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Abstract

This work investigates the thermal and mechanical behaviour of a concrete pi-
lot block, which forms part of a flood prevention polder on the Krounka River in
the Czech Republic. Particular attention is paid to the early-age behaviour of the
structure and the development of cracks as a result of hydration heat. A numeri-
cal model is developed using the object-oriented finite element software OOFEM,
supported by open-source tools for pre- and post-processing. Cement hydration
is simulated using the affinity hydration model, with parameters calibrated from
experimental data. Thermal analysis is formulated as a transient heat transfer
problem and validated using temperature data from embedded sensors.

The nonlinear mechanical analysis is coupled with the thermal simulation results.
Concrete is modelled as an ageing viscoelastic material with tensile fracture be-
haviour. Basic creep and autogenous shrinkage are described by the Micropre-
stress—Solidification theory, and fracture behaviour is captured using a fixed crack
model. Model parameters are derived primarily from experiments, supplemented
by literature values where necessary. The mechanical analysis results are com-
pared with in situ strain data, overall showing good agreement. The evolution of
the crack width is also the key objective.

The findings indicate that the structure is not prone to early-age cracking under
realistic boundary conditions. However, it is highly sensitive to restraint. When
base concrete is modelled as fully rigid, significant through-cracks can occur. The
study highlights the importance of embedded cooling systems in reducing thermal
stresses and demonstrates the applicability of numerical modelling as an effective
tool for the design and evaluation of cracking risk for massive concrete structures.
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Chapter 1

Introduction

1.1 Background

Reinforced concrete is one of the most widely used civil engineering materials due
to its high compressive strength, excellent workability, cost-efficiency, and dura-
bility. However, its durability can be compromised by the propagation and devel-
opment of cracks. These cracks can arise from various causes, including structural
issues such as overloading or unexpected settlements, as well as non-structural
factors like shrinkage, creep, and thermal actions. This second type of cracks can
be partly mitigated through proper design, disciplined construction practices, and
effective curing. Still, the issue remains very complex and challenging. When
speaking about the thermal actions, the released hydration heat, combined with
low thermal conductivity, results in high temperature gradients in massive con-
crete structures, causing problems that have to be considered in the design. An
effective technique for dissipating heat during curing is water cooling of the core
part using pre-installed pipe lining.

One of the most remarkable examples, where civil engineers have to face this chal-
lenge, is during the construction of the dams. The most remarkable examples are
large dams such as Hoover Dam (USA, 1936), Itaipu Dam (Brazil/Paraguy, 1984),
Kariba Dam (Zambia/Zimbabwe, 1960) or Three Gorges Dam (China, 2003). De-
spite the different location, type or age, all the above-mentioned dams have one
thing in common that special interest had to be given to the released hydration
heat and the technique of water-cooling pipe lining had been employed. Left
unchecked, hydration heat could cause significant thermal cracking, compromis-
ing not only the dam’s structural integrity but also leading to water seepage and
finally increasing maintenance and repair costs. Reducing the risk of cracking and
understanding its underlying mechanisms remain key objectives for researchers.
Despite significant progress over the past century, some questions remain unan-
swered and new ones continue to emerge. This reflects the complexity and inter-
disciplinary nature of the field. For many scientists, this field becomes a lifelong
pursuit.
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In my case, the master’s thesis represents a natural progression in this area of
study. My initial introduction to the topic was during the bachelor thesis, which
as well focused on modelling the water-cooling process in massive concrete struc-
tures and exploring cement hydration [20]. That work focused on the compari-
son of heat field evolution for simplified and detailed geometry including cooling
pipes. This experience has provided a strong foundation and also a passion for
further research.

1.2 Aim and scope

The behaviour of massive water-cooled concrete structures is influenced by com-
plex thermo-mechanical interactions, particularly under conditions of restrained
shrinkage, creep and cooling-induced stresses. While extensive empirical data and
established models exist for conventional restrained concrete, the specific charac-
teristics of large-scale, water-cooled concrete constructions remain insufficiently
explored in terms of predictive accuracy. Possible reasons for an explanation why
so, probably come from the difficulty of generalization. Each large-scale structure
is quite unique because of its geometry, concrete mixture recipe, restraint con-
ditions, curing technique, boundary conditions, surrounding temperature and so
on. It is quite obvious that it can be hardly generalized and, therefore, a numerical
analysis is a necessity for such structures.

This thesis’s hypothesis is that coupled thermo-mechanical simulations can ac-
curately predict stress evolution, cracking behaviour, and deformation in water-
cooled concrete blocks, if material parameters and boundary conditions are ap-
propriately assumed. Therefore, finite element software is utilized in order to
replicate the heat development caused by hydration and simulate the propaga-
tion and development of cracks in the block of a dam structure. The key research
questions are divided into three main areas:

* Material Modelling: How effectively can existing mechanical models com-
bined with the fracture model simulate crack propagation in massive water-
cooled concrete structures under real-world conditions?

* Validation Framework: How effectively can in situ measurements, such as
data from instrumented blocks, validate the numerical simulations?

In addition, the thesis intends to investigate the potential applicability of these
results to other possible applications.

Numerical modelling requires careful selection of factors to include, balancing
accuracy with computational complexity. Background variables, such as the in-
sulation of formwork or the top surface covering, are relatively straightforward
to consider. However, others are more difficult. The air temperature, which can
vary significantly from day to night, generates a dynamic boundary condition that
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is more difficult to parametrise. These temperature changes can further produce
thermal gradients that might affect hydration and stress development. Also, the
long duration of casting makes modelling more challenging because the initial
temperature of fresh concrete is different for each batch, leading to nonuniform
hydration of the block. While these effects would greatly enhance the fidelity of
the model, they significantly complicate it. Simplifications, such as assuming aver-
age temperatures or uniform hydration, are practical for reducing computational
requirements. However, their potential impact on results, particularly for stress
distribution and cracking risk, should be carefully evaluated to ensure the model
remains relevant to real-world conditions.

1.3 Outline

Second chapter "State of the Art" underlines the importance of this problem and
provides the reasoning for importance of this topic. The fundamental object of this
chapter is to provide an explanation of the mechanism for the cracking of massive
concrete structures in the early stage and present the types of possible cracks.
Furthermore, it describes adopted possible ways how to mitigate this risk as well
as the overview of modelling approaches and comparison between adoption of the
embedded pipe water-cooling in Sweden and Czechia.

The central part of the work consists of chapter 3 "Finite Element Analysis" and
chapter 4 "Polder Krounka". Third chapter focuses on the finite element analysis, in
which crack development in a massive water-cooled concrete block is the main in-
terest. The numerical model employs a multi-physical approach. Important part of
this chapter is the review of the models describing time-dependent phenomenons
for concrete such as hydration, viscoelasticity, shrinkage, creep and fracture. The
fourth chapter presents an objective of the thesis which is a part of the upstream
wall of a dam preventing floods on the river Krounka in the Pardubice Region, the
Czech Republic. It describes data obtained from in situ measurements and labora-
tory data, which provide a solid basis for model validation. Moreover, a detailed
description of the finite element analysis for the structure is described.

In the following fifth chapter, the results of the FE analysis are presented and
described. Moreover, the results are also compared with the conducted field ex-
periment. This ensures the validation format for the numerical model. Parameter
study compares the impact of different parameter settings and revealing the most
important factors. Final chapter "Discussion and Conclusion" summarizes the ma-
jor findings of this thesis and also puts interest in the possible future research in
this area.






Chapter 2

State of the Art

Understanding the nature of mechanical and thermal stresses experienced by con-
crete structures during curing is a necessary prerequisite for the description of
cracking of concrete structures. Thus, it is essential for ensuring the structural
capacity, durability, and long life-span of these structures. In other words, proper
design reduces maintenance costs and total lifetime costs. This becomes even
more important for key infrastructure constructions such as dams, power plants,
bridges, containments, harbour structures, etc. The above mentioned structures
are very often giant and made of large amount of concrete. Therefore, these struc-
tures are usually classified as massive concrete structures.

The apposite description of massive concrete structures provides the American
Concrete Institute (ACI): "Any volume of concrete with dimensions large enough
to require that measures be taken to cope with the generation of heat from the
hydration of the cement and attendant volume change, to minimize cracking [2]."
This definition can seem slightly ambiguous, when compared to the definition of
Japanese Concrete Institute (JCI). According to JCI, mass concrete structures can
be defined as reinforced concrete walls with a thickness greater than 0.5 m re-
strained at the base or slab structures with thickness at least 0.8 m [17]. However,
the JCI also admits that the guidelines are suitable for structures with a high ce-
ment content that undergoes a large temperature difference due to hydration. In
conclusion, both definitions mention the reason, which is the heat that evolved
during the hydration of the cement.

In addition, experiences with the water cooling technique during hydration are a
key component to establishing the simplified methods of design. Despite several
practical applications in the last 15 years, this technique is still rarely used in
Czech construction practice. Fortunately, Sweden has more experience in this
field, which led to the establishment of semi-empirical methods. Thus, it provides
valuable information about the benefits and limitations of this technique, as well
as potential challenges in its broader adoption.
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2.1 Cracking

The reason for cracking in the early stage of the concrete maturing is always al-
most the same. Cracks start to form when the actual tensile stress attains the
current tensile strength of the concrete. During the stage of hydration, concrete
explores changes from the liquid to the solid state. Therefore, the mechanical be-
haviour and description of early age properties such as strength, Young’s modulus,
viscoelastic properties, and fracture energy are essential. However, it is only one
part of the problem. The second part should give an explanation for the cause of
experienced tensile stresses. The actual cause of cracking is very likely a combina-
tion of the correspondings effects:

* shrinkage, creep, hydration heat, alkali aggregate reaction

e restrain conditions, settlements, loads, environment

The first bullet corresponds to the effects which can be partly mitigated with
proper design of the concrete mixture while the second bullet corresponds to the
background variables that can vary significantly. The aim of this is to illustrate
the wide variety of causes. The total experienced strain .(¢) according to the fib
Model Code 2010 [15], is represented as the sum:

ec(t) = ecilto) + ece(t) + ecs(t) + ecr(t) 2.1

ecilto) 1is the initial strain at loading,
ec(t) is the creep strain at time ¢ > t,
) is the shrinkage strain,

ecr(t) is the thermal strain.

In addition, causes such as insufficient design or improper transport and construc-
tion measures have a severe consequence in increasing the risk of cracking.

2.1.1 Thermal induced cracks

Firstly, it is important to mention that for structures without external constraints
or statically determinate structures with linear temperature profile, no stress will
occur. However, the structures will deform. It can be distinguished between two
types of thermal stress:

* self-stress - caused by restrained of the structure itself

* restraint stress - caused by boundary restrained conditions of the structure
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The heat developed during the intense exothermic hydration of cement is disi-
pated into the surrounding environment. Due to the low thermal conductivity of
concrete a significant difference between the temperature of the core part and the
temperature of the surface is reached. Consequently, the cross section is loaded
with the temperature, resulting in compression in the core and tension on the sur-
face caused by the effect of restricted expansion of the core by the surface part.
Subsequently, cracks occur when the tension reaches the tensile strength of the
concrete. Based on the tensile deformation capacity, the maximum difference be-
tween temperatures can be determined. It is possible to find the value of 20 °C in
literature as well as in ACI or JCI guidelines [2; 17].

The surface cracks mainly form at the beginning of the increase in temperature or
during the removal of the formwork when the surface cools quickly. Often these
cracks close as the tensile stress on the surface decreases or changes in compres-
sion. Thus, these cracks usually do not cause severe problems. However, it can
be a problem for thinner construction when there are cracks on both sides or a
massive construction with a great temperature gradient. Cracks can grow during
the contraction period and result in deeper cracks, or in the case of thinner con-
struction, to through cracks. The through cracks reduces the structural capacity as
well as the durability.

During the contraction period, when the temperature of the concrete reaches its
peak, the core part tries to shrink. When concrete is restrained, the free movement
of cast part is not allowed and can lead to development of deep and through
cracks. Typically, a structure is exposed to some type of external restraint coming
from the construction restriction such as the connection with sublay concrete or
with another part of the structure.

2.1.2 Shrinkage induced cracks

The reduction in the volume of the mixture occurs as a consequence of the phase
changes that fresh concrete undergoes. The changes in volume are connected with
the lower water volume in the liquid phases compared to its volume in the solid
phase. Based on the reason for water loss, it is possible to distinguish between
three different types of shrinkage:

* Autogenous shrinkage
* Plastic shrinkage

* Drying shrinkage

In civil engineering practice, autogenous shrinkage is related to a change in vol-
ume during hydration under sealed conditions. The first phase is linked with the
contraction during the hydration of cement minerals due to complex chemical
processes, see "first shrinkage" in the Figure 2.1. This stage occurs before and dur-
ing the initial setting, followed by the expansion of hydrates (especially C-S-H)
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until the effect of contraction caused by drying becomes significant. During this
phase the autogenous shrinkage is related to the formation of air-filled pores in
the cement paste, see "second shrinkage" in the Figure 2.1. [19].

Al ik first expansion second
shrinkage shrinkage

s

>

time
Figure 2.1: Illustration of shrinkage stages of the cement paste [19]

As a product of the chemical reaction, the calcium silicate hydrate mineral (C-
S-H) is formed. Based on the molecular mass and densities of the substrates and
cement hydration products, volume reduction can be calculated [19]. Thus, chem-
ical shrinkage depends on the mineral composition of the cement. For tricalcium
aluminate (C3A), volume reduction is the highest 7 %, for tricalcium silicate (C3S)
2.8 %, and for dicalcium silicate (C,S) is 1 % [19]. During this stage, random
cracks can form at the interface of the aggregate and mortar due to unevenly
distributed tensile stress [29].

The cast concrete is in the plastic stage during setting until the final setting time.
The water from the top surface area rapidly evaporates. This phenomenon is called
plastic shrinkage [19]. Rapid moisture evaporation increases internal stress, which
can lead to the formation of map cracks on the surface [29]. To minimise the risk
of cracking, immediate curing of the concrete surface should be applied. Generally,
the main factors affecting plastic shrinkage are capillary pressure, water-cement
ratio and the use of admixtures [22].

Drying shrinkage continues to occur when the concrete surface is exposed to en-
vironmental conditions which results in the loss of water through the surface.
Humidity is distributed non homogenously, introducing strain gradients across the
section. The surface dries and attempts to shrink, but it is restrained by the core
part. This induces the cracks from the surface. Then the core dries and shrinks.
When subjected to restraint, induced tensile stress leads to propagation of the
previously formed cracks throughout the section [22].

The decision on which type of shrinkage has the greatest influence depends on
the recipe of the concrete mixture. Mixtures with a low water-cement ratio (w/c),
finely ground cements, and mixtures containing a high amount of cements, such as
high-strength concretes, suffer from high autogenous shrinkage. In this case, the
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nanopores formed as a result of autogenous shrinkage absorb more water. More-
over, the capillary water content in initial mix is reduced, as well as the diameters
of these capillaries are narrower and their tensile stresses are higher. [19]

Blending cement with mineral and pozzolanic materials generally reduces auto-
genous shrinkage. The effect is that the hydration or pozzolanic reaction of these
additions occurs more slowly and hence these particles remain much longer as the
anhydrous paste component [19]. Another option is to increase w/c ratio. When
the w/c ratio is above 0.5, autogenous shrinkage does not cause any harm due
to larger capillaries [19]. However, with increasing w/c ratio, drying shrinkage
becomes more dominant as a result of evaporation of free water in the mixture
[22]. Furthermore, environmental conditions such as wind speed and sun radia-
tion increase the effect of drying shrinkage.

Most of the concrete shrinkage cracks are surface cracks of fine widths with com-
plex and irregular shapes. Among different types of shrinkage, autogenous shrink-
age, plastic shrinkage and drying shrinkage are the main influential factors on the
development of shrinkage induced cracks at the early age.

2.1.3 Alkali aggregate reaction

Alkali aggregate reaction (AAR) is related to the chemical interaction between
alkali minerals in cement with reactive substances of the aggregate. There are
two types of AAR: alkali-carbonate reaction (ACR) and alkali-silica reaction (ASR)
[11]. ASR is more frequent and is caused by reactive silica minerals, such as opal,
flint, quartz, or volcanic ash. The result of the reaction is the formation of an alkali-
silica gel (see Figure b) that expands when exposed to moisture [4]. Therefore,
it is a severe problem for constructions such as dams, which are exposed to high
moisture.

OH Catt Na* K (Na, K, Ca)Si (Na, K, Ca)Si
Paste
(a) (b) (c)
Concrete pore alkalis: Reaction product The gel absorbs water
Na, K, Ca and OH Alkali-silica gel from the surrounding
T, A VQi e aste g " s
Risictiv siHoa AErosats (Na, K, Ca)Si cement paste and expands
OH- and then Na* and around and within the  Causing internal stresses
K+ will react with SiO2 aggregate and leading to cracking

Figure 2.2: Mechanism of alcali-silicate reaction [4]
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The micropores are first filled, and then the gel continues to expand, increasing
the pressure between the mortar and aggregate. As a result, the mortar around
aggregate starts to crack. The cracks develop within the inner part and extend up
to the surface. This can form cracks with widths from millimetres up to centime-
tres. Repair of these cracks is complicated, and the through cracks also lead to the
moisture exposure of the reinforcement which can corrode. [29; 4]

The alkali aggregate reaction significantly reduces the tensile and flexural strengths,
whereas the effect on the compressive strength is little. In addition, the elastic
modulus is significantly reduced due to the formation of cracks. [3]

Figure 2.3: Cracks induced by ASR in the left abutment of the dam Minas Gerais in
Brazil. It was constructed in 1946 and the first cracks were observed 20
years after construction. [11]

Cracking caused by AAR is not evident in the early age of concrete due to the crack-
ing mechanism, but the effect on increasing the risk of cracking in the early age
is evident due to the lower tensile strength [29]. To reduce the risk of AAR, low-
alkali Portland cement, mineral admixtures (fly ash and silica fume) or chemical
additives are often used to reduce the expansion. It is clear, that this phenomenon
negatively affects the durability of the concrete structures before the end of their
proposed life-span.

2.2 Hydration heat

The hydration of cement with water is a complex heterogeneous process with
a mechanism not fully described and extensively discussed. It has been studied
almost from the beginning of concrete production. Therefore, at the end of the
nineteenth century two main theories for cement hydration were introduced.

Le Chatelier established the theory on the basis of the investigation of the hy-
dration of calcium silicates as well as lime. This theory is nowadays known as
"crystalloid theory". The proposal that all hydration products are crystalline and
responsible for the strength has been the subject of dispute. This led to the for-

10
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mation of "colloid theory" by Wilhelm Michaélis. His theory assumed, that at first
the calcium aluminates and calcium sulphates form the needle crystals around
the cement particle. In an environment rich in calcium ions, the hydrosilicate gel
forms and embeds the cement particle. The hydration of the cement continues as
the particle reacts with the water from the gel. When water cannot penetrate the
compact gel, the hydration stops and anhydrous core of the cement particle might
remain.
H,Si0,

. OH-
2 Ca?'

AI(OH);
semaag I,‘v’_..-r 80_12-

@

R

H,0

=X, Ca?
OH
H,SiO,

Figure 2.4: Mechanism of cement hydration according to Le Chatelier "crystalloid
theory" (A) and Michaélis "colloid theory" (B)

Kurdowski [19] distinguishes between the heat of hardening and the heat of the
hydration. In practice, by heat of hydration we mean the heat that is generated
during the hydration of cement minerals and the hardening. In terms of strict-
ness, the heat of hydration should be related only to the chemical reaction when
the composition of the final products is exactly known. However, it is useful to
determine the amount of heat evolved during hardening for different cement min-
erals in order to understand the importance of mineral content of cements and
their behaviour, see Table 2.1 representing typical values and description of evo-
lution. The mineral composition of the cement strongly influences the evolution
and total hydration heat generated by the cement.

Table 2.1: Hydration characteristics of cement minerals [19]

Cement mineral Hydration heat (J-g~!) | Reaction rate
Tricalcium silicate (C3S) 507 moderate
Dicalcium silicate (C,S) 222 slow

Tricalcium aluminate (C3A) 913 fast
Tetracalcium aluminoferrite (C,AF) 306 moderate

Tricalcium silicate usually constitutes a large part of the Portland cement clinker.
The exact proportion depends on the natural sources and the technology, approx-
imately tricalcium silicate substitutes more than 60 % of the clinker [19]. As a
result, the hydration of tricalcium silicate comprises a vast part of the heat devel-
oped during the hydration and hardening of cement paste. Thus, the graph for the

11
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generation of heat from tricalcium silicate is similar to the graph for the hydration
of cement with a low content of aluminate minerals. Kalousek pinpointed this
problem, which emerged to answer the reason for the dormant period after initial
dissolution only by the silicate reaction. Kalousek proposed the formation of a pro-
tective calcium silicate hydrate layer around the clinker as an explanation for this
period. Therefore, the description of the tricalcium silicate model became of spe-
cial importance. Five stages are usually described during hydration of tricalcium
silicate:

* Phase I: pre-induction

* Phase II: induction

* Phase III: hydration rate increase
* Phase IV: hydration rate decrease

* Phase V: low hydration rate

rate of heat liberation

i min »4 h
hydration time

v
F Y
=1

Figure 2.5: Description of tricalcium silicate hydration heat [19]

The first pre-induction period relates to the release of calcium cations and cre-
ation of a thin silicate layer resulting in the induction period. The mechanism of
the induction period and its end is not unambiguously described. The possible ex-
planation is the formation of nuclei on the surface for the growth of C-S-H. With
increased hydration rate, the portlandite crystals and C-S-H significantly grow re-
sulting in release of the heat. Later, the growth of the crystals and C-S-H slows
down and the speed of released heat drops as well. The final stage corresponds to
the low hydration rate.

Not only does the mineral composition influence the total amount and speed of
heat liberation but also factors such as the fineness of the ground clinker particles
or the water-cement ratio influence both, while the surrounding temperature or
admixtures (retarders, accelerators) influence only the heat flux. Another option
is to partly substitute the amount of the portland clinker with additives. To give
an example, the hardening heat of the granulated blast furnace slag is low and
reduces the total released heat. It also results in lower initial strengths.

12



2.3. TECHNIQUES TO REDUCE THERMAL CRACKS

To measure the released heat, isothermal calorimetry is a good option. The main
principle is to capture the heat flow needed to keep the sample at the constant
test temperature. This results in the plot of the heat released. The activation
energy for the cement can be established by the set of measures within different
temperatures. On the basis of the calculated hydration rate for the peaks of heat
flow, the activation energy can be determined.

2.3 Techniques to reduce thermal cracks

All of the previous sections mainly concerned about the hydration heat of cement.
The selection of the type and amount of cement is the most important parameter
to decide on. In massive concrete structures, a good choice are type II cements
where part of the portland cement is replaced by the admixtures. To decrease
hydration heat, the use of fly ash or ground granulated blast furnace slag is very
common. Unfortunately, this is often not enough and should be combined with
other means of action described below. Very important is early preparation work
of temperature control programme, which includes testing the concrete mixture
recipes, choosing appropriate cooling technique, design and numerical testing of
cooling plan and physical preparation of the technical parts of the system.

2.3.1 Pre-cooling of concrete

To reduce the maximum temperature of the concrete during hydration, the strongest
influence is the initial placement temperature of the fresh concrete mixture. Re-
ducing the placing temperature about 6 °C results in lowering of the maximum
temperature about 3 °C. There are two main reasons for the maximum temper-
ature reduction. Basically, lowering the initial temperature also lowers the final
temperature. Furthermore, the hydration process rate decreases. To achieve a
reasonable placement temperature, the most reasonable option is to reduce the
temperature of key concrete substances. [1]

Table 2.2: Example of specific heat and total heat for mass concrete [1]

Ingredient Batch weight | Specific heat | Batch heat content
kg kJ-kg ' - K kJ-K™!
Coarse aggregate 1672 0.75 1254
Fine aggregate 528 0.75 396
Cement 117 0.88 103
Batch water 82 4.18 343

Quite often, an interest is put on the temperature of batch water. The main pos-
sibilities are to use cool water or to replace part of the water with ice. Of course,
the specific heat of water is the highest of the substances; however, when consid-
ering the proportion, the initial temperature of the aggregate is also crucial. There

13



CHAPTER 2. STATE OF THE ART

are several options for aggregate from the easiest such as not using the aggregate
from the top surface of the storage, shading of the storage, or conveyors to more
developed such as spraying aggregate for evaporative cooling effect or immersion
of the aggregate. [1]

The last key substance in concrete is cement. Normally, cooling of the cement is
not applied in order to reduce the placement temperature due to the relatively low
effect (relatively low proportion and specific heat). Furthermore, it could affect
the properties of the cement if it is cooled below the dew point. Furthermore, it
is necessary to consider the heat gains during the mixing and transportation of
concrete. [1]

2.3.2 Formwork and concreting

The insulation of the formwork is essential in order to prevent surface cracks
caused by the thermal gradient between the core part and the surface. Moreover, it
reduces the negative effect of the ambient temperature, which is mostly significant
during the downward-sloping part of the annual temperature cycle. The effect is
intensified by short temperature drops during the nights. In a moderate climate,
insulation with thermal resistance around 0.7 m?-K- W™ is efficient enough. This
approximately corresponds to 30 mm of polystyrene or urethane with thermal
conductivity around 0.03 - 0.04 W-m~"! - K~'. For areas where short temperature
drops are more probable, thicker insulation is recommended to reduce the risk of
cracking. [1]

Horizontal surfaces are more difficult to effectively insulate due to the needs of
construction workers. However, the importance is the same as that for the formed
surfaces. The maximum efficiency of insulation provides pond water or a layer
of sand in close contact with the surface. Another practical possibility is to apply
roll-on mineral or glass wool blankets when the concrete is sufficiently hardened.
Special attention should be paid to the edges and corners where heat can flow in
more directions. Therefore, the vicinity of edges and corners is subjected to larger
and earlier tensile strains. Increasing the thickness of the insulation at the edges
and corners is reasonable for moderately large structures. When removing the
formwork, attention should be paid to sudden drop in temperature. During cold
weather, it can lead to initiation of the surface cracks. [1]

In addition to the formwork, interest could also be put to the casting time. The
idea of night casting is to mainly decrease the placing temperature. On the other
hand, the peak of hydration can meet higher afternoon temperatures. This should
be carefully considered and planned.

14
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2.3.3 Pipe cooling system

Another option to lower the peak temperature during hydration and deal with the
hydration heat is to dissipate the heat away from the construction. An effective
way is an embedded pipe cooling system with circulating medium. This system
was adopted on a large scale first by the US Bureau of Reclamation during the
construction of Hoover Dam in Colorado (1931-1936). Today, it is widely used
and well adopted in Sweden. In recent years, this technique has been used in a
few projects in Czechia. The pilot project employing this technique was the con-
struction of the arch bridge over Oparno Valley [43] on the highway D8 (direction
Prague-Dresden) during 2008 and 2011. In this case, pipe cooling system was
used during arch ribs casting. It has been used in other projects, such as con-
struction of Dvorecky Bridge (Prague), monolithic part of pedestrian bridge HolKa
(Prague) [30] or for pylon of the bridge in Pardubice.

The most widely used medium is water because of its availability. Cool water from
natural sources, e.g. wells or flowing streams, is possible to use when its supply
is adequate and also meets other requirements. The temperature of this source
should be reasonably constant and should not contain large amount of sediments.
The water circulated through the cooling pipes is slightly warm, and depending
on the local or national environmental codes, an allowance may be required to
discharge water back to the source. The cooling system is divided to the loops with
target length up to 250 m. For larger structures, placing the pipes in hexagonal
pattern is optimal, see Figure 2.6. The horizontal spacing between pipes is usually
within range of 1.5-3.0 m.[1; 10]

%

Figure 2.6: Hexagon arrangement of cooling pipes [10]

There are mainly two material possibilities, originally the steel thin walled pipes
were used. High steel’s conductivity ensures the fast controllability, but the in-
stallation is more laborious. Nowadays, the plastic materials such as HDPE (High
density polyethylene) are frequently used. The temperature stability for pipe prod-
ucts from HDPE is up to 60 °C. Furthermore, it reduces material costs as well as
the labour work. Disadvantage is low conductivity and slower controllability. It is
also essential to minimise the number of splices within the pipe to ensure water
tightness. In addition, its water tightness should be tested before casting. An im-
portant factor is also the water flow. When it is low, the water heats up faster, and
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for longer loops it can heat up to the concrete temperature and lose its function-
ality for a part. [1; 10]

In addition to the pipe system the parameters of the technical equipment are es-
sential for operating the system. A pumping plant is essential to ensure the turbu-
lent flow conditions which increase the rate of heat flow by convection within the
medium. With a refrigeration plant, it is possible to cool down the water source. In
addition, components such as filters, compressors, condensors, valves and others
are usually used.

2.3.4 Pre-heating system

An alternative method to reduce thermal cracking is preheating the sublayer or
previously cast sections by the embedded electrical wiring system. This approach
allows the newly cast part to cool simultaneously with the heated adjoining sec-
tion, ensuring similar deformation in both parts. As a result, stress development is
significantly reduced. To ensure simultaneous deformation, the sublayer must be
free to deform without any restraints. The pilot project in Sweden was the con-
struction of the road tunnel under the main railway line at Ulriksdal, Stockholm,
see Figure 2.7.
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Figure 2.7: Geometry of the bridge near Ulriksdal [38]

The tunnel length is 41.6 m and its casting was divided into four monoliths. The
maximum allowance for the crack width was 0.1 mm due to the fact that the
groundwater level is 5.0 m above the foundation level. To reduce the risk of tem-
perature cracks, heating the slab with embedded heating cables before and during
the casting of walls and arch part was proposed and presented by the calculation
performed in cooperation with Luled University of Technology. This procedure was
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accepted by Banverket. The construction was cast during the winter of 1989-1990.
The calculation performed after the casting emphasizes on comparison with pipe
cooling for different season conditions. By numerical calculations, it has been
proven that even during summer, a better choice is preheating compared to the
pipe cooling. However, numerical analysis results indicate that pipe cooling is a
viable option with higher risk of cracking. Other projects were realised with the
use of the preheating technique after this pilot project. Specifically, the tunnel near
Antuna, Upplands-Visby or bridge over the railway in Alvsunda, Upplands-Visby
were built at the beginning of the 1990s.[38]

It should be noted that frame bridge structures, such as the bridge mentioned near
Ulriksdal, are statically indeterminate structures. Therefore, these structures are
more sensitive to temperature loading and especially to restraint conditions. This
results in a higher stress level. In the case of preheating the sublayer, the restraint
is significantly mitigated, whereas with the pipe cooling, it is not possible to miti-
gate restraint. Therefore, for indeterminate structures with complicated geometry
and restraint conditions, preheating is more appropriate choice. The main reason
is a better influence on the change of restraint conditions. The main drawback
of this technique is the need to heat the entire previously cast section, which is
highly impractical for large structures, such as massive blocks or foundations. In
addition, factors such as local resource availability and overall cost must be con-
sidered. Given the current high electricity prices, pipe cooling becomes a more
favourable alternative due to its practicality and efficiency.

2.4 Modelling approaches

The number of projects in the Czech Republic that use pipe cooling treatment
can be counted on one’s hands. The primary reason for this limited application
is the number of large-scale projects, construction practice and also the lack of
technology knowledge of companies. In contrast, the situation in Sweden is quite
different. Pipe cooling has become a widely used and almost standard practice, re-
flecting a greater emphasis on temperature control in massive concrete structures
due to factors such as colder climates, increased prevalence of large-scale projects
requiring thermal crack mitigation, or better regulations. This led to the devel-
opment of a methodology to mitigate the risk of cracking in early-aged concrete
structures.

The requirements for civil engineering structures with respect to cracking are spec-
ified in Bro 2004 issued by the Swedish Transport Administration (Trafikverket).
In accordance with this regulation, three possible methods are:

* Method 1: Satisfying the predescribed requirements of Bro 2004.

* Method 2: Applying a predefined case-based solution according to Technical
Report LTU 1997:02, "Thermal Cracks in Concrete Structures Part A, B, and C"
(in Swedish: "Temperatursprickor i betongkonstruktioner Del A, B och C").
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* Method 3: Performing numerical modelling and calculations.

The conditions described in Bro 2004 consists of specification of temperature
(air temperature and vapour) to eliminate the risk of surface cracks and through
cracks. At the same time, requirements are set for the cement content, geome-
try, and interlocking. In addition, interactive Excel programme CraX1 was created
based on the first two methods. The results of the programme were calibrated
against the numerical simulations.

The programme evaluates the risk of through cracks for a wall on a slab founda-
tion. It is possible to change the geometry of the members. For this geometry
wide range of problems can be simplified. Possible techniques implemented are
the cooling of pipes or the preheating by electrical wiring. For the cooling pipes
it is possible to choose between two different arrangements, two cooling powers
and three different medium temperature. It is also able to align other parameters
such as concrete class, cement amount, batch temperature, ambient temperature,
restraint conditions or specify the thermal properties of formwork.

18



Chapter 3

Finite Element Analysis

According to the previously described methods, the most appropriate is numerical
modelling and calculations. The most frequently used numerical method for struc-
tural applications is the finite element method (FEM). The origin of FEM dates
back to 1943, when the main idea was formed by the mathematician R. Courant
[13]. The first practical use of this method is related to aerospace engineering,
when M.J. Turner emphasised its easier computer programmability compared to
the contemporary force method [35]. With later broader availability of computer
and increased computing power it has led to massive utility in a wide variety of
engineering problems. Today, it allows us to calculate an approximate solution for
complicated engineering problems described by partial differential equations. Its
possibility to control the parameters of the model and also fast alignment of its
parameters to ensure its similarity to reality is of key importance.

For more complicated and larger problems the use of object-orientated structure
has the advantage of dividing the problem into the independent parts describing
mesh, material, boundary conditions and solver preferences. It also allows the ex-
tension for the multi-physics problems. This theses uses the Object-Oriented Finite
Element Method (OOFEM) software developed by the Department of Mechanics
at CTU Faculty of Civil Engineering in Prague [24]. OOFEM is an open-source tool
that supports coupled thermo-mechanical simulations, making it a suitable choice
for this application.

Concrete is a complex composite material with properties and behaviour that vary
significantly over time. In order to properly capture its behaviour, different mathe-
matical models have been created. For this particular purpose of theses, a descrip-
tion of hydration, thermal properties, strength properties and cracking is essential.
In addition, phenomena such as viscoelasticity, shrinkage, or creep greatly influ-
ence the results of the analysis. It is necessary to consider the above-mentioned
phenomena in order to remain in close connection with the real behaviour of the
structure. Therefore, the influence of these phenomena is accounted for in the
analysis. In this part, the implemented material models and the principles of the
FE procedure are presented.
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3.1 Thermal analysis

The aim of thermal analysis is to determine the thermal field during the hydration
and cooling process, which is a vital input for the following mechanical analysis.
In this particular case, heat transfer is mainly driven by conduction within the
particles of the concrete. The second law of thermodynamics says that energy
(or heat) is transferred from particles with higher energy (warmer) to those with
lower energy (colder) to reduce the energy difference. Feat flux q(x,t), which
describes the amount of heat transferred through the unit area, can be determined
by Fourier’s law:

q(x,t) = -2 L 3T(x,t) = -AVT(x,t) @1

where:

A is thermal conductivity parameter,
VT (x,t) isvector of temperature gradients

According to Equation (3.1) the heat flux q(x,¢) has an opposite direction com-
pared to the temperature gradient. An explanation comes from the fact that the
direction of the temperature gradient is associated with increase in temperature,
whereas the heat flux direction follows the flow of energy based on the second
law of thermodynamics [5]. In terms of physics, the problem can be described
as a transient heat transfer with an inner source of heat that corresponds to the
hydration of cement. Based on the law of energy conservation and equilibrium of
energy for infinitesimally small particle [5], it is possible to determine following
parabolic partial differential equation:

T (x,t) O*T(x,t)  PT(x,t) O*T(x,t)
=\ t 3.2
T ( o2 T ap T a2 )T (3-2)
where:
p is density,
c is thermal capacity,

Q(x,t) is function of heat source(due to hydration)

It is possible to solve this equation analytically for simple cases, but for more
complicated cases, the solution becomes more difficult. An appropriate choice for
solving this equation is the use of finite element software.

First, it is necessary to discretise geometry with a finite mesh. When reformulating
the previously described differential equation to a weak form, applying boundary
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conditions and describing unknowns with its derivatives using the Galerkin ap-
proximation:

T(x,t) ~ N(x)r(t) (3.3)
M) NS @)

where:
N(x) is matrix of shape functions,

B(x) are derivatives of shape function,
r(t) is vector of discrete temperature values

Then, it is possible to reach compound matrix formulation of the problem:

Cr+Kr=f (3.5)
where:
C is global matrix of vsdensity->capacity,

K is global matrix of conductivity,
f is vector containing heat sources and boundary conditions

The above-mentioned matrices are described by shape functions N(x), first deriva-
tives of shape functions B(x), and material parameters:

C= / pcN(x)TN(x)dS (3.6)
Q

K= / AB(x)"B(x)d (3.7
Q

f:/N(X)TQ(X,t)dQ (3.8)
Q

It yields to the system of linear differential equations of first order. The system of
equations depends not only on geometry but also on time. Therefore, it is neces-
sary to discretise the system to the final amount of time steps in which the equation
is solved [9]. The temperature and its derivative are formulated according to:

t—t;— - t—ti1,,
T(x,t) ~ (1 — 1> TH(x) + ——— T (x) =

At At
= (1= a)T'(x) + aT"*!(x) (3.9)
(()T(a);, t) _ é (Ti+1 (X) o Ti(X)) (3.10)

When inset into the matrix formulation from Equation 3.5, it yields:
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1 i1 ) , 1
o 7 — (1 — fz f1+1 o
(aK+AtC>r (1—-—a)f' 4+« +(At

C-(1- a)K> r! (3.11)
The parameter « influences the accuracy and stability of the solution [9]. Shorter
time steps increase the accuracy of the solution; however, as the negative conse-
quence, the computation time increases. Therefore, it is necessary to choose the
time step carefully in accordance with the analysis. To ensure the stability of solu-
tion, the choice of parameter « should be within the interval o € [0.5;1] [9]. For
parabolic PDE problems, the Crank-Nicholson method is often used, for which the
value of parameter « is 0.5.

3.1.1 Thermal properties

It is very important to mention assumptions of the material model related to ther-
mal analysis. Concrete is simplified to a homogenous and isotropic material with
constant thermal properties over the time of analysis. This strong assumption is
more or less correct. The density p and the thermal capacity c can be determined
based on its mixture composition. Considering the properties of individual ingre-
dients, the final properties of the mixture can be calculated as a weighted average
according to the proportion of each component [10]. The thermal capacity for
regular massive concrete is usually between 800 to 1170 J - kg ™' - K~! [36].

Table 3.1: Thermal properties of mass concrete ingredients [10]

Material Density p Conductivity A (W/(m-'K)) Specific Heat ¢ (kJ/(kg'K))
(kg/m3)  21°C 54°C 21°C 54°C

Water 1000 0.600 0.600 4.187 4.187

Cement 3100 1.236 1.352 0.456 0.825

Quartz sand 2660 3.091 3.067 0.699 0.867

Granite gravel 2680 2.916 2.883 0.716 0.775

Lime gravel 2670 4.033 3.793 0.749 0.821

Quartz gravel 2660 4.700 4.580 0.691 0.791

The made assumption can be mainly discussed for the thermal conductivity ),
because significant variation during hydration was proven. It had been found
out, thermal conductivity lowers from 20 up to 30 % compared with the initial
value [31]. Usually, thermal conductivity for concrete is in range of 1.2 and
3.5 Wm~!K~! [37]. The range of thermal conductivity variation is also much
higher compared to the thermal capacity range. This is mainly due to the large
variation in conductivity for the aggregate. The described variation range for spe-
cific heat and conductivity is in accordance with the thermal parameters deter-
mined for large conventional dams according to Bofang [10].
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3.1.2 Approximation of hydration

A key aspect of the material model is the description of the amount of heat re-
leased, which is closely related to the hydration process. For this analysis, the
implemented HydratingConcreteMat model is used. This model allows for either
an exponential or an affinity approximation of hydration [26]. The exponential
approximation is easier to calibrate against experimental data and suitable for
simpler models. In contrast, the affinity model, while more complex due to addi-
tional parameters, is based on a more precise chemical description of hydration,
providing a more accurate representation of hydration kinetics. Thus, the affinity
approximation is preferred for this analysis.

The affinity model is inspired by the analytical form of the normalised affinity
model proposed by Cervera [12]. The reference temperature for the modified
model is set to 25 °C [26]. A slightly modified formulation of isothermal hydration
is as follows:

- B, DoH
Ass(DoH) = B DoH | (DoH., — DoH -7 3.12
25(DoH) 1(D0Hoo+ 0 )( oH, ) )exp( nDOHOO) ( )
where:
Bi, B, are coefficients to be calibrated,
DoH,, 1is the ultimate hydration degree,
7 represents microdiffusion of free water through formed hydrates

To account for the effect of arbitrary temperature 7', Arrhenius equation scales the
affinity function [26]. The degree of hydration is then the derivatives according
to time:

dDoH
dt

] E, 1 1
= Azs(Doll) exp {E (273.15 125 T)} (3.13)

where:

E, 1is activation energy,
R is universal gas constant (8.314 Jmol 'K™!)

Then, the total amount of released hydration heat is expressed according to:

Q(t) = MeemDoH Qpot (3.14)

where:

Meem 1S cEmMent mass per cubic metre,
Qpot  is potential heat of hydration
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The cement mass represents the active part of the material, acting as the heat
source. Based on the element’s volume and cement content, the released heat can
be calculated. The asymptotic degree of hydration, DoH,, is set to 0.85, meaning
that 85 % of the potential heat of hydration, ),., is released over an infinite time.
Consequently, these two parameters are interdependent. The potential heat of
hydration is strongly influenced by the cement type. In this case, blended cement
CEM 1II B-S was used. Approximate values for the potential heat of hydration and
activation energy can be found in the literature [34].

Table 3.2: Affinity model parameters

Affinity Model Parameters

Cement Type DOHOO ont Ea Bl B2 ﬁ
- kJ/kg kJ/mol h™! - -

CEMII B-S 32.5R  0.85 420 45.0 7.379e-1 1.488e-3 7.422

The remaining three parameters that describe the affinity model are calibrated
against the previously measured isothermal calorimetry results data. The param-
eters are found with the provided script using the SciPy’s optimise module in
Python. The assumed values of the parameters are presented in Table 3.2, and
the approximation of the heat released to the isothermal calorimetry results in

Figure 3.1.

= Experiment CEM II/B-S 32.5R Mokra
—— Model B4=0.7379 h™', B,=1.488E-03, n=7.422, DoH.,=0.85D,
Qpot=420 J/g, E3=45000 J/mol
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Figure 3.1: Affinity approximation of isothermal hydration
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3.1.3 Initial and boundary conditions

To ensure the accuracy and reliability of the analysis, it is essential to define ini-
tial and boundary conditions that closely represent real conditions. These condi-
tions serve as fundamental constraints that influence the solution of the problem,
describing how the system behaves over time. In the context of finite element
analysis, properly defined boundary and initial conditions are crucial for obtain-
ing physically meaningful and numerically stable results. Thus, correctly chosen
initial and boundary conditions ensure the fidelity of the model.

The initial conditions define the default state of the thermal field, describing the
starting point of the analysis. The temperature distribution at the beginning of
the simulation can vary due to the concreting process. In reality, large structural
elements are never cast all at once. Instead, the casting process takes place over
several hours. Consequently, the temperature naturally varies within the cast part,
and the initial temperature distribution should ideally account for this variation.
However, if the initial uniform temperature 7j is set precisely, a reasonable level
of accuracy can still be achieved. The format of the initial conditions follows:

T(x,0) =T, (3.15)

If the boundary condition is not defined, heat exchange is not accounted for, re-
sulting in a heat flux of zero [10]. Consequently, the model would be entirely
insulated and behave as an adiabatic system. However, in the case of an axis of
symmetry, the heat flux is naturally zero due to the geometric and thermal symme-
try of the problem. The simplest boundary condition is the Dirichlet type, which is
used to describe the temperature of the cooling pipe’s water. Therefore, Dirichlet
(first) type of boundary condition [10] describes the temperature at the bound I':

T(x,t) = Tr(t) (3.16)

Neumann (second) type of boundary condition [10] describes the rate of heat flux
in direction of normal n on the boundary I':

oT' (x,t)

—A on

= qr(x,1) (3.17)

To describe the heat exchange between the surface of the cast construction and
the environment, the suitable solution is the Newton (third) type of boundary
condition [10]. For this condition, it is also necessary to specify the coefficient of
heat transfer between the surface and the environment a. When modelling only
the concrete part without additional insulation, it is necessary to take into account
the effect of insulation on this coefficient. Newton boundary condition follows:

IT (x,1)

—A on

= a(T, — T,) (3.18)
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where:

a is the coefficient of heat transfer between surface and environment,
T, 1is surface temperature,
T, is ambient temperature

In OOFEM it is possible to define Neumann and Newton boundary conditions with
using ConstantSurfaceLoad and specifying the value of loadType. Neumann bound-
ary condition is described by loadType 2, respectively Newton boundary condi-
tion by loadType 3 [27]. Moreover, it is possible to adjust boundary conditions
according to time by describing loadTimeFunction as well as the time-dependent
behaviour of properties with propertytf. It is possible to describe time functions by
user using UsrDefLTF, which supports regular mathematical functions.

3.2 Mechanical analysis

With a similar approach as in thermal analysis, it is possible to derive the finite el-
ement formulation for structural analysis by minimising the total potential energy
of the system, which is governed by the relationship between displacement, strain,
stress and external forces. The relationship between the displacements u(z, y, 2)
and strains e can be described by kinematic equations, which in engineering prac-
tise can be written in vector form:

Ex s
v
€y oy
ow
€z 0%
€= =9 ou (3.19)
ou + v
Vay dy oz
ou ow
Yoz oz T o
v ow
\ Vyz J \ 9z + By )

In the previous equation the Voigt notation is used, because it is a convenient way
to represent symmetric second-order tensors as vectors. It reduces complexity
while maintaining accuracy. It should be noted that the strain components are
determined from the displacement gradient Vu(z,y, z) which corresponds to the
strain and rotation components. Because rigid body rotations do not contribute to
strain, the strain tensor is obtained by symmetrising the displacement gradient:

e=Vu(z) =e == (Vu+ (Vu)’) (3.20)

1
2

26



3.2. MECHANICAL ANALYSIS

ou 1 ([ 0ou v 1 (0u ow
e = Al + _> = ££ + A
€xz Ezy Ezz Ox 2 (6y oz 2 (82 8:(:)
= — |1 (9u 4 & v L (v 4 Ow
€= |€yz Eyy Eyz| = |2 \oy T a;:;) ay 3\ T ay> 3.21)
Eza 523/ €2z 1 (0Ou ow 1 { ov ow Sw
25+ %) (5t B3

Therefore, the shear strains in Voigt notation, which correspond to the angular
deformations of planes, are derived from the symmetric strain tensor components.
Thus, for the zy-plane, the engineering shear strain is given by:

Yoy = Exy T+ Eya (3.22)
The relation between the strain components and stresses is governed by the con-

stitutive equations:

o = De (3.23)
where:
o is vector of stress components,

D is material stiffness matrix
e is vector of strain components

The material stiffness matrix can be determined on the generised Hooke’s law for
3D continuum, which in Voigt notation is simplified to 6 x6 matrix:

o O O O

D= (3.24)

(1+v)(1—2v)

[y

o O O O O

2(1—2v)

o O O X )

2(1—2v) |

o= (3.25)

Tez = Tax

\ Tyz = Tzy )
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Then, the balance of the external forces and internal stresses within the continuum
is governed by the static equilibrium equations:

00z 80'acy 002 _

z

Bg;z + ag;y + agyz + fy -0 (3.26)

z

002 ao'zy 002 —

z

As a consequence of the above relationships, the strong formulation of the problem
describing the displacement vector u(z, y, z) and external forces in compact form
follows:

V- (D (Vsu(m, y,2) — &%, y, z))) +f(z,y,2) =0 (3.27)

where:

e%(z,y,z) is the initial strain vector,

f(xz,y,z) is the external force (body force) vector

Furthermore, the essential boundary conditions on I', describe prescribed dis-
placements or natural boundary conditions represent prescribed surface tractions
p(x,y, z) on the boundary I',, follows:

', = uzyz) —uyzr,y,2z)=0 (3.28)

I, = n(zy,z2)- (D (Vsu(x,y, z) — &%, y, z))) —p(z,y,2) =0 (3.29)

The weak form of the problem can be obtained by applying the principle of virtual
work to the strong formulation (3.27). This requires multiplying the equilibrium
equation by the virtual displacement Ju and integrating over the domain 2. When
applying the integration by parts, the corresponding form is reached:

/55:D(€—€0)dQ:/5u-f'dQ+/ du-pdl (3.30)
Q Q

Lp

where:

d0e = V*ou is the virtual strain vector,
e = Viu is the actual strain vector

In the finite element method, the displacement u and also virtual displacement du
are approximated with the shape functions and vector of nodal displacements d:
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u ZNidi — Nd (3.31)
=1
su ~ Z N;6d; = Nod (3.32)

i=1
where:
N is the matrix of shape functions/V;,

d is the vector of nodal displacements,
n is the number of nodes for the element

Similarly, the strain vector and virtual strain is related to the displacement by:

e = V’u=V°Nd =Bd (3.33)
oe = Bdd. (3.34)

where:
B is the matrix of shape functions derivatives

When inserting the determined relations to the original weak form of the problem
3.30, the following formulation is reached:

[ ®sayBa-ean- [

(N6d)"f d2 + / (N§d)'pdl (3.35)
Q

Tp

Since 4d is arbitrary, the finite element formulation of the system follows:

/ B'DBd d) — / BTDed0) = / NTfaQ+ | NTpdr (3.36)
Q Q Q T,
where:
K= / BTDB dQ global stiffness matrix, (3.37)
Q
F = / N7t an global body force vector, (3.38)
Q
F, = / NTpdr global traction force vector, (3.39)
FP

Fo= / B D& dQ global force contribution of initial strains (3.40)
Q
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In engineering practice, the global matrices described above are typically com-
puted using numerical integration over all elements in the system. This leads to
the standard matrix formulation of the finite element method:

Kd=F+F,+F, (3.41)

The system of equations can be solved using standard matrix solution techniques.
The finite element formulation provided above is valid only for linear analysis,
where the geometry, material behaviour and boundary conditions of the struc-
ture are assumed to remain constant over time. However, when nonlinearity is
introduced, such as in this case non-linear material models, to be more specific
visco-elasticity and fracture behaviour. Consequently, the material stiffness ma-
trix D described by constitutive equations and global stiffness matrix K are not
constant over the analysis. As a result, it is not possible to solve the system of
equations with direct methods. Instead, an appropriate iterative method needs to
be employed to achieve convergence and accuracy in the solution. In this case,
the Newton-Raphson method is accommodated. The FE formulation for the linear
problem (3.41) can be rewritten to the form, where left side corresponds to the
internal force and right side to the external force:

£ioe(dD) = oy (3.42)

The principal of the Newton-Raphson method is the iterative procedure:

K(z—l)é‘d(z) — fe()l(i _ f(ifl) (343)

int

d? =d Y 4 5d® (3.44)

Here, K is the tangent stiffness matrix, which accounts for the non-linear be-
haviour. The tangent stiffness matrix is recalculated in each iteration step, see
different slopes of K, and K; in Figure 3.2. The residual force vector R, defined
as the difference between the internal and external force vectors, is monitored
during the iterative process. Once residual falls within the specified tolerance, the
solution is considered converged and the iterative procedure is terminated. This
convergence criterion follows:

[fexe — £l
[foxe — £

int

(3.45)

Usually, convergence should also satisfy the criterion that the norm of the dis-
placement increment vector is sufficiently small compared to the norm of the total
displacement vector:
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1AdD]

o < (3.46)

where:

e is the convergence tolerance limit
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Figure 3.2: Newton-Raphson method, source Scia Engineer 19 Manual [32]

3.3 Material models

Since the material model used for the thermal analysis has already been described
in Section Thermal analysis, this section focuses exclusively on the material mod-
els assumed for the description of mechanical behaviour.

3.3.1 Concrete strength

Since the analysis is performed from the initial stages of casting, it is essential
to account for the time-dependent development of material properties, particu-
larly tensile strength. The evolution of tensile strength is of primary importance,
as massive concrete structures are generally more susceptible to tensile cracking
than to compressive failure. This is due to the low tensile capacity of concrete rel-
ative to its compressive strength, combined with internal stresses induced mainly
by hydration heat and shrinkage. Accurately modelling the gradual increase in
tensile strength over time is therefore crucial for predicting crack initiation and
propagation.
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In OOFEM it is possible to assume the time-development of the tensile strength
by modification of the fib MC2010[15] with timeDepFracturing [26]. It requires
to specify the value of fib_s which is determined based on the strength class and
hardening characteristic of used cement. According to the Table 3.3 for the used
cement class 32.5 R, s = 0.25.

Table 3.3: Coefficient s for different cement types, Table 5.1-9 fib MC2010[15]

39.5 R 42.5R
Strength class of cement 32.5 N ' 52.5N
425N
52.5R
S 0.38 0.25 0.20

Moreover, the tensile strength at 28 days should be specified, this corresponds
to parameter ft28. Based on this tension strength, it is possible to determine
characteristic compressive strength, respectively mean compressive strength:

feem = 0.3(fa)*? (3.47)
fcm = fck +38 (348)

Then, the current mean compressive strength at time ¢ for reference temperature
of 20 °C is possible to calculate based on the[15]:

fcm(t) = ﬁcc(t) : fcm (349)

Beclt) = exp {S . [1 - (i—g)%] } (3.50)

Pec(t) is a function to describe the development with time
t is the concrete age at days with the temperature influence

where:

It is essential to determine the mean value of compressive strength, because the
tensile strength is assumed in accordance with it corresponding to [26]:

for 0 MPa < fun(t) < 20 MPa Fan(t) = 0.015 - 125 fon (t) (3.51)
for 20 MPa < fen(t) < 58 MPa  fun(t) = 0.3 (fam(t) — 8)% (3.52)

and finally for f.,(t) > 58 MPa fm(t) = 2.12In (1 4 0.1 fem(2)) (3.53)

32



3.3. MATERIAL MODELS

3.3.2 Concrete creep and shrinkage

As previously discussed, cracking in concrete is not solely caused by overloading.
Due to the inherent complexity of the material, its behaviour is significantly time-
dependent. Although an earlier section has examined the time-dependent devel-
opment of tensile strength, it is also important to recognise that Young’s modulus
also evolves over time. Furthermore, phenomena such as shrinkage and creep can
contribute to undesired cracking, particularly in restrained or massive structures.

To account for these effects, concrete is commonly modelled as an ageing vis-
coelastic material. Rheology provides the theoretical framework for describing
such time-dependent behaviour. In particular, basic creep refers to the strain that
develops under a sustained stress state, assuming constant humidity and temper-
ature. The second part of the total creep is drying creep caused by the transfer of
the moisture from the structure element to the environment. Although the rate of
creep decreases as the material ages, there is no defined upper limit to the total
strain that may develop over time in practical applications.

To deal with the description of creep two different approaches exist. The first
and simpler is the description provided by the design standards such as Eurocode
2: Design of concrete structures [14] or fib MC 2010 [15]. These codes work with
the creep coefficient, denoted as (¢, ty), which is a dimensionless parameter that
characterises the time-dependent increase in strain under a sustained constant
stress o applied at time ¢,. It is defined as the ratio between the creep strain
eec(t, o) and the instantaneous elastic strain () at the time of loading:

o(t, o) = 5;66(8;)0) _ 5ca(t€)e&0€>e(to) (3.54)

Consequently, the stress-dependent strain (instantaneous and creep) at time ¢ is
expressed as:

oo lt) = o (t0) (Ejto) N *”“;;f@) (3.55)

The creep coefficient is influenced by a range of parameters, including the age
at loading t, concrete strength class, cement type, cross-sectional geometry and
relative humidity. When using the extended formulations provided in Annex B
of Eurocode 2 [14], it is also possible to account for the effects of ambient tem-
perature, time-variable loading history and ageing. These extensions improve the
applicability of the creep coefficient method for more realistic structural behaviour.

It is important to note that design standards typically consider only linear creep
behaviour. According to Eurocode2[14], the compressive stress should not exceed
0.45 fu(to), while the fib Model Code 2010 [15] recommends a slightly more con-
servative limit of 0.40 f(to). Both standards also provide empirical formulations
for estimating autogenous and drying shrinkage.
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While these design code approaches are well-suited for typical engineering ap-
plications, they may lack the accuracy required for civil engineering structures
of special importance or those subjected to complex environmental and loading
conditions. In such cases, more advanced and physically-based models, such as
Bazant’s B3 model [6], offer improved fidelity. Advanced models operate with
more general creep compliance function J(¢,%y) to capture the time-dependent
viscoelastic response. The total strain then corresponds to:

e (t) = o(to) - J(t, to) (3.56)

In practical engineering applications, concrete is frequently idealised as an age-
ing linear viscoelastic material. Within this framework, the principle of superposi-
tion proves particularly useful when addressing variable stress and strain histories.
Based on these assumptions, and the definitions introduced above, the constitutive
relationship for concrete can be formulated as [15]:

e (t) = o(to) (. t) + / t J(t,T)aZS_T) dr (3.57)

to

Advanced models require a more extensive set of input parameters, including de-
tails of the concrete mixture composition, curing conditions and environmental
exposure, in order to achieve proper calibration. Model B3 is based on the more
physically meaningful origin. The principle of this model lies on a solidification
theory proposed by Bazant earlier. A limitation of the model B3 lies in its simpli-
fied treatment of temperature effects. This reduces its applicability in thermally
complex scenarios, such as massive concrete structures, where non-uniform tem-
perature fields and the progression of hydration significantly influence mechanical
behaviour.

The B3 model, originally introduced by BaZzant and Baweja in 1995 [6], repre-
sented a significant advancement in the modelling of concrete creep and shrink-
age by incorporating the effects of ageing, humidity and cement composition.
Since its initial formulation, several enhancements have been made, driven in
part by increased computational capabilities that allow the implementation of
more complex constitutive laws. This ongoing development led to the creation
of the Microprestress-Solidification (MPS) theory [7], also initiated by Bazant,
which extends the B3 model by capturing micro-level prestress effects resulting
from moisture and temperature changes. The most recent formulation [18], up-
dated by Jirdsek and Havlasek, introduces improved modelling of temperature
and humidity interactions and enables integration into the OOFEM simulation
environment. Owing to these advancements and the model’s capacity to simulate
long-term time-dependent behaviour under varying environmental conditions, the
MPS theory is employed in this analysis as a robust framework for representing the
mechanical response of concrete.
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3.3.3 Microprestress-Solidification theory

As a simplification, the assumed rheological model incorporating the Micropre-
stress Solidification (MPS) theory can be represented through several components
arranged in series, see Figure 3.3. This includes a non-ageing elastic spring ac-
counting for the instantaneous elastic deformation ¢,, a solidifying Kelvin chain
that captures the short-term creep &, and an ageing dashpot with viscosity influ-
enced by microprestress S to describe deformation of long-term creep ¢;. In ad-
dition, units simulating deformation caused by shrinkage ¢4, and thermal expan-
sion e are attached. Thus, the total strain is obtained as the sum of the individual
strain contributions from each element, while the stress is equal across all com-
ponents due to serial configuration. However, this decomposition is a modelling
simplification, it enables a computationally feasible approximation of the complex
viscoelastic behaviour of concrete. [18]

solidification
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Figure 3.3: Rheological scheme of the MPS model [18]

It is important to note that the elements of this rheological chain should not be
interpreted as actual physical constituents. Notably, the so-called asymptotic mod-
ulus used for the instantaneous elastic spring is not equivalent to the standard
static modulus. Instead, it reflects to the response at very short time interval and
its value is derived through extrapolation of experimental data. The Kelvin chain
used for short-term creep modelling is selected because of its mathematical suit-
ability to represent the compliance function using a Dirichlet series. This approach
allows different terms in the series to effectively approximate various parts of the
retardation spectrum. [18]

Furthermore, concrete is a heterogeneous material in which creep occurs almost
exclusively within the cement paste, while the aggregates retain the elastic be-
haviour [18]. This heterogeneity can be better captured through multiscale or mi-
cromechanical approaches, however such models require more input data related
to the microstructure of the material and are not always practical for engineer-
ing applications. The model used in the MPS theory offers a great ratio between
accuracy and usability, particularly for large-scale structural analyses.

In practice, experimental data often distinguish mechanical strain from shrink-
age and thermal strains. Therefore, it is usually measured separately on load-free
laboratory specimens. However, the evolution of strain remains affected by en-
vironmental conditions, particularly humidity and temperature. Although drying
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reduces the overall magnitude of creep, it accelerates transitional creep [18]. Sim-
ilarly, elevated temperatures speed up cement hydration and reduce compliance
due to faster ageing, but also enhance viscous flow mechanisms and accelerate mi-
croprestress relaxation [18]. These influences highlight the necessity of including
environmental coupling within MPS model. In the case of OOFEM it is controled
with specification of CoupledAnalysisType [26]. In this case, the model is coupled
only with the thermal analysis, thus the CoupledAnalysisType 3 is set.

The basic creep compliance function of the MPS model corresponds to the same
form as in the original B3 model:

t —m

ns
Jp(t,t') =
(6,1 QI+QQ/t,s—t’+(s—t’)1—

t
—ds+gsIn[l + (t —t)"] + qaln o (3.58)

where ¢ and ¢’ are expressed in days, n = 0.1 and m = 0.5 are fixed exponents and
q1, @2, g3, q4 are material parameters. These parameters are estimated based on the
concrete composition and compressive cylinder strength at 28 days in accordance
to the B3 model:

q = 126.77 f7°° [107°/MPa] (3.59)
¢ = 185.4 P f.709 [107%/MPa] (3.60)
g3 = 0.29 (w/c)*qy [10~%/MPa] (3.61)
gz = 20.3 (a/c)”O7 [107%/MPa] (3.62)

where:

¢ is the cement content [kg/m?]
w is the water content [kg/m?]
a is the aggregate content [kg/m?]

The first term in the creep compliance function (3.58) represents the spring in
Figure 3.3 with the asymptotic modulus Ey, = 1/¢;. The second and third terms
represent the solidifying Kelvin chain and the fourth term represents a dashpot
with age-dependent viscosity [18].

In the case of original B3 model, the viscosity of the ageing dashpot part is explic-
itly dependent on time according to:

n(t) = — (3.63)

The microprestress theory explains the extremely high stresses at the microstruc-
ture scale caused by localised volume changes in the cement paste during the early
stages of hydration. These volume changes are crucial for understanding the ma-
terial’s behaviour at early ages. The modification of the MPS theory by Jirdsek and
Havlédsek leads to a reformulation of microprestress in terms of viscosity. In this
updated version, a parameter representing the fluidity of the material, denoted as
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us, is introduced. Fluidity is the reciprocal of viscosity. This modification improves
the incorporation of temperature and humidity dependencies. Thus, the viscosity
is described by the first-order differential equation:

(usn)?/ "™ = % (3.64)
4

Tﬁ — kT

. Hs
+ —
h

To

The initial viscosity is considered according to the equation (3.63). In the case
where the exponent p is changed from the default value p = 2, it is possible to
rewrite the equation (3.64) to the form:

Ty + % T% — kT = q—j (3.65)

where:
p=p/lp—1) (3.66)
ks = ug%l (3.67)

The second term on the left side (3.64), (3.65) reflects the influence of humidity
and temperature. When neglecting the influence of humidity, respectively assum-
ing constant humidity yields to:

krT

k
IR ¥s (3.68)
0

ik q4
The value of coefficient kr specifies microprestress generated by temperature in-
crease. It distinguishes between monotonic kry, and cyclic k1. loading, thus it as-
sumes that the microprestress evolves lower for the already exhibited temperature
history [18].

n =

To consider autogenous shrinkage, two implemented options are possible in OOFEM.
The autogenous shrinkage can be determined in accordance with fib MC 2010 [15]
or by the model B4. According to the model B4 the autogenous shrinkage for nor-
mal and slow-hardening cements develops:

- % —4.5
5au,B4(te> = 6:8’]34 1+ t_ (369)
where the autogenous shrinkage at infinity ¢33 5, for normal cements equals to:
—0.75 —-3.5
s [a/c w/c
opa=—210-107%( = — 3.70
Fau,B4 0-10 < 6 ) (0.38) (3.70)
and autogenous shrinkage halftime for normal and slow-hardening cements is:
(L) (3.71)
Tau = .
o 0.38
The rate of the thermal strain is expressed according to:
er = arT (3.72)
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3.3.4 Concrete fixed crack model

The ConcreteFCM model in OOFEM corresponds to the class of models commonly
referred to in the literature as the smeared cracking approach [8], where the
cracking strain is distributed over the finite element rather than being localised
to discrete physical geometry. The term fixed crack indicates that crack initiates
in the Gauss point and follows the maximum principal direction. This direction
is maintained during crack propagation. As a consequence of different crack di-
rection, shear stresses are present at crack surface. Comparably, the rotated crack
approach assumes the propagation of crack in the direction of maximum principal
stress. [21]

Rotated crack approach -,\“\

x, y = global coordinate system «, ¥ = global coordinate system
m,, m_= material coordinate system m, m,=material coordinate system
&, & = principal strain direction &, & = principal strain direction

Figure 3.4: Fixed and rotated crack approach [39], reproduced by Malm [21]

The fixed crack model describes the tensile failure behaviour of concrete once the
tensile strength is exceeded [26; 21; 39]. To ensure that energy dissipates cor-
rectly during fracture, the model uses the crack band approach, which links the
softening behaviour with the size of elements [8]. For the post-peak softening,
which describes the relation between the tensile stress and strain (crack opening),
different descending branches are implemented in OOFEM. The simplest is linear
softening, but for this analysis, the exponential descending branch has been cho-
sen to better capture the crack-propagation behaviour. It is possible to incorporate
other types of descending branch such as improved exponential Hordijk.

?lr LINEAR C{ EXPONENTIAL ‘i HORDIJK

ft ft ft

s -

& £ E

Figure 3.5: Stress-strain diagram for different softening models

The fracture energy Gr should ideally be determined from the experimental data,
as it represents a material property. Because experimental data for fracture energy
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were not determined, it is estimated with the empirical formulae based on the
mean compressive strength at 28 days according to fib MC 2010:

Grag = 73(femas)"'® (3.73)

The time-evolution of fracture energy is assumed to be proportional to the time-
dependence of tensile strength, as expressed by the following [26]:

fom(1)

Gi(t) = Gras - m

(3.74)

The cracks for regular-strength concretes propagate within the transition zone
of the aggregate and cement paste. Consequently, the crack surface is irregular
with aggregate. As the aggregate from opposite sides touches within the crack it
provides slight resistance to shear deformations [21]. As the crack width increase,
the shear strength lowers. It is possible to take this effect into account by reducing
the shear modulus [21].

3.4 Analysis and material summary

To accurately capture the interaction between thermal and mechanical behaviour,
it is essential to describe the coupling of the analysis. In this analysis, the problem
is solved using StaggeredProblem approach. Within this framework, the results of
the thermal analysis, referred to as prob1, are exported and subsequently used as
the input thermal field for the structural analysis, denoted as prob2. This refers to
multiphysics integration framework that enables the coupling of different physical,
such as thermal and structural analysis, through a staggered scheme.

A critical aspect of this coupling lies in the consistency of time-step setting across
both sub-models, which ensures the stability and accuracy of the numerical solu-
tion. There are two primary approaches to address this issue. The first involves
defining the time stepping exclusively within one of the submodels (typically the
thermal model), whereby the time-step configuration of the structural model is
disregarded. The second method specifies the time-step setting directly in the in-
put file of the StaggeredProblem, which facilitates control of time discretisation.
Moreover, this approach allows for adaptive time-stepping based on the conver-
gence behaviour of the numerical iterations, enhancing computational efficiency.

Another important requirement is the consistency of geometry between the cou-
pled sub-models. Although the overall geometry must remain compatible, the
mesh resolution can differ between the thermal and structural analyses. When a
coarser mesh is adopted for the thermal model, interpolation of the temperature
field becomes necessary for use in the structural analysis. Note that for relatively
uniform temperature fields, the interpolation error is negligible. However, in the
case of highly nonlinear thermal gradients, such errors may become significant.
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Furthermore, the structural model may be extended or simplified. In this case, it
is extended to include the influence of reinforcement. In contrast, the influence of
the sublayer is simplified.

For thermal analysis the concrete is assumed as HydratingConcreteMat with the
affinity approximation of hydration process. The parameters of the model were
calibrated based on the previously conducted experiments of isothermal calorime-

try.

In the structural analysis, the incorporation of two material models results in a
slightly altered mechanical response compared to the original models. When Con-
creteFCM is coupled with the Microprestress—Solidification model MPS, the un-
cracked concrete is not represented as a linear elastic material but as an ageing
viscoelastic. Consequently, the behaviour of the tensile fracture is connected to
series with the MPS model, allowing the time-dependent response of the concrete
to influence the fracture development, see Figure 3.6.

solidification
My g7

Figure 3.6: Rheological scheme of the MPS model connected with fixed crack model,
provided by V. Smilauer

Also the MPS model behaviour differs from original. In this case the moisture
transfer have not been modelled, thus the effect of drying shrinkage and drying
creep are not considered in the analysis. It accounts for the strain caused by
basic creep, autogenous shrinkage and temperature. The basic creep, respectively
microprestress is influenced by the varying temperature at the material points
during the analysis.
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Polder Krounka

The construction of large hydraulic engineering structures, such as dams, is rare
in the Czech Republic. One of the main reasons is the country’s geomorphologi-
cal and hydrological conditions, along with an already sufficient number of water
reservoirs. However, due to contemporary climate change, the need for such struc-
tures is increasing, and their construction will likely rise in the coming decades.

One key reason for this development is the need to ensure an adequate water
supply during dry periods. This concern led to the identification and protection
of potential dam reservoir sites by the Ministry of Agriculture and the Ministry
of the Environment in 2011. Another equally important reason is the increasing
frequency of floods, making flood prevention a critical issue. In the case of the
Krounka polder, the primary purpose is precisely that - mitigating the impact of
rapid floods.

However, the preparation and construction of such projects can take years or even
decades, not only due to the complexity of the project itself but also because of
complicated property relations and public opinion. This was also the case for this
project.

4.1 Location and regional context

The need for a flood prevention structure arose after the devastating floods in July
1997, which caused significant material damage in the Novohradka and Krounka
river basins [28]. The most critical situation occurred in municipalities located
downstream of the Krounka’s confluence, such as Luze and Lozice, see Figure
4.1. In response, the state organization responsible for managing the Elbe River
basin (Povodi Labe, stdtni organizace), which oversees both rivers, initiated a flood
prevention programme for the region. As part of this initiative, potential dam loca-
tions were identified. The most appropriate location resulted in the contemporary
construction place, see "Point 1" in Figure 4.1. The red line on the map indicates
the Krounka River.
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Figure 4.1: Construction location and regional context, source mapy.cz

The first phase of the programme involved the construction of flood barrier walls in
the lower part of the Novohradka. However, the floods in 2006 showed that these
measures were not enough. Consequently, efforts have been made to strengthen
flood protection in the middle and upper sections of the Novohradka and Krounka
rivers. Preparation of the construction began in 2010 but was stopped in 2012
due to issues related to private property ownership. [28]

The project was later revived following changes in the territorial development plan
of the Pardubice Region "Zdsady tizemntho rozvoje Pardubického kraje", which des-
ignated the construction as a project of public benefit [28]. According to the Czech
law in the case of publicly beneficial projects land and property expropriation is
possible. Then the opposition from local residents soon emerged. In 2014, the
inhabitants of a local municipal district formed the public organization Kuttin 42
in protest against the construction. The number represents the residents in the
municipality at the time of the organization’s formation [23]. The construction of
this polder is a key component of the Flood Prevention Program III. [28]

The importance of this structure is highlighted by the recent floods in the begin-
ning of September 2024, when the Novohradka overreached its channel due to
the long heavy rains and caused damage in municipalities Luze and Lozice. This
recent flooding is comparable with the floods in 1997 and 2006. The main idea
of the polder is to prevent the flooding by capturing water in the reservoir. In this
case the discharge of the Krounka and the Novohradka at confluence is very simi-
lar, therefore the idea to minimise the discharge of the Krounka at the confluence
is effective. Thus, the construction lowers water level downstream and makes the
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already constructed flood barrier walls more effective.

The construction site is located near the municipality of Kutfin, just below the con-
fluence of Martinice Stream (Martinicky potok). In this area, the terrain transforms
from flat land to a narrow and deep valley. Thus, it creates suitable conditions for
the construction of the polder. However, the site is located on the edge of the nat-
ural park (Prirodni park Udoli Krounky a Novohradky), a protected area intended
to preserve the authentic character of the landscape and valuable natural species.
The border lines of the park are illustrated in Figure 4.2. The design of the polder
takes these environmental considerations into account, aiming to minimise eco-
logical impact while maximising flood protection for downstream areas. The area
is closely linked to human activities. To give an example, a stone quarry is located
nearby, see "Point 2" in the Figure 4.2.

Figure 4.2: Detailed location, source mapy.cz

The reservoir has a maximum retention capacity of approximately 3.65 m?® during
a Qi flood event. At full capacity, the inundated area will cover approximately
68 hectares, consisting mainly of pastures and forests. As part of the construction
process, four residential buildings and a summer camp were relocated within the
floodplain. [28]
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4.2 Geometry and construction description

The primary structure of the polder is designed as a gravity concrete dam, which
is covered with earth fill on both the upstream and downstream sides, hiding a
vast part of the concrete structure. Special attention has been paid to the aesthetic
integration of the dam into the significant landscape of the valley, see Figure 4.3.
The visual design ensures a smooth transition between the dam structure and
the surrounding rock outcrops and scree slopes. The connection of the polder to
the slopes of the valley will be made by rock terraces, creating an illusion of the
natural scree slopes.

Figure 4.3: Visualization of the polder Krounka, source Tender documentation [40]

The polder is 133.6 m long, 17.8 m high above the terrain, and has a crest width
of 5.67 m. A reinforced roadway is planned along the crest. The dam is equipped
with two bottom outlets and a migration passage. Under normal flow conditions,
the main bottom outlet will remain fully open. It is designed to allow for the mi-
gration of fish and the passage of sediment. The outlet profile consists of a flowing
channel at the bottom and dry berms on the sides to facilitate the movement of
terrestrial species.

The cross-section of the dam body consists of a monolithic reinforced concrete
structure in the shape of an “L”, composed of a foundation slab and an upstream
wall. The upstream section ensures water tightness and frost resistance, as well
as protection of the inner stabilising part of the dam from external environmental
impacts. The foundation slab has a total height of 1.90 m and a width of 8.85 m
at the foundation level. The vertical upstream wall has a maximum thickness of
3.055 m at its base and gradually lowers to 0.80 m at the crest, which gives the
slope ratio 20:1 from the both sides of the upstream wall.

In the longitudinal direction, the dam is divided into a nine expansion parts with
maximum length of 15 m. Furthermore, each expansion part is divided to the
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Figure 4.4: Structure blocks casting scheme, source Tender documentation [40]

separate blocks by height, see Figure 4.4. The increment height is set at 2.50 m,
considering technological feasibility. The largest block of the upstream face has
dimensions of 15X%2.5x 3.1 metres (length xheight xwidth).

4.3 Pilot block

The pilot block for concrete casting is located within expansion part 7, in the
upstream section before the inspection corridor, see Figure 4.5. The test block
is placed on a prepared concrete base layer, thus its external movement is not
restricted. The test block has the same parameters as the largest block of the
upstream face, measuring 15x2.5x 3.1 metres.

Figure 4.5: Pilot block position in the expansion part 7, source Tender documenta-
tion [40]

The main purpose of the pilot block is to verify the thermo-mechanical behaviour
of the structure using proposed concrete mixture. A key focus of this verification is
the formation of cracks, which is a critical factor in this project and requires special
interest. Additionally, the pilot block provides valuable data for the computational
model, enabling predictions of the behaviour of other sections of the concrete
structure. The pilot block also serves to practise different parts of the construction
process:
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* Formwork composition

* Reinforcement installation

* Concrete placement technique

* Concrete curing method, including the water cooling system
* Positioning of sealing and drainage elements

* Examination of texture matrices for architecture concrete

4.3.1 Concrete

A key focus of this project was finding the right concrete mixture to reduce the risk
of cracking. The last large concrete dam built in the area of the Czech Republic is
Hnévkovice. This structure was built in 1991, more than 30 years ago. Since then,
European standards for concrete and cement have been introduced, significantly
changing construction practice. Thus, a careful study of new mixtures suitable for
dam constructions was required.

Table 4.1: Concrete mixture specification

C25/30 (90d) - XC4, XF3, XA1 S4/S3 Dmax 22 mm

Ingredient Quantity (kg/m?)
Cement CEM II/B-S 32.5 R Mokra 300
Fly ash Opatovice 70
Water Content

Effective water content 158
Absorption 15
Aggregate

Fine aggregate DTK 0/4 éeperka 805
Coarse aggregate HDK 8/16 Pohled 460
Coarse aggregate HDK 11/22 Pohled 460
Additives

Superplasticizer 1.4
Plasticizer 1.8
Air entraining agent 0.6
Total 2272

Because of described changes, research on potential concrete mixtures began in
2019. A key challenge was to prove satisfaction of the current requirements for
mechanical and durability properties with a lower cement content compared to
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the contemporary minimum requirements. Thus, extensive testing of concrete
mixture specimens was time-consuming. Nevertheless, two concrete mixtures had
been proposed in 2020 [42]. The final concrete mixture recipe has been slightly
modified by the concrete plant compared to the earlier proposed. Final concrete
recipe is presented in the Table 4.1, however not all of the additives and its name
are mentioned because of the proprietary knowledge.

To ensure the water tightness, the crack width is limited to 0.2 mm and maximum
depth of 45 mm. The concrete satisfies the strength requirements of C25/30 in
90 days and meet the requirements for thawing and exposure classes of XC4, XF3
and XA1. Water cement ratio according to the concrete plant specification is 0.49,
this value was calculated following EN 206+A2. Furthermore, the requirement for
the maximum released hydration heat within 7 days with ambient temperature of
20°C was set to 91 MJ/m?. The maximum temperature of fresh concrete is limited
with 27 °C, maximum temperature of the core part should not overreach 55 °C
and maximum difference between the core part and the ambient temperature is
allowed up to 20 °C. The requirements for maximum casting temperature and
maximum temperature of the core part do not have to be satisfied when using the
water cooling system.

4.3.2 Reinforcement

The reinforcement used for the pilot block is identical to that used in the upstream
wall. The reinforcement type is of class BSOOB. Rebars in longitudinal direction
consist of @25 mm and the transverse construction rebars of @16 mm. The surface
reinforcement consist of @25 mm with the spacing of 150 mm, see Figure 4.6. The
reinforcement ratio is approximately 0.6 % [41].
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Figure 4.6: Typical reinforcement cross-section, source Tender documentation [40]
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4.3.3 Water cooling system and monitoring setup

Even though the hydration heat was kept low by the design of the concrete mix,
achieved through a lower cement content and partial replacement with fly ash,
it was further reduced by an embedded water pipe cooling system. Due to the
local availability of river water, the technique employed did not cause significant
challenges. To ensure the operation of the system, an external water source from
the wells and a cooling station were available at the construction site.

The cooling system is arranged in a 3 X3 pipe layout, with the middle row aligned
along the cross-sectional axis of symmetry. The pipe cooling system is illustrated
in 3D model, see Figure 4.7. The pipes have an outer diameter of 25 mm and a
wall thickness of 2.3 mm. The pipes are made of PE100, a high-density polyethy-
lene (HDPE) material with a thermal conductivity of 0.43 W/mK, as specified by
the manufacturer. These pipes meet the requirements for drinking water supply
and could withstand temperatures up to 60 °C.

Figure 4.7: Block instrumentation (cooling pipe system and sensors)

In total, eight temperature sensors and five strain gauges were mounted, see the
sensor position in Figure 4.7 and Table 4.2 with precise location. The temperature
sensors used for measurement are of the Pt1000 type. Temperature sensors were
calibrated in cold water to ensure consistent temperature reading, to diminish the
effect of different cable lengths. For deformation measurements wire strain gauges
SISGEO 0VK4200VCO00 were used. These gauges also contain NTC thermistor
temperature sensors, which provide less precise temperature readings.
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Table 4.2: Sensors position

Temperature Sensors Strain Gauges

Sensor X(mm) Y(mm) Z (mm) Sensor X(mm) Y (mm) Z (mm)

T1 7500 30 70 W1 7500 30 200
T2 7500 30 1320 W2 7500 30 1250
T3 7500 950 1850 W3 7500 30 1770
T4 7500 1420 1600 W4 7500 30 2300
T5 7500 30 2480 W5 600 -40 70
T6 600 -40 70

Sensors T1, T2 and T5 were installed together with the strain gauges W1, W2,
W3 and W4 on a ladder-like structure made of M12 threaded rods and inserted
from above to the middle cross-section of the block, see Figure 4.8c. To prevent a
false temperature reading from connection with steel reinforcement, most of the
temperature sensors were attached to plastic holders. Temperature sensors T3 and
T4 were mounted to the reinforcement in this cross-section, see Figure 4.8a.
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(a) Sensors T3 and T4
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Figure 4.8: Pilot block instrumentation with sensors

The strain gauge W5 was installed 0.6 m from the front side of the block, see
Figure 4.8b. This gauge was installed to monitor the slip between the newly cast
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block and the previously cast foundation. From this sensor also the temperature
data were obtained, in the experiment setup, denoted as sensor T6.

Two temperature sensors monitored the water temperature at the input Ty;, and
the output Ty, .y, See Figure 4.9. These sensors were attached to the outer surface

of the cooling pipe and insulated to eliminate the effect of the environment, see
Figure 4.10b.
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Figure 4.9: Water temperature on input and output

Last temperature sensor T, ., was measuring the air temperature near the central
unit. This sensor was positioned one meter above the crane’s concrete foundation
and was not shaded, see Figure 4.10a. Therefore, the results were influenced by
the effect of sun radiation and were not used. The air temperature data were
replaced with the data obtained from the meteorological station installed on the
construction site.

(a) Central unit (b) Attached temperature sensor

Figure 4.10: Central unit and temperature sensor of cooling pipe
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Data were recorded every 10 minutes using a DataTaker DT80g central unit and
transmitted every 6 hours to an FTP server. A 40W photovoltaic panel was con-
nected to ensure a stable power supply. Due to the risk of flooding in the construc-
tion site, the central unit was installed on the concrete foundation of the crane.

4.3.4 Casting and curing

The construction of the pilot block was cast on 6" August 2024, see Figure 4.11.
The pilot block casting started at 8:30 and ended at 14:15. The temperature of the
fresh concrete was within 21.4 and 28.8 °C. During the casting, specimens were
taken for the laboratory measurement of shrinkage (autogenous and drying) and
basic creep. The cooling system was turned on immediately after the casting had
finished.

Figure 4.11: Pilot block casting, photo provided by P. Reiterman

The insulation of 40 mm XPS boards were put to the formwork. According to
the results and site picture, the thickness of the front and back insulation was
probably lower 30 or 20 mm of XPS. The top surface was sealed with a plastic foil
and covered by 4 layers of three-milimeter-thick geotextile. The project assumed
with a minimal curing period of nine days. In reality the formwork was removed
on 26™ August, eleven days after casting, see Figure 4.12. The cooling system was
switched off on 11 August.

Figure 4.12: Cast block after formwork removal, photo provided by P. Reiterman
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4.4 Thermo-mechanical analysis

As previously mentioned, the suitable choice supporting the connection between
thermal and mechanical analysis is OOFEM. While the main FE calculations are
run in OOFEM, the geometry and object mesh are defined in the French CAD pro-
gram Salome, and results such as stress fields, crack propagation, and temperature
distribution are visualised and analysed using ParaView. Furthermore, in this part
details connected to the analysis of the pilot block are presented and discussed.

4.4.1 Model geometry and FE discretization

When the slight inclination of the side is neglected, two axes of symmetry can be
assumed. However, only the longitudinal symmetry axis is considered to ensure
that potential crack propagation can occur at the midpoint of the cross-section. For
structural components, such as reinforcement rebars or cooling pipes, positioned
along the longitudinal axis of symmetry, it is necessary to adjust their property
specifications. The main model dimensions are 1.5(w/2) x2.5(h) x15(1) m.

For thermal analysis, the previously cast base concrete is also included in the
model, see Figure 4.13a. However, for mechanical analysis, it is sufficient to
exclude this part to reduce computational complexity. Instead, a layer with a
thickness of approximately 200 mm is assumed.

(b) Mechanical model geometry and
(a) Thermal model geometry and mesh mesh

Figure 4.13: Geometry and mesh for the analysis

First, a plane mesh was created with strictly defined nodes corresponding to the
positions of the cooling pipes. The remaining areas were meshed with a max-
imum element size limit of 200 mm. Although this may seem like a relatively
coarse division, the thermal field still corresponds well to reality, except for minor
discrepancies near the cooling pipes at early ages. The mesh was then expanded
into a 3D model by specifying the third dimension with length of 300 mm.

Instead of directly modelling the fracture process zone with actual width w,, an
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element-wide crack band of width h with the same size as the mesh is assumed.
According to the crack band theory for concrete proposed by Bazant [8], it is
essential to ensure that correct value of the fracture energy is preserved. In other
words, the work of the surrounding structure on the fracture process zone is equal
to the dissipated energy. Consequently, this ensures the size bias and numerical
instability are eliminated by the appropriate selection of the mesh size. According
to Bazant [8], appropriate maximum size of the finite mesh is a half of:

2GE

h <
f2

“4.1)

where:

G is fracture energy,
E is Young’s modulus of elasticity
ft is tensile strength

It is important to note that all three of the aforementioned parameters are time-
dependent. As the properties are described by different time functions, the max-
imum mesh size may change during the analysis. To ensure accuracy and stabil-
ity, it is essential to satisfy this criterion. Therefore, a conservative mesh size of
200 mm is chosen for the third dimension.

For solid concrete parts, eight-node isoparametric elements are used, see Figure
4.14. For the thermal analysis Bricklht elements with one degree of freedom
at each node are used and for mechanical analysis LSpace elements with three
degrees of freedom at each node. By default, 8 integration points are necessary
[25], however, 27 integration points increased accuracy.

-
i

Figure 4.14: Eight-node brick element[25]

The cooling pipe system is not modelled directly. Instead the nodes at the lo-
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cation of the cooling pipes are connected through a truss member Linelht to a
fictive node. The temperature is directly specified at these nodes by the Dirichlet
boundary condition and the truss element describes the pipe within the side of
brick element h. Thus, the cross-sectional area A and thermal conductivity \g. are
adjusted according to:

A = 7h(dy — t) (4.2)
Ago — HDPE ke 4.3)

where:

do is outer diameter of the cooling pipe,
t is the wall thickness of cooling pipe,
l. is length of the truss element

When inserting the values to the Equation (4.3), it results to fictitious thermal
conductivity \g. of 18.696 W/mK.

The reinforcement is modelled using truss3D elements, with three degrees of free-
dom at each node. Since reinforcement nodes do not naturally align with the
original mesh, an effective approach is to use hanging nodes that do not introduce
additional degrees of freedom. Instead of being independent, the displacements
of the hanging nodes are interpolated from the surrounding mesh. This simpli-
fies modelling, ensures compatibility for the deformation, and avoids a significant
increase in computational cost.

4.4.2 Material specification

For thermal analysis, the properties of the pilot block concrete and the base con-
crete are assumed identically. The only difference is that the base concrete is
considered as already matured and the hydration is not modelled. The hydration
of the pilot block is assumed with the previously discussed HydratingConcreteMat
with the parameters described in Table 3.2.

The density of the base concrete is assumed to be slightly higher compared to the
pilot block. The specific heat is determined by weight average based on the con-
crete mixture composition and rounded up. The thermal conductivity determined
by this method is roughly 2.5 W/mK and significantly differs compared to the con-
ductivity values from previous simulations with similar concrete mixture [42; 41].
Thus, the thermal conductivity is chosen in relation to these results and assumed
with value 1.50 W/mK to fit the experimental results.

The reason of the difference can be justified by the influence of air entering agent,
which reduces the conductivity as the consequence of increased air-voids. The
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influence of the reinforcement for thermal analysis is neglected, but for the me-
chanical behaviour it is incorporated. In accordance with the truss element type,
the characteristics in bending are not considered, only axial deformations are as-
sumed.

As discussed previously, concrete is described as an ageing viscoelastic material
with tensile fracture. Therefore, the Young modulus is adjusted to account for
the vertical stiffness of the base concrete. For simplicity, it is assumed as linear
isotropic elastic material. Steel reinforcement is assumed as elastic-plastic with
von Mises yield criteria.

Parameters of the Microprestress-Solidification theory model MPS and fixed crack
model ConcreteFCM are determined based on the concrete composition and labo-
ratory tests if possible. Otherwise, the parameters are determined in accordance
with European technical standards, design model codes and appropriate literature.
The parameters k3 and k7, are set in accordance with the experimental results of
the dissertation thesis [16]. For detailed values of material properties, see Table
4.3.

Compressive strength of the concrete is determined based on the experimental
cube tests conducted on 18 specimens at 90 days according to Eurocode EN 12390.
The characteristic 28-day compressive strength results in 28.3 MPa when approx-
imated to a time-dependent relation in Eurocode EN 1992-1-1. Based on this es-
timated characteristic compressive strength, the tensile strength is conservatively
assumed following the code-based relationship. Thus, the mean tensile strength is
fem = 2.8 MPa. However, results from four-point flexural bending tests on three
specimens indicate a higher tensile strength (fcimpending = 3.1 MPa) than the as-
sumed value. The comparison of compressive and tensile strength development
for the assumed site mix (denoted as C28/36) and regular concrete C25/30 is
graphically visualised, see Figure 4.15. Also note, that the comparison is for reg-
ular concrete mix with specified 28-day strength, in the project the concrete class
strength is assumed in 90 days.
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Figure 4.15: Comparison between mix C25/30 and site mix C28/36 for compressive
and tensile strength
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The value of fracture energy is empirically determined based on fib MC 2010. Au-
togenous shrinkage at infinity is also chosen in accordance with laboratory mea-
surements on specimens taken during pilot block casting.

Table 4.3: Material properties

. Pilot Block
Property Unit Concrete  Steel Base Concrete

Thermal Properties

Density p kg/m? 2275 - 2300
Thermal conductivity A W/mK 1.50 - 1.50
Specific heat ¢ J/kgK 940 - 940
Mechanical Properties

Density p kg/m? 2275 7850 2300
Young’s modulus £ GPa - 200 1.5
Poisson’s ratio - 0.20 0.30 0.20
Thermal expansion coefficient 1075/K 10 10 10
Compressive strength fen MPa 36.3 - -
Tensile strength fi, MPa 2.8 - -
Fracture energy G N/m 139 - -
Yield strength f, MPa - 500 -
Cement content ¢ kg/m? 300 - -
Water cement ratio w/c - 0.52 - -
Aggregate cement ratio a/c - 5.48 - -
Parameter p - 1000 - -
Parameter ks - 90 - -
Parameter k7, - 0.2889 - -
Infinity autogenous shrinkage pe 50 - -

4.4.3 Initial and boundary conditions

The thermal analysis begins at the midpoint of the casting process, which is set
to 11:22 on August 6, defining ¢ = 0. The initial temperature of the concrete
mixture is assumed to be the average of the measured range, resulting in 25.1 °C.
The initial temperature of the base concrete was not measured or explicitly de-
termined. It likely varies with depth, but for simplicity, a uniform temperature is
assumed. Given the summer conditions, 20.0 °C is considered a reasonable esti-
mate.

It is important to note that the boundary conditions mimic real conditions. To
simplify the problem while maintaining a satisfactory level of accuracy, certain
adjustments are made. The boundary conditions are defined in accordance with
the corresponding timeline:
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* Aug 6, 2024 11:22t=0h:

Cooling pipe system is activated.

Heat exchange between insulated surfaces and the surroundings is de-
scribed by the Newton boundary condition.

Heat exchange between the base concrete and the ground is modelled
using the Newton boundary condition.

Solar radiation is considered for the top and side surfaces using the
Neumann boundary condition.

* Aug 11,2024 ¢ =110 h:
— Cooling pipe system is deactivated.
* Aug 17, 2024 ¢t = 270 h:

— Heat exchange coefficient for the top and side surfaces is adjusted due
to formwork removal.

— Solar radiation on the side surfaces is updated to reflect formwork re-
moval.

It is possible to fairly well approximate the ambient temperature 7} me: by the go-
niometric function series [10]. In this case, serie of three sinusoids had been em-
ployed. Approximation parameters were found with the script created in Python
using SciPy’s optimise module. Thus, the function of ambient temperature approx-
imation follows:

2
23.249

T approx(h) = 5.507 sin( (t+ 2.238)>

_ 2w
(t— 16.543)) + 1.817 sm(128'742

+2.225 sin( (t — 87.567)) +20.1

™
400.432
(4.4)

The approximation can be compared with the original values, see Figure 4.16. The
temperature measured by the sensor close to the crane 7}, j,; has only informational
character and have not been used.

Other part of the Newton boundary condition is the heat transfer coefficient be-
tween the surface and the environment. Since the formwork and insulation layers
are not explicitly modelled, their effect is taken into account when calculating the
thermal resistance of each layer [10]. The total thermal resistance of all layers
follows:

1 t;
R = 3 +) x (4.5)

where:
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Figure 4.16: Comparison of measured air temperature and approximation

[ is surface conductance,
t; 1is the layer thickness,
A; is the layer thermal conductivity

The insulation layers have minimal thermal capacity and can be neglected, the
equivalent surface conduction coefficient is given by:

a=— (4.6)

The surface conductance § of solid in air depends on the wind speed and rough-
ness of the surface. The approximate value can be assumed based on the wind
class and formula proposed by Bofang [10] for smooth surface:

= 18.46 + 13.60F*3¢ kJ/(m?h°C) 4.7)
where:
I is the wind class

Wind class 1 has been assumed, with a wind speed in range of 0.3-1.5 m/s [10].
Thus, the surface conductance 3 calculated by Equation 4.7 equals to 8.905 W/m?K.
This value is also assumed as the thermal conduction coefficient for the pilot block
surfaces after removal of the formwork. The coefficient of heat transfer within the
base block and ground is agrouna = 2.500 W/m?K.

In Table 4.4, a summary of layer compositions is provided, including their thick-
ness, thermal conductivity, thermal resistance and equivalent coefficient of surface
conduction for all assumed sides. The thermal conductivity values used are those
commonly applied in civil engineering practice. However, the thermal conductiv-
ity of geotextiles is rarely found in standard reference tables and is not typically
specified by the manufacturer. It has been observed that the thermal conductivity
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Figure 4.17: Measured wind speed

of geotextiles can vary significantly depending on the water content. When air
voids are replaced by water, conductivity can increase up to 0.83 W/mK [33]. Ac-
cording to existing studies, the thermal conductivity of dry geotextiles ranges from
0.07 to 0.13 W/mK [33]. Therefore, for this purpose, the thermal conductivity of
geotextile is assumed to be 0.1 W/mK.

Table 4.4: Thermal properties of side compositions

Specification Thickness Conductivity Resistance Coefficient a

Material mm W/mK m2K/W W/m?K
Top Composition
Foil PE 0.1 0.350 0.0003 -
Geotextile PP 15 0.100 0.1500 -
Surface/Air - - 0.1123 -
0.2626 3.808
Side Composition
Insulation XPS 40 0.035 1.1429 -
Plywood 21 0.130 0.1615 -
Surface/Air - - 0.1123 -
1.4167 0.706
Front/Rear Composition
Insulation XPS 20 0.035 0.5714 -
Plywood 21 0.130 0.1615 -
Surface/Air - - 0.1123 -
0.8453 1.183

In the analysis, it was recognised that the effect of solar radiation needs to be
considered. Factors such as summer casting and the deforested, open location of
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the site within the valley contribute to this effect, as evidenced by meteorological
station data, see Figure 4.18.
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Figure 4.18: Comparison of measured sun radiation and approximation

For simplification, solar radiation is represented using a Newton boundary condi-
tion with a prescribed heat flux. The heat flux is modelled as a function based on
the positive portion of a sinusoidal term, where a full cycle represents a 24-hour
period. The positive section corresponds to the time interval between 6:00 am
and 6:00 pm, with a peak occurring at noon. In addition, an adjustment is applied
to account for the initial time shift. The sinusoidal term is scaled by the average
value of the daily peaks ¢maxavg. The approximation of the solar radiation, see
Figure 4.18, is as follows:

. 2T
Qradiation(t) = {max,avg - SII (ﬂ(t + 5367)) A Qradiation(t) >0

o (4.8)
= 604.5 - sin (ﬂ@ + 5.367)) A Gradiation(t) > 0

It is important to note that, the absorb factor is considered with the value of 0.35.
Moreover, in comparison to real conditions, the boundary conditions for solar ra-
diation are directly applied to the concrete surface. In reality, the thermal effect is
significantly influenced by the layer composition, leading to a lower impact on the
concrete surface than on the top of the insulated layer. Consequently, the constant
values were adjusted to reflect the surface composition and increased following its
removal. The constants were estimated through a manual iteration process to best
replicate the experimental data. Moreover, the increase in the insulation layer also
introduced a shift in the solar radiation intervals. For the top surface, this shift is
found to be negligible. However, for the side surface, it must be considered. In
this case, the shift is caused by the combined effect of the cardinal orientation and
the thickness of the insulation. As a result, the peak solar radiation on the side
surface is observed to occur with a delay of approximately four hours.

For the mechanical analysis, the model is less constrained compared to the ther-
mal analysis. Firstly, the nodes located at the longitudinal face of symmetry, along
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which the model is simplified, are restrained in the transverse (y-axis) direction.
The restrain conditions of the base concrete are more complex. Therefore two dif-
ferent extreme scenarios are assumed. For both, the nodes on the bottom surface
of the base concrete are restricted in the vertical (z-axis) direction. Both modelled
cases assume the restrained movement in the longitudinal direction (x-axis) close
to the mid-section of the block. First scenario modifies the vertical stiffness of
the underlay to simulate the compressibility of the real base concrete. Thus, the
Young modulus is reduced to 1.5 GPa, see Table 4.3. In the second case, the Young
modulus is overestimated to 300 GPa to model very stiff conditions of the base.
While conservative, this may not reflect the real-world conditions and can lead to
overestimation.
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Chapter 5

Results

This chapter presents the results of the finite element analysis and compares them
directly with the available experimental data. The aim is to assess the accuracy of
the numerical simulation and reproduce the observed behaviour. Structural and
thermal responses are validated for locations of the sensors.

Where discrepancies between the FE model and experimental results are iden-
tified, possible explanations are carried out. These reflections consider mod-
elling assumptions, material parameters, boundary conditions and numerical lim-
itations. The findings serve not only to validate the model but also to provide
insight into the sensitivity of the simulation to various influencing factors, which
can serve as guidance for potential model refinement.

5.1 Validation of thermal model

To validate the results of the thermal analysis, the temperatures at mesh nodes
located nearest to the installed thermocouples are extracted for comparison, see
Figure 5.1. In most cases, the closest node is used directly. However, for the ther-
mocouple T2, node No.2125 is selected instead of the geometrically closer node
No.2075. Overall, the analysis temperatures align well with the experimental
data, apart from several reported discrepancies. It shows that, when the hydra-
tion model parameters, initial and boundary conditions for thermal analysis are
appropriately set with respect to the reality, it reaches well alignment with very
low error.

For improved readability, the results are divided into two separate graphs, see Fig-
ure 5.2 and Figure 5.3. The experimental data are represented by markers, while
the model predictions are shown as solid lines. It should be noted that, for clar-
ity, the number of displayed experimental data points has been reduced compared
to the full dataset obtained during field experiment. Nevertheless, the selected
data provide a representative overview and allow a clear comparison between the
numerical model and the experimental observations.
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Figure 5.1: Alignment of mesh nodes with installed thermocouples (x=7.5 m)

The thermal sensor T1, located at the bottom of the mid-section, shows excellent
agreement with the simulation results. The maximum deviation remains within
1°C, indicating a high level of accuracy. The assumed initial temperature of the
base concrete corresponds to the measured temperature of the fresh concrete mix.
During hydration, the temperature rises to approximately 38 °C before gradually
decreasing to around 30°C. Around ¢ = 120 h, a slight change in the slope of
the temperature curve is observed, corresponding to the shutdown of the cooling
pipe system. Additionally, the experimental data exhibit minor daily fluctuations
between day and night, which are not captured by the simulation.
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Figure 5.2: Comparison of numerical and experimental data for selected sensors
(points - experiment, lines - model)

Sensor T6 is also installed at the bottom surface but positioned near the beginning
of the block (at approximately = = 0.6 m). The simulation predicts a similar value
for the maximum hydration temperature as observed for sensor T1. However, the
measured temperature at this location does not exceed 35 °C, resulting in a maxi-
mum discrepancy of approximately 3 °C during the hydration peak. Furthermore,

64



5.1. VALIDATION OF THERMAL MODEL

the simulation predicts a faster cooling rate compared to the experimental data,
which may be attributed to the prescribed boundary condition on the front side of
the base concrete.
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Figure 5.3: Comparison of numerical and experimental data for selected sensors
(points - experiment, lines - model)

Sensors T2 and T3 exhibit very similar temperature profiles due to their place-
ment near cooling pipes P2 and P6, respectively. The experimental data align well
with the numerical simulation, although the model slightly overestimates the hy-
dration peak temperatures by approximately 2 °C. During the active cooling phase
provided by the installed pipe system, the concrete in the central region cools
in reality more slowly than predicted by the simulation. Notably, the tempera-
ture drops to around 40 °C for sensor T2 and 35 °C for sensor T3 during cooling,
followed by an increase once the system is turned off. After removal of the form-
work (approximately at ¢ = 270 h), the effect of solar radiation becomes apparent,
particularly for sensor T3. In this case, the simulation slightly underpredicts the
cooling observed experimentally, likely due to inaccuracies in the approximation
of ambient temperature and solar radiation.

The numerical results for sensor T5 agree well with the measured data, except for
the major error around 10 °C in the beginning of the analysis. The reason for this
error comes from the assumed insulation cover of the top surface. At first, the
top surface was only covered by one layer of the geotextile and later with several
layers were added. Thus, the heat transfer coefficient for beginning times is higher
than assumed in the analysis. Consequently, the measured temperatures are lower
than numerically estimated. The results are influenced by the solar radiation and
ambient temperature resulting in the daily temperature fluctuation around 10 °C.
The alignment of the simulation with real data for this place is strongly dependent
on the approximation of the ambient temperature and solar radiation.

The results of the numerical analysis for sensor T4 overall correspond well with
the measured data. A temperature difference of approximately 5°C is observed
at the early stage, likely due to the different temperature of fresh concrete. After
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the removal of the insulated formwork, the simulation slightly underestimates the
minimum daily temperature peaks. This discrepancy is attributed to the position
of the reference point used in the simulation, see Figure 5.4. For node No.7775,

the daily temperature fluctuation is less pronounced due to the thermal buffering
effect of the surrounding concrete.
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Figure 5.4: Comparison of temperature profile for nodes close to T4

The decision for selecting node No.2125 instead closer node No.2075 for the sen-
sor T2 is made because node No0.2075 is directly affected by the cooling pipe,
which locally influences the temperature field. Furthermore, the theoretical align-
ment between the position of the cooling pipe and sensor T2 is discussable. It
is important to note that the ladder with attached sensors was installed first and
later cooling pipe system. It is very likely, that the cooling pipe is placed from the
opposite side of the installed sensor. Thus, it is farther from the cooling pipe. It is
possible to see this in Figure 5.5.
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Figure 5.5: Comparison of temperature profile for nodes close to T2
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5.2 Extension of thermal analysis

The node No.2225 and No0.2075 are selected to monitor the maximum tempera-
ture of the block during analysis. During the active cooling the maximum tem-
perature of 55°C is reached after 40 h from the assumed beginning. When the
pipe cooling system is turned off the temperature increases in the central part of
the cross-section, resulting in slightly higher temperature for the node No.2075,
which is closer to the cooling pipe P2. As seen in the Figure 5.6 the difference is
negligible.
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Figure 5.6: Simulation of the maximum temperature within the analysis

Furthermore, the cooling power for the pipe system has been determined. The
maximum cooling power determined by the numerical simulation is around 96 W/m,
resulting in the total power of 8.64 kW. This can be compared with the calculated
power about 10.45 kW.
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Figure 5.7: Cooling power of the system
The theoretical power is calculated based on the difference of the water temper-

ature on input and output. If assuming the difference to be 5°C and water flow
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about 0.5 I/s the total power can be determined according to:

P =ATQc (5.1)

Please note, that the temperature of the water is assumed as constant for the whole
pipe cooling system. Therefore, the cooling power for different locations does not
differ so much. In reality, the cooling power along the length varies as the medium
warms up resulting in higher difference between individual pipe’s cooling power.

The visualisation of the thermal field for some of the analysis times are presented
in the following Figure 5.9. The pilot block is cut at the mid-section.
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Figure 5.9: Thermal field results for several times of the analysis
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5.3 Validation of mechanical model

To validate the reliability of the mechanical model, the numerical simulation re-
sults are compared with the field data, as illustrated in Figure 5.10. It should
be noted that the data from strain gauge W1 are omitted from the analysis due
to observed significant fluctuations. This suggests that the sensor may have been
damaged during casting and measured data are unreliable. The remaining gauges,
W2-W5, provide sufficiently reliable data for comparison. The results of measured
strain by gauges are visualised as points while the simulation is represented with
the full line, see Figure 5.10.

Right after casting, the readings from the installed gauges showed some fluctua-
tions, but later became stable. For this reason, a reference time of 10 hours after
the start of the analysis was chosen. At this point, the experimental strain values
were set to zero. To ensure easy comparability of the results the simulation results
are shifted to match this zero point.
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Figure 5.10: Validation of the mechanical model with experimental data (points -
experiment, lines - model)

In general, the simulation results demonstrate a satisfactory level of agreement
with the measured strains, apart from the exception for gauge W5. The numeri-
cal model successfully captures the overall evolution trend observed in the reality,
including the timing and magnitude of the initial peak. However, discrepancies
become evident during the cooling phase, particularly due to the model’s ten-
dency to overestimate the reduction in strain as the concrete block cools through
embedded pipes. This results in lower predicted strain compared to the experi-
mental measurements. Despite this limitation, the simulation provides a credible
representation of the structural behaviour and supports the validity of the model.
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5.4 Crack development

One of the most important outcomes, particularly from a practical perspective, is
the evaluation of crack widths. In this specific application, no cracks were ob-
served in the concrete block and the numerical simulation likewise does not pre-
dict any visible cracking. This result strongly reflects the quality of collaboration
between the construction team and researchers. Achieving such a performance
would not have been possible without thorough planning and preparation. How-
ever, it is important to note that the occurrence of cracking is highly dependent
on the restraint conditions. When the base concrete is modelled as fully rigid, the
simulation indicates the formation of cracks. A comparison of crack widths un-
der the initially assumed conditions (left side) and modified rigid base layer (right
side) is shown in the figures below. Also note that a scale factor of 1000 is used for
visualising the crack width in the original scenario, in comparison the scale factor
for second case is ten times lower.
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Figure 5.12: Crack development for several times of the analysis
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Furthermore, the thermal analysis for the scenario with rigid base layer is ex-
tended to observe whether cracks develop in the middle section. It can be ob-
served that around 768 hours, two cracks begin to form in the middle section, see

Figure 5.13.
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Figure 5.13: Crack development for rigid base concrete
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Chapter 6

Conclusion

This work has presented complex thermal and mechanical behaviour of massive
concrete structures, with a particular focus on the mitigation of early-age thermal
cracking through the use of embedded pipe cooling system. Attention was also
given to the theoretical background through a detailed literature review, which
summarised existing knowledge on cement hydration, material models, cracking
mechanism and various techniques to reduce risk of thermal cracking. By apply-
ing established material models within a numerical analysis and validating the
results against field measurements from the Krounka polder pilot block, the work
demonstrated the practical applicability of existing models.

All simulations were carried out using the open source finite element software
OOFEM, which is a flexible and efficient tool for the coupled thermo-mechanical
analysis. The thermal analysis is assumed as a transient heat conduction problem
with employed affinity hydration model for concrete. It achieved excellent agree-
ment with measured in situ temperature data. To reach this level of accuracy,
it was necessary to carefully model a number of boundary conditions, including
approximations of ambient temperature variation and the influence of solar radi-
ation. This confirms that, when properly calibrated, the thermal analysis is highly
effective in predicting the temperature evolution of early-age concrete.

The mechanical analysis focused on simulating strain and crack development re-
sulting from thermal effects, as well as key time-dependent phenomena such as
basic creep and autogenous shrinkage. The comparison with measured strains
showed generally good correspondence. Moreover, no cracks were observed on
the pilot block after casting, and this outcome was consistent with the results of
the numerical simulation. However, a modified scenario of the simulation, which
employed a rigid base layer, produced noticeably larger cracks. This is attributed
to the excessive restraint imposed by the rigid layer, which not only restricts move-
ment but also introduces unrealistic bending stiffness. As a consequence, overesti-
mates the cracking risk. The modelling of boundary conditions, therefore, remains
a key area where further refinement is necessary.

In conclusion, the numerical modelling is a reliable method for assessing early-
age behaviour and cracking risk in massive concrete structures. Although thermal
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analysis is robust and accurate, mechanical model requires further improvement,
particularly a refinement of the boundary conditions would be beneficial. One
possibility for improvement is assuming boundary conditions resulting in stati-
cally determinate system. This allows for realistic bending flexibility and more
accurate mechanical behaviour. Another possibility for future work is to incorpo-
rate moisture transport, resulting in a coupled thermo-hygro-mechanical model.
This would enable modelling of drying shrinkage and creep. As a result, it can
provide a more comprehensive and realistic representation of early-age concrete
behaviour.
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