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ABSTRACT

The power generation from wind has been showing high rates of production growth, especially
in the Northeast region of Brazil. To produce this type of energy, it is necessary to build tall
towers that are supported on bulky concrete foundations. In addition, the increasing
verticalization of urban centers in concentrated areas is intertwined with the need for measures
to ensure the structural stability of tall buildings, such as the use of mass concrete foundation
blocks. For the construction of these types of structures, measures are needed both to optimize
the concreting process, which involves previous planning and experience of the labor involved,
and to avoid the appearance of pathological manifestations, such as cracks and delayed
ettringite formation, due to the changes in the thermomechanical behavior of these concrete
structures caused by the exothermic reactions of cement hydration. Thus, this dissertation aimed
to evaluate the thermal behavior of mass concrete structures by performing computational
predictions in two software (Ansys and b4cast) and applying a case study in the field. The
influence of some input parameter variation on the results obtained and the reliability of the
prediction models were verified. The analysis showed that the main difference identified
between the results obtained in the two software was concerning the time to reach the internal
temperature peaks. In general, the b4cast software presented higher temperature results than
Ansys and was closer to the field measurements. The influence caused by the variation of the
specific heat of concrete was the most significant among the parameters evaluated, causing a
closer approximation of the predictive models with the measured data, especially about the
values of maximum temperatures. Finally, the case study was fundamental to implement, in the
field, the casting plan developed for the structure and to identify the main challenges,
improvements, and care during the process of prediction, casting, and monitoring of mass

concrete structures.

Keywords: thermal analysis; mass concrete; finite element simulation; delayed ettringite

formation; thermal cracking.



RESUMO

A geracdo de energia elétrica a partir dos ventos vem mostrando elevadas taxas de crescimento
de producao especialmente na regido Nordeste brasileira. Para gerar este tipo de energia, ¢
necessario construir torres altas que sao apoiadas sobre fundag¢des de volumosas de concreto.
Além disso, a crescente verticalizacdo dos centros urbanos em areas concentradas esta
entrelagada com a necessidade de medidas para garantir a estabilidade estrutural dos edificios
altos, como o uso de blocos de fundagdo de concreto massa. Para a construgdo desses tipos de
estrutura, necessitam-se de medidas tanto para otimizar o processo de concretagem, o que
envolve planejamento prévio e experiéncia da mao de obra envolvida, quanto para evitar o
surgimento de manifestagdes patologicas, como fissuras e formacao de etringita tardia, devido
as alteragdes do comportamento termomecanico dessas estruturas de concreto causadas pelas
reacdes exotérmicas de hidrata¢do do cimento. Desse modo, esta dissertagdo teve o objetivo de
avaliar o comportamento térmico de estruturas de concreto massa através da realizacao de
previsdes computacionais em dois softwares (Ansys e b4cast) e da aplicagdo de estudo de caso
em campo. A influéncia da variacdo de parametros de entrada nos resultados obtidos e a
confiabilidade dos modelos de previsao foram verificadas. As analises realizadas mostraram
que a principal diferenca identificada entre os resultados obtidos nos dois software foi em
relagdo ao tempo para atingir os picos de temperaturas internas. De modo geral, o software
b4cast apresentou resultados de temperaturas superiores aos do Ansys e mais proximos das
medic¢des de campo. A influéncia causada pela variagdo do calor especifico do concreto foi a
mais significativa entre os parametros avaliados, provocando uma maior aproximacdo dos
modelos preditivos com os dados medidos, principalmente em relagdo aos valores das
temperaturas maximas. Por fim, o estudo de caso realizado, foi fundamental para implementar,
em campo, o plano de concretagem desenvolvido para a estrutura e para identificar os principais
desafios, melhorias e cuidados durante o processo de previsdo, concretagem e monitoramento

de estruturas de concreto massa.

Palavras-chave: analise térmica; concreto massa; elementos finitos; fundacdes de torres

eolicas; formagao de etringita tardia; fissuragdo térmica.
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1 INTRODUCTION

1.1 Contextualization

Social and economic development influences the technological progress of the
construction industry. The concern to achieve high performance and to build taller and slender
structures has been growing over the years, resulting in the need for more robust foundations to
receive the structural loads (GAMBALE, 2017). Thus, the use of bulky concrete structures is
notorious in several civil engineering fields, such as the building and structure construction and
infrastructure sectors, highlighting the energy industry, with the construction of dams and wind
farms.

These elements can be classified as mass concrete structures, which differ from
other types of concrete elements due to their thermal behavior (generation and dissipation of
heat) (ACI 207.1R, 2006). In mass concrete, it is necessary to control the rise of heat generated
by the hydration reaction of cement, which is a result of exothermal reactions, to avoid the
appearance of cracks (ACI 207.1R, 2006). According to Sfikas, Ingham and Baber (2017),
some examples of such structures are foundation blocks and rafts, dam structures, nuclear
containment structures, buried piles, wind tower foundations, armor (breakwater) units, precast
structures for tunnels and bridges, retaining walls, among others (FIGURE 1).

Concrete structures, when exposed to ambient temperature and humidity, can suffer
thermal contraction (deformation associated with cooling) and shrinkage by drying
(deformation associated with moisture loss) (TANG; HUANG; HE, 2021). Commonly, in
massive structures (with a thickness — smallest dimension — higher than or equal to 1 m), the
thermal shrinkage stands out, being more concerning than the volumetric expansion generated
by the hydration heat of cement due to the resulting tensile stresses (MEHTA; MONTEIRO,
2014). According to the referred authors, to reduce the risk of cracking, the concrete should

have low elastic modulus, high creep, and high tensile strength.
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Figure 1 - Examples of massive concrete structures: (a) ground slabs; (b) concrete dams; (c)
silos/containment structures; (d) cooling towers; (e) wind turbine foundations; (f) piles; (g) precast
segments (top: immersed tunnel, bottom: bridge deck); (h) armor units; (i) bridge piers; and (j) retaining
walls.
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Source: Sfikas, Ingham and Baber (2017).

In very early ages of concrete (first hours), the increase of the temperature generated
by the cement hydration reactions can lead to the appearance of cracks by the coupling between
the thermal phenomenon (expansion-contraction of materials under non-uniform temperature
distribution between the surface and the core of the structure due to the heat generated and heat
exchanges) and the mechanical phenomenon (total or partial impediment of movement of the
structure in the hardened state, for example, by the action of a temperature gradient). Cracks
occur when the internal tensile stresses exceed the tensile strength of the concrete (WU et
al., 2011).

Besides thermal cracks in very early ages, another kind of phenomenon that may
arise as a result of the temperature increase is the delayed ettringite formation (DEF). In this
case, cracks do not appear immediately, but raising the internal temperature of the concrete
above a certain limit (between about 65 to 70 °C) prevents the natural formation of ettringite
still in the fresh state (in which it is benign), so that ettringite will form within the concrete in
the hardened state in the future, when in contact with water. The delayed ettringite formed is an
expansive product (LAROSCHE, 2009), causing an increase in internal stress in the concrete
structure, leading to cracking.

According to Emborg and Bernander (1994), the increase in the temperature of a

concrete element depends on several factors. Among them are: the dimensions and geometry
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of the structure; the thermal and mechanical properties of the early-age (young) concrete; the
cement particle size; the placement and curing conditions (placement temperature and process,
insulation mechanisms, and cooling schemes); the boundary conditions (heat transfer
conditions); and the environmental conditions (temperature and wind speed). Thus, to predict
and evaluate the thermomechanical behavior of concrete structures, it is important to consider
the influence of as many relevant factors as possible to bring the predictions closer to the reality
experienced daily at construction sites.

In the state-of-the-art on this subject, there are some methodologies for calculating
and predicting the evolution of the internal temperatures and stresses of mass concrete
structures, such as the Finite Difference Method (FDM) and the Finite Element Method (FEM),
used to solve heat differential equations using the pertinent material thermal and mechanical
properties. The FEM is more common in the studies consulted for the development of this study,
as can be seen in Azenha (2009), Smolana et al. (2022), Sfikas, Ingham and Baber (2017),
Huang et al. (2018), Gambale (2017), Couto (2018), among others. If properly used it can be a
fast and accurate tool for predicting field behavior. This can be used for many engineering
purposes, in different phases of the project (mix design, project design, construction planning,
etc.), such as: calculating how much water should be replaced by ice before mixing; deciding
the use and choosing the placement of cooling water circuits; deciding construction phases to
avoid too-high concrete volumes placed at a given time and avoid high temperatures, among
others.

During the construction of massive concrete structures, the monitoring of internal
temperatures over time and the comparison between these data and the computer prediction
models can allow the evaluation of the risk of thermal cracking and the choice of the best
mitigating methods to be used. This is also important as a means to perform quality assessment
and quality control of mass concrete structures (COUTO, 2018) and is also a way to validate
the proposed models and/or identify differences between the construction and the project.

It is noteworthy that this study is connected with two approved projects developed
in partnership: the French FONDEOL project (“Problématiques propres aux Fondations
d’éoliennes en zone littorale”) about wind tower foundations, carried out mainly by French
universities, agencies with partner companies and, with the participation of Federal University
of Ceara (UFC) as a partner; and FUNCAP/INSA-Rouen (“Challenges with respect to
aerogenerators’ foundation in coastal zones”), an international cooperation project between
research groups in Ceard and Normandy region in France. Those projects are part of a strategy

for the emergence of a Franco-Brazilian research center in Geotechnical Engineering and Civil
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Engineering applied to renewable energies. Through those projects, an academic mobility in
France was made possible during this MSc work. Moreover, industrial partnerships in the field
were used for full-scale tests, such as partners responsible for the construction of wind farms
and high-rise buildings in the state of Ceara, Brazil.

Finally, this research is relevant for the technical and scientific advances required
to develop a plan for thermal analysis and monitoring of mass concrete structures that can assist
in the casting stages of concrete and increase the performance and structural health of such

structures. It contributes to future academic and engineering works on mass concrete.

1.2 Problem statement

According to Roso, Oliveira e Beuter (2021), the verticalization of urban spaces is
not only connected to demographic growth and the decrease of available spaces in large urban
centers but also relates to modernization and to the economic and political interests of the cities.
Thus, to provide greater stability to buildings, which are increasingly taller and are mostly built
in smaller urban spaces, there is a need for bulky concrete foundation structures and even the
joining of foundation blocks into a single larger block due to the limited building area available.
In this case, the foundation is potentially a mass concrete structure.

Wind tower foundations are another type of mass concrete structure that has
received attention in thermomechanical studies. Due to the expansion of onshore wind farms in
Brazil, especially in the Northeast region, where the wind source leads (ABEEOLICA, 2022a),
and due to the development of technologies that provide the construction of increasingly taller
towers, it is necessary to build foundations with significantly high volumes of concrete.

Furthermore, it is worth mentioning that the wind source represents 10.8 % of the
sources of energy in Brazil, presenting significant expansion rates, with the capacity of wind
power installed expected to reach 34.69 GW until 2026 (ABEEOLICA, 2022a). From the 827
existing wind farms, 88,27% are located in the Northeast region (ABEEOLICA, 2022b), where
the winds are more constant and have a stability of speed and direction (ABEEOLICA, 2022a).
Figure 2 shows the distribution of wind farms in operation in Brazilian states. The Brazilian
Government (2022) states that the Northeast region is responsible for more than 90% of the

national wind energy production.



36

Figure 2 - Distribution of wind farms in operation in Brazilian states
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Source: Adapted from ABEEOLICA (2022b).

Thus, there is an increase in the construction of massive concrete structures related
to the urban development of cities (construction of high-rise buildings) and to the energy
development (expansion of wind farms), which require measures to control thermal rise from
the cement hydration process. It is essential, therefore, to predict its thermomechanical behavior
to avoid structural failure because the building of this type of structure requires high financial
costs, and its collapse can cause severe accidents (COELHO, 2012). Also, it is important to
mention that early-age thermal cracking can be related to degradation phenomena that reduce
the durability of structures. Cracks allow aggressive agents to enter the structure, such as CO»,
which causes carbonation of the concrete material, and CI”, which accelerates the corrosion of
the reinforcing steel (BAMFORTH, 2007; BOBKO et al., 2015).

Despite the increasing application of massive concrete structures in a variety of civil
engineering fields, no Brazilian standard has been identified to guide professionals on

precautions to take when building this type of structure, or to define criteria for construction
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and projects. As a result, some builders are either unaware of or do not place enough priority
on mitigating the risks associated with problems of thermal origin in massive
elements. Additionally, such structures are frequently not visible after construction, making
detection of degradation hard to perform.

It is relevant to mention that according to the reports of the construction partners of
this study, one of the biggest challenges during the construction of massive concrete structures
is the concreting stage, due to the high demand of time and manpower and, mainly, the
unforeseen events that can occur during this process. In addition, the great distances between
the concrete production site and the pouring site and the characteristics of the environment
(temperature, wind speed, and humidity) can affect both the properties of the concrete and the
pouring temperature, causing the need for corrections in the mix design. Concrete cooling
mechanisms, such as the use of ice and liquid hydrogen, are also factors that can hinder and
delay planned activities.

Therefore, despite being frequently neglected, it is necessary to emphasize the
extreme importance of estimating the thermal behavior of these structures before construction,
and also the development and monitoring of the execution of a concreting plan, including from
mix design control to the monitoring of the internal temperatures of the structure analyzed.

Given that context, the relevance of this work is the implementation of a thermal
study of mass concrete structures, aiming to verify the reliability of different computational
tools and the influence of internal parameters (material properties) and external ones
(environmental conditions) on the prediction results, comparing them with field measurements.

Thus, it 1s expected to spread knowledge in this area and thus guide engineers and
future researchers about the importance and execution of performing this type of study before
the casting of these large-volume elements. The work focuses on the following research

questions:

e What are the main divergences that can be identified in thermal predictions when

these are performed using different computational tools?
e Can the influence caused by the variation of input parameters (both from the
material and from the ambient conditions) be considered significant in the results

of predictions of the thermal behavior of mass concrete structures?

e Are the computational models capable of predicting thermal behavior with
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sufficient accuracy? And what are the main improvements that can be applied in
the process of predicting the thermal behavior of concrete structures to improve the

reliability of this type of analysis?

1.3 Research objectives

1.3.1 Main Objective

The general objective of this research is to analyze the thermal behavior of massive
concrete structures (a wind tower foundation and a high-rise building foundation) ranging from
computational predictions to the field monitoring to identify the main challenges and

improvements needed throughout this process.

1.3.2 Specific Objectives

To achieve the general objective, the specific objectives addressed in this research
are presented below

1. To investigate differences in the results of thermal simulations of a wind turbine
foundation performed in two finite element software packages: a commercial
specific purpose software (b4cast) and a commercial customizable software
programmed for thermal analyses (Ansys);

2. To evaluate and define which parameters of the concrete (e.g. thermal properties),
of the external conditions (e.g. boundary conditions), and of the casting process
(e.g. construction of the structure in layers) generate significant influence on the
thermal behavior of a wind turbine foundation, from a parametric study;

3. To develop a case study on a high-rise building foundation applying from the
development of computational prediction models to follow-up the casting process

and the monitoring of the internal temperatures of a structure in the field.

1.4 Manuscript structure

This research is organized into 5 chapters. Chapter 1 presents considerations about
the problem contextualization, objectives, and relevance of the study. After the Introduction,
Chapters 2, 3, and 4 were presented in scientific article format, to facilitate the organization and

publication process of the results found after the MSc defense. While Chapter 2 focuses on the
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specific objective 1 (cf. Section 1.3), Chapter 3 focuses on the specific objective 2 , and Chapter
4 focuses on specific objective 3. This organization allows the reader to focus on a specific
chapter in function of the treated specific objective.

Chapter 2 presents the comparative study between the thermal analyses of a wind
turbine foundation performed using the two computational tools chosen for this research (Ansys
and b4cast software packages), highlighting the convergences and divergences between them.
To better understand the thermal behavior of the structure, the maximum global temperatures
reached by the structure were first studied. Then, the heating/cooling profile of the foundation
was observed by studying the isotherms and the thermal behavior of some internal points of the
structure through time. Finally, the computational results were compared with the field
monitoring data from a wind farm, at which concrete block construction was monitored.

Chapter 3 examines the effect of varying certain parameters on the thermal behavior
of the structure studied in Chapter 2 with the purpose of reducing the divergences identified
between the computational models and the monitoring data, primarily concerning the values of
maximum temperatures reached by the structure.

Chapter 4 shows the case study performed on a high-rise building foundation,
whose analysis starts from the computational predictions and proceeds to the follow-up of the
casting methodology proposed for this structure. The post-casting analysis is highlighted,
comparing the computational results to those measured in the field to validate the prediction
model's reliability. In addition, an unexpected situation experienced on the day of the casting
required adjustments of the simulations to assist in the decision-making process for the next
casting steps. This is also discussed in Chapter 4.

The final considerations, as comments on the results keyed to each of the objectives
of this work, are found in Chapter 5, which concludes this research by identifying the main
contributions, challenges, limitations, possible improvements, and indicating paths for future

work.
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2 COMPARATIVE STUDY BETWEEN TOOLS FOR THERMAL ANALYSIS OF
MASSIVE CONCRETE FOUNDATIONS

ABSTRACT

The construction of bulky concrete structures has been notorious in Brazil, such as wind tower
foundations, due to the expansive growth of this sector, especially in northeastern of Brazil.
Mass concrete structures need measures to control the thermal rise generated by the cement
hydration reactions to avoid delayed ettringite formation (DEF) and cracks of thermal origin.
Considering this need, it is possible to perform studies to predict the thermal behavior of these
elements before casting, which contribute to the choice of materials and casting conditions, for
example. These studies can be performed using computational tools, such as finite element
software. Thus, given the several options of tools in the literature, the main objective of this
study was to evaluate the thermal analyses performed in two chosen software (b4cast and
Ansys), besides comparing the results searching for similarities and differences between them.
Another fundamental point was to verify the reliability of the computational analyses by
comparing them with field monitoring data sent by the construction company of the concrete
structure chosen for this study. The results showed that the main differences identified between
the software results were concerning the time for reaching the maximum temperatures in the
structure, which occur earlier in b4cast and near the end of the study (168 h) in Ansys. In
addition, the differences in temperatures between the two software increased with increasing
placing temperatures, being more evident at points closer to the external environment.
Regarding the reliability of the computational tools, the prediction models presented lower
values than the field monitoring data, especially in the reach of maximum temperatures,
highlighting the need for improvements in the models used to bring them closer to the reality

experienced on-site.

Keywords: thermal analysis; mass concrete; finite element simulation.
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2.1 Introduction

Mass concrete structures need to control heat generation, coming from the
exothermic reaction of cement hydration, and the risk of cracking due to volumetric changes
and temperature differences (ACI 207.1R, 2006). The mass concrete, as well as other, is
composed of cement, aggregates, water and mineral and chemical admixtures. Its mixture
dosage must be adequate to increase its durability and produce concrete with economic and
technical feasibility to ensure appropriate workability and mechanical strength and to avoid
temperature rises, dimensional instabilities and, consequently, cracking. Concrete can also be
classified as a thermal mass material due to its ability to absorb, store and release heat very
gradually (SHAFIGH; ASADI; MAHYUDDIN, 2018).

Due to social, economic, and technological growth, the construction of increasingly
taller and larger buildings is noticeable, for example, skyscrapers, wind towers, bridges, dams,
and tunnels. The dimensions of these buildings contribute to the use of massive concrete
structures in some parts of their designs, such as in the foundations. As a highlight, the
foundations of wind towers in northeastern Brazil can be mentioned, whose growth of this
sector made this nation move from position 21st in 2009 (WWEA, 2010) to position 6th in 2021
in the ranking of installed capacity of onshore wind energy (GWEC, 2022). Also, according to
the Global Wind Report 2022 (GWEC, 2022), Brazil was among the world's top five markets
in 2021 for new onshore installations, behind only China and the United States. In that year, the
global installed onshore wind capacity reached 780.28 GW.

Wind turbines are supported on reinforced concrete foundations and, due to
technological advances that cause the increase of towers height, larger foundations of the order
of hundreds of cubic meters and with high diameters are needed to ensure the stability of the
tower (SILVA, 2014). These foundations are usually cast on-site, where the concrete is exposed
to variable environmental conditions that can adversely influence their performance and
durability (e.g. presence of soil water, possibly salted water in the case of coastal regions)
(PERRY et al., 2017). Besides, these structures are susceptible to drying shrinkage due to
exposure to wind and sun and may consequently crack (MEHTA; MONTEIRO, 2014).

During the early age of concrete (typically up to seven days), the thermal effect and
problems during the casting process are the main causes of cracks, which can affect the mass
concrete structures, compromising the useful life and structural stability. These cracks allow
the penetration of deleterious agents into the structures (e.g. chlorides and sulfates)

(BOURCHY et al., 2018).
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Azenha (2009) presents a description of the thermal and mechanical processes that
happen in mass concrete structures, showing that the hydration reaction of cement is a complex
process that results in the variation of concrete properties over time, such as porosity decrease
and stiffness increase. Also, this author emphasizes that, during this process, the concrete relates
internally with its neighboring particles, and externally with the surrounding environment,
which affects the stress development.

Moreover, many factors can influence the thermomechanical behavior of these
concrete structures, increasing the risk of early age cracking: cement content and type, concrete
placement temperature, concrete properties, particle size of the cement, cement composition,
restraint conditions, other concrete constituents and mix proportions (e.g., aggregates, moisture,
and admixtures), section thickness, formwork and insulation, environmental conditions and
curing schemes (BAMFORTH, 2007).

In addition to the cracks caused by the stresses of thermal origin, another
phenomenon that arises as a result of temperature increase is the delayed ettringite formation
(DEF), which can affect the performance and durability of structures.

It is possible to perform forecasts and evaluations of the internal temperature of
large volumes of concrete by solving the heat equations associated with the problem (involving
the heat of hydration of the cement as a source and propagating it by conduction through the
volume of the structure and by convection on the surface).

In this way, it is possible to predict the evolution of the temperatures distributed in
the concrete structure with time and the maximum temperatures and to determine the points
considered critical for the appearance of cracks of thermal origin (where thermal stresses are
higher, usually where temperature differences are higher and where mechanical restraints exist)
(GAMBALE, 2017; COUTO, 2018; JU; LEI, 2019; ANISKIN; NGUYEN, 2020). Thus, there
is the opportunity to previously identify critical situations through the study of these massive
concrete structures before their construction (COELHO, 2012). In this way, numeric analysis
can be done using some methods, such as the Finite Element Method (FEM) by through
computational tools (e.g. Ansys, Abaqus, B4Cast, ConcreteWorks, among others software).

Therefore, this chapter aims to verify the differences between the results of thermal
analysis of a bulky concrete foundation performed in more than one type of computational tool,
as well as the reliability of these results. For this, two software were chosen, one with a specific
commercial purpose to perform thermomechanical analysis and the other customizable for this

type of analysis. The results were compared with each other and with field monitoring data,
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aiming to identify convergences and divergences and, mainly, improvements for the study of

the thermal behavior of this type of concrete structure.

2.2 Literature review
2.2.1. Thermal stresses and cracks

One of the most important factors to prevent the appearance of early age cracks in
mass concrete structures is to reduce the hydration heat generated. These cracks arise when the
tensile stress in the concrete exceeds its tensile strength (HA; JUNG; CHO, 2014).

Portland cement is a material composed of several components and, due to this, its
hydration process is complex, having several chemical reactions that occur both in parallel and

in series (KIM, 2010). Figure 3 illustrates the evolution of cement heat, which is divided into

five stages.

Figure 3 — Heat evolution during the cement hydration process
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Source: Adapted from Lagundzija and Thiam (2017).

Cement hydration is spontaneous, exothermic, and thermally activated, i.e., besides
producing internal heat, the reaction is accelerated by the increase in temperature. Several
factors may influence hydration reactions (BAMFORTH, 2007; AZENHA, 2009;
TAHERSIMA; TIKALSKY, 2017; LACARRIERE et al., 2018; BEAUDOIN; ODLER, 2019):

e Mineral composition of clinker and cement consumption: the total amount of heat
generated is proportional to the amount of cement constituents. Choktaweekarn and

Tangtermsirikul (2010) showed that the amount of heat released by each component

is in increasing order: C2S, C4AF, CsS, C3A;
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e Presence of mineral admixtures (e.g. granulated blast furnace slag, pulverized fly
ash, etc.): The less admixtures presence, the higher heat generation;

e Cement fineness (particle size distribution and specific surface): the thinner the
grains, the faster the reactions;

e Water / cement ratio;

e Section thickness;

e Concrete placement temperature;

e Ambient conditions;

e Presence and type of chemical admixtures.

The concrete hardening process causes an increase in the internal temperature of
concrete and a thermal imbalance with the environment around it. The mass concrete structure
cools slowly in the core and quickly on the surfaces due to the proximity to the environmental
air, thus generating significant thermal gradients (NGUYEN; BUI; HOANG, 2021). In
addition, the surface mechanical strengths are lower than the core ones due to the faster cooling
of the surface (BOBKO et al., 2015).

According to Azenha (2009), due this thermal imbalance, the processes of heat
transfer through the mechanisms of conduction, convection and radiation are initiated (FIGURE
4). Through convection, a process that increases in the presence of the wind, heat exchange
occurs between the structure and the external environment. However, the internal heat
generation can be higher than the heat flow to the environment, thus hindering the thermal
balance. Internally, there is the conduction process. Still according to Azenha (2009), the
thermal balance will occur when the heat generated internally through the chemical reactions

is lower than the heat flow between the structure and the environment.
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Figure 4 - Main heat transfer processes in a mass concrete
foundation
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Conduction is the mode in which heat flow occurs from the hottest to the coldest
part of the structure by direct molecular contact and not by gross motion (LEVENSPIEL, 2014).
Heat transfer is called steady when the heat flow does not change over time. It is unsteady or
transient when the heat flow varies with time (FORSBERG, 2021a). This type of heat transfer
typically occurs inside solids (AZENHA, 2009). In a steady-state (when the temperature
differences and heat fluxes driving the heat transfer remain constant with time), heat transfer
can be expressed by Fourier's law (EQUATION 1) and depends on the nature of the material
and the temperature differential (LEVENSPIEL, 2014). As the temperature of a mass concrete
structure changes with time, its temperature distribution can be classified as a transient thermal

process (KIM, 2010).

aoT

L M 1

where n designates the direction of the heat flow, e.g., x, y, or z in Cartesian coordinates; k is

the thermal conductivity of the material; gq," is the rate of heat flow (W/m?) in direction n per

unit area perpendicular to the heat flow and aT/ an 1s the temperature gradient in direction n.

The convection heat transfer mode normally is between a surface and a surrounding

fluid. This involves the combination of conduction between the surface and surrounding fluid
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layer and of heat transport into the fluid in motion (FORSBERG, 2021a). The rate of heat
transfer by convection is influenced by the difference in temperature between the surface of the
structure and the fluid. Regardless of the process of heat transfer by convection, Equation 2,
which represents Newton's law of cooling, is appropriate to calculate the convection transfer

rate.
q" = he (Ts — Tw) (2)

where q" is the convective heat rate (W/m?), which is proportional to the temperature difference
between the surface (T5) and fluid (T,) temperatures; h. is the convective heat transfer
coefficient (W/m?.K), which depends on the conditions in the boundary layer. This coefficient
is directly proportional to wind speed (AZENHA, 2009). The convective heat transfer
coefficient can be calculated according to Equation 3 (B4CAST, 2022).

he= (Y, + Y .(p)) ()

a, =20+ 14v ifv <5m/s

a, = 25.6 v°78 if v >5m/s

where e is the thickness of formwork/insulation-material, f is the thermal conductivity of

material and v is the wind speed.

According to Azenha (2009), when radiation hits an element, three things can
happen: total or partial reflection, total or partial absorption and total or partial transmission.
Besides, it can be emphasized that the thermal input provided by solar radiation has a high
influence on the thermal behavior of mass concrete structures, such as wind turbine foundations,
due to hydration heat that delays dissipation (AZENHA, 2009). According to the Stefan-

Boltzmann Law of Radiation, the rate of thermal radiation is expressed by Equation 4.
q"= eo (T — T2) “4)

where q" is the radiation heat rate (W/m?), e is the dimensionless emissivity or absorptivity of
the structure (hotter structures emit energy and colder structures absorb), o is the Stefan-
Boltzmann constant (5.67x10-8 W/(m?K4)), T, is the surface temperature and T, is the
surroundings temperature.
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The analysis of heat transfer from concrete to the environment by convection and
radiation is complex because they depend on several factors, mainly the boundary conditions,
highlighting the characteristics of the surroundings (walls and ground surfaces), presence of
formwork, curing blankets, ambient conditions and conduction of heat inside the concrete
(GILLILAND; DILGER, 1997 apud RIDING, 2007).

ACI 207.1R (2006) reported that with the occurrence of this thermal phenomenon
in this type of structure, stresses are developed within the concrete, which results in the change

of volume. Thus, if the strains are restrained, cracks might arise in the concrete (FIGURE 5).

Figure 5 - Representation of the effect of internal and external restraints on the
development of stresses and cracks in a foundation block: a) longitudinal section;
b) cross section

High core temperature
(due to heat accumulation)

Cooled surface and
thermal cracking
by internal restraint

Thermal cracking
High degree of external restraint by external restraint

a) b)
Source: Amin et al. (2009).

Thermal stresses (compressive and tensile) vary according to the spatial and
temporal evolution of temperatures. During the heating period, the core presents a higher
temperature and a higher probability of expanding, thus appearing compressive stresses in the
core and tensile stresses at the surface. However, during the cooling period, the tensile stresses
predominate in the core and the compressive stresses at the surface (AZENHA, 2009).

The compressive stresses that arise in the core after placement are not so large,
because at that moment, when the temperature increases significantly, the elastic modulus of
concrete is low and the creep is high, which provides a relief of stress. In contrast, at the moment
of cooling, the elastic modulus is high and creep is small, which leads to significant tensile

stresses (BOFANG, 2014).
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2.2.2. Temperature control

Thermal stresses are more significant when there is a large difference between the
maximum (at the central core) and minimum (at the outside surface) temperatures in a mass
concrete structure (ACI207.2R, 2007; COELHO et al., 2014; BOBKO et al., 2015). According
to ACI 207.2R (2007), thermal gradients are temperature changes and determined through a
time history of temperature for a specific path through the structure. There are two types: mass
gradients (between a concrete mass and a restraining foundation) and surface gradients (the
result of surface cooling relative to internal temperatures).

Increasing the dimensions of mass concrete structures causes an almost adiabatic
rise in internal temperature due to the difficulty of dissipating the generated heat (ACI 207.2R,
2007; BOBKO et al., 2015).

To avoid thermal increases harmful to concrete, it is recommended to use types of
cement classified as low heat of hydration (LH), which, according to NBR 16697 (ABNT,
2018), they have total generated heat less than 270 J/g at 41 h of the test. According to ASTM
C150 (ASTM, 2012), a cement classified as low heat of hydration should generate a maximum
of 250 J/g at 7 days or 290 J/g at 28 days. And according to European standard EN 197-1 (BSI,
2011), the heat of hydration should be a maximum of 270 J/g at 7 days, when determined
according to EN 196-8 (BSI, 2010), or 41 h, when determined according to EN 196-9 (BS,
2010). Furthermore, among the types of cement commercialized in the world, some are
classified as LH.

According to Mehta and Monteiro (2014), to control the internal temperature of
concrete is one of the main ways to avoid thermal cracking. To minimize thermal cracks,
ACI 301 (2010) set a maximum temperature difference of 35 °F
(19.4 °C) between the center of the element and average daily ambient temperature, not just the
concrete surface. This standard recommends the development of a thermal control plan for the
placement of mass concrete structures to limit both the temperature gradient and the maximum
temperature.

The thermal control plans must evaluate the concrete mix (particularly the type and
content of cement), guide the placement process and inform the maximum placement
temperature of concrete and the possible mechanisms to reach it. In addition, it is relevant to
inform about the control of superficial heat dissipation (curing procedures and formwork
removal) and describe the entire process of temperature monitoring (equipment, procedures and

locations for temperature sensors), including remedial measures when temperatures exceed pre-
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established limits and when cracks appear (ACI 301, 2010; BOBKO et al., 2015; VIRGINIA
DOT, 2016).

According to ACI 301 (2010), temperatures should be monitored every hour using
sensors capable of measuring temperatures from 0 °C to 100 °C. The ambient temperature on-
site should also be monitored. Temperatures should be measured from the moment the concrete
is poured until the moment the difference between the average daily ambient temperature and
the internal temperature of the concrete is less than 20 °C. Finally, this standard guides to
compare the values of temperatures and differences every 12 h and if they exceed the limits,
the cause should be identified and action taken as soon as possible according to the control plan
developed. The structure should be cured and protected for at least 7 days (BOBKO et al.,
2015). In practical terms, thermocouples (FIGURE 6) should be used embedded into concrete

to measure internal concrete temperature.

Figure 6 - a) Thermocouple type K, with glass fiber insulation cable with a connector
at one of its extremities, from Bagarel brand; b) Thermocouple installed in the
foundation reinforcement

1
|
4
Pl

Source: Cabral, Machado e Babadopulos (2020).

Regarding the concrete placing temperature, Virginia DOT (2016) states that it
cannot exceed 35 °C and Texas DOT (2014) states that it cannot exceed 24 °C. As for the
temperature monitoring step, a temperature sensor must be placed at the center of concrete mass
(ACI 301, 2010) and, if necessary, at other points that can reach maximum temperatures
(VIRGINIA DOT, 2016). In addition, ACI 301 (2010) requires the placement of another
temperature sensor at a depth of approximately 5 cm from the center of the surface closest to

the center of mass and one more to monitor the ambient temperature on site. Predicting possible
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failures and aiming at safety, this standard recommends placing a pair of temperature sensors
at each chosen point.

To reach the concrete placing temperatures and avoid damaging thermal rises,
precooling techniques can be used, such as the cooling of aggregates using liquid nitrogen,
cooling the concrete water, or replacing part of the mix water with ice. During mixing, the heat
required to melt the ice is removed from other components of the mixture, thus reducing the
placing temperature. Besides, to avoid high-temperature gradients, post-cooling techniques can
be used by circulating cold water in pipes embedded in the concrete structure. Another
technique is the use of materials, such as bidim blankets, to provide surface insulation of the

structure to control heat loss from conduction, convection and radiation.

2.2.3. Delayed ettringite formation (DEF)

It is important to highlight that, during the cement hydration process, ettringite is
formed after the hydration of aluminates and calcium sulfate. This phenomenon can be called
early ettringite formation (EEF), which occurs homogeneously and immediately (within hours
or days). Although it is an expansive phenomenon, the EEF does not harm the concrete because
it occurs during its deformable state.

However, the early heating of the concrete can change the normal process of
hydration reactions. When the internal temperature of the concrete varies from 60 °C to 70 °C
approximately, the EEF is harmed and ettringite may be formed in the future when the concrete
stays in touch with water. In this case, delayed ettringite formation (DEF) occurs
(COLLEPARDI, 2003). Unlike EEF, DEF occurs in a heterogeneous way and after months or
years. The volumetric expansion caused is deleterious to the concrete because it happens during
its hardened state, causing an increase in internal stresses in the structure and may rupture it by
exceeding the strength of the material (COLLEPARDI, 2003). Figure 7 shows a concrete
foundation cracked due to DEF and Figure 8 shows the scanning electron microscopy (SEM)

of the ettringite crystals formed.
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Figure 7 - Concrete foundation cracked due to  Figure 8 - SEM of the ettringite crystals
DEF phenomenon
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|
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Source: Hasparyk, Kuperman e Torres (2016). Source: Hasparyk, Kuperman e Torres (2016).

The absence of standards to verify the potential for delayed ettringite formation in
concrete before its application highlights the importance of using methods to control the rise in
internal temperatures of mass concrete structures before their casting (FUNAHASHI JUNIOR,;
GAMBALE, 2022). Therefore, to avoid the emergence of DEF and to perform effective
monitoring of mass concrete structures, it is important to establish a maximum temperature
limit to be observed. Some considerations of this temperature threshold can be found in the
literature, such as 65°C (MEHTA; MONTEIRO, 2014) and 70°C (TAYLOR; FAMY;
SCRIVENER, 2001). These values prove the ACI 301 (2010) maximum temperature limit in
concrete after placement, which should not exceed 70 °C. For the analyses performed in this

study, the adopted limit was 65 °C.

2.2.4. Finite Element Method (FEM)

There are some methods used for the analysis of the thermal behavior of concrete
structures, such as the finite difference method, finite element method (FEM), boundary
element method and control volume approach. Finite element method is one of the most used
for structural mechanics and stress calculation. Also, this method can provide better accuracy
of complex geometries and boundary conditions by dividing the structure into smaller regions
(finite element mesh creation). These regions can typically be triangular for two-dimensional
objects or tetrahedral for three-dimensional objects (FORSBERG, 2021b). There is some
software available in the market that can be used for finite element analysis, such as Ansys,

Comsol, Diana, SolidWorks, Abaqus and b4cast.
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Using FEM it is possible to estimate the evolution of the temperatures distributed
in the concrete structure with time, the maximum temperatures and to determine the points
considered critical for the appearance of cracks of thermal origin. Monitoring the temperature,
over time, at some points of the structure, together with model predictions, allows the evaluation
of the risk of thermal cracking and the choice of the best mitigating methods to be used.

To obtain the results of the FEM analyses, it is necessary to provide some input
parameters to the software used, such as materials properties, casting conditions, curing
conditions, and special in-service conditions (SFIKAS; INGHAM; BABER, 2018). The main
results can be presented in graphs, showing the distribution and development of temperatures
at any point in the structure over time. Computational analyses using FEM in concrete structures
are mainly performed for the development of new structural designs and forensic engineering
of existing structures (SFIKAS; INGHAM; BABER, 2018).

The estimation and diagnosis of thermal stress and possible cracks in a concrete
structure is very relevant because, through it, it is possible to have technical and financial
advantages, since problems will be avoided and the decisions taken will have a reliable basis,

reducing construction and repair costs (AZENHA, 2009).

2.3 Methodological procedure

Aiming to achieve the specific objectives 1 of this dissertation, this section
describes the research method that will be used to perform this part of the study, ranging from
the choice of the two computational tools (Ansys and b4cast finite element software) to the
comparison between the results of each software and the field monitoring data. Figure 9 shows
the flowchart of the process designed to perform these activities. In this Chapter, four computer
simulations were performed (S1, S2, S3, and S4). In the flowchart, it is shown in which steps
they were used. These simulations were differentiated by the value of the placing temperature

applied, which was equal to 15°C, 25°C, 35°C, and 30°C, respectively.
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Figure 9 - Flowchart of this study
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Source: Author (2022).

2.3.1. Selection of computational tools

The selection of the two computational tools to perform the thermal analyses was
made with the purpose of comparing the results between the commercial specific purpose
software (b4cast) and the commercial customizable software programmed for this type of
analysis (Ansys). Given the several options found in the literature, these software were chosen

due to their ease of use and learning, and the available licenses.

2.3.2. Geometry definition

The first step in performing the thermal analysis is to define the geometry that will
be studied. It was chosen to analyze a foundation block of a wind tower of a wind farm located

in the Brazilian northeast. According to the design provided by the construction company, the
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structure has a base diameter of 18.30 m, a total height of 4.00 m, and a top diameter of
5.40 m, totaling a volume of 484.72 m?. Moreover, each foundation block would be made with
the use of two concrete mixes, distributed as follows: from 0.00 m to 3.20 m height, the concrete
mix of fck = 30 MPa, and from 3.20 m to 4.00 m, the concrete mix of fck =40 MPa (FIGURE

10). The cement used in the mixes was Portland blast furnace.

Figure 10 - Cross section of the foundation block structure
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Source: Cabral, Machado e Babadopulos (2020).

The geometry was sketched in both Ansys (FIGURE 11) and b4cast (FIGURE 12)
software. The design of the analyzed structure can be divided into three geometric figures: a
base cylinder (called volume V1), a central cone trunk (volume V2), and a top cylinder (volume
V3). Figure 13 shows this division. It is worth noting that, for the analyses, no time intervals
between the casting of each part of the geometry were considered. In addition, there is a 0.10
m layer of regularization concrete and a 8.00 m layer of soil below the entire structure, which

were considered in the design.

Figure 11 — Geometry of the evaluated foundation
block defined in Ansys software

Source: Author (2022).
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Figure 12 — Geometry of the evaluated
foundation block defined in b4cast software

Source: Cabral, Machado e Babadopulos (2020).

Figure 13 - Division of the structure design

V3

V2

V1

Source: Cabral, Machado e Babadopulos (2020).

2.3.3. Material definition

For the computer simulations, it is important to determine the properties of the
concrete and correctly characterize the materials that compose it. The ability to estimate the
thermomechanical response of cement-based materials is dependent on accurate thermal
property determination (HONORIO; BARY; BENBOUDJEMA, 2018). The main thermal
properties required for this type of analysis are coefficient of thermal expansion, specific heat
or thermal capacity, thermal conductivity, and thermal diffusivity.

Another important point that needs to be implemented in thermal analyses of
concrete structures is the rate of heat released during cement hydration, and it is possible to
measure it through isothermal calorimetry, described in C1702 (ASTM, 2017), or Langavant's
method, described in NBR 12006 (ABNT, 1990). In addition, there are Brazilian standards that
establish tests to find most of the parameters mentioned above: NBR 12820 (ABNT, 2012) for
thermal conductivity, NBR 12817 (ABNT, 2012) for specific heat, and NBR 9778 (ABNT,
2005) for density.
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Due to the impossibility of performing laboratory tests to obtain the material
properties, some of these values were obtained from the literature, according to the
characteristics of the concrete mixes, and others were provided by the construction company of
the foundation block and by the Laboratory of Civil Construction Materials (LMCC) of the
Federal University of Ceara (UFC). Table 1 shows the values of the concrete properties

implemented.

Table 1 - Concrete properties used in thermal analyses

Concrete Mix

Concrete Mix

Property fo = 30 MPa fo = 40 MPa
Density (V 2322.00 kg/m? 2326.00 kg/m?
Specific Heat 1.00 kJ/kg/°C 1.00 kl/kg/°C
Thermal Conductivity 9.55 kJ/m/h/°C 9.55 kJ/m/h/°C
Coefficient of Thermal 1075/ °C 105/ °C

Expansion @

Source:
M LMCC (2020); @ Couto (2018); @ Breugel (1998); ® Mehta e Monteiro (2014); Couto (2018).

The heat of hydration curves used in the analyses were obtained through tests
performed by LMCC, considering the influence of the admixture in the mixes design. The tests
were performed on an isothermal conduction calorimeter TAM Air (TA Instruments) with eight
channels and a computerized acquisition system. The procedure for this test was based on
ASTM C1702 (ASTM, 2017), which is initiated after the weighting and the filling of the 20ml
ampoules with the cement paste. The ampoules must then be inserted into the cells of this
equipment, which must be at a constant temperature. It is worth mentioning that, during the
tests, the electric power supply cannot be interrupted due to the continuous use of the computer
for data acquisition and the air conditioning for local temperature control (GONCALVES,
2018).

According to NBR 16697 (ABNT, 2018), the cement used was classified as low
heat of hydration (LH). Figure 14 shows the curves with values in W/m?, which were
implemented in the internal heat generation of the structure in Ansys. Figure 15 shows the
curves with values in J/g, which were implemented in b4cast. The 30 MPa mix design has a
cement content equal to 310 kg/m?, with 0.5% polyfunctional admixture, and the 40 MPa mix

design has a cement content equal to 330 kg/m?, with 0.9% polyfunctional admixture.
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Figure 14 - Heat of hydration curve of cement in W/m? implemented in Ansys software
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Figure 15 - Heat of hydration curve of cement in J/g implemented in b4cast software
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In contrast to what was expected for the behavior of the curves shown in
Figures 14 and 15, it was noticed that the hydration heat curve of the 40 MPa mix design (with
higher cement content) showed lower values than the heat curve of the 30 MPa mix design. The
higher additive content in the 40 MPa mix and the small difference in the cement content (20
kg/m?) between the two mixes can justify this behavior. According to Zhang et al. (2018) and
Antoniazzi, Mohamad, and Casali (2021), increasing the content of some additives in concrete
can delay the setting time, generating a slower heating.

Finally, it was necessary to define the properties of the soil layer underneath the
entire structure. According to the construction site of the foundation blocks, the soil is
predominantly sandy. The thermal properties of the soil were obtained based on literature data

and are described in Table 2.

Table 2 - Soil properties used in thermal analyses

Property

Density ) 1515.00 kg/m?
Heat Capacity @ 0.80 kJ/kg/°C
Thermal Conductivity ) 0.97 kJ/m/h/°C
Coefficient of Thermal Expansion © 107 /°C
Source:

(1, @, 3 Incropera et al. (2008); @ Delage (2013).

2.3.4. Boundary conditions definition

The next step for carrying out the thermal analyses was to apply the boundary
conditions to the foundation block geometries, to improve the accuracy of the results.

To define the convection temperatures, the city temperature of the wind farm site
was researched. According to the data obtained from climate forecasts, the average
temperatures in this city vary between 28°C and 32°C, and may eventually exceed 32°C. Thus,
to define the worst thermal situations in the geometries, it was chosen that the ambient surface
temperature of the foundation block geometries would be 32 °C.

Another point that must be considered is the influence of wind speed. According to
the climate forecasts, the wind speed in the city of the building site varies between 5.60 m/s and

9.70 m/s. In this way, the maximum value of 9.70 m/s was adopted.
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Finally, it was considered that, on the sides of the geometries of the largest base
cylinder (V1) and the top small cylinder (V3) (FIGURE 16), there are steel formworks of
14 mm thick, which will be in contact with the concrete up to 48 hours after the casting of
concrete. In addition, the application of wet curing during the first 7 days after casting was

considered.

Figure 16 — Steel formworks on the sides of the geometries V1 and V3

— V3 «—

V2

—> V1

Source: Author (2022).

It is emphasized that, for the analyses described in this chapter, heat exchange by

radiation was not considered.

2.3.5. Mesh convergency study

To ensure more accurate simulations, in addition to the boundary conditions and
material properties, the discretization of meshes is extremely important. A point that is linked
to the quality of the FEM analyses is the number of elements created for each case study, i.e.,
the size of the mesh. The relationship between the number of elements and the precision of the
analysis is given by the convergence of the mesh (PATIL; JEYAKARTHIKEYAN, 2018).

The more refined the mesh, the more time and computational effort is required to
perform the analyses. Thus, it is necessary to balance the refinement of adequate mesh with
computational resources. This is done using a mesh convergence study. The mesh will converge
when further mesh refinement produces a negligible change in the solution. First, the structure
should be discretized, producing the mesh. Later, its results should be analyzed, then, this mesh
should be refined and it should be verified if the results obtained are similar to the previous
ones and, if so, the first mesh can be used for the analysis of the results (COELHO, 2016).

For the mesh convergence study, it was chosen to vary the mesh size from 1.00 m

to 0.40 m. Sizes smaller than 0.40 m were not feasible due to the limit of software elements, in
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the case of Ansys (student version), and computational capacity, in the case of b4cast. Figures

17 and 18 show the mesh refinement done for this study.

Figure 17 — Mesh refinement in Ansys software
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Source: Author (2022).
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Figure 18 — Mesh refinement in b4cast software
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The global maximum and minimum temperature data of the structure were analyzed
in each test, and the results of the mesh convergence study are presented in Figures 19 and 20

for Ansys and b4cast software, respectively.



Figure 19 — Mesh convergence study in Ansys software
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Figure 20 — Mesh convergence study in b4cast software

60

120

Global maximum temperature

55

(]
wn O

Temperature (°C)
w g N

(98]
(e

{

25
20
© o o o o o o o©o o o o o
Time (h)
......... Mesh 1.0 m Mesh 0.8 m Mesh 0.6 m

Source: Author (2022).

Global minimum temperature

Global minimum temperature

130
140
150

Mesh 0.4 m

130
140
150

Mesh 0.4 m

62

160

160

According to Figure 19, in the analysis of minimum temperatures, a divergence

between the less refined meshes (1.00 m and 0.80 m) and the more refined meshes (0.60 m and

0.40 m) was observed between 30 h and 50 h of the study. In the analysis of maximum
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temperatures, a small divergence between these meshes was observed only in the first 20 h of
the study. The 0.60 m and 0.40 m meshes showed excellent convergence, with an average
difference of 0.02 °C and a maximum difference of 0.28 °C. Thus, for a lower computational
effort, it was chosen to use the 0.60 m mesh to perform the following simulations.

According to Figure 20, in the analysis of minimum temperatures, a divergence
between the less refined 1.00 m mesh and the other more refined meshes was noticed in the first
20 h of the study. In the analysis of maximum temperatures, uniformity was observed for the
analysis of all meshes, with small deviations between 20 h and 50 h. Given the results, to

standardize, it was also chosen to use the 0.60 m mesh in the b4cast simulations.

2.4 Thermal analysis results

To perform the thermal analyses and define the optimal placing temperatures and
the time of the peak temperatures, initially, 03 simulations were performed (S1, S2, and S3)
varying the concrete placing temperature of the entire foundation block (parts V1, V2 and V3)
at 15 °C, 25 °C, and 35 °C, respectively. The highest temperature (35 °C) is the maximum
allowed according to the Virginia DOT (2016). The minimum temperature (15 °C) was chosen
due to the environmental conditions of the construction site city and, consequently, the
challenge of casting concrete with temperatures lower than this value. In addition, for the
simulations, 30 °C was considered as the initial temperature of the soil and the regularization
concrete layer.

After defining the materials, geometries, and boundary conditions of the structure,
the mesh with a distance between each node of 60 cm was generated both in b4cast and Ansys
software. The thermal analyses of the concrete structure were then started.

To compare the results obtained between Ansys and b4cast software, the maximum
global temperatures reached by the structure were analyzed, to determine the ideal placing
temperatures for each part of the foundation block. Next, internal points in critical heating zones
were chosen to evaluate the thermal rise experienced by the concrete over time in each of the
studied software. Finally, to verify their reliability, a new study was performed comparing the
results from computer analyses with the field monitoring data of a foundation structure,

received from the wind farm construction company.
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2.4.1. Ansys and b4cast: Global maximum temperatures

The first part of this study was mainly performed to define the ideal concrete placing
temperatures for each part of the structure. For this, the maximum global temperatures reached
by the concrete in each part of the structure versus the concrete placing temperatures (15 °C,
25 °C, and 35 °C) considered in each simulation (S1, S2, and S3, respectively) were presented.
The upper limit chosen for the concrete temperature during cement hydration was 65 °C
(MEHTA; MONTEIRO, 2014). Figures 21, 22, and 23 present this comparison of the maximum
global temperatures for parts V1, V2, and V3, respectively. Table 3 shows the summary with
the overall maximum temperatures reached by each part of the structure in simulations S1, S2,
and S3, and the time to reach these temperatures. Table 4 shows the absolute difference between
the results of global maximum temperatures from Ansys and b4cast software in the three

simulations performed for each part of the structure.

Figure 21 — Global maximum temperatures reached by V1 in simulations S1, S2 ¢ S3 with the placing
temperatures 15 °C, 25 °C, and 35 °C, respectively
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Source: Author (2022).
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Figure 22 — Global maximum temperatures reached by V2 in simulations S1, S2 e S3 with the placing

temperatures 15 °C, 25 °C, and 35 °C, respectively
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Figure 23 — Global maximum temperatures reached by V3 in simulations S1, S2 e S3 with the placing
temperatures 15 °C, 25 °C, and 35 °C, respectively
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Table 3 — Global maximum temperatures reached and time to reach them in V1, V2 and V3 in

simulations S1, S2 and S3 performed in Ansys and b4cast software

Ansys b4cast
Simulation | Part i i
Temperature 0| TMe® | pon e ¢y | Time @
Vi 45.2 168 47.8 81
S1 V2 47.4 166 50.1 74
V3 46.2 104 50.9 62
Vi 55.0 168 56.8 55
S2 V2 56.4 163 57.4 59
V3 52.6 100 57.4 52
Vi 64.8 164 66.3 38
S3 V2 65.9 148 66.8 38
V3 59.3 88 65.4 41

Source: Author (2022).

Table 4 — Absolute difference between the results of global maximum temperatures from Ansys and

b4cast software in V1, V2 and V3 in simulations S1, S2 and S3

. . Ansys — b4cast
Simulation Part 'll"emp);rature (°C|)
Vi 2.60
S1 V2 2.70
V3 4.70
Vi 1.80
S2 V2 0.90
V3 4.80
V1 1.50
S3 V2 0.90
V3 6.10

Source: Author (2022).

According to Figures 21, 22, and 23, and Table 3, it is possible to demonstrate what
was already expected, that is, when the placing temperature increases, the maximum
temperature reached by the structure also increases. Regarding the values of maximum
temperatures, it is also observed that the results obtained in b4cast were higher than those of
Ansys in all cases analyzed. Table 4 shows that the largest differences were identified in the V3
geometry, with a maximum value of 6.10 °C in simulation S3, with a higher placing temperature
(35 °C). Despite the implementation of the same environmental properties and parameters to
perform all simulations, it is not sure if the heat exchange process (conduction and convection)

occurs in the same way in the two software, because b4cast is not customizable. Thus, it is in
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the V3 geometry that there is an intense heat exchange process, since there is influence from
both the external environment and the heating of the V2 part.

Table 3 shows that the higher the value of the applied placing temperature, the less
time it took for the structure to reach its maximum global temperature in both Ansys and b4cast,
following what is expressed in ACI 207.2R (2007). In addition to this, a major difference
between the two software is highlighted: the simulations performed in b4cast showed that the
structure reaches its maximum temperatures much earlier than the simulations performed in
Ansys.

Another point is that, in Ansys, the time to reach the maximum temperatures was
very close, or even at the end of the analyses, at 168 h. This behavior observed in the Ansys
results does not characterize the behavior of real structures in general, which present
temperature peaks before 168 h, as can be seen in the analyses made by Coelho (2012), Couto
(2018), and in the next Sections of this Chapter. This suggests that more research on the
boundary conditions is required to address this late peak of temperature obtained in Ansys.

Furthermore, through this preliminary analysis, it is possible to estimate the ideal
placing temperatures for the structure. Considering the maximum limit of 65 °C previously
established for the maximum concrete temperatures, it can be seen in Figures 21, 22, and 23
that, according to the b4cast software, the ideal concrete placing temperature for geometries
V1, V2, and V3 is equal to 33 °C, 33 °C, and 35 °C, respectively. About the Ansys software,
geometry V1 admits to being cast at 35 °C, geometry V2 at 33 °C, and V3 at a temperature
above 35 °C. The slight difference between these results showed a convergence between the
software regarding the definition of the ideal placing temperatures for the concrete structure.

In addition to observing the global maximum temperatures in each part of the
structure, the isotherms obtained by each software referring to each simulation were analyzed.
The isotherms of simulation S1, with the placing temperature of 15 °C, are shown in
Figures 24a and 24b for b4cast and 24c and 24d for Ansys. The isotherms of simulation S2,
with the placing temperature of 25 °C, are shown in Figures 25a and 25b for b4cast and 25¢
and 25d for Ansys. And the isotherms for simulation S3, with the placing temperature of
35 °C, are presented in Figures 26a and 26b for b4cast and 26¢ and 26d for Ansys. For each
simulation, the isotherms at the time of reaching the highest temperatures and at the end of the

simulations, i.e., at 168 h, were also presented.



Figure 24 — Isotherms of simulation S1, with the placing temperature of 15 °C
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Figure 25 — Isotherms of simulation S2, with the placing temperature of 25 °C
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Figure 26 — Isotherms of simulation S3, with the placing temperature of 35 °C
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It was also observed that, for Ansys, there was little difference between the
isotherms of the moment of reaching the maximum temperatures and the final moment of the
simulation, which can be justified by the shorter time interval between them. For b4cast,
however, this difference was greater, where it is possible to see more uniform heating of the
whole structure at the moment of reaching maximum temperatures and cooling of the areas
closer to the external environment at 168 h of analysis.

Despite the differences observed between the isotherms of the two software, it is
important to highlight the similarity between the thermal behaviors in all cases studied, which
can be better observed in the isotherms of 168 h of analysis. At this instant, it is noticeable, for
all simulations performed both in Ansys and b4cast, the occurrence of the highest temperatures
near the geometric center of the structure (in geometry V2) and the cooling of geometry V3 and
the edges of the structure, which present an easier heat exchange due to their proximity to the
external environment. In addition, the influence of the heating of the center (located in geometry

V2) on the geometry V1 is also observed in the isotherms of 168 h.
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2.4.2. Ansys and b4cast: Internal points - thermal increase over time

In the following, according to the observation of the thermal behavior of the
foundation block, three central points (A in V1, B in V2, and C in V3) and one point at the edge
of the geometry (D in V3) were chosen, shown in Figure 27, to verify the thermal rise
experienced by them and compare the results obtained in Ansys and b4cast. The central points
were chosen because they are in more critical regions for reaching the maximum temperatures,
and the point at the edge was chosen to analyze the heat exchanges with the outside and the
temperature differences between the center and the edge. The evolution of the temperatures of
points A, B, C, and D over time was observed in simulations S1, S2, and S3 (with placing
temperatures of 15 °C, 25 °C, and 35 °C, respectively) and are presented in Figures 28, 29, 30
and 31, respectively.

This part of the study was important to observe the thermal behavior of the structure
over time in each software, analyzing the temperature differences and thermal gradients

between the core and the edge of the concrete foundation as a function of time.

Figure 27 — Selected internal central points
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Figure 28 — Temperature rise of point A (a) over time for simulations S1 (b), S2 (c) and S3 (d)
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a) Point A and legend b) Temperature rise of point A in simulation S1,
with placing temperature equal to 15 °C.
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¢) Temperature rise of point A in simulation S2,  d) Temperature rise of point A in simulation S3,
with placing temperature equal to 25 °C. with placing temperature equal to 35 °C.

Source: Author (2022).
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Figure 29 — Temperature rise of point B (a) over time for simulations S1 (b), S2 (c) and S3 (d)
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c) Temperature rise of point B in simulation S2,
with placing temperature equal to 25 °C.

Source: Author (2022).
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d) Temperature rise of point B in simulation S3,
with placing temperature equal to 35 °C.



Figure 30 — Temperature rise of point C (a) over time for simulations S1 (b), S2 (c) and S3 (d)
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c) Temperature rise of point C in simulation S2, d) Temperature rise of point C in simulation S3,
with placing temperature equal to 25 °C. with placing temperature equal to 35 °C.

Source: Author (2022).
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Figure 31 — Temperature rise of point D (a) over time for simulations S1 (b), S2 (c) and S3 (d)
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c¢) Temperature rise of point D in simulation S2,
with placing temperature equal to 25 °C.

Source: Author (2022).
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d) Temperature rise of point D in simulation S3,
with placing temperature equal to 35 °C.

In general, when looking at Figures 28, 29, 30, and 31, the convergence in the trend

of the temperature curves as a function of time between the Ansys and b4cast results is

noticeable for all cases. As with the analysis of the global maximum temperatures (presented

in Figures 21, 22, and 23), the higher the placing temperature, the higher the thermal elevation

of the points. In addition, the results obtained from b4cast were superior for most of the time of

the analyses, especially regarding the temperature peaks. The curves of the results obtained in

Ansys showed a slower heating of the structure during the simulations performed in this

software.
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Analyzing the results obtained in both software, it can be seen that Point B
(Figure 29) was the one that presented the highest temperature peaks, exceeding the limit of 65
°C at some points in simulation S3. By analyzing the graphs in Figures 28 and 29, it can be
noted the difficulty of the cooling of Points A and B, which is justified by the location of these
points in the structure, in the center of geometries V1 and V2, causing the heat dissipation to
the external environment a challenge. Although Point A is affected by the thermal rise in the
central area of the structure, there is a small difference in the behavior of Point A when
comparing it to Point B. This can be explained due to the heat exchange between Point A and
the ground.

Regarding Point C, more intense heating was expected, since it is located in
geometry V3, which is composed of 40 MPa concrete, i.e., with higher cement consumption.
This was not identified due to the behavior of the heat curve of this mix design (Figures 14 and
15), due to the small volume of this geometry and its faster cooling because of its location closer
to the external environment and because, after the launch of V3, no other volume of concrete
was cast, so there is no influence of a new volume of concrete on its temperature rise. Finally,
about point D, the lowest maximum temperatures and the highest cooling for both software are
observed, since it is the point that is more influenced by the outside.

Although the results of the analyses performed in b4cast showed the fastest and
highest temperature peaks in almost all cases, it was observed that the results of this software
showed a faster cooling of the structure at Points C and D (closer to the external environment)
in all three simulations performed. Despite the implementation of the same parameters in both
software, according to these results, it can be concluded that the heat exchanges between the
structure and the external environment were more intense in the analyses conducted in the
b4cast software.

Besides the thermal behavior, the differences between the temperature values as a
function of time obtained in each software were observed to verify their compatibility. Similarly
to the analysis of the global maximum temperatures, the differences between the results
obtained in Ansys and b4cast at points A, B, C and D increased as the concrete placing
temperature increased. In an opposite way, the time intervals for the maximum differences to
occur reduced with the increase of the placing temperature.

Analyzing the absolute differences between the results over time in Figures 28, 29,
30, and 31, very similar behavior can be seen at Points A and B, due to the proximity between
these points, distinguishing them from the behavior at C and D. Table 5 presents the absolute

maximum values between the temperature differences over time obtained from Ansys and
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b4cast software for points A, B, C, and D. Besides, the time at which this maximum difference

occurred is presented.

Table 5 — Maximum absolute differences between the results obtained in Ansys and b4cast for Points

A, B, C, and D and time at which the maximum differences occurred

) ) . |Ansys — b4cast]|
Simulation Point Temperature (°C) Time (h)
A 5.25 25
B 6.26 26
S C 8.57 50
D 8.40 42
A 11.97 23
B 11.97 22
52 C 19.75 42
D 11.16 35
A 19.72 21
B 19.94 22
53 C 23.08 35
D 12.55 32

Source: Author (2022).

According to Table 5, the absolute maximum differences were greater for Point C

in all three simulations, exceeding 20 °C in S3. Furthermore, the maximum differences between

the temperatures obtained in Ansys and b4cast occurred between 20 h and 50 h of analysis.

According to ACI 301 (2010), the difference between the internal temperatures of

the structure and the average environmental temperature must be less than 19.4 °C to prevent

the emergence of harmful stresses in the concrete due to high temperature gradients. Thus, since

the ambient temperature was considered constant in the study presented in this chapter, to

analyze the temperature gradients in the center of the structure in each software, it was chosen

to use the differences between the temperatures at Point B (representing the core of the

structure) and Point D (representing the edges in direct contact with the outside).

Figure 32 illustrates the study of thermal gradients for the wind turbine foundation.
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Figure 32 — Thermal gradients between Points B and D over time for simulations S1 (b),

S2 (c) and S3 (d)
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Figure 32 shows the influence of concrete placing temperatures on thermal

gradients is also confirmed, since they were higher as the placing temperatures increased. It is

noteworthy that the thermal gradients were larger in the analyses performed at b4cast, which

may be a point in favor of security in this software. Moreover, from the placing temperature of

25 °C (S2) the gradients exceeded the 19.4 °C limit, which deserves attention. The use of

insulating materials at the edges could delay the heat dissipation from these areas, thus reducing

the temperature differences between the edges and the core of the structure.
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2.4.3. Ansys, b4cast and Field monitoring data

To finalize the study described in this chapter, it was chosen to perform a
comparison between the monitoring data sent by the wind farm construction company and the
results of the simulations performed in Ansys and b4cast software. According to the
construction company, the temperature sensors were positioned on the coordinates indicated in
the casting plan and attached with wires to the reinforcement of the foundation structure. The
temperature acquisition devices were positioned on top of the structure and inside wooden
boxes or plastic tubes for their protection and to ensure their operation during the days of
analysis.

To do the comparison, a new simulation was performed in each software (S4),
because the concrete placing temperature used in the field was different from the temperatures
applied in simulations S1, S2, and S3. By analyzing the data received, it was noticed that the
maximum field placing temperature reached 30 °C in some of the foundation blocks. Therefore,
this value was considered in simulation S4. For the comparison with the results of this
simulation, it was chosen the monitoring data of one of the foundation blocks (Block 01), which
presented maximum temperatures higher than the limit of 65 °C.

Regarding the analysis points, the construction company installed four
thermocouples (T01, T02, T03, and T04) to monitor the internal temperature rise in the concrete
structure. The location of these points is shown in Figure 33 and it was used to extract the
software results and, later, perform the comparison with the field data, presented in
Figure 34. The maximum temperature values reached in the field and the computational
analyses and the time to reach them after the beginning of the casting for T01, T02, T03, and

T04 were analyzed and are presented in Table 6.

Figure 33 — Positioning of the thermocouples installed for monitoring the temperatures of the
foundation blocks in the field
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Source: Author (2022).



Figure 34 — Comparison between the field monitoring data from Block 01 and the S4

computer simulation results obtained
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Table 6 — Maximum temperatures and time to reach them obtained from field monitoring and Ansys and

b4cast software results for each thermocouple

Field monitoring Ansys b4cast
Thermocouple Maximum ‘ Maximum ‘ Maximum )
Temperature Time (h) Temperature | Time (h) | Temperature | Time (h)
cO) cO) cO)
TO1 65 76 60.65 164 61.68 48
T02 66 64 60.07 140 61.14 68
T03 67 64 59.05 112 61.66 48
T04 66 64 59.19 136 59.04 40

Source: Author (2022).

According to Figure 34 and Table 6, concerning the time to reach the maximum
temperatures in the structure, the results from the b4cast software came closest to the field
monitoring data if compared with Ansys results. For the thermocouples TO1, T03, and T04, the
maximum temperatures obtained in the b4cast software occurred at times lower than the instant
for reaching the maximum temperatures in the field. For thermocouple T02, this time was very
close, with a difference of only 4 hours. For the Ansys software, the maximum temperatures
occurred at times higher than the field monitoring in all thermocouples.

It is important to point out that, in Figure 34, it is observed that the beginning of
heating of the structure monitored in the field occurs in approximately 20 h and coincides with
the beginning of heating of the structure in the S4 simulation performed in Ansys. However,
after this time, the internal temperatures of the monitored structure rise to a peak, and the Ansys
curve shows a slow heating until the end of the analysis. Thus, there is a distancing of these
curves after 20 h of analysis.

Regarding the maximum temperature values, it was observed that for points TO1,
T02, TO3, and T04, the results from the b4cast and Ansys software presented convergence with
each other. However, these values were lower than the field monitoring data. Overall, the b4cast
results in this simulation (S4) were the closest to the reality of the structure measured in the
field.

Table 6 shows that the thermocouples T02, T03, and T04, installed in the field,
presented points that exceeded the limit of 65 °C, which was not observed in the computer
simulations, which presented results below this limit in the simulation performed (S4), with a
placing temperature of 30 °C. Thus, it can be seen that, despite coincident values in some points
(FIGURE 34), the simulations performed in this chapter could not accurately predict the value

of the maximum temperature reached by the structure, which is one of the main results in
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thermal studies due to the risk of DEF and the emergence of thermal stresses and, consequently,
cracks.

When analyzing the results at the points of the thermocouples TO1 (FIGURE 34a),
T02 (FIGURE 34b), and TO3 (FIGURE 34c), it is possible to see that the behavior of the curves
from computer models and field measurements presented similarities in trend and differences
in the position of the y-axis (temperature). This is expected since no effect of temperature
variation on the thermophysical parameters of the material was considered. So the main effect
on the heat equations is that of the original placing temperatures before the variations.

Regarding the point of the T04 thermocouple, Figure 34d shows the differences in
the position of the y-axis (temperature) and also divergences in the trend, since the field
monitoring data for this point did not show the expected cooling observed in the computational
results for this point, which is closer to the external environment and, consequently, has a more
favorable heat exchange. On the other hand, this cooling was observed in the monitoring data
of the T04 thermocouple in the field monitoring of other blocks, as can be seen in

Figure 35 for two other blocks (B02 and B03).

Figure 35 — Comparison between the field monitoring data and the S4 computer simulation

results obtained in Ansys and b4cast for the T04 thermocouple in Blocks 02 (a) and 03 (b)
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Source: Author (2022).

Despite the similarity in trend with the computational data at some points, it was
identified that the field measurements presented relevant oscillations that may be due to many

reasons, such as variation in the position and time of concrete casting; evaporation of water that
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removes heat from the system, variations in concrete composition, heat flow during casting, air
temperature variations, wind speed variations, heat exchange by radiation, etc. It is noticeable,
therefore, that the oscillations occur similarly at intervals of about 24 hours.

Regarding the values of the absolute differences between the monitoring data of
Block 01 and the results of the computational analyses over time, these were calculated and are
presented in Figure 36. In addition, the values of the maximum absolute differences and the

time in which they occurred are presented in Table 7.

Figure 36 — Absolute temperature differences between the monitoring data of Block 01 and

the results obtained in Ansys (a) and b4cast (b) over time
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Source: Author (2022).

Table 7 — Maximum absolute differences between the monitoring data of Block 01 and the results
obtained in Ansys and b4cast and time at which the maximum differences occurred for thermocouples
TO1, T02, TO3, and T04

|Field monitoring — Ansys| |Field monitoring — b4cast|
Thermocouple Tem%e(l;;nture Time (h) Tem?oeé;lture Time (h)
TO1 7.53 52 15.05 20
T02 10.22 64 13.01 20
T03 11.45 40 13.11 32
T04 13.11 136 14.11 136

Source: Author (2022).
About the differences observed in Figures 34 and 36 and Table 6, it is observed that
between the field monitoring data of Block 01 and the results of the computer simulations

performed in Ansys (FIGURE 35a) the maximum absolute difference values were equal to



83

13.11 °C at the T04 thermocouple (closest to the exterior) at 136 h, due to the higher cooling of
the structure in the computational results, which was not observed in the field. As for b4cast,
the highest difference was equal to 15.05 °C at thermocouple TOl1 (at the core) at
20 h, due to the more accelerated heating of the core observed in the analysis performed in this
software.

It is important to note that, about thermocouple T04, there is an increase in the
differences over time after 60h in the results of the two software (FIGURE 36), unlike the other
thermocouples, which show a decrease in the differences values between the field monitoring
data and the computer results. This may have occurred due to some external influence, such as
variations in environmental conditions or the possible use of some insulation method (not
informed by the construction company).

Based on the results reported, it is evident that it is necessary to modify the
computational models used, such as implementing changes in the thermophysical properties of
concrete, variations in environmental temperature, and wind speed, and even changes in the
casting process of the structure, to bring the computational models closer to the on-site

experience.

2.5 Final comments

This chapter focused on identifying the differences between the results of thermal
analyses of a mass concrete foundation performed in two computational tools (b4cast and Ansys
software). In addition, the results were compared with field monitoring data obtained during
the construction of foundation blocks.

According to the studies carried out for comparison between the software, despite
some differences identified, a convergent thermal behavior was noticed between the results.
The main differences identified were in the geometry that is more influenced by the external
environment (V3), showing a slightly divergent heat exchange behavior between the two
software. The main conclusions regarding the results obtained in the computational analyses
were:

- 1in general, the results of the analyses performed in b4cast presented higher results in most
of the cases analyzed when comparing them with the results of the analyses performed in
Ansys;

- the higher the placing temperature applied in the simulations, the higher the maximum

temperature reached by the structure, a fact observed in the analyses made in both software;
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- aconvergence was observed between the trend of the curves of the two software about the
obtained values of maximum global temperatures as a function of the applied placing
temperature;

- concerning the moment of reaching the maximum temperatures, a reduction in time was
observed as the placing temperature increased in b4cast and Ansys;

- b4cast software reached the maximum temperatures earlier than Ansys, getting closer to the
results measured in the field;

- despite the difference identified in the maximum heating times between the software, the
thermal behavior (heating and cooling profile) was similar between them, especially when
observed at the end of the simulation, with the presence of the highest temperatures in the
region near the geometric center of the structure (in geometry V2) and with the cooling of
the extremities areas that are closer to the external environment, besides the influence of the
core heating especially in geometry V1;

- the absolute temperature differences between the b4cast and Ansys results increased with
increasing placing temperature, with the largest differences identified at the point of the
structure located in geometry V3, composed of another type of concrete, close to the
environment and which receives influence from the heating of the core of the structure,
presenting a maximum difference equal to 23 °C;

- a more intense cooling of the structure after temperature peak was noticed in the results
obtained in the b4cast software, which situation was more evident in the analysis of the
points located closer to the external environment.

- the difficulty in dissipating the heat generated by the cement hydration reaction at the inner
points of the structure, located in the core (B) and close to the soil (A) for both software,
was proven when compared to points located closer to the outside;

- the higher cement consumption of geometry V3 was not so relevant in the increase of its
internal temperatures in the analyses performed in both software, since its heat curve, small
volume of concrete and its location concerning the ease of heat exchange were more
relevant to contribute to its rapid cooling and lower elevation of temperatures;

- regarding computational effort, the time required for the analyses in b4cast was at least two

times as long as the time required for the analyses in Ansys.

Concerning the second part of the study to verify the feasibility of computer
simulations using field monitoring data, a convergence was observed about the heating of the

structure. However, there was a need for changes in the computational model developed, aiming
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for a closer approximation to the realistic experience and, consequently, better reliability of the

thermal analysis results. Among the main changes that should be made in a new study, changes

in the thermal properties of the concrete, the boundary conditions related to the external

environment, and in the configurations of the casting process stand out. The main conclusions

WwWCEre:

regarding the maximum temperature values, it is observed that the results obtained from the
b4cast software were closer to the field data;

although the preliminary study showed the possibility of casting the concrete with
temperatures above 30 °C, it was noticed that, in practice, casting the structure with a
maximum placing temperature equal to 30 °C resulted in internal temperatures higher than
the limit of 65 °C, which showed the need for improvements in the computational model;
regarding the time to reach the maximum temperatures in the structure, the field monitoring
of thermocouples T01, T03, and T04 showed times higher than the results obtained by
b4cast. For thermocouple T04, a difference of only 4h between them was identified.
Regarding the comparison with the Ansys software, the thermocouples from the field
monitoring reached maximums at lower times than those of this software.

oscillations of approximately 24h were identified only in the results of the field monitoring
and, because of this, realized the importance of implementing an investigative parametric
study to verify the influence of environmental variations, boundary conditions, and even

the casting procedure in the results of computer simulations.



86

3 MODELING OF MASSIVE CONCRETE FOUNDATION USING FIELD
MONITORING DATA AND PARAMETRIC STUDIES

ABSTRACT

To make further progress in research and better investigate the behavior of structural elements,
it is important to verify how the variation of certain factors influences the results obtained.
Some of the main factors to be studied are the casting process (in one or more layers), the initial
temperature of the fresh concrete placement, the content and type of cement used, the presence
of insulation methods, the thermal properties, and the environmental conditions. Due to several
factors, some laboratory tests to obtain the thermal properties of the materials and the
monitoring of the climatic conditions in the field are not performed. Besides this, the concrete
casting process and the concrete mix design may suffer adaptations in the field. Therefore,
literature data, climate predictions, and simplifications are usually implemented as input data,
which may not correctly characterize the structure in the finite element software used to perform
the thermal analysis. As a result, there is a possibility of divergence between computational
results and field measurement data. Using the thermal analysis of a massive concrete structure
that presented differences between these data, a study was developed based on the variation of
input parameters to verify the influence of each one on the rise of internal temperatures of the
structure in question, thus promoting an approximation between the forecast data and the field
monitoring data. The study showed that, among the thermal properties analyzed, the variation
of specific heat generated more influence on the results obtained. Furthermore, despite a small
improvement, it was observed that the division of the structure into concrete layers reduced the
differences between computational predictions and field measurement. On the other hand, the
results of the study carried out with the application of the variation of some environmental
conditions (temperature and wind speed) were not satisfactory, highlighting the need for
monitoring climatic conditions in the field and further investigative studies with the variation
of other boundary conditions in the search for increasing the reliability of computational

predictions.

Keywords: thermal analysis; mass concrete; finite element simulation; parametric study.
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3.1 Introduction

An important point in the thermal analysis of mass concrete structures is the
evaluation of the influence of material characteristics. This can be done by implementing
computational parametric studies, varying the thermal parameters, the cement content and type,
the concrete placing temperature, the thermal insulation conditions at the boundaries of the
concrete, and the environmental conditions (GAMBALE, 2017, ZHAO et al., 2021).
Furthermore, it is interesting to investigate how the casting process (e.g., division of the
structure into layers, executed with time intervals between them) influences the thermal
behavior of these types of structures (JU; LEI, 2019; ANISKIN; NGUYEN, 2019).

According to the analyses presented in the previous chapter, it is possible to confirm
the influence of the concrete pouring temperatures on the thermal rise of the structure.
Furthermore, a divergence between the results of the computer simulations and the field
monitoring data was noticed, especially concerning the values of the maximum temperatures
reached, which were higher than the adopted safety limit of 65 °C. Therefore, there was a need
to make changes to the defined computational model to bring it closer to the field reality.
Because some of the input parameters used in the simulations were taken from the literature,
such as the thermal properties of the materials, it is believed that the values considered in the
simulations may not effectively characterize the materials used in the construction of the
foundation block under study.

According to Azenha et al. (2021), thermal capacity or specific heat and the thermal
conductivity are the most relevant thermal properties of concrete for thermal simulations. Some
characteristics prevent the rise of the internal temperature of mass concrete, thus reducing the
probability of occurrence of cracks. Among them, high thermal conductivity, high density, and
high specific heat can be highlighted (COELHO et al., 2014). The ability to estimate the thermal
response of cement-based materials is dependent on accurate thermal property determination
(HONORIO; BARY; BENBOUDJEMA, 2018). For this, it is important to know the precise
thermal properties of each constituent of the concrete.

Another point that should be mentioned concerns the environmental conditions
(temperature and wind speed) applied in the previous study: they were considered constant
throughout the time of the analyses in Chapter 2, while they are actually cyclic as seen in the
periodic variations in the field measurements. The oscillations identified in the field monitoring

were not identified in the computer simulations performed due to these simplifications. In the
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field, the possible influence caused by variations in environmental parameters on the thermal
behavior of the structure was highlighted.

According to Funahashi Junior ef al. (2010), in addition to the influence of material
characteristics, geometries, and environmental conditions, other basic parameters that can
influence the design and analysis of mass concrete structures are related to the casting
methodology. For example, it is possible to divide the casting process into layers with the
implementation of a time interval between the placing of each one, in order to avoid too high
temperatures. In the computational model used in Chapter 2, variations in the casting process
were not considered, and, seeking greater reliability of computational results, it is evident the
need to implement such study.

Therefore, this chapter aims to verify the influence of the variation of some input
parameters on the results of the thermal analysis of the wind tower foundation block studied in
Chapter 2. Through this study, the parameters that most approximated the predicted results with
the computational model to the results measured in the field were identified to reduce the
divergences identified in Chapter 2, mainly concerning the reach of maximum temperatures.

This was done in a way to increase the reliability of the results.

3.2 Methodological procedure

Aiming to achieve specific objective 2 of this dissertation, this section describes
the research method that will be used to perform this part of the study, with emphasis on the
analysis of the variation of some input parameters used in the computer simulations seeking to
verify the influence of these variations in the thermal behavior of the structure and to
approximate the results obtained in them to the results of the field monitoring. At each stage,
the results obtained were compared with the measured results. For this comparison, the points
where the thermocouples were installed on-site were used to output the results of the

computational analyses (FIGURE 37).
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Figure 37 — Positioning of the thermocouples installed for monitoring the temperatures of the

foundation blocks in the field
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Source: Construction Company of Wind Farm (2021).

In addition, it was chosen to use only b4cast software in the analyses presented in
this chapter due to the fact that it is widespread for consulting in field applications and because
it presented, in general terms, a closer match to the field measurement data. The placing
temperature considered in each simulation performed in this new study was 30 °C. In this
chapter, 14 new simulations were performed, named S5 to S18. To perform the new
simulations, the methodology described in Chapter 2 was used, performing the parameter
changes described in Figure 38.

The study presented in this chapter was developed in three stages: I) variation of
the thermal properties of concrete, where simulations S5 to S16 were performed; II) variation
of the casting methodology, where simulation S17 was performed; and III) variation of
environmental conditions, where simulation S18 was performed.

At the end of each step, the simulation that presented the closest results to the data
measured in the field was chosen to be used as a reference in the next step (SX, SY, and SZ in
Figure 37). For the first step of the study, reference values were chosen, over which variations
of -30%, -20%, -10%, +10%, +20%, and +30% were applied. Simulation S4, developed in
Chapter 2, was chosen as the reference for the first analysis developed (variation of the thermal
conductivity coefficient). The choice of simulations SX, SY, and SZ was made according to the

results described in sections 3.3.1, 3.3.2, and 3 .4.
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Figure 38 — Flowchart of this parametric study
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3.3 Parametric study results — variation of thermal properties

The thermal behavior is one of the main characteristics that differentiate mass
concrete from a common structural concrete (ACI COMMITTEE 207, 2006). Some thermal
properties of concrete are fundamental to study that behavior, such as specific heat, thermal
conductivity and thermal diffusivity. According to Azenha et al. (2021), thermal capacity and
thermal conductivity are the most relevant thermal properties of concrete for thermomechanical
simulations.

According to NBR 12817 (ABNT, 2012), specific heat is described as the amount
of energy required to raise the temperature of a unit mass of material by 1°C (or equivalently
1K), and it can be expressed in Joule per gram times degree Celsius (J/g °C). The referred

standard determines a test method for obtaining this parameter.

Coelho et al. (2014) state that the ability of concrete to store heat is expressed by
the specific heat and describe some parameters that influence the value of the specific heat:
temperature, the density, moisture content and characteristic maximum size of coarse aggregate.
Also, they noted, through analysis in mass concrete, that a lower specific heat value provides a
higher thermal rise because less heat is needed for the temperature to increase. Meanwhile, for
a higher specific heat value, the thermal rise is lower.

In the literature, it is possible to find values for the specific heat used for
thermomechanical simulations in concrete foundation structures. ACI 207.2R (ACI
COMMITTEE, 2007) showed some examples of concrete mixes with minimum specific heat
values close to 0.9 kJ/(kg °C), while Couto (2018) used 1.0 kJ/(kg °C) and Gongalves (2018)
adopted 1.2 kJ/(kg °C).

Thermal conductivity is the thermal property that measures the ability of materials
to conduct heat (ACI COMMITTEE 207, 2007). According to NBR 12820 (ABNT, 2012), this
property is measured by the ratio between heat flow per unit area of the material in the direction
perpendicular to this area and the temperature gradient in the direction of flow. It can be
expressed in Watts per meter per Kelvin (W/(m.K)). The referred standard determines a test
method for obtaining this parameter.

The thermal conductivity of concrete can be influenced by some parameters, such
as content and type of aggregate, w/c ratio, age, temperature, moisture condition of the
specimen, porosity and density (BREUGEL, 1998; KIM et al., 2003; ACI COMMITTEE 207,
2007). According to experimental results presented by Kim et al. (2003), the main factors
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affecting thermal conductivity are aggregate volume fraction and moisture condition of the
specimen. Besides, age does not change conductivity considerably, except for a very early age.
In the literature, it is possible to find a variation of the thermal conductivity coefficient of
concrete ranging from 1.9 W/(m.K) to 3.5 W/(m.K) according to the type of aggregate used
(BREUGEL, 1998).

According to NBR 12818 (ABNT, 2012), thermal diffusivity is an index that
indicates how easily concrete allows temperature variations to propagate spatially, expressing
the ability to diffuse heat in all directions. The referred standard determines a test method for
obtaining this parameter and expresses that thermal diffusivity (h?) can be analytically obtained
through the ratio of thermal conductivity (k) to the product between the specific heat (c¢) and
the density () of the material, according to Equation 5. The higher the value of this index, the
easier the heat will move throughout the concrete (ACI COMMITTEE 207, 2007).

h? = — ()
/4

k
c.
As presented in Chapter 2, some thermal properties were taken from the literature.

As the main objective of this chapter is to investigate the influence of the main input parameters
on the thermal behavior of the mass concrete structure and to define a computational model
closer to reality, it was chosen to vary the values of the specific heat and the thermal
conductivity coefficient of the concrete. The value of the density of the concretes of the
foundation block under analysis was obtained from the mix design report, and the diffusivity

was calculated in the b4cast software from the other parameters using Equation 5.

3.3.1. Results of the variation of the thermal conductivity coefficient of concrete

The first parameter chosen to initiate the new study was the thermal conductivity
coefficient. In simulation S4, performed in Chapter 2, 9.55 kJ/m/h/°C (BREUGEL, 1998) was
used as the input value for this parameter in the b4cast software. For this study, it was chosen
to make six variations, which resulted in six new simulations, which were named S5, S6, S7,
S8, S9, and S10. Table 8 shows the values used for the thermal conductivity coefficient in each
of those simulations. Regarding the input values of the other properties (density, specific heat,
and coefficient of thermal expansion), they were considered constant and equal to the values

presented in Table 1 of Chapter 2. Furthermore, there was no variation investigated in the
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properties of the soil below the concrete block. The properties used were those indicated in

Table 2 of Chapter 2.

Table 8 - Variation of thermal conductivity coefficient of concrete in simulations

S5, S6, S7, S8, S9 and S10

Simulation S5 S6 S7 S4 S8 S9 S10
(-30%) | (-20%) | (-10%) | (Reference) | (110%) | (+20%) | (+30%)
Thermal
Conductivity | 6.69 7.64 8.60 9.55 10.51 11.46 12.42
(kJ/m/h/°C)

Source: Author (2022).

After the implementation of the input parameters in the b4cast software, the six new
simulations with the variation of the thermal conductivity coefficient values were performed,
obtaining curves of the internal temperatures over time at points TO1, T02, T03, and T04 (cf.

Figure 36), which are presented in Figures 39, 40, 41 and 42, respectively for each point.

Figure 39 — Influence of the thermal conductivity coefficient variation in the internal temperature

of the concrete foundation at the point of the TO1 thermocouple
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Source: Author (2022).
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Figure 40 — Influence of the thermal conductivity coefficient variation in the internal temperature

of the concrete foundation at the point of the T02 thermocouple
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Source: Author (2022).

Figure 41 — Influence of the thermal conductivity coefficient variation in the internal temperature of

the concrete foundation at the point of the TO3 thermocouple
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Figure 42 — Influence of the thermal conductivity coefficient variation in the internal temperature of

the concrete foundation at the point of the T04 thermocouple
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Source: Author (2022).

Analyzing the curves presented in Figures 39, 40, 41, and 42, it was noticed that the
variation of the thermal conductivity parameter did not present a significant influence on the
increase of internal temperatures reached by the foundation block. It was observed that the
reduction in the value of the thermal conductivity coefficient of concrete every 10% generated
an increase in internal temperatures of less than 1 °C. This behavior was expected, because the
lower the value of this parameter, the higher the difficulty of the concrete to transport the heat
generated in the core (location of maximum temperatures) to the edges and thus cool the
structure (COELHO, 2014).

The differences between the curves increased over time, being higher at the end of
the study (160h). The maximum differences between the curves were calculated for simulations
S5 and S10, which presented the highest and lowest thermal elevations, respectively. The
maximum differences between them at points TO1, T02, T03, and T04 were equal to 1.50 °C,
4.20°C, 3.40 °C, and 4.15 °C, respectively. It can be seen that the smallest differences occurred
at the innermost points (TO1 and T03), which shows that the closer to the core, the smaller the
influence of the variation of the thermal conductivity coefficient concerning the thermal
behavior of the structure, due to the normal difficulty of the heat generated at this location to

be transported to the edges of the structure.
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One of the main points in thermal studies of mass concrete structures is the
prediction of the maximum internal temperatures reached by these elements, due to the risk of
delayed ettringite formation (DEF) (COLLEPARDI, 2003). In Chapter 2, it was shown that the
monitoring of the structure in the field presented points with maximum temperatures higher
than the safety limit of 65 °C, differently from what was observed in the results of the S4
simulation performed. The main focus of Chapter 3 is to change the computational model used
in this simulation, seeking to bring it closer to the field results, especially regarding the reach
of maximum temperatures, through parametric studies. Thus, a study was done comparing the
differences between the maximum temperatures of the data measured in the field and each new
simulation with the variation of thermal conductivity coefficient values, to identify which of
the simulations most closely matched the monitoring data. Table 9 presents the results,

highlighting the lowest temperature values at each point.

Table 9 — Differences between maximum temperatures reached in field monitoring and in simulations

performed with the variation of thermal conductivity coefficient

. . Thermocouple point
Simulation TO01 T02 TO03 T04
S5 (-30%) 3.13°C | 450°C | 5.15°C | 5.72°C
S6 (-20%) 3.18°C | 4.63°C | 5.19°C | 6.16°C
S7 (-10%) 323°C | 476°C | 525°C | 6.58°C
S4 (Ref.) 328°C | 4.86°C | 530°C | 6.96 °C
S8 (+10%) 3.34°C | 493°C | 536°C | 7.31°C
S9 (+20%) 341°C | 5.00°C | 543°C | 7.62°C

S10 (+30%) 347°C | 5.07°C | 550°C | 7.92°C

Source: Author (2022).

Despite the slight variation between the results (most with less than 1°C difference),
it can be seen that simulation S5, with a 30% reduction in the value of the thermal conductivity
coefficient concerning the reference value considered, was the one that presented the closest to
the maximum temperature values reached by the structure in the field at points TO1, T02, T03
and T04. Thus, the thermal conductivity value equal to 6.69 kJ/m/h/°C will be considered in the
simulations that will be performed in the next step of this study. The simulation that will be
used as a reference in the study of the variation of the specific heat (SX in Figure 38) will be

S5.
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3.3.2. Results of the variation of the specific heat of concrete

The second parameter chosen for this study was the specific heat of concrete. In the
chosen reference simulation (S5), performed in Section 3.3.1, 1.00 kJ/kg/°C (COUTO, 2018)
was used as the input value for this parameter in the b4cast software. For this study, it was
chosen to make six variations, which resulted in six new simulations, which were named S11,
S12, S13, S14, S15, and S16. Table 10 shows the values used for the specific heat in each of
these simulations. Regarding the input value for the thermal conductivity coefficient, it was
considered equal to 6.69 kJ/m/h/°C according to the analysis performed in the previous Section.
As for the input values of the other properties (specific mass and coefficient of thermal
expansion), they were considered constant and equal to the values presented in Table 1 of
Chapter 2. Besides, there was no change in the properties of the soil below the concrete block,

being used those indicated in Table 2 of Chapter 2.

Table 10 — Variation of specific heat of concrete in simulations S11, S12, S13, S14, S15, and S16

Simulation S11 S12 S13 S5 S14 S15 S16
truiatt (-30%) | (-20%) | (-10%) | (Reference) | (+10%) | (+20%) | (+30%)

Specific heat

(kJ/kg/"C) 0.70 0.80 0.90 1.00 1.10 1.20 1.30

Source: Author (2022).

After the implementation of the input parameters in the b4cast software, the six new
simulations with the variation of the specific heat values were performed, obtaining curves of
the internal temperatures over time at points TO1, T02, T03, and T04, which are presented in

Figures 43, 44, 45, and 46, respectively for each point.
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Figure 43 — Influence of the specific heat variation in the internal temperature rise of the concrete

foundation at the point of the TO1 thermocouple
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Figure 44 — Influence of the specific heat variation in the internal temperature rise of the concrete

foundation at the point of the T02 thermocouple
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Figure 45 — Influence of the specific heat variation in the internal temperature rise of the concrete

foundation at the point of the T0O3 thermocouple
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Figure 46 — Influence of the specific heat variation in the internal temperature rise of the concrete

foundation at the point of the T04 thermocouple
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Analyzing the curves presented in Figures 43, 44, 45, and 46, it was noticed that the
variation of the specific heat parameter presented a significant influence on the increase of
internal temperatures reached by the foundation block. It was observed that the reduction in the
specific heat value of the concrete every 10% was able to generate an increase of up to 6.4 °C.
This behavior can be justified by the fact that the specific heat is related to the amount of heat
required to elevate by one degree the temperature of a unit of mass of the structure, thus,
concretes with lower values of this parameter require a smaller amount of heat to increase their
internal temperatures (COELHO, 2014).

The differences between the curves reduced over time. In the beginning, differences
are higher. The maximum differences between the curves of simulations S11 and S16 were
calculated, which presented the highest and lowest thermal elevations, respectively. The
maximum differences between them at points TO1, T02, T03, and T04 were equal to 23.00 °C,
22.24 °C, 22.97 °C and 20.94 °C, respectively. It can be seen that the largest differences
occurred at the innermost points (TO1 and T03), which shows that the closer to the core, the
greater the influence of the variation of the specific heat concerning the thermal behavior of the
structure since the core is the place of the highest rise of temperatures.

As demonstrated previously (cf. Section 3.3.1), a study was made comparing the
differences between the maximum temperatures of the data measured in the field and each new
simulation with the variation of the specific heat values of the concrete. This was done to
identify which of the simulations was closest to the monitoring data. Table 11 presents these

results, highlighting the lowest values at each point.
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Table 11 — Differences between maximum temperatures reached in field monitoring and in simulations

performed with the variation of specific heat

. . Thermocouple point
Simulation TO1 T02 T03 T04
S11 (-30%) 1027°C | 820°C | 824°C | 5.21°C
S12 (-20%) 475°C | 2.89°C | 2.73°C | 0.22°C
S13 (-10%) 051°C | 0.98°C | 1.51°C | 2.42°C

S4 (Ref.) 328°C | 486°C | 530°C | 6.96°C
S14 (+10%) 6.14°C | 7.62°C | 8.16°C | 9.47°C
S15 (+20%) 841°C | 9.85°C | 10.42°C | 11.47°C
S16 (+30%) 10.40°C | 11.80°C | 12.41°C | 13.25°C

Source: Author (2022).

According to Table 11, it can be seen that simulation S13, with a 10% reduction in
the specific heat value concerning the reference value considered, was the one that presented
the closest to the maximum temperature values reached by the structure in the field at points
TO1, TO2 and TO3. Thus, the specific heat value equal to 0.90 kJ/kg/°C will be considered in
the simulations that will be performed in the next step of this study. The simulation that will be
used as a reference in the study of the variation of the casting methodology (SY in Figure 38)

will be S13.
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3.4 Parametric study results — variation of the casting methodology

As mentioned previously, all simulations performed until now (S1 to S16) were
done considering that the whole structure would be cast simultaneously (at Oh), without splitting
it into layers. However, this configuration did not closely represent the construction process
experienced on-site. According to the details provided by the construction company, the casting
occurs in a continuous process over a single day, for a duration of approximately 14 hours.
Also, it should be noticed that there is a time (approximately 15 min) interval required for the
arrival and emptying of each of the 8m? concrete mixer trucks. Thus, the casting process occurs
in layers, which are filled over time.

Therefore, a new simulation was performed (S17), dividing the geometry into 11
layers ranging from 0.30 m to 0.40 m thick (FIGURE 47) to represent the construction process
more accurately and to analyze the differences between the two simulations (S13 with the
single-layer geometry and S17 with the layers division), comparing the results with the field
monitoring data. The computational effort required to perform the analyses in the b4cast
software made it impractical to divide the structure into more layers.

The time interval between the placing of each layer implemented in simulation S17
was calculated according to the volume of concrete in each one and the number of truck mixers
needed to fill them. A time interval of 15 min as, then, considered between each of truck mixer,
over a total period of 14 h. Figure 48 shows the new geometric configuration used in simulation
S17 and Figures 49, 50, 51, and 52 the results obtained for points TO1, T02, T03, and T04,
respectively.

Regarding the input parameter values of simulation S17, 6.69 kJ/m/h/°C was used
for the thermal conductivity coefficient and 0.90 kJ/kg/°C for the specific heat, according to the
analyses performed previously. As for the input values of the other properties (specific mass
and coefficient of thermal expansion), they were considered constant and equal to the values
presented in Table 1 of Chapter 2. Besides, there was no change in the properties of the soil

below the concrete block, being used those indicated in Table 2 of Chapter 2.
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Figure 47 — Splitting the foundation block into 11 casting layers

Source: Author (2022).

Figure 48 — New geometric configuration used in simulation S17

Source: Author (2022).
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Figure 49 — Influence of splitting the casting in layers, with the application of time intervals

between them at the point of the TO1 thermocouple
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Source: Author (2022).

Figure 50 — Influence of splitting the casting in layers, with the application of time intervals

between them at the point of the TO2 thermocouple
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Figure 51 — Influence of splitting the casting in layers, with the application of time intervals

between them at the point of the T03 thermocouple
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Figure 52 — Influence of splitting the casting in layers, with the application of time intervals

between them at the point of the T04 thermocouple
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Analyzing Figures 49, 50, 51, and 52, it can be seen that the new casting
configuration did not generate any considerable influence on the results obtained, which can be
justified by the short time interval considered between the layers, which did not exceed
3 hours. It is believed that the influence is greater as the time interval between layers increases
since the lower layers cool down over time. This analysis will be done in the next chapter.
Nevertheless, the results here suggest that the delay observed between the simulated and the
measured temperature increases is not explained by the casting plan difference between
simulation and field. Then, explanation based on differences on materials (such as additives
contents) used in the field may be necessary.

It can be seen at the innermost points (TO1 and TO3) that the curve of simulation
S17 (with the division of the concreting into layers) showed slightly higher temperature values
(about 3 °C) up to 40 h of analysis, approximately. This can be justified by the fact that when a
layer is cast within a short time interval after the casting of the previous layer, the previous
layer has not yet cooled down, and thus has a higher temperature. This, therefore, contributes
to a faster thermal rise of the subsequent layers especially at points closer to the core. For points
T02 and T04, closer to the external environment, there were no changes in temperature values
until 40 h of the study. However, it was noticed that at point T04, from 40 h on, just after the
peak, the S17 simulation presented slightly higher temperatures than S13, showing a slower
cooling due to the influence of the previous layers that are warmer.

Regarding the field monitoring data, although the simulations curves are above
them in most of the points, it is observed that, in some moments, the monitoring exceeded the
limit of 65 °C, showing the need to reduce the concrete placing temperature so that the
maximum temperatures reached by the structure are below that limit. Moreover, it is worth
noting, concerning the behavior of the curves, that the results of the field measurements show
slower heating over time in the four points, which can be justified by the use of additives at the
time of casting for corrections to the mix design, which may cause the delay of the cement
hydration process. This information about possible changes in the content of additives, and
consequently in cement and in concrete calorimetry, was not available and is also not
considered in the b4cast software.

As in the previous Sections, a study was made comparing the differences between
the maximum temperatures of the data measured in the field and the simulations S13 (without
the division of the structure in concrete layers) and S17 (with the division in layers), to verify
if the division in layers influenced the reduction of the differences between the maximum

temperatures. Table 12 presents these results, highlighting the lowest values at each point.
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Table 12 —Differences between the maximum temperatures reached in the field monitoring and in the

simulations performed with and without the division of the structure into casting layers

. . Thermocouple point
Simulation TO1 T02 T03 T04
S17 (Layer division) 0.66°C | 0.70°C | 134°C | 1.93°C
S13 (No layers) 051°C | 0.98°C | 151°C | 242°C

Source: Author (2022).

Despite the small variation between the results (less than 1 °C), it can be seen that
simulation S17, with the division of the structure in casting layers and the implementation of
time intervals between the placing of each layer, was the one that presented the closest to the
maximum temperature values reached by the structure in the field at points T02, T03, and T04.
Thus, it was chosen to continue the study using S17 (SZ in Figure 37), because it also best

represents the casting process experienced in the field.

3.5 Parametric study results — variation of environmental conditions

The last step of this study was to investigate the influence on the computational
results generated by the variation of some environmental conditions (temperature, wind speed,
and, consequently, convection coefficient). The idea was to address the oscillations that were
observed when monitoring the internal temperatures of the structure in the field.

Until the previous section, the ambient temperature and wind speed were
considered constant in all simulations performed. Results as close as possible to the wind farm
placement were obtained from data generated by weather forecasting agencies to perform a new
simulation (S18). According to The Weather Channel (2021) forecasts, the local temperature
ranges between 28°C and 32°C, and the wind speed ranges between 5.56 m/s and 9.70 m/s. The
variation of these parameters over time, which was implemented in the software, is shown in
Appendix A.

The results of the thermal rise of the structure over time at points TO1, T02, TO3,
and T04 obtained in simulation S18 were compared both with those of simulation S17, which
has constant environmental conditions and with the results of field measurements, to verify
convergences and divergences between them. The curves obtained are shown in Figures 53, 54,

55, and 56 for points TO1, T02, T03, and T04, respectively.
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Figure 53 — Temperature over time at thermocouple point TO1 with changing environmental

conditions
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Figure 54 — Temperature over time at thermocouple point TO2 with changing environmental

conditions
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Figure 55 — Temperature over time at thermocouple point TO3 with changing environmental

conditions
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Figure 56 — Temperature over time at thermocouple point T0O4 with changing environmental

conditions
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As mentioned previously, it was expected to observe oscillations in the internal
temperatures of the concrete structure with the implementation of ambient temperature and
wind speed variations in simulation S18. However, the results of this simulation did not present
such oscillation, and results were quite similar to those of simulation S17 (less than X°C
difference), in which the variation of environmental conditions was not applied. It seems that
other input parameters, such as solar radiation, which was not considered in this work, would
be necessary in order to explain the observed oscillations.

Finally, as in the previous Sections, a study was performed comparing the
differences between the maximum temperatures of the data measured in the field and the
simulations S17 (without the variation of environmental conditions) and S18 (with the variation
of environmental conditions) to verify whether the implementation of this variation reduced the
differences between the maximum temperatures. Table 13 presents these results, highlighting

the lowest values at each point.

Table 13 — Differences between maximum temperatures reached in field monitoring and in simulations

performed with and without the variation of environmental conditions

) ) Thermocouple point
Simulation TO01 T02 T03 T04
S17 (Constant environmental conditions) 0.66 °C 0.70 °C 1.34°C 1.93°C
S18 (Varying environmental conditions) 0.37°C 0.98 °C 1.63 °C 2.50°C

Source: Author (2022).

It can be seen that the S18 simulation, with varying environmental conditions, did
not contribute to reducing the differences between the maximum temperatures reached by the
structure in the field and the computational results. The low amplitude in the values of the
climate predictions used in the software may not have represented, in a practical way, the reality
experienced in the field on the day of the casting, highlighting the importance of monitoring
both the temperatures in the structure and the temperatures and wind speeds outside. Moreover,
it is emphasized that, in the simulations performed, the effects of solar radiation were not
considered, which may have influenced the thermal behavior of the structure during the
monitoring time in the field, since the construction site has high solar exposure, which is

oscillatory by nature.
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3.6 Final comments

This chapter focused on carrying out studies varying some of the computational
model input parameters in order to approximate their results with the data from the monitoring
of the foundation block in the field. This was done because divergences, especially concerning
the values of the maximum temperatures obtained, were identified in the study presented in
Chapter 2. It was chosen to vary the thermal properties (thermal conductivity coefficient and
specific heat), the casting methodology (dividing the structure into layers and applying a time
interval between the placing of each one), and the environmental conditions (temperature and
wind speed).

In general, it was observed that the variation of parameters can cause significant
differences in computational predictions of the thermal behavior of massive concrete structures,
which was expected. This highlights the importance of conducting tests to determine material
properties and providing as much information as possible on both of the casting process and the
environmental conditions in order to obtain better reliability of predictive models. In the
impossibility of obtaining those data in advance, on alternative would be to develop a mock-up
prototype on a smaller scale with the same materials and the same casting conditions of the
actual structure to perform a previous optimization of the computational models. With this, it is
expected to obtain a greater convergence between the simulation data and the monitoring data.

The main conclusions regarding the results obtained in this chapter were:

- regarding the thermal properties, it was noticed that the reduction of the input values of the
thermal conductivity coefficient and specific heat caused both an increase in the value of
the internal temperatures of the structure in the simulations.

- it was observed a significant influence of the variation of the specific heat of concrete in the
elevation of the internal temperatures of the structure, presenting maximum differences of
up to 23 °C between the highest temperatures in the performed simulations. Differences are
clear in the core of the structure. On the other hand, the variation of the thermal conductivity
coefficient did not show a significant influence on the thermal behavior of the structure, in
which differences of less than 2 °C in the highest temperatures were observed among the
simulations performed in the study;

- concerning the study of the casting methodology, it was noticed that, despite the small
differences (less than 1°C), the simulation performed with the division of the casting in

layers and the application of time intervals for the placing of each layer showed more
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proximity to the data from field measurements concerning the reach of maximum
temperatures. This suggests that it may be important to implement in the models these
conditions, which are closer to the casting reality;

due to the short time interval applied between the concreting of each layer, there was no
significant influence of this change on the results. Importance of more research on this topic
was emphasized;

the oscillations in internal temperatures identified in the field measurements were not
observed in the simulation performed with the variation of environmental conditions, going
against what was expected. It is hypothesized that the effect of variable solar radiation onto
the foundation (not investigated) is the main reason behind the oscillations;

the importance of monitoring the climatic conditions was highlighted, since forecasts may
not correctly represent the conditions experienced on the days of field monitoring.
Furthermore, the importance of further studies to investigate the influence of other

parameters, such as the heat exchange by radiation, is emphasized.
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4 DEVELOPMENT AND APPLICATION OF A CASTING PLAN FOR A MASSIVE
CONCRETE FOUNDATION OF A HIGH-RISE BUILDING

ABSTRACT

Another type of massive concrete structure is the foundations of high-rise buildings, whose
increasing verticalization in Brazil enhances the need for larger foundations to provide more
stability to the buildings. This chapter describes the development of a case study applied to a
piled raft foundation of a high-rise building that is being built in the city of Fortaleza/CE, in
northeastern Brazil. For this purpose, it was aimed to verify, besides the reliability of the method
for predicting the thermal behavior of the structure, the main challenges that involve the whole
process of casting and monitoring mass concrete elements. The procedure adopted included the
execution of the computational thermal analysis, with the definition of the casting methodology,
the follow-up of the application of this process, and the instrumentation and field monitoring
of the internal temperatures reached by the structure. The results showed the importance of this
follow-up and confirmed the reliability of the predictive model used. Moreover, the possible
influence of the use of admixtures on the thermal behavior of the concrete structure and the
need to implement parameters that correctly characterize the materials and the boundary
conditions was highlighted to bring the computational predictions closer to the reality

experienced in the field.

Keywords: thermal analysis; mass concrete; finite element simulation; casting control plan.
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4.1 Introduction

Other types of massive concrete structures that should be highlighted are the
foundations of high-rise buildings. The verticalization of urban spaces is not only connected to
demographic growth and the decrease of available spaces in large urban centers but also relates
to modernization and to the economic and political interests of the cities (ROSO et al., 2021).
Thus, to provide greater stability to buildings, which are increasingly taller and are mostly built
in smaller urban spaces, there is a need for bulky concrete foundation structures and even the
joining of foundation blocks into a single larger block due to the limited building area available.

Poulos (2016) states that foundation design suffers considerable influence from
some characteristics of high-rise buildings, such as the vertical loads supported by the
foundation structures (weight of the building), the differential settlements due to the influence
of the neighborhood of low-rise buildings, the magnitude of the lateral forces from cyclic wind
loading, which generates moments in the foundations, and the particularities of the dynamic
responses of this type of buildings.

There are predictions that, by the year 2025, there will be towers built over
1300 min height in the world, which will surpass the Burj Khalifa, the tallest building built to
date, with 828 m in height.

According to the Council on Tall Buildings and Urban Habitat (2022), there has
been a noticeable evolution in the height of Brazilian buildings in the last few years. In terms
of completed buildings over 150 m high, Brazil is the 16th tallest country in the world and the
Ist in South America. In addition, 97 % of the buildings are made of concrete, and there are
high-rise buildings (over 200 m high) being built and expected to be completed by 2028.

In this way, it is evident the growth of the use of massive concrete structures in
various segments of the construction industry. Due to the necessary precautions about the
thermomechanical behavior of this type of structure to avoid the development of pathological
manifestations, such as the emergence of cracks and the formation of delayed ettringite (DEF),
and aiming to increase the performance and durability of structures, the importance of
conducting predictive studies capable of assisting the definition of the concrete mix designs,
the casting processes, the curing and isolation methodology, and even the decision making
during and after casting is highlighted.

Therefore, for this Chapter, it was chosen to perform a case study, applying the
methodologies described throughout this research work, in a high-rise building foundation that

is being built in northeastern Brazil. The thermal predictions were performed in a finite element
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software and, after its results, the application of the defined casting process was followed in
practice. Based on the results, it was aimed to verify the reliability of the predictive method and

to list the main challenges experienced during the construction of this type of structure.

4.2 Methodological procedure

Aiming to achieve specific objectives 3 of this dissertation, this section describes
the research method that will be used to perform this part of the study, with emphasis on the
development of a case study to analyze, in practice, the entire construction process, from
computational thermal analysis to the field monitoring of a massive concrete foundation.

According to the structure's characteristics, the construction company informed us
that it would not be possible to do the whole casting process in a single stage due to the
impossibility of supplying the concrete, being able to divide it into some steps. Thus, one of the
focuses of the computational study was to define both the number of layers and, consequently,
the ideal time interval between the placing of each one, and the ideal temperature of placing the
concrete of the structure, based on the estimated temperature limit of 65 °C (MEHTA;
MONTEIRO, 2014).

After that, points were defined for the measurement of the internal temperatures of
the structure over time through the installation of thermocouples. The follow-up of the casting
of concrete was performed in each of the stages and the monitoring data were collected for
subsequent comparison with the simulation results. In addition, it was chosen to use only b4cast
software in the analyses presented in this chapter due to its wider range of use for consulting in
field applications. To perform the simulations, the methodology described in Chapter 2 was

used. Figure 57 presents the flowchart of the methodology applied in this Chapter.
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Figure 57 — Flowchart of the case study
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Source: Author (2022).

4.2.1. Geometry definition

The first step in performing the thermal analysis is to define the geometry that will
be studied. It was chosen to analyze a piled raft foundation of a high-rise building (Acqualina)
that is being constructed in the city of Fortaleza/CE, in the Brazilian northeast. This building
will have 49 floors, of which 2 are underground, and will be approximately 150 m in height
(FIGURE 58). It will become one of the tallest buildings in Fortaleza when it is finished. The

construction is expected to be finished in 2024.
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Figure 58 — 3D model of the Acqualina

building facade

Source: Construction Company of the building
(2021).

The concrete raft is a type of foundation that works as a continuous slab designed
to support loads of all the columns and all the walls, as well as any pressure from the water
table. This element is usually used to replace direct foundations when, by project imposition,
they need to be very close to each other or overlap. The raft is usually used in buildings with
few floors, but it is possible to find examples of tall buildings, whose projects present the piled

raft as the best structural solution, as is the case of the structure chosen for the case study.
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According to the design provided by the construction company, the foundation in this
study has an irregular polygonal base (FIGURE 59), with an area of 642.6 m? and a height of

2.75 m, thus totaling a volume of 1767.15 m?* of concrete.

Figure 59 — Raft floor plan (dimensions in meters)
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Source: LMCC (2021).

Due to the need for a high consumption of concrete for the construction of the
structure, it was not possible to perform the casting of the entire structure in a single day. So,
according to the concrete supplying company's availability and the construction planning, it
was decided to divide the process into stages. Thus, it was chosen to start the study by dividing
the casting into 5 layers 55 cm of thick each (L1, L2, L3, L4, and L5) and verifying the
possibility of using this configuration according to the results obtained. In addition, there are a
0.10 m layer of regularization concrete and a 6.00 m layer of soil below the entire structure
considered in the design. Figure 60 shows the 3D design of the structure in the b4cast software

with the layout of the structure in 5 layers, and Figure 61 shows the AA cross-section.
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Figure 60 — Raft foundation geometry defined in b4cast software

Source: Author (2022).

Figure 61 — Cross-section AA of the foundation with the initial proposal of division into
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4.2.2. Material definition

For the computer simulations, it is important to determine the properties of the
concrete and correctly characterize the materials that compose it. The thermal properties of the
foundation materials in this case study were taken from the literature due to the absence of
laboratory tests to obtain them. Table 14 shows the values of the concrete properties
implemented in the b4cast software. It was necessary to define the properties of the soil layer
underneath the entire structure. The thermal properties of the soil were obtained based on

literature data and are described in Table 14.
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For the casting process, two concrete mixes design with fck = 30MPa were used.
At a vertical position from 0.00m to 0.55m height, mix T1 would be applied and at a vertical
position from 0.55m to 2.75m, mix T2. Table 15 shows the main differences between the two
mixtures (cement content and maximum coarse aggregate size). The cement type of the mixes
is cement CP III (Blast-Furnace Portland Cement).

Another important point that needs to be implemented in thermal analyses of
concrete structures is the rate of heat released during cement hydration. The heat of hydration
curves of cement CP III used in the analyses were provided by the construction company and
performed by the Associa¢do Brasileira de Cimento Portland (ABCP) through the Langavant
method, described in NBR 12006 (ABNT, 1990). The heat curve values implemented in the
software are presented in Table 16. According to NBR 16697 (ABNT, 2018), the cement used
was classified as low heat of hydration (LH).

Table 14 — Concrete and soil properties used in thermal analyses

Property sz(nzc?(;el\z/{)l: Soil
Density 2350.00 kg/m* (V 1515.00 kg/m? ©
Heat Capacity 1.00 kJ/kg/°C @ 0.80 kl/kg/C
Thermal Conductivity 9.55 kJ/m/h/°C © 0.97 kJ/m/h/°C ©
Coefﬁc.ient of Thermal 1075 joC @ 105 /°C ©
Expansion

Source:

() Construction Company of the building (2021); @ Couto (2018); @ Breugel (1998); ¥ Mehta e Monteiro
(2014); © Incropera et al. (2008); © Delage (2013).

Table 15 — Main differences between concrete mix design

Concrete Mix Cement Content Maximum Coarse Aggregate Size
Tl 328 kg/m? 12.50 mm
T2 308 kg/m? 19.00 mm

Source: LMCC (2021).
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Table 16 —Test results for determining the heat of hydration of

cement
Time (h) Results (J/g)
6 30
12 123
24 201
41 234
48 239
72 246
120 250
168 250

Source: ABCP (2021).

4.2.3. Boundary conditions definition

The next step for carrying out the thermal analyses was to apply the boundary
conditions to the foundation block geometries, to improve the accuracy of the results.

Regarding the climatic conditions, the values for ambient temperature and wind
speed were taken from forecasts provided by The Weather Channel (2021). According to the
data obtained, the average temperatures in Fortaleza vary between 25 °C and 32 °C. And the
wind speed in the city of the building site varies between 5.28 m/s and 9.17 m/s. The variation
of these parameters was implemented in the software. The variation of these parameters over
time, which was implemented in the software, is shown in Appendix B.

Finally, it was considered that, on the sides of the structure, there is masonry
formwork composed of ceramic bricks (FIGURE 62), with an approximate thickness of
20 cm, which will be in contact with the concrete during the entire analysis process. In addition,
it was considered the application of wet curing after the execution of each stage. It is
emphasized that, for the analyses described in this chapter, heat exchange by radiation was not

considered.
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4.2.4. Mesh convergency study

FEM is a technique that involves the subdivision of a continuous object into a finite
number of elements, which are connected at discrete points known as nodes. This approach
enables detailed analysis of the behavior of structures and is widely used in modeling
engineering problems. The type of analysis applied in this study is transient thermal that
considers changes in temperature and boundary conditions over time (KIM, 2010). The
tetrahedral elements were the ones used in the three-dimensional discretization of the analyzed
structure in the b4cast software. As this software is specific for thermal analysis, there is no
possibility of changing the type of element. According to Couto (2018), the use of tetrahedral
elements proved suitable for this type of analysis.

The last step before starting the thermal analyses is to perform a mesh convergence
study, which is to measure the relationship between the number of elements and the accuracy
of the analyses (PATIL; JEYAKARTHIKEYAN, 2018). For the mesh convergence study of
the structure under analysis in this chapter, it was chosen to vary the mesh size from 1.00 m to
0.40 m. Figure 63 shows the mesh refinement done for this study. The global maximum and
minimum temperature data of the structure were analyzed in each test, and the results of the

mesh convergence study are presented in Figure 64.
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Figure 63 — Mesh refinement of raft
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Figure 64 — Mesh convergence study for the raft foundation
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According to Figure 64, in the analysis of minimum temperatures, it was observed
a small difference in the values of the 0.80 m mesh concerning the other meshes. As for the
maximum temperatures, a discrepancy was observed between the values of maximum
temperatures reached by the curves referring to the less refined meshes (1.00m and 0.80m) and
the more refined meshes (0.70m, 0.60m, and 0.40m). Among the less refined meshes, there was
little difference between the values. Due to this and the high computational effort required in
the analysis with a mesh equal to 0.40m, it was chosen to perform the analyses of this chapter

using the 0.60 m mesh.

4.3 Thermal analysis results

4.3.1. Definition of the number of stages, the time interval between each one and the

temperature of concrete placing

As mentioned previously, according to the supply conditions and the construction
planning, it was considered that the first study would be performed by dividing the structure
into 5 concrete layers, each 0.55m thick. Thus, according to the results, the need to divide it
into more layers was verified. The thermal analyses were performed with the main objective of
defining the casting plan to be followed by the construction company.

Besides the number of steps, the time interval between the stages of casting and the
placing temperature of the concrete are the main items that should be included in this plan, since
it highlights, mainly, the concern about the rise in internal temperatures above the limit of 65
°C (MEHTA; MONTEIRO, 2014).

To obtain these items, new computer simulations were performed, performing a
parametric study, varying the placing temperature of the entire structure to 35 °C, 30 °C, and 25
°C in the pursuit of the ideal temperature for the structure. The minimum temperature of 25 °C
was chosen due to the location of the site and, consequently, the difficulties of placing concrete
at temperatures below this value. The maximum temperature considered (35°C) is close to the
maximum environmental temperature considered for the location.

Regarding the choice of the ideal time interval for the placing of each step of the
casting, it was chosen to vary the time in 14 h and 38 h (14 h + 24 h). It is worth noting that 14
hours is the average interval considered between the end of the casting of one step on one day

and the beginning of the next step on the next day. Table 17 shows the summary of the new
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simulations performed and the maximum temperatures reached by them. The highest

temperatures were identified in layers L3 and L4, near the core of the structure.

Table 17 - Parameters used in the new simulations

Simulation Time interval between | Concrete placing Maximum
each step (h) temperature (°C) temperature (°C)
S19 35 78.1
S20 14 30 75.6
S21 25 72.5
S22 35 71.6
S23 38 30 66.8
S24 25 62.5

Source: Author (2022).

Analyzing Table 17, it can be seen that the higher the placing temperature, the

higher the values of maximum temperatures reached by the structure. In addition, the increase

in the time interval between the casting steps from 14 h to 38 h contributed to a reduction in the

maximum temperature values, since the increase of this interval provides a more intense cooling

of the lower layers, thus reducing the influence of their thermal rise on the subsequent layers.

It can be observed that only simulation S24 presented a maximum temperature below the 65 °C

limit. Thus, it is possible to conclude that the division of the casting process into 5 steps is

feasible and that the minimum time interval between each step should be 38 hours. Therefore,

the entire casting process would take 9 days. Table 18 compiles the casting guide for each stage.

This methodology was approved by both the construction company and the concrete supplier.

Table 18 - Guide for casting steps of the raft foundation according to the time interval of 38 hours

between the end of one step and the beginning of the next

Layer Height (m) | Pouring time (h) | Day of casting
L1 0.55 0 1°
L2 0.55 38 3°
L3 0.55 76 5°
L4 0.55 114 7°
L5 0.55 152 9°

Source: Author (2022).
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Concerning the ideal maximum launch temperature, according to Table 17, it can
be seen that this temperature should be between 30 °C and 25 °C. Thus, for its definition, the
values of the maximum temperatures reached by the structure in layer L3, which reached the
highest internal temperatures, were plotted as a function of the placing temperatures of

simulations S22, S23, and S24. Figure 65 shows the results.

Figure 65 — Predicted global maximum temperatures reached by the L3 layer of the foundation
structure with the variation of the placing temperature in 35 °C (S22), 30 °C (S23) and 25 °C
(S24)
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Source: Author (2022).

Considering the maximum limit of 65 °C previously established for the maximum
concrete temperatures, it can be seen in Figure 62 that the maximum ideal placing temperature
for layer L3, located in the core of the structure, should be equal to 27 °C. In the interest of
safety, it was chosen to apply this placing temperature to the other layers. This temperature
value would be reached by replacing part of the water in the mix design with ice.

Thus, a new simulation (S25) was carried out by applying 27 °C as the placing
temperature for all layers of the structure and 38 h as the time interval between the end of one
casting step and the beginning of the next. Figure 66 presents the maximum temperatures
reached by each layer of the structure in this simulation. In addition, a summary of simulations

S19 to S25 is presented in Table 19, with emphasis on the chosen simulation (S25).
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Figure 66 - Predicted maximum temperatures in layers L1, L2, L3, L4 and L5 of the raft foundation

in simulation S25
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Table 19 - Summary of simulations S19 to S25 performed in this chapter

Placing Interval Predicted maximum
Simulation Layer temperature (°C) between the temperatures (°C)
layers (h)
L1 69.0
L2 76.3
S19 L3 35 14 77.8
L4 78.1
L5 72.6
L1 66.2
L2 73.6
S20 L3 30 14 75.1
L4 75.6
L5 68.0
L1 63.2
L2 71.0
S21 L3 25 14 72.3
L4 72.5
L5 63.7
L1 65.7
L2 70.3
S22 L3 35 38 71.6
L4 71.3
L5 69.8
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. Interval . .
. . Placing Predicted maximum
Simulation Layer temperature (°C) between the temperatures (°C)
layers (h)
L1 60.9
L2 65.3
S23 L3 30 38 66.8
L4 66.5
L5 65.0
L1 56.7
L2 61.0
S24 L3 25 38 62.5
L4 62.3
L5 60.6
L1 58.3
L2 62.7
S25 L3 27 38 63.9
L4 63.8
LS5 62.4

Source: Author (2022).

4.3.2. Definition of field monitoring points

Considering that simulation S25 was chosen to continue the study of the foundation

block, Figure 67 shows the temperatures of each layer over time.

Figure 67 —Maximum temperatures reached by layers L1, L2, L3, L4 and L5 of the foundation
block over time in simulation S25
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According to Figure 67, the placing of a layer influences the thermal behavior of
the previous layer, which, during its cooling process, suffers another temperature peak when
the new layer is placed. This is not seen in layer L5, because, after it, there is no other concrete
layer. For this reason, and due to the proximity to the external environment, this layer has a
faster cooling process.

The behavior observed in Figure 67 is also confirmed by looking at the isotherms
of the structure. Figure 68a shows an example of its isotherms when the peak temperature of
the L5 layer is reached. It can be seen that, despite the cooling of the other layers at this moment,
the L4 layer, at points neighboring L5, and the L3 layer, in the core, have more difficulty in
cooling. Figure 68b shows an example of its isotherms 168 h after the release of layer L5, with
emphasis on the occurrence of higher temperatures at points near the geometric center of the

structure and the ground, in addition to the cooling of the edges and layer L5.

Figure 68 — Example of isotherms at the foundation block core: (a) at the time of peak temperature of

the L5 layer; (b) 168 h after the release of the L5 layer
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In the sequence, 5 points (A, B, C, D, and E) were chosen to follow the temperatures
over time in the simulations and the field. Figures 69, 70, and 71 show the location of each
point on the structure. It was chosen to install points A and B in the center of all layers. Point
B was installed very close to point A for safety since if there were failures in some of the

thermocouples at point A, there would be a chance that point B was recording temperatures at
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that location. Points C, D, and E were installed only in the center of layers L.3 and L4 due to the
greater possibility of reaching the maximum temperatures at these locations. In total, it was
recommended to install 16 thermocouples inside the raft foundation. Table 20 shows the

maximum temperatures reached by points A, B, C, D, and E in simulation S25.

Figure 69 —Location of the internal points chosen for monitoring the evolution of temperatures over

time in the foundation
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Figure 70 — Cross-section AA of the rafter with the location of points A, B, D, and E within the structure
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Figure 71 — Cross-section BB of the rafter with the location of points

A, B, and C within the structure
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Table 20 — Maximum temperatures reached by points A, B, C, D and E in simulation S25

Point
Layer

A B C D E
L1 57.8°C 57.8°C - - -
L2 62.5°C 62.5°C - - -
L3 63.6 °C 63.6 °C 63.5°C 63.5°C 62.8 °C
L4 63.7 °C 63.7°C 63.7°C 63.7°C 62.9 °C
LS 61.2°C 61.1°C - - -

Source: Author (2022).

4.4 Follow-up of casting and monitoring of the structure in the field

The casting of the raft was performed between February 16 and 26, 2021.
Table 21 shows the final concrete casting schedule applied. The interval between layers L2 and
L3 was equal to 86 h due to the work interruption on the weekend. Thus, the casting duration

was 11 days.

Table 21 — Schedule of the foundation casting

Layer Date Pouring time (h) | Day of casting
L1 16/02/2021 0 1°
L2 18/02/2021 38 3°
L3 22/02/2021 124 7°
L4 24/02/2021 162 9°
LS 26/02/2021 200 11°

Source: Author (2022).
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The follow-up of the casting was monitored throughout the days. The quality
control was done by a specialized company employed by the foundation construction company,
which measured the placing temperatures of each truck mixer (FIGURE 72a), the highest of
which was 27.90 °C and the general average was approximately 25°C. In addition, this control
was performed through the consistency slump test (FIGURES 72b and 72¢) and the molding of

specimens for later compressive strength testing.

Figure 72 — Technological control of the concrete during the concrete placing steps

a) Measuring concrete placing b) Slump test ¢) Slump test
temperature

Source: Author (2022).

The instrumentation of the structure for measuring the internal temperatures at
points A, B, C, D, and E was done with the help of the construction company's technical team.
The thermocouples (type K, with glass fiber insulation cable with a connector at one of its
extremities, from Bagarel brand) were fixed to the steel reinforcements (FIGURE 73). The
acquisition devices were positioned on top of the structure inside wooden boxes
(FIGURE 74a). For the measurements, automatic devices (FIGURE 74b) and one manual
acquisitor were used to check the integrity of the thermocouples after the casting
(FIGURE 74c). The automatic acquisitors were kept on for up to 7 days after placement of each
layer, with setup configured for hourly measurements. Both data acquisition devices used

(manual and automatic) were from the brand Novus. The automatic devices (LogBox-AA) had
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two input channels, being able to receive two thermocouples’ input in each device. In addition,
they are fully configurable devices using software that allows data collection, plotting, analysis

and export. The manual equipment had only one channel.

Figure 73 — Installation of thermocouples on the raft foundation reinforcement

Source: Author (2022).

Figure 74 —Temperature acquisition devices used in the case study
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Source: Author (2022).
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The casting time of each layer was approximately 10 hours, requiring an average of

50 mixer trucks to fill each one. It is worth mentioning that, in the third step there was a problem

in the concrete supply that caused the cancellation of this stage without the finishing of the L3

layer, placing only 40 mixer trucks. Because of this, there was the need to adapt the

computational prediction model to verify the possibility of placing the missing part of layer L3

together with L4 and thus avoiding risks to the structure.

Therefore, a new simulation (S26) was developed to analyze this new casting

configuration, which is shown in Figures 75, 76, and 77. The interruption of casting occurred

in Region 2, where only 0.20 m of the L3 layer height was filled, leaving 0.35 m to be filled

together with the L4 layer.

Figure 75 — Floor plan with the location of where the casting was interrupted in layer L3
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Figure 76 — Cross-section AA of the foundation with the new casting configuration implemented in

simulation S26
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Figure 77 — Cross-section BB of the foundation with the new

casting configuration implemented in simulation S26
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Furthermore, according to Table 21, the time interval between the end of the L2
layer casting and the beginning of the L3 layer increased by 48h, due to the weekend, being
necessary to also implement this change in the computational model. Thus, simulation S26 was
performed, and the maximum temperatures of points A, B, C, D, and E in this new configuration

are presented in Table 22.

Table 22 — Maximum temperatures reached by points A, B, C, D, and E in simulation S26

Point
Layer

A B C D E
L1 57.7°C 57.7°C - - -
L2 62.5°C 62.5°C - - -
L3 61.7°C 61.7°C 61.7°C 58.1°C 56.56 °C
L4 63.1 °C 63.2°C 63.0 °C 64.5 °C 63.8 °C
LS 61.2°C 61.1°C - - -

Source: Author (2022).
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According to Table 22, the feasibility of placing the remaining volume of concrete
from layer L3 together with layer L4 can be seen, since there was no temperature of the structure
above the safety limit of 65 °C at any of the points, especially at points D and E, where the part
with the highest thickness (0.90 m) is located. With these results, the construction company
proceeded with the casting, thus finalizing the construction of the raft. The monitoring of the

temperatures in the last L5 layer was carried out until March 3, 2021.

According to the experience in the field, it is important to highlight the care that
should be taken during the casting of massive concrete foundations. Besides the development
of previous studies to define the casting plan, the installation of thermocouples should be done
with extreme caution due to the fragility of this equipment, which should be fixed to avoid
rupture during the placing of concrete. The temperature acquisition devices must be protected
from exposure to sunlight and humidity to avoid damage and improper operation. The placing
temperature must be controlled in each concrete mixer truck because if the value exceeds the
established limit, corrections must be applied. Finally, we emphasize the importance of
monitoring the casting of concrete, because unexpected situations can occur, and it may be
necessary to conduct new studies to support decision-making at critical moments during this

process.

4.5 Results of comparison between computational results and field monitoring data

To finalize the case study described in this chapter, it was decided to perform a
comparison between the field monitoring data extracted from the temperature acquisition
devices and the results of the S26 simulation, described in the previous item. The comparisons
were made to verify the reliability of the thermal predictions and identify points for
improvement in this type of analysis. The results for points A, B, C, D, and E, where the
thermocouples were installed, are presented in Figures 78, 79, 80, 81, and 82, respectively. It is
noteworthy that some thermocouples were damaged during the monitoring process, and the data
from them were discarded, among them, it is possible to mention: the thermocouple installed at
point A in layer L5 and thermocouples installed at point B in layers L1 and L4. In layers L3
and L5, the recording of temperatures was interrupted before 180 h at point B.

When plotting the curves, it was noticed that, in all cases, the monitoring data

showed lower temperatures than the simulation data throughout the analysis time, which can be
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justified by the fact that some concrete batches were cast with temperatures below the maximum
limit of 27°C and because of the weather conditions during the casting days, which were cloudy
and with little sunlight, which may have prevented further heating of the structure. This shows
that the climate forecasts used may not have correctly represented the reality of the casting days.
Moreover, as mentioned in the previous chapter, the fact that the thermal properties, such as
specific heat, were taken from the literature may be another reason for this divergence, because
the values implemented in the software may not have characterized well the foundation
materials. Thus, although the computational results were favorable to safety, i.e., higher than
the field data, it is important to perform tests to obtain the material properties and/or preliminary
studies with prototypes to adjust the prediction models before the casting of the structures.

Another point of divergence observed was concerning the beginning of structure
heating, which was slower and presented lower peaks in the results measured in the field. This
may have happened due to the influence of the admixtures used in the concrete mix design, as
retarders of the setting time. The influence of the admixtures was not considered in the test
performed to obtain the heat of hydration curve implemented in the b4cast software. According
to Zhang et al. (2018) and Antoniazzi et al. (2021), the increase in the content of some additives
in concrete may contribute to these results.

Despite this, a similarity in the trend between the curves of the measured and
simulated results was noticed. Thus, it was decided to plot a new curve moving the S26
simulation results in the X direction to approximate the heating initiation time with the time of
the field data curve. With this, it was confirmed that, despite the differences described above,
the similarity in the behavior of the computational and field results is confirmed for practically

the entire analysis period at all points.
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Figure 78 — Comparison between the field monitoring data from raft foundation and the S26

computer simulation results obtained in b4cast for point A at layers L1 (a), L2 (b), L3 (c) e L4 (d)
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Figure 79 — Comparison between the field monitoring data from raft foundation and the S26

computer simulation results obtained in b4cast for point B at layers L2 (a), L3 (b) e L5 (c)
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Figure 80 — Comparison between the field monitoring data from raft foundation and the S26

computer simulation results obtained in b4cast for point C at layers L3 (a) e L4 (b)
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Figure 81 — Comparison between the field monitoring data from raft foundation and the S26

computer simulation results obtained in b4cast for point D at layers L3 (a) e L4 (b)
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Figure 82 — Comparison between the field monitoring data from raft foundation and the S26

computer simulation results obtained in b4cast for point E at layers L3 (a) e L4 (b)
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Finally, a study was conducted comparing the differences between the maximum
temperatures of the data measured in the field and the S26 simulation, performed according to

the implemented casting process. Table 23 presents the results.

Table 23 —Differences between maximum temperatures reached in simulation S26 and in field

monitoring (Simulation S26 — Field Monitoring)

Point
Layer

A B C D E
L1 12.67 °C - - - -
L2 14.47 °C 14.52 °C - - -
L3 18.68 °C 18.73 °C 16.69 °C 15.12°C 6.56 °C
L4 13.08 °C - 15.01°C 17.13°C 17.76 °C
LS - 14.12 °C - - -

Source: Author (2022).

According to Table 23, it is possible to see that, for points A, B, and C, the highest
differences were found in layer L3. Moreover, regarding this layer, according to the field
monitoring data presented in Figures 78 to 82, it can also be seen that this layer was one of
those with the lowest temperature rise over time, against what was expected for it, which is
located in the core of the structure, where a greater possibility of internal heating is expected.
The lower heating of this layer occurred because of the longer time interval (86h) between the

casting of layer L2 and layer L3, i.e., when layer L3 was cast, L2 was already cooler, thus
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generating little impact on the internal heating of layer L3. Regarding the major differences
found between field measurement data and computer simulation results, especially for this
layer, the use of literature parameters (such as material properties) and climate predictions in
the simulations did not perfectly represent the reality experienced in the field.

Regarding points D and E, the largest differences were found in layer L4. This was
expected because points D and E are inserted in the part where there was an interruption of the
casting and, thus, layer L4, at these locations, has the biggest thickness (0.90 m) and presented
the highest heating. As the computational results were higher than those measured in the field
at all points throughout the analysis time, the biggest differences identified between these data

would be exactly at the points with the highest heating.

4.6 Final comments

This chapter focused on conducting a case study, with the development of thermal
behavior predictions in a finite element software for the definition of the casting methodology
to be applied in a mass concrete foundation of a high-rise building. In addition, the application
of this methodology and the instrumentation and monitoring of the internal temperatures of this
structure were followed up. The comparison between data from field measurements and
computer simulations was fundamental to analyzing the reliability of the predictive model used.

The main conclusions regarding the results obtained were:

to define the casting plan, it is essential to align it with the planning of the structure's

construction company and, especially, with the concrete supply company to avoid losses

and delays during the process;

- the increase in the time interval between the placing of each casting stage reduces the
thermal rise experienced by the structure since when a layer is placed, the previous one is
already undergoing a cooling process, which increases over time;

- attention is drawn to the influence caused by the casting of each new layer on the previously
placed layers, which, even in the cooling process, showed temperature peaks at the time of
the casting of the adjacent layers.

- the importance of following up on the casting and monitoring of the structure is emphasized

due to the occurrence of unexpected events that may require the adaptation of prediction

models to evaluate the probability of risks to the structure and, thus, facilitate decision-
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making during critical periods in the casting;

- the reliability of the prediction model used was confirmed since the field results presented
internal temperatures lower than the computational results. Despite this being in the benefit
of safety, a large difference was observed especially between the results of maximum
temperatures, whose simulations results exceeded by almost 19 °C the maximum
temperature obtained in the field at certain points;

- there was a divergence between the time to reach maximum temperatures in the field data
and the simulation, highlighting the need to consider the influence of the admixtures used
in the mix design on the results of the cement hydration heat.

- these divergences between the values of the maximum temperatures demonstrate the need
to use input parameters that effectively characterize the materials and the boundary
conditions that will be applied in the field.

- in the absence of tests to obtain these parameters, it is recommended to develop prototypes
using the same materials and applying the same boundary conditions to bring the
computational models closer to the real situation that will be experienced during the casting
process;

- among the main challenges and care during the study of thermal behavior and subsequent
monitoring of mass concrete structures, it is worth mentioning the execution of tests to
characterize the thermal properties of materials and the monitoring of climatic conditions at
the site of the structure's construction, the care taken during the installation of
thermocouples due to the fragility of this equipment and, especially, during casting so as
not to break them, the protection of temperature monitors to avoid damage during readings
and the monitoring and tracking of casting to assist in adapting the computer models when

necessary during the process.

Based on the case study and field experience, a casting plan was developed with the
presentation of a checklist to assist in the process of predicting the thermal behavior of mass
concrete structures and a template with the main results to guide the casting process. This

document is presented in Appendix C.
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5 FINAL CONSIDERATIONS AND SUGGESTION FOR FUTURE RESEARCH

This research had as main objective to contribute to the evaluation of the predicted
and the measured thermal behavior of mass concrete foundations. For this, the research included
the analysis of thermal predictions in two different computational tools (one more widespread
in consulting activities for thermal analysis of concrete and the other more restricted to
Academia) and the development of parametric studies to approximate the simulations to the
field measured results. It also described the development of a casting plan and monitoring
strategy of a mass concrete structure with the follow-up of its application in the field.

The suggested process allowed for a better understanding of the thermal behavior
of mass concrete structures, especially regarding the influence of some fundamental parameters
to this type of study and the care and challenges found from the forecast development to the

monitoring of the internal temperatures of these structural elements.

5.1 Summary of conclusions

Chapter 2 focused on achieving specific objective 1 of this work by developing
thermal analyses of a wind turbine concrete foundation in two software packages: Ansys and
b4cast. The main difference between the results obtained by them was concerning the time of
reaching the maximum internal temperatures of the structure. In Ansys, the temperature peaks
occurred near the end of the analysis, showing a more divergent relation to the measurements
made in the field. About the maximum temperature values, b4cast presented higher values in
almost all the analyses performed, being closer to the maximum values found in the field. The
highest differences between the temperature values reached by the two software were at points
closer to the outside, showing a divergence between the heat exchange of the structure and the
environment, which deserves to be investigated.

Although the results were superior in b4cast, a convergence in the definition of the
ideal placing temperatures for the structure and in the curves trend of the thermal behavior of
the structure over time was observed between the two software. Finally, it is highlighted that
the parameters used in the computational models developed in this chapter did not accurately
characterize the real structure. This occurs because the maximum temperature values obtained
in the computational predictions, one of the main requirements to avoid the emergence of DEF,

were lower than the values reached by the structure in the field.
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Thus, a new study was done, described in Chapter 3, analyzing the same foundation
structure to evaluate the influence of certain parameters on thermal behavior and looking for an
approximation between the computational models developed and the measurement data. This
Chapter focused on achieving the specific objective 2 of this work. The variation in the thermal
properties of concrete can generate differences in the results of the internal temperatures
reached by the structure. Of the two properties studied, thermal conductivity coefficient and
specific heat, the variation of the latter generated a significant influence on the results. This
caused an approximation of the predictive model with the field monitoring data, especially
concerning the maximum temperatures reached.

The study of the division of the casting in layers showed a difference of less than 1
°C in the results. This small difference was due to the short interval applied between the
placement of the layers. Although this influence was not considered so significant in this case,
it is important to emphasize the importance of implementing this configuration so that the
simulation is as close as possible to the reality of the construction site. The last part of this
Chapter analyzed the variation of climatic conditions (environment temperature and wind
speed) over time. It did not show a significant influence on the simulated results due to the low
range of variation of the implemented data, emphasizing the importance of studying other
factors, such as heat exchange by radiation.

Chapter 4 focused on the achievement of specific objective 3 by performing a case
study on a high-rise building foundation. It is important to highlight the importance of the
alignment between the construction company and the concrete supply company to better define
and control the casting plan of a mass concrete structure. It was proven that the temperature rise
of the structure reduces as the time interval applied between the placing of each concrete layer
increases. Furthermore, it is emphasized the influence caused by the placement of a new layer
in the increase of the internal temperatures of previously placed layers. The importance of
following up on the casting process and monitoring the structure in the field was proven due to
the occurrence of unpredictable situations that can change the thermal behavior predicted.

The main challenges and care during the study of thermal behavior and subsequent
monitoring of mass concrete structures observed were the tests to obtain all the properties, the
care in the installation of thermocouples and during casting to avoid the breakage of these types
of equipment, and the care with the data acquisitors to avoid damage and, consequently, reading
errors.

Regarding the reliability of computer models developed for high-rise building

foundations, the results of the temperature predictions were higher than the results of the field
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monitoring, showing that the computational model developed with some improvements
identified in the previous chapters was in favor of safety. Although this is something positive,
the differences identified between simulated and field measured data could be minimized with
the use of more realistic material properties (that should be measured for the investigated
material) and boundary conditions, thus contributing to a possible reduction of costs related to
the concrete casting process (with the use of lower ice content in the mix design, for example)
and to increase the reliability of the predictive models.

In general, the oscillations in internal temperatures identified in field measurements
were not observed in the simulations performed, due to the small amplitude identified in the
implemented climate parameters and to not considering heat exchange by radiation in the
computational analyses.

Finally, in the raft foundation analysis, a divergence was observed concerning the
time to reach the maximum temperatures that may have been caused by the influence of
admixtures in the mix design, which was not considered in the test to obtain the cement heat

curve.

5.2 Future research suggestions

This work was also useful to identify the need for the development of new
complementary studies to improve the understanding of the thermal behavior of mass concrete
structures. Then, suggestions are given next for future research.

As a result of the Covid-19 pandemic, some activities initially under the planned
scope of this work were not carried out, including the development of laboratory tests to obtain
material properties. Thus, a new case study is recommended, applying the actual data of the
material properties that will be used in the construction of the structure, as well as the correct
boundary conditions.

Furthermore, it is recommended to do another case study applying a previous
optimization of the prediction models developed from the building of smaller-scale prototypes
with the same materials and boundary conditions that will be applied in the construction of the
actual structure. The prototypes should be monitored, and the data obtained compared with the
preliminary simulations, further validating the models in a more controlled environment. Then,
if the need is verified, the computer models can be adapted to present greater reliability in their

results.
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The heat exchange between the structure and the environment by radiation (cyclic
solar radiation occurs in the investigated foundations) was not considered in the analyses
performed. Thus, further studies are recommended to evaluate the influence of this condition
on the thermal behavior of mass concrete structures.

A research on the boundary conditions is suggested to address this late peak of
temperature obtained in Ansys.

Finally, as divergences were verified in the time to reach the maximum temperatures
between the field measured data and the computer simulations, a study is recommended
regarding the influence of the types and contents of additives that can be used in the concrete

mixes on the thermal behavior of these structures.
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APPENDIX A - ENVIRONMENTAL TEMPERATURE AND WIND SPEED DATA IN
THE CONSTRUCTION CITY OF THE WIND FARM OF FOUNDATION ANALYZED

The city data used in the simulations were obtained from the Weather website
(2021), which shows the variation in hourly of temperatures and wind speeds.

Hour Temperature (°C) Wind Speed (m/s)
6:00 28 5.56
7:00 29 6.94
8:00 30 7.78
9:00 31 8.61
10:00 32 8.89
11:00 32 9.17
12:00 32 9.17
13:00 32 9.72
14:00 32 9.44
15:00 31 9.17
16:00 30 8.33
17:00 29 7.50
18:00 28 6.67
19:00 28 6.11
20:00 28 5.83
21:00 28 5.83
22:00 28 6.11
23:00 28 6.11
0:00 28 6.39
1:00 28 6.39
2:00 28 6.11
3:00 28 6.11
4:00 28 5.83
5:00 28 5.83
6:00 28 5.56
7:00 29 6.94
8:00 30 7.78
9:00 31 8.61
10:00 32 8.89
11:00 32 9.17
12:00 32 9.17
13:00 32 9.17
14:00 32 8.89
15:00 31 8.61
16:00 31 8.06




17:00 30 7.22
18:00 29 6.39
19:00 28 5.83
20:00 28 5.83
21:00 28 5.83
22:00 28 6.11
23:00 28 6.11
0:00 28 6.11
1:00 28 6.11
2:00 28 6.11
3:00 28 5.83
4:00 28 5.83
5:00 28 5.83
6:00 28 5.56
7:00 29 6.67
8:00 30 7.78
9:00 31 8.33
10:00 32 8.61
11:00 32 8.89
12:00 32 8.89
13:00 32 9.17
14:00 32 8.89
15:00 31 8.61
16:00 31 8.06
17:00 30 7.22
18:00 29 6.39
19:00 28 5.83
20:00 28 5.83
21:00 28 5.83
22:00 28 6.11
23:00 28 6.11
0:00 28 6.11
1:00 28 6.11
2:00 28 6.11
3:00 28 5.83
4:00 28 5.83
5:00 28 5.83
6:00 28 5.56
7:00 29 6.94
8:00 30 7.78
9:00 31 8.61
10:00 32 8.89
11:00 32 9.17
12:00 32 9.17
13:00 32 9.72
14:00 32 9.44
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15:00 31 9.17
16:00 30 8.33
17:00 29 7.50
18:00 28 6.67
19:00 28 6.11
20:00 28 5.83
21:00 28 5.83
22:00 28 6.11
23:00 28 6.11
0:00 28 6.39
1:00 28 6.39
2:00 28 6.11
3:00 28 6.11
4:00 28 5.83
5:00 28 5.83
6:00 28 5.56
7:00 29 6.94
8:00 30 7.78
9:00 31 8.61
10:00 32 8.89
11:00 32 9.17
12:00 32 9.17
13:00 32 9.17
14:00 32 8.89
15:00 31 8.61
16:00 31 8.06
17:00 30 7.22
18:00 29 6.39
19:00 28 5.83
20:00 28 5.83
21:00 28 5.83
22:00 28 6.11
23:00 28 6.11
0:00 28 6.11
1:00 28 6.11
2:00 28 6.11
3:00 28 5.83
4:00 28 5.83
5:00 28 5.83
6:00 28 5.56
7:00 29 6.67
8:00 30 7.78
9:00 31 8.33
10:00 32 8.61
11:00 32 8.89
12:00 32 8.89
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13:00 32 9.17
14:00 32 8.89
15:00 31 8.61
16:00 31 8.06
17:00 30 7.22
18:00 29 6.39
19:00 28 5.83
20:00 28 5.83
21:00 28 5.83
22:00 28 6.11
23:00 28 6.11
0:00 28 6.11
1:00 28 6.11
2:00 28 6.11
3:00 28 5.83
4:00 28 5.83
5:00 28 5.83
6:00 28 5.56
7:00 29 6.94
8:00 30 7.78
9:00 31 8.61
10:00 32 8.89
11:00 32 9.17
12:00 32 9.17
13:00 32 9.72
14:00 32 9.44
15:00 31 9.17
16:00 30 8.33
17:00 29 7.50
18:00 28 6.67
19:00 28 6.11
20:00 28 5.83
21:00 28 5.83
22:00 28 6.11
23:00 28 6.11
0:00 28 6.39
1:00 28 6.39
2:00 28 6.11
3:00 28 6.11
4:00 28 5.83
5:00 28 5.83
6:00 28 5.56
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APPENDIX B - ENVIRONMENTAL TEMPERATURE AND WIND SPEED DATA IN
FORTALEZA, THE CITY OF CONSTRUCTION OF THE ACQUALINA BUILDING

The city data used in the simulations were obtained from the Weather website
(2021), which shows the variation in hourly of temperatures and wind speeds.

Hour Temperature (°C) Wind Speed (m/s)
27 0 6.11
28 1 7.5
30 2 8.61
31 3 8.89
32 4 9.17
32 5 8.89
32 6 8.61
31 7 8.33
30 8 8.06
29 9 7.22
28 10 6.94
27 11 6.39
27 12 6.11
27 13 6.11
27 14 6.39
27 15 6.39
27 16 6.94
27 17 7.5
27 18 7.5
27 19 7.5
26 20 7.5
26 21 6.94
26 22 6.39
25 23 5.83
26 24 6.11
28 25 7.5
29 26 8.61
30 27 8.89
31 28 9.17
32 29 8.89
32 30 8.61
31 31 8.33
29 32 8.06
29 33 7.22
28 34 6.94
27 35 6.11




27 36 5.83
27 37 5.56
27 38 5.56
27 39 5.83
27 40 6.11
27 41 6.39
27 42 6.67
27 43 6.67
27 44 6.67
26 45 6.39
26 46 5.83
26 47 5.28
27 48 5.56
28 49 6.94
30 50 8.33
31 51 8.89
32 52 9.17
32 53 9.17
32 54 8.89
31 55 8.33
30 56 8.06
29 57 7.22
28 58 6.67
27 59 6.39
27 60 6.11
27 61 6.11
27 62 6.39
27 63 6.39
27 64 6.94
27 65 7.5
27 66 7.5
27 67 7.5
27 68 7.5
26 69 6.94
26 70 6.39
26 71 5.83
27 72 6.11
28 73 7.5
30 74 8.61
31 75 8.89
32 76 9.17
32 77 8.89
32 78 8.61
31 79 8.33
30 80 8.06
29 81 7.22
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28 82 6.94
27 83 6.39
27 84 6.11
27 85 6.11
27 86 6.39
27 87 6.39
27 88 6.94
27 89 7.5
27 90 7.5
27 91 7.5
26 92 7.5
26 93 6.94
26 94 6.39
25 95 5.83
26 96 6.11
28 97 7.5
29 98 8.61
30 99 8.89
31 100 9.17
32 101 8.89
32 102 8.61
31 103 8.33
29 104 8.06
29 105 7.22
28 106 6.94
27 107 6.11
27 108 5.83
27 109 5.56
27 110 5.56
27 111 5.83
27 112 6.11
27 113 6.39
27 114 6.67
27 115 6.67
27 116 6.67
26 117 6.39
26 118 5.83
26 119 5.28
27 120 5.56
28 121 6.94
30 122 8.33
31 123 8.89
32 124 9.17
32 125 9.17
32 126 8.89
31 127 8.33
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30 128 8.06
29 129 7.22
28 130 6.67
27 131 6.39
27 132 6.11
27 133 6.11
27 134 6.39
27 135 6.39
27 136 6.94
27 137 7.5
27 138 7.5
27 139 7.5
27 140 7.5
26 141 6.94
26 142 6.39
26 143 5.83
27 144 6.11
28 145 7.5
30 146 8.61
31 147 8.89
32 148 9.17
32 149 8.89
32 150 8.61
31 151 8.33
30 152 8.06
29 153 7.22
28 154 6.94
27 155 6.39
27 156 6.11
27 157 6.11
27 158 6.39
27 159 6.39
27 160 6.94
27 161 7.5
27 162 7.5
27 163 7.5
26 164 7.5
26 165 6.94
26 166 6.39
25 167 5.83
26 168 6.11
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APPENDIX C - CASTING PLAN TEMPLATE FOR MASS CONCRETE

STRUCTURES

1) PRELIMINARY INFORMATION FOR THE DEVELOPMENT OF THE THERMAL

ANALYSIS
Checklist of information provided by the | Description
construction company
O Type of materials

O

Concrete mix design

O

Content

Thermo-physical properties of concrete

O O OO0

®)

Density

Thermal conductivity

Specific heat

Coefficient of Thermal Expansion
Other

Cement heat of hydration curve

Has the influence of additives been
considered?

@)
O

Yes
No

Structure design

O O

Floor plan
Sections

Site climate information

OO O0OO0OO0

Environment temperature
Wind speed

Humidity

Solar radiation

Other

Boundary conditions

OO O0OO0O0

Type and thickness of the formwork
Estimated time for formwork removal
Type of concrete curing

Estimated curing time

Substrates in contact with the structure
and (example: rock or soil below the
concrete structure, other concrete
structures, etc)

Properties and dimensions of theses
substrates

Thickness of the concrete
regularization layer

O

Additional Information
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2) RESULTS OF THE THERMAL ANALYSIS (CASTING PLAN)

Number of casting layers

Thickness of each layer

Layer casting interval

Curing time applied

Formwork removal time applied

Placing temperature of each layer

Content and temperature of the water in
the concrete mix design

Ice content in the concrete mix design

3) CASTING PLAN DESIGN

Insert the casting plan design, showing floor plan and cross-sections of the layers.

4) MONITORING OF INTERNAL TEMPERATURES

Number of monitoring points

Monitoring Time
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5) INSTRUMENTATION DESIGN OF THE STRUCTURE

¢ Insert monitoring plan design, showing floor plan and cross-section of the structure with
the precise location of all the chosen points.

NOTES:

o In the absence of information about the materials and site properties, this information will be taken
from literature and weather forecasts, thus reducing the reliability of the results.

e  The occurrence of any unexpected situation that modifies the application of the casting plan must
be informed.




