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ABSTRACT

COUPLED THERMOMECHANICAL ANALYSIS OF CONCRETE
HARDENING

Andiç, Halil İbrahim

M.S., Department of Civil Engineering

Supervisor : Assist. Prof. Dr. Serdar Göktepe

Co-Supervisor : Prof. Dr.̇Ismail Özgür Yaman

February 2015, 72 pages

Thermomechanically coupled modeling of fresh concrete allows us to predict the in-
teraction between thermal and mechanical mechanisms throughout the setting and
hardening process. Because of cement hydration, an excessive temperature increase
may occur in the interior regions of mass concrete structures. This temperature in-
crease along with the thermal boundary conditions may result in thermal gradients
within concrete structures. Owing to the thermal gradientsand mechanical con-
straints, thermally induced stress concentrations may occur. These often manifest
themselves in the form of undesired cracks. These cracks eventually deteriorate the
concrete unity and shorten the service life of such structures. Although there are sev-
eral conventional techniques devised to avoid thermal gradients and cracking, they do
not always provide an efficient and thorough protection. In this thesis, we propose a
thermomechanically coupled finite element model to predictthe potential regions of
cracking.

To this end, we develop a thermomechanical constitutive model to account for the
strong couplings in early-age concrete. The local temperature field in concrete is
solved through the transient heat conduction equation where the heat generation due
to hydration enters as an internal heat source. The stress concentrations, however,
are calculated by solving the balance of linear momentum with a constitutive model
that takes into account the dependency of the material parameters on the degree of
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hydration and other time-dependent phenomena. We anticipate that the proposed
approach can be used to conduct thermomechanically coupledanalyses of important
mass concrete structures including dams, mass foundationsand viaducts to quantify
the risk of thermal cracking.

Keywords: Early-Age Concrete, Coupled Concrete Thermomechanics, Constitutive
Modeling, Finite Element Method, ABAQUS
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ÖZ

BETON SERTLEŞMEṠINİN BAĞLAŞIK TERMOMEKANİK ANAL İZİ

Andiç, Halil İbrahim

Yüksek Lisans,̇Inşaat Mühendislĭgi Bölümü

Tez Yöneticisi : Yrd. Doç. Dr. Serdar Göktepe

Ortak Tez Yöneticisi : Prof. Dr.̇Ismail Özgür Yaman

Şubat 2015 , 72 sayfa

Taze betonun băglaşık termomekanik modellenmesi, betonun priz alması vesertleşmesi
sırasındaki termal ve mekanik etkenler arası iletişim hakkında fikir almamızı săglar.
Çimento hidratasyonunun ekzotermik yapısı nedeniyle, masif kütleli yapıların iç kısım-
larında yüksek sıcaklık artışı meydana gelebilir. Bu sıcaklık artışı termal sınır koşulları
ile birlikte beton içerisinde ısıl gradyanlar meydana getirir. Beton yapının sahip oldŭgu
mekanik kısıtlamalar, ısıl gradyanların beton kütlesindegerilme yaratmasına neden
olur. Bu gerilmeler genellikle istenmeyen çatlaklara yol açar. Çatlak oluşumu beto-
nun bütünlü̆günü bozarak, servis ömrünün kısalmasına yol açar. Termal gradyanlar-
dan ve yol açtı̆gı çatlaklardan sakınmanın çeşitli alışılagelmiş yolları olmasına karşın,
bu teknikler her zaman etkili koruma sağlayamayabilir. Bu çalışmada, beton yapıda
oluşması muhtemel çatlamaları tahmin etmek için sonlu elemanlar metodu ile hesa-
planmış băglaşık termomekanik modeli sunmaktayız.

Bu amaçla, betonun sertleşmesini termomekanik ilk sınır-değer problemi olarak tanım-
layarak, bünye denklemleri oluşturulmuştur. Çimento hidratasyonu sonucu ortaya
çıkan ısının içsel ısı kaynağı olarak girdĭgi süreksiz ısı iletim formulü çözülerek
yerel sıcaklık dĕgişimleri hesaplanmıştır. Malzeme parametreleri hidratasyon dere-
cesinin ve dĭger zamana băglı olguların fonksiyonu olarak tanımlandı. Sunulan bu
yaklaşımın, baraj, masif temel ve viyadük gibi önemli masif beton yapılardaki termal
çatlama riskini ölçen băglaşık termomekanik analizlerde kullanılabileceği umulmak-
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tadır.

Anahtar Kelimeler: Taze Beton, Bağlaşık Beton Termomekaniği, Bünye Modellemesi,
Sonlu Elemanlar Metodu, ABAQUS
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CHAPTER 1

INTRODUCTION

Concrete has been used as a civilization material for thousands of years. With the

rising needs of humanity, properties and geometry of concrete have developed and

the intended use of it has spread to different areas. Today, concrete is preferred for

the construction of buildings, bridges, viaducts, dams, drinking water utilities, roads,

tunnels etc. By volume, the largest manufactured product in the world today is con-

crete.

The reason behind becoming the most manufactured product, at least three main ad-

vantages can be said. First, Portland Cement Concrete (PCC) has an advanced re-

sistance to water. In the ancient times, water transportingand storing could be han-

dled with concrete aqueducts and waterproof concrete stores. Today, the necessity of

electric power makes humanity build bigger concrete dams. The other characteristic

property of PCC is the ease of forming it into desired structural element shape. The

plastic behavior of concrete provides an advantage and thisplastic form longs for

hours. Besides, raw materials of PCC can be found in the nature easily and they are

relatively inexpensive. The term concrete will refer to PCC in this thesis.

These advantages make concrete more popular and therefore,the consumption rate

of concrete keeps the positive trend. With more needs of civilization, the bigger sized

concrete elements have begun to use. Concrete dams, viaducts, foundations and these

kinds of bigger sized structures are called mass concrete. The development of new

concrete technologies and increasing the necessity of concrete consumption brings

new and big challenges with them. Especially in mass concrete structures, because

of the volume and the plain structure of concrete, vital problems may occur. During
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the construction of mass concrete structures, cement hydration, which is an exother-

mic reaction, causes an excessive temperature increase in the concrete body. Ow-

ing to mechanical restraints and thermal boundary conditions, thermal cracks may

occur on concrete surface. This phenomenon is studied within the framework of

coupled chemo-thermo-mechanics. To understand the behavior of the world’s most

commonly used construction material and simulate the concrete hardening, a mathe-

matical model is required.

In this thesis, it is aimed to develop a mathematical model tosimulate the hydration

progress at a macro-scale and its effect on the macroscopic properties of harden-

ing concrete in the early-age. To this end, the three-dimensional coupled problem of

concrete chemo-thermo-mechanics by using the proposed model is solved and the po-

tential of the model in simulating the behavior of concrete for temperature evolution,

stress development, and thermal cracking estimation are conducted.

1.1 Concrete

Concrete is a composite material that includes ordinary portland cement (OPC), wa-

ter and aggregate in its simple form. Additional chemical ormineral admixtures can

be added in concrete mixture when needed. A detailed description of concrete is

made by American Society for Testing and Materials (ASTM): “Concrete is a com-

posite material that consists essentially of a binding medium within which are em-

bedded particles or fragments of aggregate. In hydraulic-cement concrete, the binder

is formed from a mixture of hydraulic cement and water” [11].

The product of the reaction of cement with water is called cement paste. In the early

ages of concrete hardening, cement paste get into a plastic form. However, once

the setting takes place, cement paste gains rigidity and concrete becomes hardened.

The main reason of this phase change is chemical reactions ofhydration. A typical

mesostructure of concrete containing aggregate and cementpaste in demonstrated in

Figure 1.1.

In order to understand the thermomechanics of concrete better, the properties of ag-

gregates and portland cement are discussed in Sections 1.1.1 and 1.1.2, respectively.
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Figure 1.1: Two fundamental phases constituting the concrete mesostructure: aggre-
gate particles of various shapes and sizes and the cement paste as a binding medium
[52].

1.1.1 Properties of Aggregates

Aggregates are natural or artificial granular materials. They constitute about 75% of

the concrete volume. Natural aggregates are mostly obtained from sand, gravel, and

crushed rock and they are often used in the mixture of normal strength concrete. The

size, shape and texture of aggregate has an important effecton the concrete quality.

According to Turkish Standard TS 706 [63], aggregates that pass the sieve with a

4 mm square opening, are called fine aggregates. The retainedaggregates on the

same sieve are classified as coarse aggregates. Both aggregate types have different

characteristics on the behavior of concrete. Coarse aggregate provides volumetric

stability and constitutes the rigidity of concrete. In Figure 1.2, the representative

stress-strain curves of aggregate, concrete, and cement paste are depicted.

Aggregate is the cheapest raw material of concrete. It fills alarge volume in con-

crete member and reduces the cost by replacing cement. Through its high perfor-

mance on compressive strength, coarse aggregates provide an important contribution

to concrete’s strength. In addition, fine aggregates fill theundesired voids and makes

concrete more workable and imporous.

Other material parameters are also afffected by aggregates. According to Kodur [43],

the specific heat capacity and the thermal expansion coefficient of concrete may vary

3



0

5

10

15

20

25

30

35

40

45

0 500 1000 1500 2000 2500 3000

Aggregate

Concrete

Cement Paste

S
tr

es
s[

M
P

a]

Strain[10−6]

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

with the aggregate type. Moreover, the placement temperature of concrete structures

are highly influenced by the temperature of aggregate. Malkawi, Mutasher and Qui

[50] performed a study on placing temperature of roller compacted concrete (RCC)

and the predicted the contribution of aggregates to the placing temperature. Their

study shows that the initial temperature of concrete is highly influenced by the tem-

perature of aggregates.

1.1.2 Portland Cement

Portland cement is composed of limestone and clay and is defined as a hydraulic

binder. Heating the raw materials of cement at 1450◦C in a rotary kiln, the clinker

is produced. The clinker is mixed with a certain amount of gypsum to make Portland

cement. Cement is the main binding material of concrete structures. It can be blended

with admixtures to change the characteristics of concrete.In mass concrete structures,

mineral admixtures are preferred to strengthen the microstructure of concrete. Addi-

tion of mineral admixtures like fly ash or silica fume fills theundesired voids in the

microstructure of cement paste and decreases the porosity of concrete section.
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The plasticity of cement paste improves the workability of concrete when the ingre-

dients of concrete are mixed until the setting. The primarily function of cement paste

in concrete is to accomplish a coherence with aggregates andreduce the voids near

aggregate particles by covering their surfaces. By the help of cement paste plastic-

ity in the early ages of concrete, concrete becomes workablewhen the materials are

mixed until the setting occurs. Therefore, this property ofcement paste allows for the

achievement of rigid concrete in a desired shape and size.

Clinker has four major compounds. These are tricalcium silicate (C3S), dicalcium

silicate (C2S), tricalcium aluminate (C3A) and tetracalcium alumino ferrite (C4AF).

The characteristics of these compounds are different. Since clinker and a limited

amount of gypsum constitute cement, the major compounds of clinker can be assumed

as the major compounds of cement [28, 55].

1.2 Cement Hydration Kinetics

Cement hydration is a complex chemophysical process. The compounds of cement

have different characteristics and independent effects onthe cement hydration.

The degree of each compound’s behavior in the rate of hydration, the amount of

liberated heat, and their contribution to strength of early-age concrete are qualitatively

given in Table 1.1.

Table 1.1: Relative behavior of major compounds of cement [27]

C3S C2S C3A C4AF

Hydration rate Moderate Slow Fast Moderate

Heat liberation High Low Very High Moderate

Contribution to strength High Low Low Low

The contribution of C3A to the strength of early-age concrete is high for the first

couple of hours of hydration. However, this contribution remains same for the rest of

hydration and its qualitative degree is indicated as low in the Table 1.1. Contributions

of cement compounds to concrete strength for 100 hours are depicted in Figure 1.3.
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Figure 1.3: Contribution of cement compounds to the strengthof early-age concrete
[53].

Hydration of major compounds are independent from each other. Therefore, hydra-

tion mechanisms of compounds are evaluated seperately as hydration of silicates and

aluminates.

1.2.1 Hydration of the Silicates

The reaction of C3S and C2S with water produces the same two products.

2C3S+ 4H −−−−→ C3S2H3 + 3CH (1.1)

2C2S+ 6H −−−−→ C3S2H3 + CH (1.2)

The first product C3S2H3 is calcium silicate hydrate gel and it is called C-S-H gel.

The other product is calcium hydroxide (CH). According to Table 1.1 and Figure 1.3,

C3S and C2S are responsible of early-age concrete strength gaining. Also, CH does

not have a significant contribution to the concrete strength. Therefore, C-S-H gel is

accepted as the main source of the early-age concrete’s strength gain.
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1.2.2 Hydration of the Aluminates

C3A is a very reactive product. Its hydration is very immediateand liberates large

amount of heat. Because of its rapid reaction, cement gains animmediate stiffening

and this event is known as flash set. The reason for blending gypsum (C̄SH2) with

clinker during the cement production is to avoid flash set. The hydration of C3A with

gypsum produces two products.

C3A + CS̄H2 + 10H −−−−→ C4AS̄H12 (1.3)

C3A + 3CS̄H2 + 26H −−−−→ C6AS̄3H32 (1.4)

The first product is the calcium-alumino-monosulfohydrate, which is known as AFm.

AFm is not stable and it may react with more gypsum and causes to produce C6AS̄3H32.

C4AS̄H12 + 2CS̄H2 + 16H −−−−→ C6AS̄3H32 (1.5)

C6AS̄3H32 is the calcium-alumino-trisulfohydrate, which is also known as ettringite.

Ettringite is a hazardous product for concrete. If ettringite forms, an expansion occurs

in the cement paste and it creates a serious durability issues in hardened concrete. In

the lack of gypsum in the cement, flash setting occurs. If a high amount of gypsum

enters the reactions, this may result in expansion and cracking.

The hydration of C4AF is very similar to the hydration of C3A. C4AF requires gyp-

sum to form and it causes expansion and heat liberation. Thisformation is slower and

liberates less heat than the formation of C3A.

1.2.3 Heat Liberation

The hydration of cement compounds is an exothermic reaction. During these reac-

tions, heat is liberated. This is called the heat of hydration. The heat of cement hydra-

tion has different influences in concrete technology. The comparatively low thermal

conductivity of concrete causes a rise in temperature in theinterior of giant mass

concrete structures. Simultaneously, the exterior parts of the structure lose heat, and

therefore, temperature gradients occur. With the mechanical restraints, this gradient

may result in serious cracking. On the other hand, the liberated heat during hydration

of cement may prevent water freezing in the capillary pores in cold weather.
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The relative contributions of cement compounds to the heat liberation of hydration are

given in Table 1.1. Their overall effect on the curve of heat liberation rate is depicted

in Figure 1.4. The cumulative liberated heat obtained by integrating the rate of heat

liberation over time (Figure 1.4) is demonstrated in Figure1.5.
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Figure 1.4: A typical heat liberation rate of a cement paste during the early hardening
period under isothermal conditions [34].

For further information on heat liberation during hydration, the reader is referred to

[34, 56, 22].

1.2.4 Effect of Mineral Admixtures on Heat Liberation

Replacing cement content with mineral admixtures in concrete mixture has several

advantages. Using mineral admixtures gives an opportunityof reducing the temper-

ature increase of concrete nearly in direct proportion to the replaced cement amount.

The total heat of hydration liberated by the mineral admixtures is almost half of the

average heat produced by the cement hydration [52].

The most commonly used mineral admixtures for the construction of mass concrete

structures are fly ash and silica fume. Replacement of portland cement by fly ash

in mass concrete structures has been performed since the 1930s. Fly ash has a lower
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Figure 1.5: Liberated heat of hydration of cement paste measured by isothermal
calorimetry [34].

rate of heat liberation than the portland cement. Besides, heat of hydration of concrete

which includes 10% silica fume is higher than the concrete with no additives in the

first 72 hours. However, silica fume added concrete liberates approximately 8% - 10%

less heat in total [28]. This condition can be observed in Figure 1.6. In the literature,

there are several studies about the effect of mineral admixtures on heat liberation. For

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

1.3 Mass Concrete

Concrete has numerous areas of usage and each concrete structure has different am-

bient and conditions. For the construction of structures with large dimensions as

concrete gravity dams, mass foundations, viaducts etc., massive concrete blocks are

required. These kinds of structures are called mass concrete. American Concrete

Institute (ACI) [10] defines mass concrete as:“any volume of concrete with dimen-

sions large enough to require that measures be taken to cope with generation of heat

from hydration of the cement and attendant volume change, tominimize cracking”.

In Figure 1.7, examples of different types of mass concrete structures are placed.
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Figure 1.6: Heat liberation rate of cement, silica fume and fly ash mixtures with 0.50
water-cement ratio under isothermal conditions. The letter ’S’ and ’A’ represents the
silica fume and fly ash, respectively and the numbers are the percentage of additives
in the mixture by weight [44].

Casting of large volumes of unreinforced (plain) concrete for mass concrete structures

may cause thermal cracking because of the three reasons: lowthermal conductivity

of concrete, the heat of hydration of cement and the externalmechanical restraints.

As a result of hydration reaction, liberated heat of hydration causes an increase in

temperature in the interior of structure and because of the comparatively low thermal

conductivity of concrete, heat can not be conducted with ambient easily. As a result of

these circumstances, temperature gradient occurs and because of external mechanical

restraints, thermal cracking may appear [54].

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

hydration can be limited in three conventional methods:

• Selection of proper material composition to reduce the heatliberation rate dur-

ing hydration.

• Controlling the concrete block geometry and the time interval between block

casting to allow heat dissipation.

• Controlling the placing temperature of concrete or using post-cooling tech-

niques to reduce the thermal gradient.
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a) b)

c) d)

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

Generally, using low heat cement, which has low amount of C3S, is beneficial for de-

creasing the temperature. In Figure 1.8, adiabatic temperature rise in mass concretes

with different types of cement is depicted [47]. In additionto cement replacement,

adding mineral admixture, especially fly ash, is also an effective way of reducing

temperature value. As indicated in Section 1.2.4, the totalheat of hydration liberated

by fly ash is lower than the portland cement (see Figure 1.6). Besides, placing tem-

perature of concrete is highly influenced by the initial temperature of aggregates [50].

Mass concrete structures involve enormous volumes of concrete and casting is per-
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Figure 1.8: Adiabatic temperature rise in mass concretes with different types of ce-
ment [47]. Four types of cement, which are classified by ASTM C150, are compared
[12]. Type I, Type II, Type III and Type IV cements are used forgeneral use, moderate
heat of hydration, high early strength, and low heat of hydration, respectively.

formed with comparatively smaller blocks. Geometry and casting time interval of

concrete blocks have an influence on the heat dissipation andthe evolution of tem-

perature of concrete. To determine the optimum values of these parameters, Fairbairn

et al. [29] conducted an optimization study using genetic algorithms. They studied

on the construction cost, effect of material types, placingtemperature, the height of

blocks and the time interval between blocks. According to their study, for the min-

imum cost, the optimum values of placing temperature, height of block and casting

frequency are determined as 19 C◦, 1.25 m and 5 days, respectively. Also, as reported

by Bureau of Indian Standards [9], the placing frequency mustbe minimum 3 days.

Moreover, during the construction of Hoover Dam, the time delay between the block

castings is applied as 3 days and the block height is limited to 1.5 m [25].

There are several methods that decrease the temperature gradient of the concrete

structure. These methods are generally divided into 2 category: pre-cooling and past-

cooling. Pre-cooling methods reduce the initial temperature of mixing materials of

concrete. A typical example of this category is using ice instead of water into con-
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crete. Also, controlling the intial temperature of aggregates decreases the placing

temperature of concrete. In the other hand, post-cooling methods are applied after

casting. Pipe cooling method is applied in numerous works ofmass concrete through

its effectiveness in reducing the interior temperature. Inthis technique, pipes are

embedded before casting and after concrete placement, flow of cool water prevents

the internal temperature rise. However, cool water inside the pipe creates a greate

temperature drop close to the cooling pipes and this very lowtemperature degree pro-

duces a temperature gradient within the concrete, which induce great tensile stresses

[48]. Furthermore, covering the external surface of concrete with an insulator main-

tains the external temperature of concrete and decreases the temperature difference.

In addition to these conventional techniques, Ha, Jung and Cho [35] presents a novel

method to control the thermal cracking in mass concrete structures. They developed

an automated curing system that avoids the temperature gradient between the internal

and external surfaces of the structure.

Despite the preventing techniques, mass concrete structures have thermal cracking

risk and the possible cracking may results with serious hazards. To understand the be-

havior and predict the cracking potential of concrete structures, a three-dimensional

constitutive model is required. The model must be able to calculate the evolutions of

temperature and stress and also consider the couplings between the chemical, thermal

and mechanical fields. By the help of this model, the tensile strength and the maxi-

mum principle stress of concrete can be calculated and the possible cracking regions

may be predicted. Cervera, Oliver and Prato [18] developed a numerical procedure

for the simulation of the construction process of RCC dams. Moreover, Kim, Kim

and Yang [40] performed a thermal analysis of mass concrete structures with pipe-

cooling system. They modeled pipe-cooling system inside the structure and simulated

the evolution of temperature.

1.4 Modeling of Concrete at Early-Ages

The complex mechanism of cement hydration is briefly introduced in Section 1.2.

Chemical reactions of hydration, concrete setting, heat liberation and change of me-

chanical material parameters of concrete constitute a complicated coupled problem.
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The modeling studies of these coupled effects within Continuum Thermomechanics

began in the last two decades [17, 65, 66, 67].

1.4.1 Reactive Porous Media

The chemo-thermo-mechanical model used in this thesis is mainly based on the theory

of reactive porous media, which is introduced by Coussy [20],and application of this

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

of the theory, the hydration reaction of concrete is viewed from the macroscopic scale.

The solid part of concrete is formed of unhydrated cement andhydrates. During the

hydration reaction, water diffuses from the layers of already formed hydrates to the

unhydrated cement particles. When the water meets with the unhydrated parts, new

hydrates occurs and the water is combined. Thus, the diffusion of water over the

layers of already formed hydrates can be considered as the dominant process of the

hydration [67].

In the Theory of Reactive Porous Media, a closed chemical system is assumed and

the chemical reactions are modeled with the help of local internal variables. Because

of the different reactivity of hydration products, chemical system is simplified and

the hydration process is modeled as simplified cement hydration. Temperature and

the degree of hydration are assumed as the two essential variables of this closed ther-

momechanical model and the free energy is formulated in terms of these variables.

The evolution of the degree of hydration is determined by an Arrhenius-type ordi-

nary differential equation. The liberated heat during the chemical reactions enters the

equation of temperature evolution as a heat source. The timeevolution of mechanical

properties of concrete during hydration is called aging. This phenomenon is mod-

eled with the concept of degree of aging. The material parameters of these models

are determined with the help of different experimental results, local simulations are

performed at material point.
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1.4.2 Multiphase Porous Media

The chemically closed studies neglect the mass transfer inside concrete. Recently,

these studies have been started to improve with consideringthe mass transfer with

ambient (hygro effects) by researchers. Gawin, Pesavento and Schrefler [31, 32, 58]

published several articles about the hygro-thermo-chemo-mechanical modelling of

concrete at early ages. In these articles, concrete is considered as a multiphase porous

viscoelastic material, which is in solid, liquid and gaseous forms. This modeling

approach is called Multiphase Porous Media.

In Multiphase Porous Media, in addition to conservation of linear momentum (me-

chanical balance) and conservation of energy (thermal balance), different conserva-

tion of mass equations, which consider the diffusion insidethe concrete and mass

transfer with ambient, are used. This very complex approachrequires a large num-

ber of material parameters and variables. The difficulty in the determination of the

material parameters makes this model more unrealistic for applying in the analysis of

boundary-value problems. Because of the difficulties on modeling progress, there are

very few numerical simulation studies on Multiphase PorousMedia and these studies

are mostly limited in two dimensional space. For these studies, the reader is referred

to Jendele,̌Smilauer anďCervenka [37] and Valentini and et al. [68].

In the theory of multiphase porous media, concrete is evaluated as a multiphase

porous visco-elastic material. In the media, chemical reactions, phase changes, and

aging of material properties are taken into account. This approach is based on the

hybrid mixture theory (HMT) developed by Hassanizadeh and Gray [36]. HMT con-

siders a multiscale (microscale, mesoscale and macroscale) problem involving shrink-

age/swelling media. The concrete structure is considered to be formed by more than

one phase, which are oftenly liquid and solid [14]. Balance equations are introduced

at the microscale level and then averaged by HMT to obtain themacroscopic balance

equation. However, constitutive laws are directly defined at macroscopic level.
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1.4.3 Thermodynamically Constrained Averaging Theory

Modeling of porous media should be multiphase and must consider the different

scales. These are the main aspects of the ThermodynamicallyConstrained Aver-

aging Theory (TCAT) developed by Gray and Miller in 2005 [33].The procedure of

the TCAT is very similar to the HMT. Balance equations are first defined at the mi-

croscale and they are upscaled by averaging theorems to introduce the macroscopic

balance equations. The principal difference between the TCAT and the HMT is that

in the HMT the entropy inequality is assured only at the macroscale and in the TCAT,

balance equations for entropy are written at the microscalefor each phase, and then

upscaled. There are very few application study of this theory in the literature. By us-

ing this theory, Sciume [61] presented a thermo-hygro-chemo-mechanical 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 thermomechanical behavior of the con-

crete hardening by developing a three-dimensional constitutive model. To account

for the cross coupling between chemical, thermal, and mechanical effects, the theo-

retical formulation of the problems is carried out within the framework of continuum

thermodynamics for closed systems. In particular, the Theory of Reactive Porous

Media is followed. Since it is also aimed to conduct predictive numerical simula-

tions of realistic coupled initial boundary-value problems, the developed theoretical

model along with its algorithmic formulation is implemented into a commercial finite

element tool as a user material model. The model parameters are then identified by

fitting the model response to the experimental data taken from the literature. By us-

ing the identified material parameters in the computer implementation, the predictive

numerical analyses of different concrete structures are performed. These analyses do

not only cover the uneven temperature field evolution but also the development of

stress concentrations in mass concrete structures. In thisthesis, principles of porous

media mechanics are followed. Appropriate material parameters for the developed

model are determined and application of the theory to the damexample 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 given.Previous

works carried on the cement hydration and early-age concrete modeling are intro-

duced.

Chapter 2 is devoted to the fundamentals of continuum thermomechanics. The kine-

matics and state variables are given. Balance laws are introduced in their global and

local forms. Two fundamental differential equations, namely the balance of linear

momentum and the transient heat conduction equations are derived. Besides, dissipa-

tion is introduced.

In Chapter 3, the three-dimensional continuous formulation of the coupled initial

boundary-value problem of early-age thermomechanics is introduced. In this contri-

bution, essential governing differential equations of theproblem are derived. Consti-

tutive and aging equations are introduced. Additionally, special forms of thermal and

mechanical material parameters are stated.

Chapter 4 deals with the potential of proposed constitutive model with three repre-

sentative numerical problems. The first example problem is concerned with the local

simulation of the results in Bentz, Waller and Larrard [15]. In this study, simulation

of temperature, chemical affinity and compressive strengthevolutions are presented.

In the second example, experiments, which are conducted forIlısu Dam are simulated

qualitatively. For the last example, Deriner Dam is modeledand stress distribution of

the structure is computed. Besides, the crack estimation study for the Deriner Dam is

also performed.

This thesis is concluded with a summary, some remarks, and outlook in Chapter 5.
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CHAPTER 2

THERMOMECHANICS OF THE THREE-DIMENSIONAL

CONTINUUM

This chapter is devoted to the fundamental formulations of geometrically linear con-

tinuum mechanics and the key equations of thermodynamics that govern the thermo-

mechanical behavior of materials. In Section 2.1, kinematics at small strains and the

external state variables are introduced. Furthermore, thedescriptions of the strain ten-

sor and the temperature field, which are the external state variables of thermomechan-

ics, are given. In Section 2.2, the stress tensor and the heatflux are introduced along

with their relations with the stress traction vector and theheat flux vector through the

Cauchy’s theorem. In Section 2.3, conservation laws for several physical phenom-

ena are introduced as balance laws and their global and localforms are derived. With

these conservation laws, two fundamental governing differential equations of thermo-

mechanics are introduced by accounting for their mutual coupling. In Section 2.4, the

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

2.1 Kinematics and State Variables

In continuum mechanics, a substance, which may exist in a solid, liquid, or gaseous

state, can be considered as a material body. Before introducing the essential equations

of thermomechanics, the motion of a deformable solid body isdescribed. To this end,

let us assume the configuration of our material body within the Euclidean space is

denoted byB ⊂ R
3 at timet ∈ R+. u(x, t) is the displacement map describing the

displacement field of a material pointP located atx ∈ B at timet ∈ I. This mapping
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can be defined as,

u(x, t) :











B × I → R
3 ,

(x, t) → u(x, t) .
(2.1)

The time rate of the deformation field gives the velocity

v(x, t) :=
∂u(x, t)

∂t
= u̇(x, t) , (2.2)

and the rate of velocity gives the acceleration field

a(x, t) :=
∂u(x, t)

∂t
= v̇(x, t) = ü(x, t) . (2.3)

The strain tensor atx ∈ B is defined by

ε(x, t) := sym(∇u) :=
1

2
(∇u+∇Tu) . (2.4)

The temperature fieldθ(x, t) and the displacement fieldu(x, t) constitute the external

state variables of thermomechanics. Both variables depend on the position and time.

State(x, t) = {u(x, t), θ(x, t)} (2.5)

2.2 Stress Tensor and Heat Flux

Let P ⊂ B denote an arbitrary part of a bodyB. The partP has an interaction with

the rest part of the body, and this thermomechanical interaction is represented by

two elemental quantities of continuum mechanics: the stress traction vectort and the

outward heat fluxh. Both quantities are linearly dependent on the orientation of the

cutP atx ∈ ∂P and characterized by the surface unit normaln. The stress traction

vectort and the heat fluxh can be related to the stress tensorσ and the heat flux

vectorq through the Cauchy’s theorem.

t = σn and h = q · n . (2.6)

The representation of the stress tensor and heat flux is givenin Figure 2.1.
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Figure 2.1: Representation of stress tensort and heat fluxh of a partP ⊂ B with a
boundary of∂P

2.3 Fundamental Conservation Laws

In this section, the balance laws for the partP ⊂ B are formulated. We first define

the physical fields of thermomechanics.

(i) Mass m :=

∫

P

ρ dV

(ii) LinearMomentum I :=

∫

P

ρv dV

(iii) AngularMomentum D0 :=

∫

P

x× ρv dV

(iv) Kinetic Energy K :=

∫

P

1

2
ρv · v dV

(v) Internal Energy E :=

∫

P

ρ e dV

(vi) Entropy H :=

∫

P

ρ η dV

(vii) Entropy Production Γ :=

∫

P

ρ γ dV

(2.7)

where the fieldsρ(x, t), u(x, t), v(x, t), e(x, t), η(x, t), γ(x, t) describe the mass

density, displacement, velocity, internal energy, entropy, and entropy production rate,

respectively. The termse, η, andγ are defined per unit mass.

The volume loads, which are the body forcesb and the heat sourcer, and the surface

loads, which include the stress traction vectort and the heat flux vectorq, act on the
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partP ⊂ B and on its surface∂P, respectively. The heat source is defined per unit

mass. Global quantities associated with the volume and surface loads are defined as

(i) Mechanical Force F :=

∫

P

ρ b dV +

∫

∂P

t dA

(ii) Mechanical Couple M0 :=

∫

P

x × ρ b dV +

∫

∂P

x× t dA

(iii) Mechanical Power P :=

∫

P

ρ b · v dV +

∫

∂P

t · v dA

(iv) Thermal Power Q :=

∫

P

ρ r dV −

∫

∂P

h dA

(v) Entropy Power S :=

∫

P

ρ
r

θ
dV −

∫

∂P

h

θ
dA

(2.8)

These quantities have both volume and surface integral terms.

2.3.1 Global Forms

The relationships between the physical fields (2.7) and the thermodynamic sources

(2.8) are described by the fundamental balance laws of continuum mechanics. These

relationships are written in the following global forms.

(i) Conservation of Mass
d

dt
[m] = 0

(ii) Conservation of LinearMomentum
d

dt
I = F

(iii) Conservation of AngularMomentum
d

dt
D0 = M0

(iv) Conservation of Energy
d

dt
[K+ E] = P+ Q

(v) Conservation of Entropy Γ :=
d

dt
[H]− S ≥ 0

(2.9)

The conservation of mass, which is also known as the continuity equation, represents

the mass equilibrium in a closed system. The conservation ofenergy and entropy are

the first and second laws of thermodynamics, respectively. For the volume ofP ⊂ B,

these conservation equations are expressed as global statements as in (2.9).
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2.3.2 Local Forms

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

expressed in integral forms in (2.9), the following steps are followed.

• Step 1: Insert the Cauchy’s Theorem

t = σn and h = q · n (2.10)

• Step 2: Transform the surface integrals into volume integrals by the Gauss-

Integral theorem.
∫

∂P

(·) · n dA =

∫

P

div(·) dV (2.11)

• Step 3: Apply the localization theorem.

lim
P→dV

∫

P

(·) dV = 0 ⇐⇒ (·) = 0 (2.12)

Conservation of Mass

Substituting(2.7)1 into (2.9)1, we obtain

d

dt
[m] =

d

dt

∫

P

ρ dV =

∫

P

dρ

dt
dV =

∫

P

ρ̇ dV = 0 . (2.13)

Through the localization theorem, we end up with

lim
P→dV

∫

P

ρ̇ dV = 0 ⇐⇒ ρ̇ = 0 (2.14)

This final equilibrium indicates that the mass density of a body is constant for closed

systems within the geometrically linear theory.

Conservation of Linear Momentum

Insertion of(2.7)2 into (2.9)2 with (2.8)1 leads us to

d

dt

∫

P

ρv dV =

∫

P

(ρ̇v + ρ v̇)dV =

∫

P

ρ b dV +

∫

∂P

t dA . (2.15)

whereρ̇v = 0 as explained in (2.14). The surface integral can be written as
∫

∂P

t dA =

∫

∂P

(σ · n) dA =

∫

P

div[σ] dV . (2.16)
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By making use of this result in(2.15), we end up with
∫

P

ρ v̇dV =

∫

P

(ρ b+ div[σ]) dV . (2.17)

Localizing the partP to an infinitesimal volume

lim
P→dV

∫

P

(ρ v̇ − div[σ]− ρ b) dV = 0 , (2.18)

we arrive at the local form of the balance of linear momentum equation

ρ v̇ = div[σ] + ρ b . (2.19)

Conservation of Angular Momentum

Inserting the mechanical couple expression(2.7)2 into (2.9)3, we obtain

d

dt
D0 =

d

dt

∫

P

x× ρv dV =

∫

P

x× ρ b dV +

∫

∂P

x× t dA (2.20)

Transforming the surface integral into a volume integral
∫

∂P

x× t dA =

∫

P

ǫ : σT dV +

∫

P

x× div[σ] dV , (2.21)

and by inserting this result into(2.20), the conservation of angular momentum equa-

tion becomes

d

dt

∫

P

x× ρv dV =

∫

P

(v × ρv + x× ρ v̇) dV ,

=

∫

P

x× ρ b dV +

∫

P

x× div[σ] dV +

∫

P

ǫ : σT dV . (2.22)

Making use of the conservation of mass equation (2.14) and the equalityv × v = 0

in (2.22), we end up with

∫

P

(x× (ρa− div[σ]− ρ b) dV +

∫

P

ǫ : σT dV = 0 . (2.23)

The conservation of linear momentum equation in (2.19) nullifies the term in paran-

theses withv̇ = a. Hence, the first term on the left hand side of (2.23) vanishes.

Therefore, the final reduced form of the equation becomes

lim
P→dV

∫

P

ǫ : σT dV = 0 ⇐⇒ ǫ : σT = 0 . (2.24)
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Sinceǫ123 = ǫ231 = ǫ312 = 1 andǫ132 = ǫ213 = ǫ321 = −1 , the equality (2.24)

impliesσ23 = σ32, σ31 = σ13, σ12 = σ21, or simply

σ = σT . (2.25)

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

metrical.

Conservation of Energy(1st Law of Thermodynamics)

Recall the global form of conservation of energy in equation (2.9),

d

dt
[K+ E] = P+ Q ,

whereK, E, P, andQ represent the kinetic energy, internal energy, mechanicalpower,

and thermal power, respectively. While the left hand side of the equality is the rate of

kinetic and internal energy ofP ⊂ B, the right hand side represents the mechanical

and thermal power terms. By using (2.7) and (2.8), the explicit form of the conserva-

tion of energy can be written as

d

dt

[
∫

P

1

2
ρv · v dV +

∫

P

ρ e dV

]

=

∫

P

ρ b · v dV +

∫

∂P

t · v dA+

∫

P

ρ r dV −

∫

∂P

h dA , (2.26)

where all the terms are in the volume integral except for the terms with the traction

vector and the heat flux. Transforming the surface contribution of the mechanical

power term into a volume integral, we obtain
∫

∂P

v · t dA =

∫

∂P

v · σ · n dA =

∫

P

(∇v : σ + v · div[σ]) dV (2.27)

where∇v : σ can be expressed as the stress power term as follows

∇v : σ = σ : ∇v = σ : sym(∇v) = σ : ε̇ . (2.28)

The equalityε̇ = sym(∇v) is derived from (2.4). Then, the volume transformation

equation becomes
∫

P

(σ : ε̇+ v div[σ]) dV . (2.29)
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Similar to the surface contribution of the mechanical powerterm, the surface contri-

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

theorem (2.6)
∫

∂P

h dA =

∫

∂P

q · n dA =

∫

P

div[q] dV . (2.30)

Incorporating the results (2.29) and (2.30) in the conservation of energy, we arrive at
∫

P

ρv · v̇ dV +

∫

P

ρė dV =

∫

P

ρ (b · v + σ : ε̇+ v div[σ]) dV

+

∫

P

(ρ r − div[q]) dV .

(2.31)

Insertion of (2.27) and (2.30) into (2.31) leads us to
∫

P

v · (ρa− div[σ]− ρ b) dV +

∫

P

(ρė− σ : ε̇− ρ r + div[q]) dV = 0 . (2.32)

Incorporation of the conservation of linear momentum (2.18) in (2.32) leads us to the

balance of energy equation
∫

P

(ρė− σ : ε̇− ρ r + div[q]) dV (2.33)

whose localization leads us to the local form of the conservation of energy

ρė = σ : ε̇+ ρ r − div[q] . (2.34)

The local energy conservation equation can be further elaborated to obtain the tran-

sient heat conduction equation. For this, the reader is referred to Section 3.5.

While the balance of linear momentum governs the mechanical behavior of a body,

the conservation of energy describes its thermal response.In thermomechanical prob-

lems, these two equations are coupled through constitutiveequations and solved si-

multaneously.

Conservation of Entropy (2nd Law of Thermodynamics)

Substituting(2.7)6 into (2.9)5, we end up with

Γ :=

∫

P

ρ γ dV =
d

dt
(H)− S

=
d

dt

∫

P

ρ η dV −

∫

P

ρ
r

θ
dV +

∫

∂P

h

θ
dA ≥ 0 .

(2.35)
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The surface contribution to the entropy power is transformed from surface integral

into a volume integral as
∫

∂P

h

θ
dA =

∫

∂P

q · n

θ
dA ,

=

∫

P

(

1

θ
div[q]−

1

θ2
q · ∇θ

)

dV .

(2.36)

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

P

ρ γ dV =

∫

P

ρ η̇ dV −

∫

P

ρ
r

θ
dV +

∫

P

(

1

θ
div[q]−

1

(θ)2
q · ∇θ

)

dV . (2.37)

Localizing the global form (2.37)

lim
P→dV

∫

P

(

ρ γ − ρ η̇ + ρ
r

θ
−

1

θ
div[q]−

1

(θ)2
q · ∇θ

)

dV = 0 , (2.38)

we obtain the local form of conservation of entropy as

ρ γ = ρ η̇ +
1

θ
(ρr − div[q])−

1

θ2
q · ∇θ ≥ 0 . (2.39)

The local forms of the conservation laws are summarized as followed.

(i) Mass ρ̇ = 0

(ii) LinearMomentum ρa = div[σ] + ρ b

(iii) AngularMomentum σ = σT

(iv) Energy ρė = σ : ε̇+ ρ r − div[q]

(v) Entropy ρ γ = ρ η̇ +
1

θ
(ρr − div[q])−

1

θ2
q · ∇θ ≥ 0

2.4 Dissipation

The dissipation,D, is defined as the product of the volume-specific entropy produc-

tion rate (2.39) and the absolute temperature

D := θργ ≥ 0 with θ ≥ 0 (2.40)

Making use of the conservation of energy (2.34) and the conservation of entropy

(2.39) in (2.40), we obtain

D := θ ρ γ = ρθη̇ − (ρr − div[q])−
1

θ
q · ∇θ ≥ 0 ,

= ρθη̇ − (ρė− σ : ε̇)−
1

θ
q · ∇θ ≥ 0 ,

D = σ : ε̇− ρ ė+ ρ θ η̇ −
1

θ
q · ∇θ ≥ 0 . (2.41)

27



The latter inequality is called theClasius-Duhem Inequality(CDI) and consists of

two parts: the local (intrinsic) dissipationDloc and the dissipation because of the heat

conductionDcon

Dloc = σ : ε̇− ρ ė+ ρ θ η̇ ≥ 0 ,

Dcon = −
1

θ
q · ∇θ ≥ 0 .

(2.42)

The first inequality is called theClasius-Planck Inequality(CPI) and the latter is the

Fourier Inequality(FI).

Introducing the Helmholtz free energŷΨ through the of Legendre transformation

Ψ̂ := e− θ η (2.43)

the following alternative representation of CPI is arrived

Dloc = σ : ε̇− ρ
˙̂
Ψ + ρ η θ̇ ≥ 0 (2.44)

In thermodynamics of materials, constitutive equations that fulfill the Clausius-Planck

and Fourier inequalities (3.6) are said to be thermodynamically consistent. For ther-

moelasticity, the local dissipation vanishes identicallyand the CPI becomes an equal-

ity

Dloc = σ : ε̇− ρ
˙̂
Ψ + ρ η θ̇ = 0 , (2.45)

which impliesΨ̂ = Ψ̂(ε, θ).
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CHAPTER 3

CONSTITUTIVE EQUATIONS

In Chapter 2, the global balance laws and their local forms have been derived. These

resulting field equations are valid for all closed thermomechanical bodies, but they

are insufficient to describe the response of early-age concrete to the acting forces

and thermal loads. In order to provide a specific definition ofthe material behavior,

constitutive equations are required. The aim of this chapter is to introduce the con-

stitutive equations of the coupled initial boundary-valueproblem of early-age con-

crete thermomechanics within the framework of Theory of Reactive Porous Media

[17, 65, 66, 67]. After introducing the essential governingdifferential equations of

the problem, mechanical and thermal material properties are defined based on the

state variables. At the end of the chapter, special forms of the material coefficients

are given.

3.1 Theory of Reactive Porous Media

Concrete is one of the most commonly used construction materials in structures like

dams, bridges, viaducts, ports, tunnels, etc., which are subjected to different environ-

mental conditions. In order to simulate the behavior of these concrete structures, a

coupled thermomechanical model is required.

During concrete hardening, several different physical andchemical phenomena occur.

Despite the complexity of this process, a coupled chemo-thermo-mechanical model

can clarify the hardening and hydration. As a result of exothermic nature of ce-

ment hydration, the heat of hydration arises and causes an increase of the temperature
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field in structures. This increase results in undesired irregular temperature variations

throughout a structure’s body depending on the thermal boundary conditions. Espe-

cially in concrete dams, power plants, foundations, bridgeand viaduct piers, which

are generally called mass concrete. Owing to the low thermalconductivity of con-

crete, it is not easy to convect the heat of hydration from thesurface of structures

to ambient. Therefore, in the interior regions of mass concrete high temperature in-

creases occur, and this, in turn, causes thermal expansions. These volume changes

and external restraints of concrete structure lead to the development of tensile stress.

The excessive amount of the tensile stress may result in local cracks.

As explained in Chapter 1, cement consists 4 fundamental minerals; calcium silicates

(C2S, C3S), a calcium aluminate (C3A) and a calcium aluminoferrite (C4AF). These

minerals react with water during the hydration process and create different hydration

products. The products of aluminates’ hydration vary with the amount of sulfate they

include where ettringite is referred to as high-sulfate (C6AS̄3H32) and monosulfate is

also called as low-sulfate (C4AS̄H18). On the other hand, the hydration of the silicates

constitutes calcium hydroxide (CH) and calcium silica hydrate (CSH). Because of

different reactivity of these formations, the chemical system is simplified as clinker

hydration. Temperature and the degree of hydration are assumed as the two essential

variables of this closed thermo-chemical model and the freeenergy is formulated in

terms of these variables. As a consequence of hydration, thedissipated energy grows

into a heat source in the transient heat conduction equation(2.34). The time evolution

of the mechanical properties of concrete during hydration is called aging and this

phenomenon is modelled with the concept of the degree of aging. To complete the

model, the material parameters must be determined. This is done with the help of

different experimental data.

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

The general kinematics of continuum mechanics is describedin Chapter 2. In this

section, general kinematics is defined for the coupled problem. LetB be the refer-

ance position of a concrete body, which has material points in coordinates ofx ∈ B

at time oft ∈ R+ and the displacement of these points is denoted byu(x, t). In the
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model, coupled chemical and thermal phenomena initiate themechanical deforma-

tions. Under this condition, small strain theory is assumedand the linear strain tensor

ε(x, t) is used. The other external variable is the temperature fieldand is denoted by

θ(x, t) while the main indicator of the hydration process would be expressed by the

degree of hydrationξ(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-mechanical behavior of the hardening

concrete at timet ∈ R+, we need to know the displacement, thermal and hydration

fields. Therefore, the strain tensorε(x, t), absolute temperatureθ(x, t) and the degree

of hydrationξ(x, t) are the key fields. These state variables govern the Helmholtz free

energy, which is chosen as the thermomechanical potential

Ψ = Ψ̂(ε, θ, ξ) . (3.1)

When the coupled chemo-thermo-mechanical effects are takeninto account, the Helm-

holtz free energy function will be considered as,

Ψ̂(ε, θ, ξ) = Ŵ (ε, θ, ξ) + V̂ (θ) + L̂(θ, ξ) + Ĥ(ξ) , (3.2)

where the thermoelastic energŷW (ε, θ, ξ) takes thermal effects and the effect of ag-

ing of concrete on mechanical energy into consideration, the thermal energy function

V̂ (θ) represents completely thermal energy that is stored in concrete;L̂(θ, ξ) accounts

for chemo-thermal effects in concrete and depends on temperature and the degree of

hydration.Ĥ(ξ) is the chemical energy.

Therefore, according to the second law of thermodynamics, the instrinsic dissipation

for the non-isothermal problems can be introduced as

Dint = σ : ε̇ − Ψ̇ − ηθ̇ ≥ 0 . (3.3)

In this inequality, the stress tensor is denoted byσ andη represents the entropy per

unit volume. When the dependence of the Helmholtz free energyon the tensor strain,

the temperature, and the degree of hydration is taken into account, (3.3) becomes

Dint = (σ − ∂εΨ̂) : ε̇ − (η + ∂θΨ̂)θ̇ − ∂ξΨ̂ : ξ̇ ≥ 0 . (3.4)
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According to the methodology of the Coleman and Gurtin [19], the values in paren-

thesis in (3.4) are expected to be zero for arbitrary time rate of the strain tensor and

the absolute temperature. The Helmholtz free energy then acts as a potential for the

stress tensorσ and the entropyη through the following equations

σ = ∂εΨ̂(ε, θ, ξ), η = −∂θΨ̂(ε, θ, ξ) . (3.5)

Incorporating the results (3.5) in (3.4), the Clausius-Planck Inequality reduces to the

following form

Dint = Âξ ξ̇ ≥ 0 , (3.6)

whereÂξ := − ∂ξΨ̂(ε, θ, ξ) represents thechemical affinity, an energy-conjugate

variable of the degree of hydration. One of the key equationsof the coupled chemo-

thermal problem for a closed thermodynamical system is the evolution of the de-

gree of hydration. This can be described as a thermally activated process through an

Arrhenius-type differential equation

ξ̇ =
Âξ

η̂ξ
exp

(

−
Ea

Rθ

)

(3.7)

In this equation̂ηξ(ξ), Ea, andR denote the viscosity, which controls the rate of reac-

tion and depends on the degree of hydration, the activation energy and the universal

gas coefficient, respectively. This new definition for the evolution of the degree of hy-

dration enters the Clasius-Planck Inequality (3.6) and it takes its final reduced form

as

Dint =
Â2

ξ

η̂ξ
exp

(

−
Ea

Rθ

)

≥ 0 . (3.8)

In order to fulfill the Clasius-Planck Inequality (3.6),η̂ξ(ξ) viscosity function must be

positive (̂ηξ ≥ 0). Then, the suggested model can be said to be thermodynamically

consistent. The Fourier inequality explains the heat conduction limiting part of the

second law of thermodynamics

Dcon = −
1

θ
q̂ · ∇x θ ≥ 0 . (3.9)

that can be satisfied identically for the positive values of the coefficient of thermal

conductivity with Fourier-typêq = −k∇x θ isotropic heat conduction model; that is,

Dcon = k θ−1 ‖∇x θ‖
2 ≥ 0 ∀ k ≥ 0.
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3.4 Balance Laws of Coupled Chemo-Thermo-Mechanical System

As discussed in Chapter 2, the essential equations of chemo-thermo-mechanics are

the conservation of linear momentum (2.18) and the conservation of energy (2.34).

Under quasi-static conditions, inertia effect can be neglected and the conservation of

linear momentum law boils down to

div[σ] + b = 0 (3.10)

whereb represents volume-specific body force. The conservation ofenergy, which is

also known as the first law of thermodynamics can be introduced as the summation

of mechanical power, which is the change of time rated internal energyP := σ : ε̇,

and thermal powerQ := − div[q̂] + r ,

ė = P + Q , (3.11)

wheree denotes the volume-specific internal energy. When the results in (3.5) and

the Legendre relation ofe := Ψ + θη between internal energy and Helmholtz free

energy are incorporated in (3.11), the conservation of energy can be expressed as

θη̇ = Dint +Q . (3.12)

Recall that entropy is defined asη = −∂θΨ̂(ε, θ, ξ) in (3.5). If we exploit its de-

pendency on the external and internal state variables, the transient heat conduction

equation describing the evolution of the temperature field is obtained as

c θ̇ = Q+Dint +Hmech+Hchem. (3.13)

In this equality,c := −θ∂2
θθΨ̂, Hmech := θ∂θσ : ε̇ andHchem := θ∂2

ξθΨ̂ξ̇ stand for

the specific heat, thermoelastic heating and chemical heating, respectively.Hchem

is the product of exothermic hydration reaction and when it is compared with the

internal energy lossDint and thermoelastic heatHmech, the latter two terms can be

neglected. To this respect, if the hydration effects are taken into consideration and for

the hardening concrete, the conservation of energy equation becomes.

c θ̇ = Q+Hchem (3.14)

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

the system is insulated, the thermal power term vanishes (Q = 0) and the transient
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heat conduction equation becomes an ordinary differentialequation

c θ̇ = Hchem. (3.15)

The solution of the latter can be used to estimate the changesin the local temperature

field.

3.5 Specific Constitutive Equations

Formerly explained conservation of linear momentum (3.10)and the conservation of

energy (3.14) equations are coupled through constitutive equations. In this section,

specific parts of Helmholtz free energy function are introduced. We assume the spe-

cific form of thermoelastic energy function as

Ŵ (ε, θ, ξ) =
κ̂(ξ)

2
[tr(ε)]2 − κ̂(ξ)α tr(ε)(θ − θ0) + µ̂(ξ) dev(ε) : dev(ε) (3.16)

whereκ̂(ξ) andµ̂(ξ), α andθ0 denote the degree of hydration based bulk and shear

moduli, the thermal expansion coefficient, and the initial temperature value, respec-

tively. This specific form considers the thermal effects on the mechanical behavior of

concrete. The purely thermal part of the Helmholtz free energy functionV̂ (θ) models

the rigid thermal energy storage

V̂ (θ, ξ) = ĉ(ξ)[θ − θ0 ln(θ/θ0)] . (3.17)

The thermochemical effects are modeled by the energy function

L̂(θ, ξ) = Q̂(ξ) ln(θ/θ0) , (3.18)

where the heat sourcêQ(ξ) refers to the amount of heat per unit volume, which is

released during the hydration process and modelled as a function of the degree of

hydration

Q̂(ξ) = Qξ ξ . (3.19)

If it is considered that the degree of hydration ranges between 0 and 1, this equation

clarifies that the material coefficientQξ as the arising amount of heat at unit hydration.

The last part of the Helmholtz free energy models the purely chemical effects

Ĥ(ξ) =
1

3
kξ ξ

3 +
1

2
(Aξ0/ξ∞)ξ2 − Aξ0ξ . (3.20)

34



wherekξ andAξ0 are material coefficients andξ∞ is the final (steady-state) value of

the degree of hydration. The final value of the degree of hydration is related to the

water - cement ratio of the concrete mixture. Pantazopoulo and Mills [57] introduced

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

ξ∞ =
1.031w/c

0.194 + w/c
. (3.21)

The stress tensorσ and the chemical affinityAξ can be derived with the combination

of the constitutive equations and the equations in Section 3.3. We then have the

specific expressions of the stress tensor

σ = κ̂(ξ)[(tr(ε)− α(θ − θ0))]1+ 2µ̂(ξ) dev(ε) , (3.22)

and the chemical affinity

Aξ = κξ

(

Aξ0/kξ
ξ∞

+ ξ

)

(ξ∞ − ξ) . (3.23)

Observe that in the definition of the chemical affinityAξ := −∂ξΨ̂ = −∂ξŴ −∂ξL̂−

∂ξĤ, the contribution of thermoelastic(−∂ξŴ ) and the chemothermal(−∂ξL̂) parts

are ignored when compared with the contribution of chemicalenergy(−∂ξĤ) and

the assumption ofAξ := −∂ξΨ̂ ≈ −∂ξĤ is admitted. Recall evolution of the degree

of hydration in (3.7),

ξ̇ =
Âξ

η̂ξ
exp

(

−
Ea

Rθ

)

.

When the latter definition of the chemical affinity is used in the evolution equation of

the degree of hydration, we obtain the following form

ξ̇ =
kξ
η̂ξ

(

Aξ0/kξ
ξ∞

+ ξ

)

(ξ∞ − ξ) exp

(

−
Ea

Rθ

)

. (3.24)

In this equation,̂ηξ(ξ) is introduced as an increasing function of the degree of hydra-

tion [17],

η̂ξ(ξ) = ηξ0 exp

(

η
ξ

ξ∞

)

, (3.25)

whereηξ0 andη are material constants. In chemically closed porous media,η̂ξ(ξ) rep-

resents the diffusion of water. For the chemical heatingHchem := θ∂2
ξθΨ̂ξ̇ in conserva-

tion of energy function (3.14), if we consider the contribution of the thermochemical

energy is far bigger than that of the thermoelastic one, the chemical heating simplifies

toHchem := Qξ ξ̇. For the adiabatic case, the temperature evolution becomes

cθ̇ = Qξ ξ̇ , (3.26)
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and integrating it over time the change in the absolute temperature during hydration

can be calculated as

θ − θ0 =
Qξ

c
[ξ(t)− ξ0] . (3.27)

3.6 Aging Equations

It is necessary to clarify the effects of hydration on the behavior of concrete hardening.

During hydration, durability properties and mechanical behavior of concrete change.

To model this alteration, we use the aging variableχ = χ̂(θ, ξ), which takes into

account of the effect of ambient temperature. The compressive strength of concrete

can be introduced in terms of the ultimate strengthf∞
c under isothermal conditions

fc(χ) = χ̂f∞

c . (3.28)

The evolution of the aging variable [17] is described by,

χ̇ = λ̂θλ̂ξ ξ̇ , (3.29)

with functionsλ̂θ andλ̂ξ defined as

λ̂θ :=

(

θmax− θ

θmax− θr

)nθ

, λ̂ξ = Afξ +Bf (3.30)

whereθmax denotes the maximum temperature,nθ is a material constant andAf and

Bf control the variation of the degree of aging with the degree of hydration. Accord-

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

elasticityEc can be calculated based on the compressive strength in megapascals.

ft(χ) = 1.40 (fc(χ)/10)
2/3 [MPa] (3.31)

Ec(χ) = 2.15 · 104 (fc(χ)/10)
1/3 [MPa] (3.32)

The material parameters of the constitutive and aging equations are listed in Table 3.1

with reference to the equations where they appear. The first eight parameters are for

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

In the next chapter, the specific values of parameters in Table 3.1 are going to be de-

termined by the help of experimental studies, which are compared with the numerical

simulations.
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3.7 Special Forms of Material Parameters

As a consequence of cement hydration and its end products, thermal and mechanical

material parameters of concrete vary. This section outlines the specific forms of the

thermal and mechanical material parameters as a function ofthe degree of hydration.

3.7.1 Thermal Material Parameters

There are three thermal material parameters that have an important effect on concrete:

the specific heat capacity, the thermal conductivity and thecoefficient of thermal ex-

pansion.

The specific heat can be defined as the amount of energy required per unit mass to

change the temperature by 1 Kelvin. For lower values of specific heat, it will be eas-

ier to increase the temperature of concrete and vice versa. Because of the thermally

vulnerable behavior of concrete, specific heat becomes a fundamental thermal mate-

rial parameter. The content of cement and the composition ofmixture materials play

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

Table 3.1: Material Parameters of Constitutive and Aging Parameters

Parameter Description Equation
c Coefficient of specific heat (3.13)
θ0 Initial temperature (3.16, 3.17, 3.18)
Qξ Latent heat of hydration (3.19, 3.26, 3.27)
ξ∞ Ultimate degree of hydration (3.21, 3.23, 3.24, 3.25)

kξ∞/ηξ0 Hydration parameter (3.24, 3.25)
η Viscosity (3.25)

Aξ0/kξ Hydration parameter (3.24, 3.25)
Ea/R Normalized activation energy (3.7, 3.24)

f∞
c Ultimate compressive strength (3.28)
θr Reference temperature (3.30)1

θmax Maximum temperature (3.30)2
nθ Temperature base parameter (3.30)1

Af , Bf Aging coefficients (3.30)2
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change in concrete will change the specific heat capacity. The effects of these ther-

mal and mechanical fields on the coefficient of specific heat have been investigated in

different experimental studies [23, 40, 62].

According to De Schutter [21], the specific heat decreases linearly with the increase

of the degree of hydration. He introduced a hydration-basedspecific heat equation

for concrete

c (ξ) = c∞ (1.15− 0.15 ξ) (3.33)

This equation is valid only for concrete with normal weight gravel andc∞ denotes

specific heat of hardened concrete. For hardened concrete with normal weight aggre-

gate, the coefficient of specific heat capacity ranges between 800 and 900 m2/(s2 K).

A typical specific heat capacity evolution curve is depictedin Figure 3.1.
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Figure 3.1: Coefficient of specific heat capacity curve of normal strength concrete
with % 20 fly ash. Curve is depicted according to (3.33) withc∞ = 800 [m2/(s2 K)]

The other thermal material parameter, thermal conductivity, controls uniform heat

flow through a unit thickness of concrete between its opposite surfaces. Unit of ther-

mal conductivity is W/(m K). Lixia et al. [49] designed an experiment to determine

the coefficient of thermal conductivity and to understand the importance of concrete

mixture materials on this coefficient. Although it is widelyassumed that the coeffi-

cient of thermal conductivity is constant, Ruiz et al. [59] and Shin et al. [62] present

linear and nonlinear formulations of the thermal conductivity of concrete, respec-

38



tively. Moreover, Jeong and Kim [38] suggest that the thermal conductivity of con-

crete decreases as the degree of hydration increases with regard to their experimental

study on concrete pavements. Ruiz’s thermal conductivity equation is

k (ξ) = k∞ (1.33− 0.33 ξ) , (3.34)

wherek∞ is the ultimate thermal conductivity of hardened concrete.

In this study, we assume that concrete is a homogenous material, where all the mate-

rial parameters are uniform through the concrete body. Thisassumption is valid for

macroscopic modeling. To understand the effect of aggregates on the specific heat

and the thermal conductivity a mesoscopic modeling should be performed. In this

kind of modeling, material parameters varies through the concrete.

The key material parameter of concrete thermomechanics is the coefficient of thermal

expansion (CTE). CTE is a mechanical parameter and it has an important role in the

coupling of thermal and mechanical forces. Zhou, Huang and Shu [71] developed a

numerical formulation for CTE of Portland cement concrete. Moreover, Maruyama

and Teramoto [51] conducted experiments under different conditions to analyze the

characteristics of CTE. Although both studies claim that theCTE of normal-strength

concrete has a slight decrease with respect to time, we neglect this small change and

assume that CTE is constant throughout the hydration. In our model, we take CTE as

2.2 x 10−5[1/K].

3.7.2 Mechanical Material Parameters

In this section, we give the formulation of four important mechanical material prop-

erties. These are the compressive strength, the tensile strength, the modulus of elas-

ticity, and the Poisson’s ratio. The first three equations are interrelated and the latter

parameter is expressed independently.

The compressive strength, the tensile strength, and the modulus of elasticity can be

described through aging. In Section 3.6, the specific equations of aging were intro-

duced and the compressive strength is formulated as a function of the aging variable

fc(χ) = χ̂f∞

c .
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The tensile strengthft(χ) = 1.40 (fc(χ)/10)
2/3 and the modulus of elasticityEc(χ) =

2.15 · 104 (fc(χ)/10)
1/3 are nonlinearly dependent on compressive strength. For the

simulations and experiments about determining these mechanical material properties,

the reader is referred to [17, 45, 70, 30].

De Schutter and Taerwe [24] introduced the degree of hydration-based Poisson’s ratio

ν̂(ξ), which is necessary to define the instant values of the bulk modulus and the shear

modulus

κ̂(χ) = Ec(χ) / 3(1− 2ν̂) and µ̂(χ) = Ec(χ) / 2(1 + ν̂) (3.35)

with the Poisson’s ratio

ν̂(ξ) = 0.18 sin(πξ / 2) + 0.5 exp(−10ξ) . (3.36)

The evolution of the Poisson’s ratio with the degree of hydration is depicted in Figure

3.2.
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CHAPTER 4

REPRESENTATIVE NUMERICAL EXAMPLES

In Chapter 2, the thermomechanics of the three-dimensional continuum has been in-

troduced. The constitutive equations of the coupled initial boundary-value problem

of early-age concrete thermomechanics within the framework of Theory of Reac-

tive Porous Media have been derived in Chapter 3. The aim of this chapter is to

demonstrate the potential of the proposed constitutive model through representative

numerical examples where the numerically obtained resultsare contrasted with the

experimental findings taken from literature.

For this purpose, three numerical examples are considered.The first example is con-

cerned with the simulations of the results presented in Cervera, Oliver and Prato [17].

The evolution of temperature, the change of the chemical affinity, and the evolution

of compressive strength are modeled at a local material point. In these simulations,

the material parameters of the proposed model are identifiedfor the distinct concrete

types. In the second numerical example, experimental results in Ilısu Dam Report

[13] are simulated. In this report, the evolution of adiabatic temperature and com-

pressive strength is given for a cubic concrete specimen. The experiments have been

performed to understand the characteristics of concrete, which is used in Ilısu Dam.

The third example is concerned with the simulation of the thermomechanically cou-

pled behavior of mass concrete structures. The stress and temperature distributions

within the mass concrete structure are analyzed. Also, a damage study is performed

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

This example deals with the temperature increase and the change of chemical affinity

of normal-strength concrete with a water-cement ratio of 0.45 under adiabatic condi-

tion. The temperature-time and the chemical affinity-degree of hydration curves are

depicted in Figures 4.1a and 4.1b, respectively. In these figures, the computational

results, which are obtained by the proposed constitutive equations, are compared with

the experimental results in Bentz, Waller and de Larrard [15]. The material parame-

ters of the proposed model are identified and listed in the third column of Table 4.1,

entitled Figure 4.1. The final value of the degree of hydration is calculated by using

(3.21). In the beginning of hydration, the rate of hydrationis slow. After the acti-

vation threshold is exceeded, the hydration process accelerates. The rapid increase

of temperature under adiabatic conditions increases the rate of hydration. When the

chemical affinity reachs its peak value, the rate of hydration slows down. As a re-

sult of this, the rate of temperature increase decreases, and because of the adiabatic

condition, temperature converges to its steady-state value∼82◦C.
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Figure 4.1:a) The evolution of temperature andb) the change of the chemical affinity
of normal strength concrete with 45% water-cement ratio during concrete hardening
under adiabatic conditions. The experimental results are taken from the study of
Bentz, Waller and Larrard [15].

In order to investigate effect of the silica fume on the chemomechanics of concrete

hardening, an adiabatic experiment analogous to the preceding example on 20% silica
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fume containing concrete mixture with 0.45 water-cement isconsidered [15]. For this

mixture, the temperature-time and the chemical affinity-degree of hydration curves

are depicted along with the simulated results in Figures 4.2a and 4.2b, respectively.

The material parameters which are used to obtain the numerical results of this exam-

ple are given in Table 4.1 in the fourth column, entitled Figure 4.2.
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Figure 4.2:a) The evolution of temperature andb) the change of the chemical affinity
of high performance concrete, which has 45% water-cement ratio and 20% silica
fume, during concrete hardening under adiabatic conditions. The experimental results
are taken from the study of Bentz, Waller and Larrard [15].

As we compare the curves in Figure 4.1 and Figure 4.2, it can beobserved that they

differ from each other considerably. This holds especiallyfor the chemical affinity-

degree of hydration curves. Silica fume addition increasesthe time length of low

rate of hydration stage in the early ages of hydration and decreases the temperature

increase, the rate of temperature increase and the chemicalaffinity. As it can be ob-

served from the comparison of the obtained simulation results with the experimental

findings in Figures 4.1 and 4.2, the constitutive model basedon the Theory of Reac-

tive Porous Media can favorably estimate the experimental results. However, at the

first 15-20 hours, there is a lag between the experimental andsimulated results. The

temperature evolution equation for the adiabatic cases (3.26) explains this lag. The

temperature evolution is directly influenced by the viscosity and in the theory of re-

active porous media, viscosity represents the diffusion ofwater through the hydrated

layers of concrete structure. In Figures 4.1 and 4.2, there is no temperature increase
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until the occurance of setting.

The evolution of temperature and the chemical affinity are influenced by material

parameters. To observe the effect of material parameters onthe curves of Figure 4.1

and 4.2, a sensitivity study is conducted and the results aredepicted in Figures 4.3–

4.9. This study is peformed forc, Qξ, Ea/R, kξ∞/ηξ0, Aξ0/kξ, ξ∞, andη. During

the sensitivity analysis, one material parameter changes and other parameters remain

same. The base values of parameters are taken from the Table 4.1, fourth column. In

the figures, the sense of the arrow indicates the increase in the corresponding material.
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Figure 4.3: Sensitivity analysis ofa) temperature andb) chemical affinity for the
different values ofc = {1, 2, 3, 4, 5} × 106 [J/m3K].

Specific heat capacity is an important thermal material parameter. In Figure 4.3,

for the lower values of of specific heat, the temperature of concrete increases.Qξ

enters the adiabatic temperature increase formulation as an internal heat source. In

Figure 4.4, when heat source increases, the temperature increases. In Figure 4.5, the

universal gas constant decreases the evolution of the degree of hydration and increase

in the constant causes a reduction in temperature.kξ∞/ηξ0 is a multiplier of the degree

of hydration rate. When it incrases, the change of chemical affinity and temperature

also increases in Figure 4.6.

Aξ0/kξ has a very low influence on both temperature and chemical affinity in Figure

4.7. In the evolution equation of the degree of hydration (3.24),Aξ0/kξ is divided to

ξ∞. It does not effect the degree of hydration directly.
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Figure 4.4: Sensitivity analysis ofa) temperature andb) chemical affinity for the
different values ofQξ = {1.63, 1.68, 1.73, 1.78, 1.83} × 108 [J/m3].
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Figure 4.5: Sensitivity analysis ofa) temperature andb) chemical affinity for the
different values ofEa/R = {4.5, 4.7, 4.9, 5.1, 5.30} × 103 [-].

The ultimate value of the degree of hydrationξ∞ has a big influence on both the

degree of hydration and the chemical affinity. In Figure 4.8,increase in theξ∞ results

with an increase in temperature and the change of chemical affinity.

In the time - temperature curve of Figure 4.9, viscosity doesnot effect the ultimate

value of temperature, but determines the slope of the curve.If viscosity decreases,

concrete reaches the ultimate temperature value faster. For the change of chemical

affinity, viscosity has an important influence on the value ofchemical affinity. In-
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Figure 4.6: Sensitivity analysis ofa) temperature andb) chemical affinity for the
different values ofkξ∞/ηξ0 = {0.07, 0.11, 1.15, 0.19, 0.23} × 108 [1/h].

20

30

40

50

60

70

80

20 40 60 80 100 120 140 160 180
0

0.1

0.2

0.3

0.4

0.5

0.6

00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

θ
[◦

C
]

t [h]

A
ξ
·
1
0
−
6
[1
/
h]

ξ [–]
a) b)

Figure 4.7: Sensitivity analysis ofa) temperature andb) chemical affinity for the
different values ofAξ0/kξ = {0.10, 2.60, 5.10, 7.60, 10.10} × 10−5 [−].

crease in viscosity decreases the change of chemical affinity.

The last study of this example is conducted with the goal of determining the effect

of temperature on the concrete’s rate of strength gain and the ultimate strength of

concrete at the end of the hydration process at different temperature values under

isothermal conditions. We recall the rate of hydration is defined by (3.7)

ξ̇ =
Âξ

η̂ξ
exp

(

−
Ea

Rθ

)

.

This formulation represents that hydration is a thermally activated process and at low
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Figure 4.9: Sensitivity analysis ofa) temperature andb) chemical affinity for the
different values ofη = {2, 3, 4, 5, 6} [−].

temperatures, the rate of hydration slows down. As a result of this, hydration prod-

ucts are formed slowly and this event helps water to diffuse inside the cement paste

more easily and react with unhydrated cement particles morehomogenously. There-

fore, concrete hydrated at lower temperatures is expected to have a higher amount

of hydrated products and higher strength performance by thehelp of regularity in its

microstructure. However, hydration at higher temperatures, hydrated products form

rapidly and this may cease the diffusion of water in the cement paste. As a result

of this, the rapidly formed products make concrete gain a higher initial strength but
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Table 4.1: Material Parameter Coefficients of Simulations

Parameter Unit Figure 4.1 Figure 4.2 Figure 4.10
c [106 J/m3K] 2.33 2.33 2.07
θ0 [K] 294 294 294
Qξ [108 J/m3] 2.02 1.73 1.25
ξ∞ [-] 0.72 0.72 0.75

kξ∞/ηξ0 [108 1/hour] 0.28 0.15 0.32
η [-] 5.30 4.00 6.50

Aξ0/kξ [10−5 -] 0.50 0.50 1.00
Ea/R [103 -] 4.92 4.90 5.00

f∞
c [MPa] - - 58.0
θr [K] - - 293

θmax [K] - - 393
nθ [K] - - 0.40

Af , Bf [-] - - 0.47, 1.16

because of limited diffusibility, an ultimate strength of concrete becomes lower than

that of the concrete hydrated at a lower temperatures. This effect has also been dis-

cussed by Mehta and Monteiro [52] who explain that concrete cured in summer or in

a tropical climate can be expected to have a higher early strength but a lower ultimate

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

Kjellsen and Detwiler [41] carried out several experimentsto investigate the effect of

temperature on the ultimate strength of concrete under isothermal conditions. Figure

4.10 shows the correlation of Kjellsen and Detwiler’s studyand the proposed model.

The material parameters, that are used to obtain the simulation results associated with

these experimental results are listed in the column entitled Figure 4.10 in Table 4.1.

4.2 Ilısu Dam Experiments

As of 2011, hydroelectric dams provided the 11% of total primary energy production

in Turkey and they are a valuable energy source for Turkey’s energy production [26].

Especially over the last decade, dam construction has gained importance and several

world wide known dams like Deriner Dam, Ilısu Dam, Yusufeli Dam to mention a
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Figure 4.10: The evolution of compressive strength of hardening concrete at different
temperatures under isothermal conditions. The experimental results are taken from
the study by Kjellsen and Detwiler [41].

few, started to be built. Ilısu Hydroelectric Dam is locatedin the south-eastern region

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

and its annual mean ambient temperature value is16◦C. The construction of the Ilısu

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

Hydraulic Works (SHW).

Ilısu Dam is a front-face concrete-covered rock-filled-type dam. In this project, con-

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

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

ments are conducted in order to investigate the durability issues of mass concrete

49



[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 concrete

First, by using the rate of heat liberation measured by isothermal calorimetry, the nu-

merical thermal analysis of the temperature distribution in a cubic concrete sample is

carried out. This distribution gives us information about the maximum and minimum

temperature values and the temperature gradient in the sample. Having the tempera-

ture field estimated favorably well, the mechanical properties and the evolution of the

principal stresses in the sample are analyzed.

The above-mentioned experiments were performed with the main cementitious mate-

rial CEM II/A-M type cement from Mardin Cement Factory and other mineral sup-

plementary material is F type fly ash. CEM II/A-M is a Portland composite cement

and its specific gravity is 3070 kg/m3 [64]. The other cementitious material, F-type

fly ash, is obtained from the Sugözü Thermal Power Plant and its specific gravity is

2310 kg/m3 [39].

In Table 4.2, the material parameter coefficients for the experiments in Section 4.2

and 4.3 are listed.

4.2.1 Heat of Hydration

In order to determine how much heat will be released by concrete during hydration,

one needs to know the rate of heat liberation of the cementitious material used in

concrete. For this measurement, 4.9 gram cement paste with 0.5 water-cement ratio,

which includes CEM II type cement and 20% percentage F-type fly ash is prepared.

This mixture is utilized in the isothermal calorimetry experiment and the measured

rate of heat liberation-time curve is depicted in Figure 4.11 [13].

Control of the heat of hydration is mostly related with the chemical and physical

properties of the cement. The rate of heat liberation highlydepends on the cement
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Table 4.2: Material Parameter Coefficients for the Experiments in Section 4.2 and 4.3

Parameter Unit Value
c∞ [m2/s2K] 800
ρ [kg/m3] 2628
αt [10−5 1/K] 2.2
θ0 [K] 294

kξ∞/ηξ0 [108 1/hour] 0.28
η [-] 7.80

Aξ0/kξ [10−5] 1
ξ∞ [-] 0.75

Ea/R [103-] 5.1

χ̂0 [-] 0
f∞
c [MPa] 42
θr [K] 293

θmax [K] 373
nθ [K] 0.4

Af , Bf [-] 3, 0.21
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Figure 4.11: The rate of heat liberation of cement paste measured by isothermal
calorimetry. A 4.9 gram cement paste consists of CEM II/A-M (P-LL) and 20 %
F-type fly ash [13].
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fineness and the presence of supplementary materials. For instance, fly ash generally

decreases the amount of the liberated heat during hydration.

According to Lawrence et al. [45], the rate of heat liberation in Figure 4.11 can

be called as power data and it can be integrated with respect to time to obtain the

thermal energy release. In this sense, Figure 4.12 represents the integrated rate of

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

E =

∫ t

t=0

Q dt (4.1)

where E is the energy rise andQ denotes the power, which also enters the conserva-

tion of energy equation in (3.13) as a heat source.
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Figure 4.12: Cumulative rate of heat liberation of cement paste measured by isother-
mal calorimetry. A 4.9 gram cement paste consists of CEM II/A-M (P-LL) and 20%
F-type fly ash [13].

4.2.2 Adiabatic Temperature Increase

For this experiment, project conductors prepared 8 different types of concrete mix-

tures to measure the effect of various parameters. However,as our purpose is to con-

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

ture.

Table 4.3: Concrete Mixture Proportions

Total
Cementitious

Cement Fly Ash /
Total Cementitious

Water Water /
Cementitius

Unit
Weight

(kg/m3) (kg/m3) (%) (kg/m3) (%) (kg/m3)

180 144 20 115 48 2628

Since most mass concrete structures include mineral supplementary materials, we

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

There are several factors that affect the adiabatic temperature increase in concrete

structures. One of them is the initial placement temperature of concrete. Initial tem-

perature may vary in summer and winter and this may change theadiabatic tem-

perature increase, and thereby causing a durability problem. In addition to seasonal

changes, several factors may influence the initial temperature of concrete. Another

factor is the coefficient of thermal conductivity of concrete. It is defined as a uniform

flow of heat through a unit thickness of material between two faces subjected to a unit

temperature difference during a unit time [40]. This coefficient is mostly influenced

by the material characteristics of components of concrete and the local temperature.

Shin et al. [62] reports that the coefficient of thermal conductivity decreases with an

increase in temperature. According to the American ConcreteInstitute [8], the ther-

mal conductivity coefficient of concrete can be vary in the range of 1.9-2.9 W/(m K).

As a result of low thermal conductivity, mass concrete structures behave like an al-

most adiabatic (sometimes semi-adiabatic) system. In massconcrete structures, the

temperature increase in a adiabatic system can be calculated as given in (3.27).

θ − θ0 =
Qξ

c
[ξ(t)− ξ0]

Here,Qξ is the heat source of the hardening concrete and this value can be obtained

from Figure 4.12. As explained in Section 4.2.1, the heat of hydration rate was mea-

sured for a 4.9-g cement paste. However, in our model a concrete mixture is prepared

and the adiabatic heat increase of concrete sample is required. Therefore, the heat
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of hydration rate value of cement paste is converted for concrete sample by scaling

according to the mix proportions given in Table 4.3.

A concrete cube of a 2.5 meter edge length was cast at the project site with the con-

crete mixture given in Table 4.3, see Figure 4.13. In order toprovide a semi-adiabatic

condition for concrete, the cube is covered with an insulation material named Ex-

truded Polystrene (XPS) whose thermal conductivity rangesbetween 0.035 and 0.045

W/(m K) [69]. PT100 type thermocouples are placed inside the concrete to monitor

instant temperature value at those local points.

a) b)

Figure 4.13:a) Concrete cube isolated with XPS,b) normal strength concrete is casted
inside the cube [13].

A simple geometry and central cross sectional view of thermocouple locations are

depicted in Figure 4.14. Three thermocouples are located inthe center axis of the

cube to investigate the planar temperature variations within the specimen. The other

two thermocouples are used to measure the temperature changes at the sides and at

the free surface of the specimen. In the finite element simulations, 15625 8-node

trilinear heat transfer brick and 20-node quadratic elements are used for thermal and

mechanical analysis, respectively. Convergence study is conducted during the thermal

analysis.

In the numerical analyses, we use ABAQUS [1] software package which is a computer-

aided engineering simulation tool of finite element analyses. ABAQUS allows one to

implement his/her own constitutive model. This software enables us to indicate initial

and boundary conditions and mesh the body. Using Finite Element Method (FEM), it
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Figure 4.14:a) Finite Element discretization of the cubic specimen of 2.5m edge
length into25×25×25 8-node brick thermal elements.b) The relative locations of the
thermocouples locations. The spacing between the thermocouples and the concrete
surfaces is 0.1 m for all sides.

solves nonlinear initial boundary-value problems. In our case, we first create a cube

and define the pre-defined material parameters. Material parameters which are given

in their special forms in Section 3.7 are defined in seperate User Material (UMAT)

and User Thermal Material (UMATHT) subroutines.

In the adiabatic temperature increase analysis, we createda 2.5 meter dimensioned

cubic model of concrete and covered the bottom and sides witha 6 cm thickness in-

sulation material (XPS). Thermal conductivity of concreteand XPS are 2 and 0.04

[W/(m K)] and the specific heat capacity of hardened concrete is defined as 850

[m2/(s2 K)]. In the experiment, thermocouples except the centered oneare placed

10 cm apart from the sides. Therefore, we mesh the cube with using 10 cm intervals

to correlate the experimental and simulated results.

Table 4.4: Heat Transfer Coefficients for Different Isolation Types [W/(m2 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 is to model the effect of insu-

lator and the ambient temperature on the concrete surface. If the modeling of these
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two quantities are not sufficient, then the semi-adiabatic condition of concrete might

be doubtful. ABAQUS provides a feature of surface film condition to model a heat

transfer coefficient. It requires a sink temperature and a film coefficient of the con-

crete surface. To determine this coefficient, a procedure isexplained by Zhu Bofang

[16] and Lee et al. [46] in detail. Mehta and Monteiro [52] give the film coefficients

for different isolation environments in their book. This property is highly dependent

on the wind speed. Heat transfer coefficient increases as thewind speed increases. As

the experiment is conducted in Mardin, the wind speed of Mardin is obtained from

the wind speed map of Turkey [7]. Moreover, soil temperatureof the project site is

approximately estimated from the international soil temperature map [5].

Film coefficients belong to the top, side, and bottom surfaces of concrete are listed in

Table 4.4. On the top surface of concrete cube, there is not any insulator or formwork,

so the ambient directly in touch with concrete surface. Woodformwork and XPS

insulation material protect the concrete face from the ambient at the side surfaces.

In the bottom surface, wood formwork and XPS interacts with soil, so the smallest

coefficient is used here.

Semi-adiabatic temperature increase simulation is performed with Bofang’s heat trans-

fer coefficients. Duration of the simulations and the experiment is one week. A gen-

eral view of temperature distribution in the cube is demonstrated in Figure 4.15 in a

cross sectional view.

Figure 4.15: Simulated contour plot of temperature distribution of concrete cube in
section cut view at 1.25 m.
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This contour plot shows the temperature field in the middle section of the cube at the

end of 7 days. In this plot, temperature of the bottom and the central regions looks

quite similar. Another fact is that the temperature difference between the red and blue

part is nearly 22◦C and this is an undesired situation according to the ACI 207.1R-96

report.

In the project site, temperature values and the thermal gradient inside the concrete

element are recorded. These records are compared with the numerical findings in

Figure 4.16 and a good agreement is observed. However, for the temperature of

top and side thermocouples, the fluctuation begins after 50 hours. The reason of

this condition is the ambient temperature. This experimentis performed in Mardin,

which is very hot in the daylight and cold in the nights. T1 andT2 thermocouples

are very close to the surface. So, they are highly influenced by the changing ambient

temperature. In the center and bottom thermocouples, fluctuation is not observed.

4.2.3 Compressive Strength

The proposed coupled thermomechanical model is verified on thermal field with the

adiabatic temperature increase test described in the last section. In this section, the

mechanical verification of the model is conducted. In this manner, the compressive

strength of the cast concrete is compared with the simulation results and good match is

observed. Compressive strength of concrete is measured on 7,28, and 90 days. Also,

the strength at 180 day is estimated. A local MATLAB code is written to calculate

the compressive strength of concrete by using (3.28). Recallthe compressive strength

equation based on aging variable is

fc(χ) = χ̂f∞

c .

Table 4.5 shows the compressive strength experiment resultvalue of the concrete cube

for 7, 28, 90 and 180 days.

The proposed constitutive equations in Chapter 3 are solved iteratively through the

backward Euler Algorithm and compressive strength of concrete is obtained. The

simulated compressive strength curve is contrasted with the experimental results in

Figure 4.17.
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Figure 4.16: Comparison of simulation and experimental results, recorded at differ-
ent thermocouples. Temperature curves of experiments and the corresponding simu-
lations are plotted ina) 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 concrete cube is given. Accord-

ing to Figure 4.18, maximum tensile stress is concentrated at the corners and the

compressive stress is at the center of the cube. This cubic concrete is solved ther-

momechanically by using 121 mesh elements. A 20-node thermally coupled brick

element is used in finite element solution of the problem.
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Figure 4.17: Compressive strength of concrete with 20 % fly ashat 7, 28, 90 and 180
days.

In this section, we checked the accuracy of our novel constitutive model for the ther-

mal field. In the first subsection, isothermal calorimetry experiment is done to obtain

the heat of hydration rate and the integrated hydration heat. This heat of hydration

rate enters the conservation of energy equation as a heat source and so far, we man-

aged to model the adiabatic heat increase for the concrete cube which is isolated with

a insulation material. In this study, our model and the experimental findings present

a good match. In the last experiment, evolution of compressive strength of our con-

stitutive model is verified with the concrete cube’s results. Thus, thermal and aging

equations of the model are confirmed.

Table 4.5: Compressive Strength of Concrete Cube for 7, 28, 90 and 180 days [MPa]

Days Compressive Strength
7 21.6
28 30.3
90 36.1
180 39.7
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a)

b)

c)

Figure 4.18: Stresses in x-direction, z-direction and the maximum principal stress
distributions are given ina), 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 thermomechanical analysis of a

mass concrete structure by using the proposed coupled modeland the model param-
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eters identified in the preceding section based on the concrete mix used in Ilısu Dam.

In a mass concrete, the effects concerned with the temperature gradient development

and the stress concentrations observed in the simple cube ofprevious example become

more pronounced. Since the interior region of concrete stays hot and the surface is

under the influence of ambient temperature and wind, the hot region tends to expand

and the outer region tends to shrink. These uneven thermal volume changes in con-

crete structures leads to tensile stress concentrations because of external restraints

[42].

In order to reveal the characteristics of induced stresses,we model a large volumed

mass concrete example. To this end, the geometry of Deriner Dam is created in

ABAQUS CAE (Computer Aided Engineering) platform, see Figure4.19. Deriner

Dam has a double curvature geometry and the height of dam is 249 m with the 62 m

base and 34 m top depth.

249

62

34

a) b)

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

In the Deriner Dam simulation, the bottom surface and the twoside surfaces are me-

chanically restrained. Also, initial temperature condition of the whole model is set as

21 ◦C. The same procedure and the material parameters of the concrete cube example

is applied to this simulation. At the end of the analysis, themaximum principal stress

and temperature distribution of the dam are obtained and presented in Figure 4.20. It

is also possible to observe the volume change of the dam from these figures.
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a)

b)

Figure 4.20: Distribution ofa) maximum principal stress [MPa] andb) temperature
[K] of Deriner Dam.

The thermal boundary conditions make the front and back surfaces of the dam cooler.

As shown in Figure 4.20b, the maximum temperature occurs in the middle of the

section. This condition creates a thermal gradient betweenthe center and the surface

of the dam. Because of this gradient and the degree of freedomsof the structure,

the maximum principle stress is occured in the interior faceof the dam. In order to

predict the potential of cracking, the degree of damage is defined as

δ =
σmax − ft

ft
(4.2)

The aim of the degree of damage is to indicate the locations where the maximum

principle stress is greater than the tensile strength. For Deriner Dam model, the degree

of damage distribution is depicted in Figure 4.21.

Figure 4.21 is plotted for only the positive values of the degree of damage. There-
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δ [−]

Figure 4.21: Distribution of the degree of damage. This figure is depicted only for
the positive values of degree of damage. Colored regions havepotential for cracking.

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

region.
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CHAPTER 5

CONCLUDING REMARKS

In this thesis, we have presented a computational three-dimensional early-age con-

crete hardening model in thermodynamical framework to simulate the cement hydra-

tion for the hardening mass concrete structures. The simulation results are shown to

agree with the experimental results for these kind of structures.

Before advancing the new model, fundamentals of geometrically linear continuum

mechanics are introduced for the formulation of a general coupled thermomechanical

problem. Numerical application of a coupled thermomechanical problem is accom-

plished with monolithic coupling algorithm. Then, constitutive equations of concrete

thermomechanics are given.

To better understand the behavior of early-age concrete structures, thermal and me-

chanical analyses are achieved. In the thermal analysis, temperature development of

concrete structure is obtained and the local temperature values are stored as internal

variable. The mechanical analysis captures structural behavior of early-age concrete

and computes stress components using temperature field fromthe thermal analysis as

a body heat source.

Numerical simulations show that the proposed model has a good agreement with the

selected experimental results. In order to achieve this agreement, numerous thermal

and mechanical comparisons are implemented. Temperature and chemical affinity

evolutions are predicted correctly. The degree of aging forms the fundamental equa-

tions for the evolution of mechanical properties of concrete. Deriner Dam analysis

confirms that the stresses developing in the early-age of mass concrete plays a signif-
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icant role on the durability of mass concrete structure. Heat of hydration rate enters

the coupled model as a heat source and it becomes two laods with gravity, which

applied on the structure and coarsely predict the real situation.

In the literature, there are several studies on modeling coupled thermomechanical

behavior of early-age concrete and cement hydration. Besides, modeling of mass

concrete structures and stress estimation for concrete gravity and RCC dams have

been investigated by numerous researchers. However, thereare only few studies on

modeling the behavior of cracking and developing a coupled thermomechanical al-

gorithm for mass concrete structures. Our research can be further extended to model

several durability and stability issues of early-age or hardened concrete. Besides, in-

vestigation of the creep and shrinkage effect on change of material parameters can be

a next step for this work. In addition to the durability study, effect of aggregates on

specific heat and thermal conductivity can be a possible outlook. In this study, con-

crete is assumed as a homogenous material and the material parameters are assumed

for the whole concrete body. To investigate the effect of aggregates, concrete can be

modeled as a heterogenous material. Also, a multiphase porous media theory can be

followed. In order to obtain more realistic results and use our model to predict the

potential risky regions of mass concrete structures, the next step is to make our model

to have the realistic boundary conditions and include a crack propogation algorithm.
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