

of the volume and the plain structure of concrete, vital fgois may occur. During



the construction of mass concrete structures, cement tigxyavhich is an exother-
mic reaction, causes an excessive temperature increabe rohcrete body. Ow-
ing to mechanical restraints and thermal boundary conmditithermal cracks may
occur on concrete surface. This phenomenon is studiedniti@ framework of
coupled chemo-thermo-mechanics. To understand the lehafvihe world’s most
commonly used construction material and simulate the etedrardening, a mathe-

matical model is required.

In this thesis, it is aimed to develop a mathematical modsintaulate the hydration
progress at a macro-scale and its effect on the macroscoppefies of harden-
ing concrete in the early-age. To this end, the three-dileascoupled problem of
concrete chemo-thermo-mechanics by using the proposedinsa@blved and the po-
tential of the model in simulating the behavior of concretetémperature evolution,

stress development, and thermal cracking estimation aréumbed.

1.1 Concrete

Concrete is a composite material that includes ordinarjgutcement (OPC), wa-
ter and aggregate in its simple form. Additional chemicainimeral admixtures can
be added in concrete mixture when needed. A detailed déscripf concrete is
made by American Society for Testing and Materials (ASTMjohcrete is a com-
posite material that consists essentially of a binding medwithin which are em-
bedded particles or fragments of aggregate. In hydrauément concrete, the binder

is formed from a mixture of hydraulic cement and waféd].

The product of the reaction of cement with water is called eetnpaste. In the early
ages of concrete hardening, cement paste get into a plastic fHowever, once
the setting takes place, cement paste gains rigidity andretaabecomes hardened.
The main reason of this phase change is chemical reactiomgdo&tion. A typical
mesostructure of concrete containing aggregate and cquastd in demonstrated in
Figure[1.1.

In order to understand the thermomechanics of concreterb#ie properties of ag-
gregates and portland cement are discussed in SeCfiodsahd T.1.P, respectively.

2



Figure 1.1: Two fundamental phases constituting the céaenesostructure: aggre-
gate particles of various shapes and sizes and the cemeaeatgsas binding medium

[52].

1.1.1 Properties of Aggregates

Aggregates are natural or artificial granular materialseyltonstitute about 75% of
the concrete volume. Natural aggregates are mostly olatdinen sand, gravel, and
crushed rock and they are often used in the mixture of nortremgth concrete. The
size, shape and texture of aggregate has an important efidbie concrete quality.

According to Turkish Standard TS 706 [63], aggregates that ghe sieve with a
4 mm square opening, are called fine aggregates. The retaggrégates on the
same sieve are classified as coarse aggregates. Both aggrguest have different
characteristics on the behavior of concrete. Coarse aggregavides volumetric

stability and constitutes the rigidity of concrete. In Fig(l.2, the representative

stress-strain curves of aggregate, concrete, and cem&etao@ depicted.

Aggregate is the cheapest raw material of concrete. It filsrge volume in con-
crete member and reduces the cost by replacing cement. gtitaihigh perfor-
mance on compressive strength, coarse aggregates provichgpartant contribution
to concrete’s strength. In addition, fine aggregates fillthdesired voids and makes

concrete more workable and imporous.

Other material parameters are also afffected by aggregatesrding to Kodur([43],
the specific heat capacity and the thermal expansion cagftiof concrete may vary

3
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Figure 1.2: Stress-strain curves of aggregate, concretdyarated cement paste at
the same loading rate [47].

with the aggregate type. Moreover, the placement temperaficoncrete structures
are highly influenced by the temperature of aggregate. MaJKdutasher and Qui
[50] performed a study on placing temperature of roller caaoted concrete (RCC)
and the predicted the contribution of aggregates to themgaemperature. Their
study shows that the initial temperature of concrete isligifluenced by the tem-

perature of aggregates.

1.1.2 Portland Cement

Portland cement is composed of limestone and clay and isatkfs a hydraulic
binder. Heating the raw materials of cement at 1460n a rotary kiln, the clinker
is produced. The clinker is mixed with a certain amount ofggyp to make Portland
cement. Cement is the main binding material of concretetstres. It can be blended
with admixtures to change the characteristics of concteteass concrete structures,
mineral admixtures are preferred to strengthen the miercistre of concrete. Addi-
tion of mineral admixtures like fly ash or silica fume fills thadesired voids in the

microstructure of cement paste and decreases the pordsibynorete section.

4



The plasticity of cement paste improves the workability oficrete when the ingre-
dients of concrete are mixed until the setting. The pringdtihction of cement paste
in concrete is to accomplish a coherence with aggregateseahate the voids near
aggregate particles by covering their surfaces. By the hietement paste plastic-
ity in the early ages of concrete, concrete becomes workabén the materials are
mixed until the setting occurs. Therefore, this propertgerhent paste allows for the
achievement of rigid concrete in a desired shape and size.

Clinker has four major compounds. These are tricalciuma®#idGS), dicalcium
silicate (GS), tricalcium aluminate (§7) and tetracalcium alumino ferrite (BF).
The characteristics of these compounds are different. eSatinker and a limited
amount of gypsum constitute cement, the major compounds&eec can be assumed
as the major compounds of cement![28, 55].

1.2 Cement Hydration Kinetics

Cement hydration is a complex chemophysical process. Th@aonus of cement

have different characteristics and independent effecti®@cement hydration.

The degree of each compound’s behavior in the rate of hyarathe amount of
liberated heat, and their contribution to strength of eadg concrete are qualitatively
given in Tablé_LI1.

Table 1.1: Relative behavior of major compounds of cemerit [27

C;S GS GA C,AF
Hydration rate Moderate  Slow Fast Moderate
Heat liberation High Low VeryHigh Moderate
Contribution to strength High Low Low Low

The contribution of GA to the strength of early-age concrete is high for the first
couple of hours of hydration. However, this contributiomegns same for the rest of
hydration and its qualitative degree is indicated as lovheTablé 1.1. Contributions
of cement compounds to concrete strength for 100 hours pietdd in Figuré 1.3.

5
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Figure 1.3: Contribution of cement compounds to the strenf#arly-age concrete
53]

Hydration of major compounds are independent from eachr.offteerefore, hydra-
tion mechanisms of compounds are evaluated seperatelydaation of silicates and

aluminates.

1.2.1 Hydration of the Silicates

The reaction of €S and GS with water produces the same two products.

The first product gS;H; is calcium silicate hydrate gel and it is called C-S-H gel.
The other product is calcium hydroxide (CH). According to[&h1 and Figurg1l13,
CsS and GS are responsible of early-age concrete strength gainitep, £H does
not have a significant contribution to the concrete strengtierefore, C-S-H gel is
accepted as the main source of the early-age concretaggirgain.

6



1.2.2 Hydration of the Aluminates

CsA is a very reactive product. Its hydration is very immediatel liberates large
amount of heat. Because of its rapid reaction, cement gaimmamediate stiffening
and this event is known as flash set. The reason for blendipgugy (GGH,) with
clinker during the cement production is to avoid flash set fiydration of GA with

gypsum produces two products.
C;A + CSH, + 10H —— C,ASH;, (1.3)

CsA + 3CSH, + 26H —— C3AS;Ha (1.4)

The first product is the calcium-alumino-monosulfohydratkich is known as AFm.

AFm s not stable and it may react with more gypsum and caogastiuce GAS;Hs,.

CsAS;Ha, is the calcium-alumino-trisulfohydrate, which is also mpas ettringite.
Ettringite is a hazardous product for concrete. If etti@fdorms, an expansion occurs
in the cement paste and it creates a serious durabilitysssugardened concrete. In
the lack of gypsum in the cement, flash setting occurs. If & higount of gypsum

enters the reactions, this may result in expansion and icrg.ck

The hydration of GAF is very similar to the hydration of . C,AF requires gyp-
sum to form and it causes expansion and heat liberation.fohigation is slower and

liberates less heat than the formation gAC

1.2.3 Heat Liberation

The hydration of cement compounds is an exothermic reactiuring these reac-
tions, heat is liberated. This is called the heat of hydratithe heat of cement hydra-
tion has different influences in concrete technology. Thamaratively low thermal
conductivity of concrete causes a rise in temperature inrttexior of giant mass
concrete structures. Simultaneously, the exterior pdrtiseostructure lose heat, and
therefore, temperature gradients occur. With the mecharastraints, this gradient
may result in serious cracking. On the other hand, the ltedraeat during hydration
of cement may prevent water freezing in the capillary paneid weather.
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The relative contributions of cement compounds to the ligatdtion of hydration are
given in Tablé_LIL. Their overall effect on the curve of héagdation rate is depicted
in Figure[1.4. The cumulative liberated heat obtained bggrdting the rate of heat
liberation over time (Figure_11.4) is demonstrated in Fidglie

4
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Figure 1.4: A typical heat liberation rate of a cement pasténg the early hardening
period under isothermal conditions [34].

For further information on heat liberation during hydratidhe reader is referred to

[34,156,22].

1.2.4 Effect of Mineral Admixtures on Heat Liberation

Replacing cement content with mineral admixtures in coecneixture has several
advantages. Using mineral admixtures gives an opportahitgducing the temper-
ature increase of concrete nearly in direct proportion éoréplaced cement amount.
The total heat of hydration liberated by the mineral adnmesus almost half of the

average heat produced by the cement hydration [52].

The most commonly used mineral admixtures for the constmucf mass concrete
structures are fly ash and silica fume. Replacement of paritament by fly ash
in mass concrete structures has been performed since tBs.18y ash has a lower
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Figure 1.5: Liberated heat of hydration of cement paste aredsby isothermal
calorimetry [34].

rate of heat liberation than the portland cement. Besides didydration of concrete
which includes 1% silica fume is higher than the concrete with no additiveshia t
first 72 hours. However, silica fume added concrete libsrapproximately % - 10%

less heat in total [28]. This condition can be observed iufed.6. In the literature,
there are several studies about the effect of mineral adneigton heat liberation. For

further information, the reader is referred(tol[60, 34, 44].

1.3 Mass Concrete

Concrete has numerous areas of usage and each concretersthas different am-
bient and conditions. For the construction of structurethwarge dimensions as
concrete gravity dams, mass foundations, viaducts etcssineconcrete blocks are
required. These kinds of structures are called mass cencr@merican Concrete
Institute (ACI) [10] defines mass concrete aany volume of concrete with dimen-
sions large enough to require that measures be taken to capegemeration of heat
from hydration of the cement and attendant volume changminianize cracking’
In Figure[ 1.7, examples of different types of mass concietetures are placed.

9
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Figure 1.6: Heat liberation rate of cement, silica fume ap@$h mixtures with 0.50
water-cement ratio under isothermal conditions. Theré®eand 'A represents the
silica fume and fly ash, respectively and the numbers aredhmeptage of additives
in the mixture by weight [44].

Casting of large volumes of unreinforced (plain) concreteriass concrete structures
may cause thermal cracking because of the three reasonshdomal conductivity
of concrete, the heat of hydration of cement and the exteneghanical restraints.
As a result of hydration reaction, liberated heat of hydrattauses an increase in
temperature in the interior of structure and because ofdhgparatively low thermal
conductivity of concrete, heat can not be conducted withiantteasily. As a result of
these circumstances, temperature gradient occurs anddeecbexternal mechanical

restraints, thermal cracking may appear [54].

In order to prevent thermal cracking in mass concrete sirast the effects of the

hydration can be limited in three conventional methods:

e Selection of proper material composition to reduce the higatation rate dur-
ing hydration.

e Controlling the concrete block geometry and the time intelpeaween block
casting to allow heat dissipation.

e Controlling the placing temperature of concrete or usingt-posling tech-
niques to reduce the thermal gradient.

10



Figure 1.7: Examples of mass concrete structuggferiner Dam from Turkey [2],
b) mass foundation from United States of America [3]nuclear power plant from
United Arab Emirates [4], and) offshore platform from Norway |6].

Generally, using low heat cement, which has low amount;&,& beneficial for de-
creasing the temperature. In Figlrel 1.8, adiabatic tertyperase in mass concretes
with different types of cement is depicted [47]. In additimncement replacement,
adding mineral admixture, especially fly ash, is also ancéffe way of reducing
temperature value. As indicated in Secfion 1.2.4, the tatat of hydration liberated
by fly ash is lower than the portland cement (see Figure 1.63idBs, placing tem-
perature of concrete is highly influenced by the initial temgture of aggregates [50].

Mass concrete structures involve enormous volumes of ebm@nd casting is per-
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Figure 1.8: Adiabatic temperature rise in mass concretds different types of ce-
ment [47]. Four types of cement, which are classified by ASTM@ hre compared
[12]. Type |, Type ll, Type lll and Type IV cements are useddeneral use, moderate
heat of hydration, high early strength, and low heat of hiydnarespectively.

formed with comparatively smaller blocks. Geometry andingstime interval of
concrete blocks have an influence on the heat dissipationtenevolution of tem-
perature of concrete. To determine the optimum values gktparameters, Fairbairn
et al. [29] conducted an optimization study using genegomialhms. They studied
on the construction cost, effect of material types, platcergperature, the height of
blocks and the time interval between blocks. According ®&rtktudy, for the min-
imum cost, the optimum values of placing temperature, hefblock and casting
frequency are determined as 19 C€.25 m and 5 days, respectively. Also, as reported
by Bureau of Indian Standards [9], the placing frequency rbashinimum 3 days.
Moreover, during the construction of Hoover Dam, the timiag®etween the block
castings is applied as 3 days and the block height is limaed3 m [25].

There are several methods that decrease the temperatdiergraf the concrete
structure. These methods are generally divided into 2 oageg@re-cooling and past-
cooling. Pre-cooling methods reduce the initial tempeesatf mixing materials of
concrete. A typical example of this category is using icégad of water into con-
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crete. Also, controlling the intial temperature of aggtegadecreases the placing
temperature of concrete. In the other hand, post-coolinthods are applied after
casting. Pipe cooling method is applied in numerous workaadgs concrete through
its effectiveness in reducing the interior temperature.this technique, pipes are
embedded before casting and after concrete placement, floaobwater prevents
the internal temperature rise. However, cool water insidefipe creates a greate
temperature drop close to the cooling pipes and this veryéomperature degree pro-
duces a temperature gradient within the concrete, whichcadreat tensile stresses
[48]. Furthermore, covering the external surface of comcvédth an insulator main-
tains the external temperature of concrete and decreasésrtiperature difference.
In addition to these conventional techniques, Ha, Jung amd83] presents a novel
method to control the thermal cracking in mass concretetires. They developed
an automated curing system that avoids the temperatureegtdmbtween the internal
and external surfaces of the structure.

Despite the preventing techniques, mass concrete steschave thermal cracking
risk and the possible cracking may results with serioustuiszd o understand the be-
havior and predict the cracking potential of concrete $tmas, a three-dimensional
constitutive model is required. The model must be able toutate the evolutions of
temperature and stress and also consider the couplings®etive chemical, thermal
and mechanical fields. By the help of this model, the tensikngth and the maxi-
mum principle stress of concrete can be calculated and tb&lge cracking regions
may be predicted. Cervera, Oliver and Prato [18] developegna@enical procedure
for the simulation of the construction process of RCC dams. edeer, Kim, Kim
and Yang[[40] performed a thermal analysis of mass conctaietsres with pipe-
cooling system. They modeled pipe-cooling system insidettucture and simulated

the evolution of temperature.

1.4 Modeling of Concrete at Early-Ages

The complex mechanism of cement hydration is briefly intoedlin Sectior_1]2.
Chemical reactions of hydration, concrete setting, heatdition and change of me-

chanical material parameters of concrete constitute a toatgd coupled problem.
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The modeling studies of these coupled effects within Contim hermomechanics
began in the last two decadés|17} 65,66, 67].

1.4.1 Reactive Porous Media

The chemo-thermo-mechanical model used in this thesisidyrtzased on the theory
of reactive porous media, which is introduced by Coussy [204, application of this

theory to concrete developed by Ulm and Coussy[65, 66]. lcdmerete application

of the theory, the hydration reaction of concrete is viewedifthe macroscopic scale.
The solid part of concrete is formed of unhydrated cementhguldates. During the

hydration reaction, water diffuses from the layers of alseformed hydrates to the
unhydrated cement particles. When the water meets with thgdnated parts, new
hydrates occurs and the water is combined. Thus, the dffusf water over the

layers of already formed hydrates can be considered as thendot process of the
hydration [67].

In the Theory of Reactive Porous Media, a closed chemicaésy$ assumed and
the chemical reactions are modeled with the help of locarival variables. Because
of the different reactivity of hydration products, chemisgstem is simplified and
the hydration process is modeled as simplified cement hgdrafemperature and
the degree of hydration are assumed as the two essentablesiof this closed ther-
momechanical model and the free energy is formulated indexhthese variables.
The evolution of the degree of hydration is determined by arhénius-type ordi-
nary differential equation. The liberated heat during theraical reactions enters the
equation of temperature evolution as a heat source. Thestnziation of mechanical
properties of concrete during hydration is called agingisTghenomenon is mod-
eled with the concept of degree of aging. The material patens@f these models
are determined with the help of different experimental itssibcal simulations are

performed at material point.
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1.4.2 Multiphase Porous Media

The chemically closed studies neglect the mass transfeteit®ncrete. Recently,
these studies have been started to improve with considémagnass transfer with
ambient (hygro effects) by researchers. Gawin, Pesavent&eahrefler[31, 32, 58]
published several articles about the hygro-thermo-cherachanical modelling of
concrete at early ages. In these articles, concrete isaenesi as a multiphase porous
viscoelastic material, which is in solid, liquid and gasedarms. This modeling

approach is called Multiphase Porous Media.

In Multiphase Porous Media, in addition to conservationioédr momentum (me-
chanical balance) and conservation of energy (thermahba)a different conserva-
tion of mass equations, which consider the diffusion inghtee concrete and mass
transfer with ambient, are used. This very complex approeghires a large num-
ber of material parameters and variables. The difficultyhm determination of the
material parameters makes this model more unrealistigifpllyang in the analysis of
boundary-value problems. Because of the difficulties on rivaglerogress, there are
very few numerical simulation studies on Multiphase Pordeslia and these studies
are mostly limited in two dimensional space. For these stjdhe reader is referred

to JendeleSmilauer andCervenkal[37] and Valentini and et ], [68].

In the theory of multiphase porous media, concrete is etaduas a multiphase
porous visco-elastic material. In the media, chemicaltreas, phase changes, and
aging of material properties are taken into account. ThE@gch is based on the
hybrid mixture theory (HMT) developed by Hassanizadeh aray@36]. HMT con-
siders a multiscale (microscale, mesoscale and macrggcaldem involving shrink-
age/swelling media. The concrete structure is considerée formed by more than
one phase, which are oftenly liquid and solid|[14]. Balancaagigns are introduced
at the microscale level and then averaged by HMT to obtaimiheroscopic balance
equation. However, constitutive laws are directly defineshacroscopic level.
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1.4.3 Thermodynamically Constrained Averaging Theory

Modeling of porous media should be multiphase and must denghe different
scales. These are the main aspects of the Thermodynamialigtrained Aver-
aging Theory (TCAT) developed by Gray and Miller in 2005![3Bhe procedure of
the TCAT is very similar to the HMT. Balance equations are fiefirged at the mi-
croscale and they are upscaled by averaging theorems talirtie the macroscopic
balance equations. The principal difference between theTT&#al the HMT is that
in the HMT the entropy inequality is assured only at the mscate and in the TCAT,
balance equations for entropy are written at the microdcalleach phase, and then
upscaled. There are very few application study of this th@othe literature. By us-
ing this theory, Sciume [61] presented a thermo-hygro-aiemechanical early-age

concrete model and extended this model to tumor growth.

1.5 Aim of Thesis

The aim of this thesis is to model the coupled thermomeclaah&havior of the con-
crete hardening by developing a three-dimensional carisgt model. To account
for the cross coupling between chemical, thermal, and nrecabeffects, the theo-
retical formulation of the problems is carried out withire thamework of continuum
thermodynamics for closed systems. In particular, the Theb Reactive Porous
Media is followed. Since it is also aimed to conduct presiethumerical simula-
tions of realistic coupled initial boundary-value probkernthe developed theoretical
model along with its algorithmic formulation is implemedt@to a commercial finite
element tool as a user material model. The model parametethen identified by
fitting the model response to the experimental data taken the literature. By us-
ing the identified material parameters in the computer imgletation, the predictive
numerical analyses of different concrete structures affeqeed. These analyses do
not only cover the uneven temperature field evolution but #t& development of
stress concentrations in mass concrete structures. lthesss, principles of porous
media mechanics are followed. Appropriate material patarador the developed
model are determined and application of the theory to the@eample is conducted.
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1.6 Scope and Outline

In Chapter 1, the basic definition of the terms used in the thesis is gi\nevious
works carried on the cement hydration and early-age camernetdeling are intro-

duced.

Chapter 2 is devoted to the fundamentals of continuum thermomechkaritte kine-

matics and state variables are given. Balance laws are uteatin their global and
local forms. Two fundamental differential equations, nintbe balance of linear
momentum and the transient heat conduction equations evedeBesides, dissipa-

tion is introduced.

In Chapter 3, the three-dimensional continuous formulation of the ¢edpnitial

boundary-value problem of early-age thermomechanicgtiedaced. In this contri-
bution, essential governing differential equations ofgthablem are derived. Consti-
tutive and aging equations are introduced. Additionajpgcal forms of thermal and

mechanical material parameters are stated.

Chapter 4 deals with the potential of proposed constitutive modehuliree repre-
sentative numerical problems. The first example probleromeerned with the local
simulation of the results in Bentz, Waller and Larrérd! [15%].this study, simulation
of temperature, chemical affinity and compressive strergtiiutions are presented.
In the second example, experiments, which are conductabidoDam are simulated
qualitatively. For the last example, Deriner Dam is modeled stress distribution of
the structure is computed. Besides, the crack estimatialy $tu the Deriner Dam is

also performed.

This thesis is concluded with a summary, some remarks, athalodun Chapter 5.
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CHAPTER 2

THERMOMECHANICS OF THE THREE-DIMENSIONAL
CONTINUUM

This chapter is devoted to the fundamental formulationseaingetrically linear con-
tinuum mechanics and the key equations of thermodynamatgtivern the thermo-
mechanical behavior of materials. In Section 2.1, kinecsadi small strains and the
external state variables are introduced. Furthermoreldkeriptions of the strain ten-
sor and the temperature field, which are the external statgles of thermomechan-
ics, are given. In Sectidn 2.2, the stress tensor and thdlhgatre introduced along
with their relations with the stress traction vector andhkat flux vector through the
Cauchy’s theorem. In Sectign 2.3, conservation laws forre¢yysical phenom-
ena are introduced as balance laws and their global andftooas are derived. With
these conservation laws, two fundamental governing @iffeal equations of thermo-
mechanics are introduced by accounting for their mutuapbing. In Sectiorh 2.4, the

concept of dissipation according to the second law of thelynamics is introduced.

2.1 Kinematics and State Variables

In continuum mechanics, a substance, which may exist inid, $igjuid, or gaseous
state, can be considered as a material body. Before intnogltiog essential equations
of thermomechanics, the motion of a deformable solid bodggribed. To this end,
let us assume the configuration of our material body witha EHuclidean space is
denoted by3 C R? attimet € R,. u(x,t) is the displacement map describing the
displacement field of a material poiRtlocated atc € B attimet € Z. This mapping
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can be defined as,

BxI —R3,
u(x,t) : (2.1)
(x,t) — u(x,t).

The time rate of the deformation field gives the velocity

ou(zx,t)
ot

v(x,t) = =u(x,t), (2.2)

and the rate of velocity gives the acceleration field

a(x,t) = % =v(x,t) = u(x,t). (2.3)

The strain tensor at € B is defined by

e(x,1) 1= sym(Vu) = %(Vu + V). (2.4)

The temperature fielé}(x, t) and the displacement fietd «, ¢) constitute the external

state variables of thermomechanics. Both variables depeitegposition and time.

Statéx,t) = {u(x,t),0(x,t)} (2.5)

2.2 Stress Tensor and Heat Flux

Let P C B denote an arbitrary part of a bod; The partP has an interaction with
the rest part of the body, and this thermomechanical intieracs represented by
two elemental quantities of continuum mechanics: the stir@gstion vectot and the
outward heat flux.. Both quantities are linearly dependent on the orientatiche
cut’? atx € 0P and characterized by the surface unit normalThe stress traction
vectort and the heat flux. can be related to the stress tensoand the heat flux

vectorq through the Cauchy’s theorem.

t=on and h=q-n. (2.6)

The representation of the stress tensor and heat flux is giveéigure[2.1.
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Figure 2.1: Representation of stress tertsand heat flux, of a partP C B with a
boundary ooP

2.3 Fundamental Conservation Laws

In this section, the balance laws for the pRriC B are formulated. We first define
the physical fields of thermomechanics.

(i) Mass m ::/pdV
P
(ii) Linear Momentum

= |
P

(iii) Angular Momentum Dy = / x X pvdV
P

1

(iv) Kinetic Energy X = /P S PV av (2.7)
v) Internal Energy & = edV
(v) p

P
vi) Entropy H = dV
(vi) P

P
vii) Entropy Production r = dv
(vii) Py

P

where the fieldg(x, t), u(x,t), v(x,t), e(x,t), n(x,t), v(x,t) describe the mass
density, displacement, velocity, internal energy, entrapd entropy production rate,
respectively. The terms ), and~ are defined per unit mass.

The volume loads, which are the body fordesnd the heat source and the surface
loads, which include the stress traction vedtand the heat flux vectay, act on the
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part’? C B and on its surfacéP, respectively. The heat source is defined per unit

mass. Global quantities associated with the volume andcaitbads are defined as

(i) Mechanical Force F = / pbdV + / tdA
P oP
(ii) Mechanical Couple M, = / x X pbdV +/ x xtdA
P aP
(iii) Mechanical Power P o= / pb-vdV + t-vdA (2.8)
P oP
(iv) Thermal Power Q = / prdV — / hdA
P P .
(v) Entropy Power S = / pde —/ —dA
p 0 op 0

These quantities have both volume and surface integrakterm

2.3.1 Global Forms

The relationships between the physical fieldsl(2.7) andhbeeriodynamic sources
(2.8) are described by the fundamental balance laws ofraaunth mechanics. These
relationships are written in the following global forms.

d
(i) Conservation of Mass g7 [m] =0
. : : d
(ii) Conservation of Linear Momentum EI =F
ii) C tion of Angular M t d Dy =M
(iii) Conservation of Angular Momentum 7t 0 = Mo (2.9)
: : d
(iv) Conservation of Energy pn K+ €& =P+Q
: d
(v) Conservation of Entropy = g7 [(H]-8>0

The conservation of mass, which is also known as the comgieguation, represents
the mass equilibrium in a closed system. The conservatiemefgy and entropy are
the first and second laws of thermodynamics, respectivelytie volume ofP C B,
these conservation equations are expressed as globahstateas in(Z2]9).
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2.3.2 Local Forms

In order to obtain the local differential forms of the glolzainservation equations

expressed in integral forms in_(2.9), the following stepsfatiowed.

e Step 1:Insert the Cauchy’s Theorem

t=on and h=q-n (2.10)

e Step 2: Transform the surface integrals into volume integrals & @auss-

Integral theorem.

/ (1) -ndA = / div(-) dV (2.11)
oP P
e Step 3: Apply the localization theorem.

Phjg\/ 7)() dV=0 <<= ()=0 (2.12)

Conservation of Mass
Substituting(2.4), into (2.9),, we obtain
d d dp
el - = dV = 24V = ydV = 0. 2.13
g dt/pp /pdt /Pp (2.13)
Through the localization theorem, we end up with

Plgzlv deVzO — p=0 (2.14)

This final equilibrium indicates that the mass density of dybig constant for closed

systems within the geometrically linear theory.
Conservation of Linear Momentum
Insertion of(2.4), into (2.9), with ([2.8), leads us to

d
= pvdV:/(pv—i—piJ)dV:/pde—i-/ tdA. (2.15)
dt Jp P P oP

wherepv = 0 as explained in(2.14). The surface integral can be written a

/SPtdA:/ap(mn)dA:/Pdiv[a]dv. (2.16)
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By making use of this result if2.15), we end up with

/ pvdV = /(pb—l—div[a])dV. (2.17)
P P
Localizing the parfP to an infinitesimal volume

Plglev 7D(,ov —div[je] — pb)dV =0, (2.18)

we arrive at the local form of the balance of linear momentagpuma¢ion

pv =divie]+pb. (2.19)

Conservation of Angular Momentum

Inserting the mechanical couple express(ar), into (2.9);, we obtain

d d

—Dyg=— [ = x pvdV:/mx pde+/ x x tdA (2.20)

Transforming the surface integral into a volume integral

/ :1:xtdA:/e:UTdV—i—/a:Xdiv[a]dV, (2.21)
oP P P

and by inserting this result int@.20), the conservation of angular momentum equa-

tion becomes

4 /mx pvdV=/(v><pv+:1:><pi;)dV,

dt Jp P

= /ar:x pde+/a:xdiv[a]dV—l—/e:aTdV. (2.22)
P P P

Making use of the conservation of mass equation (2.14) amédalityv x v = 0
in (2.22), we end up with

/(w X (pa — div]o] —pb)dV+/ e:0’dV = 0. (2.23)
P P

The conservation of linear momentum equatioriin (2.19)ifiedl the term in paran-
theses withv = a. Hence, the first term on the left hand side [of (2.23) vanishes

Therefore, the final reduced form of the equation becomes

lim €e:0’dV =0 <+ €:0"=0. (2.24)
P—=dV Jp

24



Since€123 = €931 = €312 = 1 and €132 = €313 = €397 = —1, the equal|ty4)

impliesogs = 032, 031 = 013, 012 = 091, OF SIMply
oc=o". (2.25)

That is, the conservation of angular momentum implies tmaistress tensor is sym-

metrical.
Conservation of Energy(1st Law of Thermodynamics)

Recall the global form of conservation of energy in equatibf),

d
E[J{Jr&} =P+Q,

whereX, €, P, andQ represent the kinetic energy, internal energy, mechapmaeér,
and thermal power, respectively. While the left hand siddefequality is the rate of
kinetic and internal energy @ C B, the right hand side represents the mechanical
and thermal power terms. By usirig (2.7) and](2.8), the extgbein of the conserva-
tion of energy can be written as

d 1
— —pv-vd d
7 [/7>2pva+/Ppe V]

= /NFMVﬁ/th+/pMV—/th (2.26)
P oP P oP

where all the terms are in the volume integral except for &mms$ with the traction
vector and the heat flux. Transforming the surface coniobubf the mechanical

power term into a volume integral, we obtain

/ v-tdA:/ v-a-ndA:/(Vv:a'—i—v-div[a]) dv (2.27)
oP opP P

whereV v : o can be expressed as the stress power term as follows

Vv:o=0c:Vv=0c:sym(Vv)=0:¢€. (2.28)

The equalitye = sym(V v) is derived from[(Z.}4). Then, the volume transformation
equation becomes
/Xa;é+vdwhpdv. (2.29)
P
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Similar to the surface contribution of the mechanical poteem, the surface contri-

bution of the thermal power can be recast into a volume iateégrough the Cauchy’s

theorem[(2.6)
/ hdA:/ q-ndA:/div[q] av . (2.30)
oP oP P

Incorporating the results (2.29) and (2.30) in the cong@mwaf energy, we arrive at

/pv~1} dV+/pé dV:/p(b~v—|—0':é+'vdiv[0']) av
7 7 P (2.31)

+/ (pr — div]q]) dV .
P
Insertion of [2.2IF) and (2.30) intb (2.31) leads us to

/v-(pa—div[a]—pb)dV+/(pé—a:é—pr+div[q])dV:O. (2.32)
P P

Incorporation of the conservation of linear momentim (Rit&2.32) leads us to the

balance of energy equation
/P (pé —o : € — pr+divlq]) dV (2.33)
whose localization leads us to the local form of the condemwaf energy
pe =0 : &+ pr—diviq]. (2.34)
The local energy conservation equation can be further eddédd to obtain the tran-
sient heat conduction equation. For this, the reader isrezféo Section 315.

While the balance of linear momentum governs the mechane&@or of a body,
the conservation of energy describes its thermal respdmtieermomechanical prob-
lems, these two equations are coupled through constitatjuations and solved si-

multaneously.
Conservation of Entropy (2nd Law of Thermodynamics)
Substituting(2.7) into (2.9)5, we end up with

d
I = AV == (H) -8
/PPVV 7 (70

d r h
= — dVv — —d —dA >0.
dt pp?? v /PPQ V+/8730 =0
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The surface contribution to the entropy power is transfalfiem surface integral

into a volume integral as

/ %dA - % dA
oP oP (236)

1 . 1
:/77(5 dlv[q]—§q~V9) av.

Inserting [2.36) into[(2.35), we get

. r 1 . 1
/vad‘/—/PpndV—/Ppng—l—/P(g dlv[q]—wq-VG) dv . (2.37)

Localizing the global form{2.37)
. ) r 1 1
Plggv P(p’y—pn+p§—§dlv[q]—Wq-VH) av =0, (2.38)

we obtain the local form of conservation of entropy as

o1 . 1
P’V:pU‘Fg(PT—dW[Q]) - ﬁq-w > 0. (2.39)

The local forms of the conservation laws are summarizedliswfed.

(i) Mass p=0

(ii) LinearMomentum pa=divle|+pb

(iii) AngularMomentum o=o"

(iv) Energy pé=o:&+ pr—divq]

(v) Entropy pvzpﬁﬂL%(pr—diV[q])—@—lgq-W >0

2.4 Dissipation

The dissipationD, is defined as the product of the volume-specific entropy yrod

tion rate [2.3P) and the absolute temperature
D:=60py>0 with 6>0 (2.40)

Making use of the conservation of enerdy (2.34) and the gwaten of entropy

(Z39) in [2:40), we obtain
. , 1
D:=0py = pbn— (pr—divig]) — 04 Vo >0,

1
= o —(pé—0:€)—5q-V0 =20,

1
D = o:é—pétphi—5q V020 (2.41)
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The latter inequality is called th€lasius-Duhem Inequalit{CDI) and consists of
two parts: the local (intrinsic) dissipatidp,,. and the dissipation because of the heat
conductiorD,,,,
Dloczaie—pe—l—penzo, (2.42)
Deon = —éq‘VG > 0.
The first inequality is called th€lasius-Planck InequalityCPI) and the latter is the

Fourier Inequality(Fl).

Introducing the Helmholtz free energythrough the of Legendre transformation

~

Vi=e—0n (2.43)
the following alternative representation of CPl is arrived
Die=0:6—pU+pnf >0 (2.44)

In thermodynamics of materials, constitutive equatioas fiifill the Clausius-Planck
and Fourier inequalitie$ (3.6) are said to be thermodynalhgiconsistent. For ther-
moelasticity, the local dissipation vanishes identicaltyl the CPl becomes an equal-
ity

D=0 :é—pU+4pnf=0, (2.45)

which implies¥ = ¥ (e, 6).
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CHAPTER 3

CONSTITUTIVE EQUATIONS

In Chaptef 2, the global balance laws and their local forme lteen derived. These
resulting field equations are valid for all closed thermohaucal bodies, but they
are insufficient to describe the response of early-age eta¢o the acting forces
and thermal loads. In order to provide a specific definitiothef material behavior,
constitutive equations are required. The aim of this chapt® introduce the con-
stitutive equations of the coupled initial boundary-vapreblem of early-age con-
crete thermomechanics within the framework of Theory of Read?orous Media
[17,165,[66] 67]. After introducing the essential governdhferential equations of
the problem, mechanical and thermal material propertiesdafined based on the
state variables. At the end of the chapter, special formé@itaterial coefficients

are given.

3.1 Theory of Reactive Porous Media

Concrete is one of the most commonly used construction naéden structures like
dams, bridges, viaducts, ports, tunnels, etc., which dsgested to different environ-
mental conditions. In order to simulate the behavior of ¢hesncrete structures, a

coupled thermomechanical model is required.

During concrete hardening, several different physical@remical phenomena occur.
Despite the complexity of this process, a coupled chemoytbenechanical model
can clarify the hardening and hydration. As a result of egotfic nature of ce-
ment hydration, the heat of hydration arises and causesegeise of the temperature
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field in structures. This increase results in undesired@ifia temperature variations
throughout a structure’s body depending on the thermal taynconditions. Espe-
cially in concrete dams, power plants, foundations, bridge viaduct piers, which
are generally called mass concrete. Owing to the low theooadiuctivity of con-

crete, it is not easy to convect the heat of hydration fromsinéace of structures
to ambient. Therefore, in the interior regions of mass cetechigh temperature in-
creases occur, and this, in turn, causes thermal expansidrese volume changes
and external restraints of concrete structure lead to thieldement of tensile stress.

The excessive amount of the tensile stress may result ihdomeks.

As explained in Chaptél 1, cement consists 4 fundamentalredgealcium silicates
(C3S, C38), a calcium aluminate({zA) and a calcium aluminoferriteé;AF). These
minerals react with water during the hydration process aedte different hydration
products. The products of aluminates’ hydration vary whia &amount of sulfate they
include where ettringite is referred to as high-sulf&igAS;Hs.) and monosulfate is
also called as low-sulfat€(ASH;s). On the other hand, the hydration of the silicates
constitutes calcium hydroxidé€’fl) and calcium silica hydrateCSH). Because of
different reactivity of these formations, the chemicalteys is simplified as clinker
hydration. Temperature and the degree of hydration arevestas the two essential
variables of this closed thermo-chemical model and thedresxgy is formulated in
terms of these variables. As a consequence of hydratiomnlissgated energy grows
into a heat source in the transient heat conduction equ@i8d). The time evolution
of the mechanical properties of concrete during hydratsonralled aging and this
phenomenon is modelled with the concept of the degree ofjagin complete the
model, the material parameters must be determined. Thiere @ith the help of

different experimental data.

3.2 The Principal Kinematics of the Chemo-Thermo-Mechanical Foblem

The general kinematics of continuum mechanics is desciib€thaptef 2. In this
section, general kinematics is defined for the coupled prablLetB be the refer-
ance position of a concrete body, which has material pomt®ordinates of € B
at time oft € R, and the displacement of these points is denoted (y, ¢). In the
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model, coupled chemical and thermal phenomena initiatertbehanical deforma-
tions. Under this condition, small strain theory is assumedithe linear strain tensor
e(x,t) is used. The other external variable is the temperaturedigdds denoted by
0(x,t) while the main indicator of the hydration process would bpregsed by the

degree of hydratiog(x, t). The latter enters the formulation as an internal field.

3.3 Thermodynamical Structure of the Model

In order to describe the local chemo-thermo-mechanicah\ieh of the hardening
concrete at time € R, we need to know the displacement, thermal and hydration
fields. Therefore, the strain tengder, t), absolute temperatutéx, t) and the degree

of hydration¢(x, t) are the key fields. These state variables govern the Helmineé
energy, which is chosen as the thermomechanical potential

U =U(e, 0,¢). (3.1)

When the coupled chemo-thermo-mechanical effects are tateaccount, the Helm-

holtz free energy function will be considered as,
U(e,0,6) = W(e,0,6) + V() + L(6,6) + H(E), (3.2)

where the thermoelastic ener{zﬁy(e, 0, &) takes thermal effects and the effect of ag-
ing of concrete on mechanical energy into consideratianttiermal energy function
17(0) represents completely thermal energy that is stored inrew;(i(@, £) accounts
for chemo-thermal effects in concrete and depends on texfyerand the degree of

hydration. H (¢) is the chemical energy.

Therefore, according to the second law of thermodynantiesirstrinsic dissipation

for the non-isothermal problems can be introduced as
Dn=0:6—U—nf >0. (3.3)

In this inequality, the stress tensor is denotedsbgindn represents the entropy per
unit volume. When the dependence of the Helmholtz free er@ndiie tensor strain,
the temperature, and the degree of hydration is taken irtouet, [3.8) becomes

Dint = (o0 — 85@) € — (n+ (99@)9 — aglif L £>0. (3.4)
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According to the methodology of the Coleman and Guitin [119¢, values in paren-
thesis in[(3.4) are expected to be zero for arbitrary time oéthe strain tensor and
the absolute temperature. The Helmholtz free energy thsnagca potential for the
stress tensar and the entropy through the following equations

o = 8.U(e, 0,¢), n = —0yU(e, 0,¢). (3.5)

Incorporating the result§ (3.5) in_(8.4), the Clausius-Bkamequality reduces to the

following form

D = Ac€ >0, (3.6)

whereflg = —85\11(6,9,5) represents thehemical affinity an energy-conjugate
variable of the degree of hydration. One of the key equatidrise coupled chemo-
thermal problem for a closed thermodynamical system is tiodugon of the de-
gree of hydration. This can be described as a thermallyatetivprocess through an
Arrhenius-type differential equation

. A E,
= e 7
¢ e exp( RQ) &9

In this equationj (), E,, andR denote the viscosity, which controls the rate of reac-
tion and depends on the degree of hydration, the activatiengy and the universal
gas coefficient, respectively. This new definition for thelation of the degree of hy-
dration enters the Clasius-Planck Inequality](3.6) andkisats final reduced form
as

A2 E,
Dint = 77_: exp (—E) >0. (3.8)

In order to fulfill the Clasius-Planck Inequality (B.G),(¢) viscosity function must be
positive (3 > 0). Then, the suggested model can be said to be thermodynémical
consistent. The Fourier inequality explains the heat cotiolu limiting part of the

second law of thermodynamics

Deopn = —%q V.0 > 0. (3.9)

that can be satisfied identically for the positive valueshef toefficient of thermal
conductivity with Fourier-typg = —k V, 0 isotropic heat conduction model; that is,
Deon = kO7H||V, 02 >0 Vi > 0.
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3.4 Balance Laws of Coupled Chemo-Thermo-Mechanical System

As discussed in Chaptet 2, the essential equations of chieenod-mechanics are
the conservation of linear momentum _(2.18) and the conservaf energy [(2.34).
Under quasi-static conditions, inertia effect can be n#gtkand the conservation of

linear momentum law boils down to
divje] + b =0 (3.10)

whereb represents volume-specific body force. The conservati@mefgy, which is
also known as the first law of thermodynamics can be introd@asethe summation
of mechanical power, which is the change of time rated irtleenergyP := o : &,

and thermal powe@ := — div[q| + 7,
e =P+ Q, (3.11)

wheree denotes the volume-specific internal energy. When the sesul3.5) and
the Legendre relation of := ¥ + 0n between internal energy and Helmholtz free

energy are incorporated in_(3]111), the conservation ofggnesin be expressed as
01 = Dint + Q. (3.12)

Recall that entropy is defined gs = —89\11(5, 0,¢) in (3.8). If we exploit its de-
pendency on the external and internal state variables ransient heat conduction

equation describing the evolution of the temperature felobitained as
Cé = Q + Dint + Hmech+ Hchem- (3-13)

In this equality,c := —003,F, Hmech := 0050 : &€ andHepem := 002, V< stand for
the specific heat, thermoelastic heating and chemicaliggatespectively. Hchem
is the product of exothermic hydration reaction and whers ikompared with the
internal energy los®;,; and thermoelastic he&{e» the latter two terms can be
neglected. To this respect, if the hydration effects arertakto consideration and for

the hardening concrete, the conservation of energy equiatioomes.
Cé - Q + Hchem (314)

This new form is valid for non-adiabatic systems. Under bai& conditions, i.e. as

the system is insulated, the thermal power term vanis@es-(0) and the transient
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heat conduction equation becomes an ordinary differeatjaation
09 — Hchem. (3.15)

The solution of the latter can be used to estimate the changles local temperature
field.

3.5 Specific Constitutive Equations

Formerly explained conservation of linear momentum (3&k@) the conservation of
energy [(3.14) equations are coupled through constitutiumons. In this section,
specific parts of Helmholtz free energy function are intretli We assume the spe-

cific form of thermoelastic energy function as

Wi(e, 0,¢) = @[tr(s)]2 —k(&a tr(e)(@ — 0y) + (&) dev(e) : dev(e) (3.16)

wherei(£) andji(€), « andf, denote the degree of hydration based bulk and shear
moduli, the thermal expansion coefficient, and the inigsmhperature value, respec-
tively. This specific form considers the thermal effectslommechanical behavior of
concrete. The purely thermal part of the Helmholtz free gylmnctionf/(e) models

the rigid thermal energy storage
V(0,8) = é(£)[0 — 6o In(6/6,)] . (3.17)
The thermochemical effects are modeled by the energy fumcti

L(6,€) = Q(&) In(6/6,), (3.18)

where the heat sourag(¢) refers to the amount of heat per unit volume, which is
released during the hydration process and modelled as &#idoraf the degree of
hydration

~

Q&) = Q€. (3.19)

If it is considered that the degree of hydration ranges betw@and 1, this equation
clarifies that the material coefficie@ as the arising amount of heat at unit hydration.
The last part of the Helmholtz free energy models the puregnacal effects

B(E) = 3 K€ + 5 (Ag 6" — Agt. (3.20)

34



wherek, and A, are material coefficients argd, is the final (steady-state) value of
the degree of hydration. The final value of the degree of Hiairas related to the
water - cement ratio of the concrete mixture. Pantazopaudd\ills [57] introduced

a water - cement ratio based function of the final value of eegf hydration

= 1.031wl/c
0194 + wlc’

The stress tenser and the chemical affinityl, can be derived with the combination

(3.21)

of the constitutive equations and the equations in Se¢ti@n Ve then have the

specific expressions of the stress tensor

o = #()[(tx(e) — a0 — 60))] L + 24() dev(e), (3.22)
and the chemical affinity
Ag = ke ( 20/ ke 5) (€ — ) (3.23)

Observe that in the definition of the chemical affinity := —9; ¥ = —9;W — 9. L —
¢ H, the contribution of thermoelastic-9;17) and the chemothermél-9; ) parts
are ignored when compared with the contribution of chenMrgy(—c’)gH ) and

the assumption ofl, := —9,¥ ~ —d, H is admitted. Recall evolution of the degree

of hydration in [3.7), A
¢ =2 o (-
e RO

When the latter definition of the chemical affinity is used ia @volution equation of

the degree of hydration, we obtain the following form

o @ Afo/ki . _&
- 2 (Bl ) (- o (7 ) - (3.29

In this equationy) () is introduced as an increasing function of the degree ofdyydr
tion [17],

Ne(€) = g, exp ( 51) (3.25)
wherer,, andn are material constants. In chemically closed porous mégi&) rep-
resents the diffusion of water. For the chemical heatiygn := 98529\1/5 in conserva-
tion of energy function[(3.14), if we consider the contribatof the thermochemical
energy is far bigger than that of the thermoelastic one, hleenical heating simplifies

to Hehem : = Qgé . For the adiabatic case, the temperature evolution becomes
cf = Q& , (3.26)
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and integrating it over time the change in the absolute teatpes during hydration

can be calculated as
Qe

C

0 —0p = —=[£(t) — &l - (3.27)

3.6 Aging Equations

Itis necessary to clarify the effects of hydration on thedsedr of concrete hardening.
During hydration, durability properties and mechanicdidngor of concrete change.
To model this alteration, we use the aging variaple= x(0,¢), which takes into

account of the effect of ambient temperature. The comprestiength of concrete

can be introduced in terms of the ultimate strengjfthunder isothermal conditions

feX) = XS (3.28)

The evolution of the aging variable [17] is described by,
X = AoAe€ (3.29)
with functions), and )\, defined as

Np = (M)n . Ae= A+ By (3.30)
Omax — 0y

wherefnax denotes the maximum temperaturg,is a material constant andl; and

By control the variation of the degree of aging with the degrfdgydration. Accord-

ing to CEB-FIP Model Code (1990), concrete’s tensile strerfgénd its modulus of

elasticity £. can be calculated based on the compressive strength in asgdp.

fi(x) = 1.40 (f.(x)/10)*/? [MPg| (3.31)
Ec(x) = 2.15- 10" (f.(x)/10)"/ [MP4 (3.32)

The material parameters of the constitutive and aging @nsare listed in Table 3.1
with reference to the equations where they appear. The fyist parameters are for

constitutive equations and the others are required for idgfithe aging equations.

In the next chapter, the specific values of parameters ire[2f! are going to be de-
termined by the help of experimental studies, which are @megbwith the numerical

simulations.
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3.7 Special Forms of Material Parameters

As a consequence of cement hydration and its end produetsp&hand mechanical
material parameters of concrete vary. This section owgtlthe specific forms of the

thermal and mechanical material parameters as a functitreafegree of hydration.

3.7.1 Thermal Material Parameters

There are three thermal material parameters that have anrtamp effect on concrete:
the specific heat capacity, the thermal conductivity ancctedficient of thermal ex-

pansion.

The specific heat can be defined as the amount of energy rdqereunit mass to
change the temperature by 1 Kelvin. For lower values of $igdweat, it will be eas-
ier to increase the temperature of concrete and vice verszauBe of the thermally
vulnerable behavior of concrete, specific heat becomesdafuantal thermal mate-
rial parameter. The content of cement and the compositionixture materials play

an important role on the evaluation of the specific heat. Amyrhal or mechanical

Table 3.1: Material Parameters of Constitutive and Agin@Reters

Parameter  Description Equation
¢  Coefficient of specific heat [(3.13)
0, Initial temperature [(3.16, 3.1[7, 3]18)
Q¢ Latent heat of hydration [(3.19, 3126, 3.27)
¢ Ultimate degree of hydration [(3.21, 3123, 3.24,3.25)
ke../ne,  Hydration parameter [(3.P4, 3]25)
n  Viscosity (3.25)
Ag,/ke  Hydration parameter [(3.24, 3]25)

E,/R  Normalized activation energy [(3[7,-3124)

> Ultimate compressive strength [(3128)

C

0, Reference temperature (3.30),

Omax ~Maximum temperature (3.30),
ng  Temperature base parameter (3.30);

As, By Aging coefficients (3.30),
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change in concrete will change the specific heat capacitg. effects of these ther-
mal and mechanical fields on the coefficient of specific heat baen investigated in

different experimental studies [23,/40, 62].

According to De Schuttef [21], the specific heat decreasesitly with the increase
of the degree of hydration. He introduced a hydration-bagesgtific heat equation

for concrete

¢ (€) = ¢ (1.15 — 0.15¢) (3.33)

This equation is valid only for concrete with normal weighé&eel andc,, denotes
specific heat of hardened concrete. For hardened concrit@arimal weight aggre-
gate, the coefficient of specific heat capacity ranges bet®6e and 900 Ay (s* K).
A typical specific heat capacity evolution curve is depidteBligure[3.1.

920 T T T T T T

910f Specific heat capacity — |
900
890 [
880
870
860 [

8501

Specific Heat Capacityn?® / (s?K)]

8401

\ \ \ \ \ \ \
0 20 40 60 80 100 120 140 160 180

t [hout]

830

Figure 3.1: Coefficient of specific heat capacity curve of ralretrength concrete
with % 20 fly ash. Curve is depicted according[fo (8.33) with= 800 [m?/(s? K)]

The other thermal material parameter, thermal condugtigibntrols uniform heat
flow through a unit thickness of concrete between its oppasitfaces. Unit of ther-
mal conductivity is W(mK). Lixia et al. [49] designed an experiment to determine
the coefficient of thermal conductivity and to understarelithportance of concrete
mixture materials on this coefficient. Although it is widedgsumed that the coeffi-
cient of thermal conductivity is constant, Ruiz et al.|[598&8hin et al. [[62] present
linear and nonlinear formulations of the thermal condutstiof concrete, respec-
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tively. Moreover, Jeong and Kin [38] suggest that the thémpaductivity of con-
crete decreases as the degree of hydration increases gattdt® their experimental

study on concrete pavements. Ruiz’s thermal conductivibaggn is
k(&) = ks (1.33 —0.338), (3.34)
wherek, is the ultimate thermal conductivity of hardened concrete.

In this study, we assume that concrete is a homogenous alatehiere all the mate-
rial parameters are uniform through the concrete body. asssimption is valid for
macroscopic modeling. To understand the effect of aggesgah the specific heat
and the thermal conductivity a mesoscopic modeling shoalgdrformed. In this

kind of modeling, material parameters varies through thecoete.

The key material parameter of concrete thermomechanibs isdefficient of thermal
expansion (CTE). CTE is a mechanical parameter and it has avrtamp role in the

coupling of thermal and mechanical forces. Zhou, Huang dnd[31] developed a
numerical formulation for CTE of Portland cement concreteorébver, Maruyama
and Teramoto [51] conducted experiments under differentitions to analyze the
characteristics of CTE. Although both studies claim that@fi& of normal-strength
concrete has a slight decrease with respect to time, wegtdgle small change and
assume that CTE is constant throughout the hydration. In @gemwe take CTE as
2.2x1075[1/K].

3.7.2 Mechanical Material Parameters

In this section, we give the formulation of four importantehanical material prop-
erties. These are the compressive strength, the ten®legstr, the modulus of elas-
ticity, and the Poisson’s ratio. The first three equatiomsiaterrelated and the latter

parameter is expressed independently.

The compressive strength, the tensile strength, and thello®df elasticity can be
described through aging. In Section]3.6, the specific eguatbf aging were intro-

duced and the compressive strength is formulated as a @unctithe aging variable

fex) = X/
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The tensile strengtli () = 1.40 (f.(x)/10)?/3 and the modulus of elasticit#.(y) =

2.15 - 10* (f.(x)/10)"/? are nonlinearly dependent on compressive strength. For the

simulations and experiments about determining these meianaterial properties,
the reader is referred to [17,145, 70/ 30].

De Schutter and Taerwie [24] introduced the degree of hyardiased Poisson’s ratio
v(€), which is necessary to define the instant values of the butkutis and the shear
modulus

R(x) = Ee(x)/3(1 —20) and i(x) = Ee(x)/2(1+7) (3.35)
with the Poisson’s ratio
V(&) = 0.18 sin(m€ / 2) + 0.5 exp(—10¢) . (3.36)

The evolution of the Poisson’s ratio with the degree of hiidrais depicted in Figure
B.2.
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Degree of Hydratiofi—|

Figure 3.2: Evolution of the Poisson’s ratio of normal sgignconcrete with 20% fly
ash.
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CHAPTER 4

REPRESENTATIVE NUMERICAL EXAMPLES

In Chaptef 2, the thermomechanics of the three-dimensiamirtium has been in-
troduced. The constitutive equations of the coupled inif@undary-value problem
of early-age concrete thermomechanics within the framkwdrTheory of Reac-
tive Porous Media have been derived in Chapter 3. The aim sfdhapter is to
demonstrate the potential of the proposed constitutiveahntbdough representative
numerical examples where the numerically obtained resmé#scontrasted with the

experimental findings taken from literature.

For this purpose, three numerical examples are considétefirst example is con-
cerned with the simulations of the results presented in Car@iver and Prato [17].
The evolution of temperature, the change of the chemicaligffiand the evolution
of compressive strength are modeled at a local materiak.pbirthese simulations,
the material parameters of the proposed model are identdidtie distinct concrete
types. In the second numerical example, experimentalteesullisu Dam Report
[13] are simulated. In this report, the evolution of adiab#&mperature and com-
pressive strength is given for a cubic concrete specimea.ekperiments have been
performed to understand the characteristics of concrétehais used in llisu Dam.
The third example is concerned with the simulation of thertt@mechanically cou-
pled behavior of mass concrete structures. The stress amgktature distributions
within the mass concrete structure are analyzed. Also, adarstudy is performed

to predict the potential risky areas of cracking in the Strcee
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4.1 Local Analyses of Experimental Results

This example deals with the temperature increase and thgeha chemical affinity
of normal-strength concrete with a water-cement ratio 45@nder adiabatic condi-
tion. The temperature-time and the chemical affinity-degrehydration curves are
depicted in Figures 4.1a and ¥.1b, respectively. In theseefsy the computational
results, which are obtained by the proposed constitutivaggns, are compared with
the experimental results in Bentz, Waller and de Larrard.[ITBe material parame-
ters of the proposed model are identified and listed in the tolumn of Tablé 4]1,
entitled Figuré_4]1. The final value of the degree of hydrattocalculated by using
(3.23). In the beginning of hydration, the rate of hydratisrslow. After the acti-
vation threshold is exceeded, the hydration process aatese The rapid increase
of temperature under adiabatic conditions increases teeofahydration. When the
chemical affinity reachs its peak value, the rate of hydraslmws down. As a re-
sult of this, the rate of temperature increase decreasddyesause of the adiabatic

condition, temperature converges to its steady-stateval2°C.

90 0.9 T T
8ol 0.8§ Simulation—
Experiment[[15] ¢
0.71 i
701 =)
3 065
S
o 601 = 05
e g
< 501 S 047
40t _ . 1 < 03]
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30f Experiment[[15] ¢
0.1
20 | | | | | | .
0 24 48 72 96 120 144 168 b 0 0.2 0.4 0.6 T 0.8
a) ¢ [hour ) £

Figure 4.1:a) The evolution of temperature anylithe change of the chemical affinity
of normal strength concrete with 45% water-cement rationguconcrete hardening
under adiabatic conditions. The experimental results akent from the study of
Bentz, Waller and Larrard [15].

In order to investigate effect of the silica fume on the chemaohanics of concrete
hardening, an adiabatic experiment analogous to the pregedample on 20% silica
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fume containing concrete mixture with 0.45 water-cemenbissidered [15]. For this
mixture, the temperature-time and the chemical affinitgrde of hydration curves
are depicted along with the simulated results in Figlrea argl’4.Pb, respectively.
The material parameters which are used to obtain the nuaheeisults of this exam-
ple are given in Table 4.1 in the fourth column, entitled Fejd.2.
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Figure 4.2:a) The evolution of temperature ahnyithe change of the chemical affinity
of high performance concrete, which has 45% water-cemdiat and 20% silica
fume, during concrete hardening under adiabatic conditidhe experimental results
are taken from the study of Bentz, Waller and Larrard [15].

As we compare the curves in Figurel4.1 and Figuré 4.2, it casbberved that they
differ from each other considerably. This holds especifahythe chemical affinity-
degree of hydration curves. Silica fume addition incredakestime length of low
rate of hydration stage in the early ages of hydration andedses the temperature
increase, the rate of temperature increase and the cheafficaty. As it can be ob-
served from the comparison of the obtained simulation tesuth the experimental
findings in Figure§ 411 arild 4.2, the constitutive model basethe Theory of Reac-
tive Porous Media can favorably estimate the experimeesllts. However, at the
first 15-20 hours, there is a lag between the experimentasanadlated results. The
temperature evolution equation for the adiabatic cds@&)&xplains this lag. The
temperature evolution is directly influenced by the visgoand in the theory of re-
active porous media, viscosity represents the diffusiowater through the hydrated
layers of concrete structure. In Figufes|4.1 4.2, treen® itemperature increase
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until the occurance of setting.

The evolution of temperature and the chemical affinity afeiémced by material
parameters. To observe the effect of material parametetiseocurves of Figure 4.1
and[4.2, a sensitivity study is conducted and the resultsiegpected in Figures 4.3—
[4.9. This study is peformed fatf, Q¢, E./R, ke /ne,, Aey/kes {, @andn. During
the sensitivity analysis, one material parameter changeé®tner parameters remain
same. The base values of parameters are taken from the Tébfeurth column. In

the figures, the sense of the arrow indicates the increake rorresponding material.
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Figure 4.3: Sensitivity analysis af) temperature and) chemical affinity for the
different values of = {1, 2, 3, 4,3 x 10°% [J/m3K].

Specific heat capacity is an important thermal material patar. In Figurd 413,
for the lower values of of specific heat, the temperature oicoete increases(),
enters the adiabatic temperature increase formulatiom asternal heat source. In
Figure[4.4, when heat source increases, the temperatusases. In Figure 4.5, the
universal gas constant decreases the evolution of theele§hydration and increase
in the constant causes a reduction in temperature/r,, is a multiplier of the degree
of hydration rate. When it incrases, the change of chemidalitgfand temperature

also increases in Figure 4.6.

Ag,/ ke has a very low influence on both temperature and chemicaltgfiimFigure
[4.7. In the evolution equation of the degree of hydratio@4B.A, / k. is divided to
¢ It does not effect the degree of hydration directly.
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Figure 4.4: Sensitivity analysis af) temperature and) chemical affinity for the
different values of), = {1.63, 1.68, 1.73, 1.78, 1.83x 10°® [J/m’].
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Figure 4.5: Sensitivity analysis af) temperature and) chemical affinity for the
different values ofz, /R = {4.5,4.7,4.9,5.1,5.30x 103 [-].

The ultimate value of the degree of hydratigQ has a big influence on both the
degree of hydration and the chemical affinity. In Figure th&rease in thé., results

with an increase in temperature and the change of chemioaityaf

In the time - temperature curve of Figurel4.9, viscosity doaseffect the ultimate
value of temperature, but determines the slope of the cufwascosity decreases,
concrete reaches the ultimate temperature value fasterthEahange of chemical
affinity, viscosity has an important influence on the valueloémical affinity. In-

45



80

701

60|

501

0[°C]
Ag -107% [1/h]

401

301

0 | | |
0 20 40 60 80 100 120 140 160 180 0 01 02 03 04 05 06 0.7 0.8

t [h] £H

20

Figure 4.6: Sensitivity analysis af) temperature and) chemical affinity for the
different values of__ /7, = {0.07, 0.11, 1.15, 0.19, 0.23x 10® [1/h].

80 0.6

701 0.5

601 0.4r

50 [ 0.3

6 [°C]
Ae 1078 [1/h]

401 0.2

301 0.1

20 L L L L L L L L 0 L L L L L L
0 20 40 60 80 100 120 140 160 180 0 0.1 02 03 04 05 0.6 0.7 0.8

b
%) ¢ ) ¢H

Figure 4.7: Sensitivity analysis ef) temperature and) chemical affinity for the
different values of4;, /k. = {0.10, 2.60, 5.10, 7.60, 10.30x 10° [—].

crease in viscosity decreases the change of chemical waffinit

The last study of this example is conducted with the goal ¢érmbeining the effect
of temperature on the concrete’s rate of strength gain aadilimate strength of
concrete at the end of the hydration process at differenpéeature values under

isothermal conditions. We recall the rate of hydration irdl by [3.7)

. A E,
¢ = e T (_E> '

This formulation represents that hydration is a thermatlyvated process and at low
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Figure 4.9: Sensitivity analysis af) temperature and) chemical affinity for the
different values of) = {2, 3,4, 5, § [—].

temperatures, the rate of hydration slows down. As a re$utiis, hydration prod-
ucts are formed slowly and this event helps water to diffaséde the cement paste
more easily and react with unhydrated cement particles imamgogenously. There-
fore, concrete hydrated at lower temperatures is expeotédve a higher amount
of hydrated products and higher strength performance bia¢heof regularity in its
microstructure. However, hydration at higher temperauhgdrated products form
rapidly and this may cease the diffusion of water in the canpaste. As a result
of this, the rapidly formed products make concrete gain adrignitial strength but
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Table 4.1: Material Parameter Coefficients of Simulations

Parameter  Unit Figuile4.1 Figdrek.2 Figlre 4.10

¢ [10° J/MPK] 2.33 2.33 2.07
0 [K] 294 294 294

Qe [108 Jini] 2.02 1.73 1.25

fo [ 0.72 0.72 0.75
ke /ne,  [108 1/hour] 0.28 0.15 0.32
n [ 5.30 4.00 6.50

Ag, [ke  [10754] 0.50 0.50 1.00
E,/R [103] 4.92 4.90 5.00
< [MPa] - - 58.0
6, [K] - - 293
bmax K] - - 393
ng  [K] - - 0.40

Ap By [ - - 0.47,1.16

because of limited diffusibility, an ultimate strength @ncrete becomes lower than
that of the concrete hydrated at a lower temperatures. Tlastdas also been dis-
cussed by Mehta and Monteiro [52] who explain that concretedtin summer or in
a tropical climate can be expected to have a higher earlggitndout a lower ultimate

strength than the same concrete cured in winter or in a colaeate.

Kjellsen and Detwiler [41] carried out several experimeotsvestigate the effect of
temperature on the ultimate strength of concrete undeneswtal conditions. Figure
[4.10 shows the correlation of Kjellsen and Detwiler’s stadyl the proposed model.
The material parameters, that are used to obtain the siilml&tsults associated with
these experimental results are listed in the column edtiflgure 4.10 in Table 4.1.

4.2 Ihsu Dam Experiments

As of 2011, hydroelectric dams provided the 11% of total anyrenergy production
in Turkey and they are a valuable energy source for Turkeyesgy production [26].
Especially over the last decade, dam construction has d@mgortance and several

world wide known dams like Deriner Dam, llisu Dam, YusufekD to mention a
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Figure 4.10: The evolution of compressive strength of hairdeconcrete at different
temperatures under isothermal conditions. The experaheasults are taken from

the study by Kjellsen and Detwiler [41].

few, started to be built. llisu Hydroelectric Dam is locatethe south-eastern region

of Turkey and it has been built on the Dicle River. The area Hast and arid climate

and its annual mean ambient temperature valué<i€. The construction of the Ilisu

Dam has been carried out by the 16th Division of the Generaddinrate of State

Hydraulic Works (SHW).

Ihsu Dam is a front-face concrete-covered rock-filledetyfam. In this project, con-

crete is used for the construction of the spillway and it insidered to be mass

concrete because of its large dimensions. At the construaiiie, various experi-

ments are conducted in order to investigate the durab#gyes of mass concrete
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[13]. These experiments cover:

1. Determination of heat of cement hydration
2. Adiabatic temperature increase estimation of concrete

3. Compressive strength tests for 7-, 28-, 90-day old coacret

First, by using the rate of heat liberation measured by esotlal calorimetry, the nu-
merical thermal analysis of the temperature distributioa cubic concrete sample is
carried out. This distribution gives us information abdw maximum and minimum
temperature values and the temperature gradient in thelsamaving the tempera-
ture field estimated favorably well, the mechanical prapsrand the evolution of the

principal stresses in the sample are analyzed.

The above-mentioned experiments were performed with thie ceaentitious mate-
rial CEM II/A-M type cement from Mardin Cement Factory and ath@neral sup-
plementary material is F type fly ash. CEM II/A-M is a Portlarainposite cement
and its specific gravity is 3070 Kgn® [64]. The other cementitious material, F-type
fly ash, is obtained from the Sug6zi Thermal Power Plant anshiécific gravity is
2310 kg/m? [39].

In Table[4.2, the material parameter coefficients for theegrpents in Sectioh 4.2
and4.3 are listed.

4.2.1 Heat of Hydration

In order to determine how much heat will be released by cteatering hydration,
one needs to know the rate of heat liberation of the cemeusitmaterial used in
concrete. For this measurement, 4.9 gram cement paste Wwithaler-cement ratio,
which includes CEM Il type cement and ZQpercentage F-type fly ash is prepared.
This mixture is utilized in the isothermal calorimetry exipgent and the measured

rate of heat liberation-time curve is depicted in Figurel4i3].

Control of the heat of hydration is mostly related with the moieal and physical
properties of the cement. The rate of heat liberation higlégends on the cement
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Table 4.2: Material Parameter Coefficients for the ExperisienSection 42 and 4.3

Parameter  Unit Value
Coo  [M?/S?K] 800
p  [kg/m?] 2628
a; [107° 1/K] 2.2
6o [K] 294
ke /ne,  [10° 1/hour]  0.28
n [ 7.80
Ag ke [1077] 1
(o [ 0.75
E,/R [103] 5.1
Xo [ 0
> [MPa] 42
0. [K] 293
Omax  [K] 373
Ap, By [] 3,0.21

10 T T T T

Cement Paste—

Rate of Heat LiberatiofiW /m3x10?]

| | | | | | [
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Figure 4.11: The rate of heat liberation of cement paste aredsby isothermal
calorimetry. A 4.9 gram cement paste consists of CEM IlI/A-ML(B and 20 %
F-type fly ash([13].
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fineness and the presence of supplementary materials. $tanae, fly ash generally

decreases the amount of the liberated heat during hydration

According to Lawrence et al.[ [45], the rate of heat libenatio Figure[4.Ill can
be called as power data and it can be integrated with respeghé to obtain the
thermal energy release. In this sense, Figure]4.12 repsetenintegrated rate of

heat liberation as the heat of hydration as defined in thevatlg formula

t
E:/ 0 dt (4.1)
t=0

where E is the energy rise a@ldenotes the power, which also enters the conserva-

tion of energy equation in(3.1.3) as a heat source.
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Figure 4.12: Cumulative rate of heat liberation of cementeaseasured by isother-
mal calorimetry. A 4.9 gram cement paste consists of CEM MAP-LL) and 20%
F-type fly ash[[1B].

4.2.2 Adiabatic Temperature Increase

For this experiment, project conductors prepared 8 diffetgpes of concrete mix-
tures to measure the effect of various parameters. Howaser purpose is to con-

firm the accuracy of our simulation’s adiabatic temperatnceease, we only chose
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one of them. Table 4.3 shows the concrete mixture propartidrihe selected mix-

ture.
Table 4.3: Concrete Mixture Proportions
Total Cement Fly Ash/ Water Water / Unit
Cementitious Total Cementitious Cementitius Weight
(kg/m?’) - (kg/m?) (7o) (kg/nv’) (%) (kg/m’)
180 144 20 115 48 2628

Since most mass concrete structures include mineral sueplary materials, we

preferred the concrete mixture with fly ash-total cemesigimaterial ratio of 0.2.

There are several factors that affect the adiabatic teryerancrease in concrete
structures. One of them is the initial placement tempeeatdficoncrete. Initial tem-
perature may vary in summer and winter and this may changediabatic tem-
perature increase, and thereby causing a durability pmabla addition to seasonal
changes, several factors may influence the initial tempegaif concrete. Another
factor is the coefficient of thermal conductivity of con@elt is defined as a uniform
flow of heat through a unit thickness of material between &ee$ subjected to a unit
temperature difference during a unit time [40]. This coéfit is mostly influenced
by the material characteristics of components of concnetktlae local temperature.
Shin et al. [[62] reports that the coefficient of thermal cartoity decreases with an
increase in temperature. According to the American Condnstigute [8], the ther-

mal conductivity coefficient of concrete can be vary in theg@aof 1.9-2.9 W(m K).

As a result of low thermal conductivity, mass concrete stnes behave like an al-
most adiabatic (sometimes semi-adiabatic) system. In g@ssete structures, the

temperature increase in a adiabatic system can be caldaatgiven in[(3.27).

0 00— (et — &

C

Here, () is the heat source of the hardening concrete and this valubeabtained
from Figurel4.1P. As explained in Sectibn 412.1, the heatydf&tion rate was mea-
sured for a 4.9-g cement paste. However, in our model a ctenerigture is prepared

and the adiabatic heat increase of concrete sample is egluirherefore, the heat
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of hydration rate value of cement paste is converted for Iacample by scaling

according to the mix proportions given in Tablel4.3.

A concrete cube of a 2.5 meter edge length was cast at thecpsnje with the con-
crete mixture given in Table 4.3, see Figure 4.13. In ord@rovide a semi-adiabatic
condition for concrete, the cube is covered with an insofatnaterial named Ex-
truded Polystrene (XPS) whose thermal conductivity ramgdseen 0.035 and 0.045
W/(mK) [69]. PT100 type thermocouples are placed inside the ctatoemonitor
instant temperature value at those local points.

Figure 4.13:) Concrete cube isolated with XPi§ normal strength concrete is casted
inside the cube [13].

A simple geometry and central cross sectional view of thewuple locations are
depicted in Figuré 4.14. Three thermocouples are locatékercenter axis of the
cube to investigate the planar temperature variationsmitie specimen. The other
two thermocouples are used to measure the temperatureahahthe sides and at
the free surface of the specimen. In the finite element sitiouls, 15625 8-node
trilinear heat transfer brick and 20-node quadratic eldsare used for thermal and
mechanical analysis, respectively. Convergence studyduied during the thermal

analysis.

In the numerical analyses, we use ABAQUS [1] software paekaujch is a computer-
aided engineering simulation tool of finite element anay#BAQUS allows one to
implement his/her own constitutive model. This softwaral#@as us to indicate initial
and boundary conditions and mesh the body. Using Finite &hiemdethod (FEM), it
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Figure 4.14:a) Finite Element discretization of the cubic specimen of i&2.®dge
length into25 x 25 x 25 8-node brick thermal elements. The relative locations of the
thermocouples locations. The spacing between the thenmpbte® and the concrete
surfaces is 0.1 m for all sides.

solves nonlinear initial boundary-value problems. In case; we first create a cube
and define the pre-defined material parameters. Materiahpeters which are given
in their special forms in Sectidn 3.7 are defined in seperaier Waterial (UMAT)
and User Thermal Material (UMATHT) subroutines.

In the adiabatic temperature increase analysis, we creaf8l meter dimensioned
cubic model of concrete and covered the bottom and sidesanftiem thickness in-
sulation material (XPS). Thermal conductivity of concratel XPS are 2 and 0.04
[W/(mK)] and the specific heat capacity of hardened concrete is defineB50
[m?/(s?K)]. In the experiment, thermocouples except the centerecaomelaced
10 cm apart from the sides. Therefore, we mesh the cube wiitly 48 cm intervals

to correlate the experimental and simulated results.

Table 4.4: Heat Transfer Coefficients for Different Isolatiypes [W (m? K)]

Top Side Bottom
Bofang 10 2.5 0.8
Mehta and Monteiro 11.6 2.3 -

In the adiabatic heat increase study, the main problem isoefrthe effect of insu-
lator and the ambient temperature on the concrete surfatiee modeling of these
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two quantities are not sufficient, then the semi-adiabatiddion of concrete might
be doubtful. ABAQUS provides a feature of surface film coioditto model a heat
transfer coefficient. It requires a sink temperature andna éefficient of the con-
crete surface. To determine this coefficient, a proceduegptained by Zhu Bofang
[16] and Lee et al.[[46] in detail. Mehta and Monteiro[52] githe film coefficients
for different isolation environments in their book. Thioperty is highly dependent
on the wind speed. Heat transfer coefficient increases agititespeed increases. As
the experiment is conducted in Mardin, the wind speed of Mailobtained from
the wind speed map of Turkey![7]. Moreover, soil temperatfrthe project site is

approximately estimated from the international soil terapge map/[b].

Film coefficients belong to the top, side, and bottom sudaxdeconcrete are listed in
Table[4.4. On the top surface of concrete cube, there is yahaalator or formwork,
so the ambient directly in touch with concrete surface. Whmrchwork and XPS
insulation material protect the concrete face from the amibat the side surfaces.
In the bottom surface, wood formwork and XPS interacts wiih so the smallest
coefficient is used here.

Semi-adiabatic temperature increase simulation is pagdwith Bofang's heat trans-
fer coefficients. Duration of the simulations and the expernit is one week. A gen-
eral view of temperature distribution in the cube is demi@tstl in Figuré 4,15 in a

cross sectional view.
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Figure 4.15: Simulated contour plot of temperature diatidn of concrete cube in
section cut view at 1.25 m.
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This contour plot shows the temperature field in the middigige of the cube at the
end of 7 days. In this plot, temperature of the bottom and #wrdral regions looks
quite similar. Another fact is that the temperature diffexe between the red and blue
part is nearly 22C and this is an undesired situation according to the AC| 2-8&

report.

In the project site, temperature values and the thermaligmadhside the concrete
element are recorded. These records are compared with theriwal findings in

Figure[4.16 and a good agreement is observed. However, éotethperature of
top and side thermocouples, the fluctuation begins afterdafsh The reason of
this condition is the ambient temperature. This experineperformed in Mardin,

which is very hot in the daylight and cold in the nights. T1 arglthermocouples
are very close to the surface. So, they are highly influengdtidochanging ambient

temperature. In the center and bottom thermocouples, #tiotuis not observed.

4.2.3 Compressive Strength

The proposed coupled thermomechanical model is verifiethemtal field with the
adiabatic temperature increase test described in thedasbs. In this section, the
mechanical verification of the model is conducted. In thisin&, the compressive
strength of the cast concrete is compared with the simulaéisults and good match is
observed. Compressive strength of concrete is measure®@n &nd 90 days. Also,
the strength at 180 day is estimated. A local MATLAB code igttemn to calculate
the compressive strength of concrete by uding (3.28). Rématlompressive strength
equation based on aging variable is

fe(x) = xf-

Table 4.5 shows the compressive strength experiment redudt of the concrete cube
for 7, 28, 90 and 180 days.

The proposed constitutive equations in Chapier 3 are soteeatively through the
backward Euler Algorithm and compressive strength of oetecrs obtained. The
simulated compressive strength curve is contrasted wéhegperimental results in
Figurel4.1V.
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Figure 4.16: Comparison of simulation and experimentalltgstecorded at differ-
ent thermocouples. Temperature curves of experimentshencotresponding simu-
lations are plotted i) for T1 and T2, inb) for T3 and T4. Experiment results are
taken from the study of SHW 16th Division [13].

In Figure[4.18, principle stress distributions of the cetercube is given. Accord-
ing to Figure[4.18, maximum tensile stress is concentratdtieacorners and the
compressive stress is at the center of the cube. This cubicret is solved ther-
momechanically by using 121 mesh elements. A 20-node thHrewaupled brick

element is used in finite element solution of the problem.
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Figure 4.17: Compressive strength of concrete with 20 % flya&3h 28, 90 and 180
days.

In this section, we checked the accuracy of our novel carsi#t model for the ther-
mal field. In the first subsection, isothermal calorimetrpexxment is done to obtain
the heat of hydration rate and the integrated hydration. hElais heat of hydration
rate enters the conservation of energy equation as a heaesand so far, we man-
aged to model the adiabatic heat increase for the concrbeewhich is isolated with
a insulation material. In this study, our model and the expental findings present
a good match. In the last experiment, evolution of compvessirength of our con-
stitutive model is verified with the concrete cube’s resultbus, thermal and aging

eqguations of the model are confirmed.

Table 4.5: Compressive Strength of Concrete Cube for 7, 28, 8080 days [MPa]

Days Compressive Strength

7 21.6
28 30.3
90 36.1
180 39.7
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Figure 4.18: Stresses in x-direction, z-direction and tleximum principal stress
distributions are given i), b) andc) with their normal (left) and section cut (right)
views, respectively.

4.3 Thermomechanical Analyses of a Mass Concrete Structure

The aim of this example is to conduct a predictive thermoraridal analysis of a
mass concrete structure by using the proposed coupled rande¢he model param-
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eters identified in the preceding section based on the ctenene used in Ilisu Dam.

In a mass concrete, the effects concerned with the tempergitadient development
and the stress concentrations observed in the simple cytvevabus example become
more pronounced. Since the interior region of concretesstay and the surface is
under the influence of ambient temperature and wind, thedgibmn tends to expand
and the outer region tends to shrink. These uneven thernmaieochanges in con-

crete structures leads to tensile stress concentratioazeube of external restraints

2.

In order to reveal the characteristics of induced stressesnodel a large volumed
mass concrete example. To this end, the geometry of Deriaen 3 created in
ABAQUS CAE (Computer Aided Engineering) platform, see Figdrg9. Deriner

Dam has a double curvature geometry and the height of damBisi24ith the 62 m

base and 34 m top depth.

Figure 4.19:a) Section view sketch ani mesh discretization of Deriner Dam. Di-
mensions are given in meters.

In the Deriner Dam simulation, the bottom surface and thedide surfaces are me-
chanically restrained. Also, initial temperature coratitof the whole model is set as
21°C. The same procedure and the material parameters of theetewabe example
is applied to this simulation. At the end of the analysis,tteimum principal stress
and temperature distribution of the dam are obtained argbpted in Figure 4.20. It
is also possible to observe the volume change of the dam fiesetfigures.
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Figure 4.20: Distribution of:) maximum principal stress [MPa] a®)l temperature
[K] of Deriner Dam.

The thermal boundary conditions make the front and baclasasfof the dam cooler.
As shown in Figuré_4.20b, the maximum temperature occurfenntiddle of the
section. This condition creates a thermal gradient betwleeienter and the surface
of the dam. Because of this gradient and the degree of freedbnie structure,
the maximum principle stress is occured in the interior faiche dam. In order to

predict the potential of cracking, the degree of damagefiaeld as

O maz — ft

The aim of the degree of damage is to indicate the locatiorsrgvthe maximum
principle stress is greater than the tensile strength. IEonBr Dam model, the degree
of damage distribution is depicted in Figlire 4.21.

Figure[4.21 is plotted for only the positive values of the réegof damage. There-
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Figure 4.21: Distribution of the degree of damage. This Bgagrdepicted only for
the positive values of degree of damage. Colored regionspateatial for cracking.

fore, the colored parts of the dam can be indicated as the afgeotential cracking

region.
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CHAPTER 5

CONCLUDING REMARKS

In this thesis, we have presented a computational threerdironal early-age con-
crete hardening model in thermodynamical framework to fateuhe cement hydra-
tion for the hardening mass concrete structures. The stianleesults are shown to

agree with the experimental results for these kind of stmest

Before advancing the new model, fundamentals of geomdiriakar continuum

mechanics are introduced for the formulation of a genenaptsal thermomechanical
problem. Numerical application of a coupled thermomeatelproblem is accom-
plished with monolithic coupling algorithm. Then, constite equations of concrete

thermomechanics are given.

To better understand the behavior of early-age concratetates, thermal and me-
chanical analyses are achieved. In the thermal analysmpemature development of
concrete structure is obtained and the local temperatloesyare stored as internal
variable. The mechanical analysis captures structura\behof early-age concrete
and computes stress components using temperature fieldliethermal analysis as
a body heat source.

Numerical simulations show that the proposed model has d ggeeement with the
selected experimental results. In order to achieve thiseagent, numerous thermal
and mechanical comparisons are implemented. Temperatdrelemical affinity

evolutions are predicted correctly. The degree of aginméothe fundamental equa-
tions for the evolution of mechanical properties of conerdderiner Dam analysis

confirms that the stresses developing in the early-age of smxrete plays a signif-
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icant role on the durability of mass concrete structure. tidgaydration rate enters
the coupled model as a heat source and it becomes two laodgywaitity, which

applied on the structure and coarsely predict the realtsiua

In the literature, there are several studies on modelingleduthermomechanical
behavior of early-age concrete and cement hydration. Bgsidedeling of mass
concrete structures and stress estimation for concretatygend RCC dams have
been investigated by numerous researchers. However, dnem@nly few studies on
modeling the behavior of cracking and developing a couphedmomechanical al-
gorithm for mass concrete structures. Our research canrtieefiextended to model
several durability and stability issues of early-age odeaed concrete. Besides, in-
vestigation of the creep and shrinkage effect on change tdmabparameters can be
a next step for this work. In addition to the durability studffect of aggregates on
specific heat and thermal conductivity can be a possibleoktlIn this study, con-
crete is assumed as a homogenous material and the matedaligiars are assumed
for the whole concrete body. To investigate the effect ofraggtes, concrete can be
modeled as a heterogenous material. Also, a multiphaseiponedia theory can be
followed. In order to obtain more realistic results and usemodel to predict the
potential risky regions of mass concrete structures, tkegtep is to make our model

to have the realistic boundary conditions and include akcpaspogation algorithm.
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