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Abstract

The main goal of this thesis was to develop a physically based material model capable of
predicting the influence of elevated temperatures up to 100 °C on the mechanical prop-
erties of concrete. The motivation resulted from the necessity of assessing the effects
of ageing on the mechanical properties of concrete in order to determine the structural
integrity of buildings exposed to ambient environmental conditions.

The mechanical properties considered by the model are strength and stiffness, by means
of compressive strength, tensile strength and modulus of elasticity and time dependent
deformations, covering creep and shrinkage. This document summarises the process
of evolution and achievement of the results of the investigation. The work is written
according to the time sequence followed along the investigation. It starts with a litera-
ture review, followed by the planning and conduction of a series of experiments, which
served to generate the required knowledge and data that were finally used to develop the
material model.

Before the planning of the experiments, a literature review aimed at identifying the most
important features playing a role on the mechanical behaviour of concrete subject to
elevated temperatures was conducted. The literature review made clear that it is not just
temperature that influences the mechanical properties of concrete. Besides temperature,
the moisture content is also an important factor. Open questions are related to their
interaction with respect to the mechanical behaviour of concrete. In consequence, it was
necessary to identify how these two factors influence each other and to what extent their
impacts on the mechanical properties of concrete can be considered independent from
one another. For concretes made with quartzitic aggregates, at elevated temperatures
and high moisture content, hydrothermal reactions between silicone dioxide from the
aggregates and calcium hydroxide from the cement paste can take place, forming new
calcium silicate hydrate phases. These reactions represent a third factor affecting the
mechanical behaviour of concrete, but according to the consulted sources, they do not
influence the mechanical properties of concrete substantially.

The experimental program was planned and conducted based on the literature review
focusing on the open scientific questions. The experiments were aimed at characterizing
the effects of moisture content and temperature on the mechanical properties of concrete.
It was assumed that these effects could be appraised separately and in case hydrothermal
reactions would occur, their influence on the mechanical properties could be neglected.
Samples of three concrete mixtures were conditioned at different relative humidities and
subject to diverse room temperatures. Tests of compressive strength, tensile strength,
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modulus of elasticity, creep and shrinkage were carried out. The relative humidity in the
concrete pores was measured in several samples throughout the whole process in order
to register the moisture content of the samples that were tested.

From the experimental results it can be stated that the influence of hydrothermal reac-
tions on the concrete compressive and tensile strength cannot be neglected. Neverthe-
less, in accordance with the literature review, it was found that these reactions occurred
only at very high contents of water in the concrete microstructure at temperatures higher
than approx. 60 °C.

The results of the experiments were rigorously analysed. This analysis led to the formu-
lation of physically based mathematical expressions to describe the mechanical beha-
viour that the concrete samples showed in the experiments. Formulations to predict the
influence of moisture content and temperature on the concrete strength and stiffness as
well as creep and shrinkage were developed based on the test results. The formulations
showed a very good compliance with the measurements, however, their applicability is
limited because the relative humidity of the concrete must be known in advance. How-
ever, if not measured, this may be estimated from formulas based on diffusion theory.

The final part of the thesis deals with the development of an overall material model
to predict the mechanical behaviour of concrete subject to elevated temperatures up to
100 °C. The conception of the material model represents an effort to improve the applic-
ability of the developed formulations.

Due to the fact that the moisture content of concrete can vary with time, the only way
to implement the formulations in a material model was to couple them with a model
of moisture transport in concrete. Using the large amount of measurements of relative
humidity conducted on the concrete samples during the experimental program, it was
possible to conceive and calibrate a model of moisture transport for concrete. The model
of moisture transport was developed based on the theory of diffusion. The combination
of the moisture transport model with the formulations to predict the mechanical proper-
ties of concrete resulted in a new overall material model with the capacity to calculate
the time dependent behaviour of the concrete mechanical properties subject to elevated
temperatures and variable moisture content. This model was tested by comparing it with
the experimental results showing a very good accuracy. Moreover, the model is capable
of describing the time dependent behaviour of the mechanical properties based on phys-
ically sound assumptions which allows to extend its applicability beyond the concretes
treated in the investigation.
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Notation

CSH
CH
w/c-ratio

p
Psat

Tref

hmean

Calcium silicate hydrate

Calcium hydroxide

Ratio of mass of water to mass of cement [-]

Partial pressure of water vapour [Pa]

Saturation pressure of water vapour [Pa]

Adsorbed volume of gas [m3]

Volume of gas when a unimolecular layer is adsorbed [m?]
Constant of the BET equation [-]

Surface tension of water [N/m]

Contact angle between the surfaces of liquid and solid [°]
Capillary radius [m]

Density of water [kg/m?]

Specific gas constant of water vapour [J/(kgK)]

Relative humidity of the environment [%]

Temperature [°C]

Temperature of reference [°C]

Hygrothermic coefficient of concrete [K™!]

Relative humidity in the concrete pores [-] or [%]

Mean relative humidity of the concrete sample [-] or [%]
Moisture content in the concrete pores [%]

Permeability coefficient of concrete at reference conditions [m?]
Permeability coefficient of concrete after being submitted to a
given temperature and relative humidity [m?]
Compressive strength of concrete [N/mm?]

Tensile strength of concrete [N/mm?]

Modulus of elasticity of concrete [N/mm?]

Diffusion coefficient [mm?/d]

Diffusion coefficient at reference conditions [mm?2/d]
Parameter of the function f(4) [-]

Activation energy of Diffusion [J/kg]

Radius [mm]

Relative humidity of the environment [-]

Initial relative humidity of the concrete pores [-]
Constant to account for units of length oder than mm
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Factor to calculate the drying creep coefficient [-]
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Temperature-dependent parameters of Kp 7 [-]

Factor to account for the temperature dependency of the drying
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Chapter 1

Introduction

1.1 Problem statement and objectives
of the investigation

In the last years the estimation of the service life of concrete structures is becoming
increasingly more important. Mostly due to economical but also to environmental and
political reasons, many concrete structures are being used beyond the service life they
were designed for. Thus, nowadays the necessary repair of damage and maintenance of
concrete structures concerns many private and public institutions. In order to determine
whether a given concrete structure maintains its structural integrity, safety evaluations
based on models, monitoring and inspections must be periodically conducted. Perform-
ing safety evaluations requires an assessment of the effects of concrete ageing because
the concrete properties vary in time according to the environment to which the concrete
is exposed. The vast majority of the concrete structures are exposed to ambient envi-
ronmental conditions in which variation of the moisture content is the most important
factor contributing to the ageing process of the concrete being constituted by hydration
and/or some kind of polymerisation process. Yet, concrete structures used in the energy
industry such as cooling towers or buildings for thermal energy storage are addition-
ally subject to elevated temperatures. These buildings belong to the group of sensitive
infrastructure whose vulnerability is decisive for human civilization.

Between the years 2011 and 2015 the German Federal Ministry of Education and Re-
search (BMBF) supported the project AURIS as part of the program "Research for Civil
Security" of the German government’s high-tech strategy. AURIS was a research project
aiming at developing an autonomous risk and information system for structural analysis
and health monitoring of security-relevant buildings. This safety management system
consists essentially of a measuring system to evaluate the condition of the building
structure before, during and after exposure to an extraordinary load with the purpose
of protecting people in buildings of critical infrastructure against extraordinary events,
e.g. during an explosion, accident or earthquake.

An aged building responds differently to a sudden change in loads than a newly con-
structed building. On this background, the Institute of Concrete Structures and Build-
ing Materials (IMB) of the Karlsruhe Institute of Technology (KIT), Department of
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Building Materials was entrusted under the joint research project AURIS with the con-
duction of the subproject “Development of a state model for concrete structural ele-
ments”. The main objective of this subproject was the development of material models
for concrete to predict the bearing capacity of a concrete structure during its service
life and at the moment an extraordinary event occurs. The objective of the project was
achieved by conducting systematic investigations on concrete samples subject to ele-
vated temperature and various ambient humidities.

Later, a more ambitious goal constituting the main objective of this thesis emerged from
the results and expertise gathered with the research project. This consisted in the devel-
opment of a new overall material model capable of predicting the mechanical behaviour
of concrete subject to elevated temperatures up to 100 °C. The new material model es-
timates the time, temperature and moisture dependency of the compressive strength,
tensile strength, modulus of elasticity, creep and shrinkage of concrete. Consequently,
this thesis provides specific knowledge about the influences of temperature and mois-
ture content on the mechanical behaviour of concrete as well as a tool to calculate these
influences. This shall contribute to the field of investigation of estimating the structural
safety under ordinary and extraordinary loadings as well as to the area of evaluating the
service life of concrete structures.

1.2 Structure of the document

The thesis is structured in four main parts: literature review, experimental program, con-
ception of models and conclusions. The concrete mechanical properties throughout the
document are grouped in two categories. These are the concrete strength and stiffness in-
cluding compressive strength, tensile strength and modulus of elasticity and the concrete
time dependent deformations referring to creep and shrinkage.

Following this introduction, in Chapter 7] a literature review embraces the current know-
ledge about the influence of temperature on the mechanical properties of concrete. This
chapter served to identify the most important factors playing a role in the relations
between concrete mechanical properties and temperature and allowed the design of an
ambitious and well-oriented experimental program.

The planning and results of the experimental program are presented in the two following
chapters. The production and storage of the concrete samples and the description of the
conducted tests are presented in Chapter [3] while Chapter [ contains the execution of
the experiments accompanied by a rigorous analysis and discussion of the results.

In Chapter [5| the experimental results are used to formulate mathematical expressions to
relate the influence of temperature and moisture content with changes of the concrete
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mechanical properties. These formulations are then implemented in the material model
presented in Chapter [6]

The work is finally summarized in Chapters [7] and [§] comprising the most important
results and conclusions of the investigation and an outlook on the issues that remain
unsolved including those that arose during the investigation.






Chapter 2

Literature review

This chapter aims at providing an overview of the various agents that contribute to the
mechanical behaviour of concrete and their interaction with temperature. The litera-
ture review begins by asserting the importance of water in the formation of the concrete
microstructure, its presence in the hardened concrete, and its interaction with the con-
crete components and the environment. The mechanisms associated with the process
of movement of water within the concrete microstructure are briefly introduced includ-
ing some theoretical approaches to describe them. Additionally, the chapter presents a
compilation of experimental results from previous investigations concerning the effects
of temperature on the mechanical properties of concrete. Finally, own considerations
based in the literature review are presented which guide the design of the experimental
investigations to be conducted.

2.1 Role of water in the concrete microstructure

Water always plays an important role on the life of concrete. Right from the very be-
ginning, as a component of the fresh concrete, the amount of water used in the concrete
mixture governs its workability [64]. During hydration, the developed hydrates fill the
space between the solids seizing the space originally occupied by water. The water
not consumed by the hydration reaction remains in the pore space defining thereby the
microstructure of the hardened cement paste, i.e. porosity of the produced material.
The lower the porosity the higher the strength and durability of the concrete [64, [116]].
Moreover, during the hydration reaction empty capillary porosity within the cement
paste component of the concrete is created due to chemical shrinkage [61), 115 [149],
as well as to the loss of water to the ambient enviroment. The kinetics of the hydration
reaction are linked to the presence of water. An empty pore space created due to drying
or self-desiccation will not be filled with hydration products, because due to the lack of
water the curing process slows down and terminates at a lower degree of hydration than
the one that could be achieved under saturated conditions [21]].

The role of water goes beyond its importance for the workability of concrete and the
hydration reaction of the cement paste. On the basis of a fully hydrated concrete with a
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constituted microstructure, the mechanical properties of the concrete will still undergo
considerable changes if its water content varies. According to Dahms [41] the com-
pressive strength of concrete increases up to around 30 % after drying compared to the
same concrete in saturated conditions. Bonzel and Kadlecek [26] reported a decrease of
the tensile strength of concrete shortly after subjecting it to drying and a continuously
increase of the tensile strength afterwards. Pihlajavaara [[112], after being engaged for
over 10 years in the investigation of the ageing phenomena of drying in concrete, came
to the conclusion that the drying causes strengthening and the wetting weakening of the
hardened cement paste.

Also the deformation behaviour of concrete shows a significant dependency on water
content. Concretes under saturated conditions have a higher modulus of elasticity than
dry concretes, because the water in the pores is incompressible and cannot scape so
quickly when the concrete is subject to rapid loading [64]]. Both creep and shrinkage de-
formations are the higher, the higher the water content and the moisture gradient within
the concrete member [98]].

2.1.1 Structure of hardened Portland cement paste

Knowing the nature of the hardened cement paste is essential for the understanding of the
processes that can lead to changes on the mechanical properties of hardened concrete.
Henceforth, the essential characteristics of the composition and structure of the hardened
cement paste are following summarized.

2.1.1.1 Microstructure, porosity and pore water

The Portland cement paste, in its fresh state, is composed of cement grains in an aqueous
solution. As cement grains react with water, new solid phases are produced. These
solid phases consist of a dense, though porous substance, called cement gel and other
products playing a relative minor role as structural units, such as crystalline calcium
hydroxide (CH), ettringite, etc. The cement gel is composed of gel particles consisting
primarly of calcium silicate hydrates (CSH) of various compositions with a large specific
internal surface area of about 700 m? per cm? of solid [117], and interstices among those
particles, called gel pores. In case the cement gel does not fill all the spaces within a
specimen of cement paste originally occupied by water, capillary porosity is produced.

According to Powers [[117]], the capillary porosity exists in the hardened cement paste as
interconnected channels or, if the structure is dense enough, as cavities interconnected
only by gel pores. The capillary porosity depends on the original proportion of water
in the cement paste, which is usually expressed as the ratio of mass of water to mass of
cement (w/c-ratio) in the original mixture. During the hydration reaction the cement gel
is produced in water-filled capillary cavities, and when all those cavities become full,
no further hydration of cement can occur. In order to hydrate all the cement grains in
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a given cement paste, the mass of water added must be of approximately 40 to 43 %
the mass of cement (0.40 < w/c-ratio < 0.43). For w/c-ratios lower than 0.40 not all
the available cement grains will be able to react with water, leaving some unhydrated
cement grains in the cement paste, while the excess of water by w/c-ratios higher than
0.40 leads to the formation of capillary pores (see Fig. 2.1)). Hence, the w/c-ratio has
a substantial influence on the development of the cement gel microstructure and deter-
mines the physical properties of the hardened cement paste.

100

air porosity

80

gel water

Volume [%)]

o2}
o

ey
o

20

unhydrated
cement

cement gel

capillary water

(solid matter)

1.0 12 14

0 1 1 1
0.2 0.4 0.6

0.8
w/c - Ratio

1.6

Figure 2.1: Volume proportions in relation to w/c-ratio in fully hydrated hardened cement paste [40]

Besides the microscopic gel and capillary porosity also macroscopic air and compaction
voids are presented in the hardened cement paste. The subdivision and nomenclature
of the pores are not uniformly managed in the literature and depend on the arbitrary
definition of the respective authors. In a general way the TUPAC! [N18] classifies the
pores of a porous solid according to their sizes: micropores have diameters less than
about 2 nm, mesopores have diameters between 2 and 50 nm and macropores have
diameters larger than about 50 nm.

Other classifications specifically developed for hardened cement paste have also been
proposed. Table [2.T] presents the pore classifications according to Mindess and Young
and Setzer [94, [140]]. These classification are based on the interaction between the in-
ternal surfaces of the hardened cement paste and water. Within the microscopic ranges
the interaction between water molecules and solid matter is predominantly based on
surface physical principles, while for the macroscopic voids, this interaction is related
to volume and mass-based processes. The threshold value between microscopic and
macroscopic lies according to Setzer [141] by a pore width of about 0.4 pm.

! International Union of Pure and Applied Chemistry.
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Table 2.1: Classification of pore sizes in hardened cement pastes [94, [140]

Designation | Diameter Description Role of water
2 Capillary 10-0.05 uym Large capillaries Bulk water
=}
> pores 50 ~ 10 nm Medium capillaries Moderate surface tension forces
T
& 10-2.5nm Small (gel) capillaries Strong surface tension forces
2]
§ Gel pores [2.5~0.5nm Micropores Strongly adsorbed water; no menisci
=
= <~0.5nm | Micropores "interlayer" Structural water involved in bonding
Coarse >4 mm Empty pores -

<4 mm Macro capillaries
@ Capillary <120 ym Meso capillaries Macroscopic bulk water
N pores
$ <4 pum Micro capillaries

<120 nm Meso gel Prestructured condensate
Gel pores
<4nm Micro gel Structural surface water

Both classifications presented in Table 2.1 assume that the water stored in the gel pores
is influenced by the surfaces of the gel particles. By considering the diameter of the gel
pores and taking into account that the diameter of a single water molecule is of about
0.28 nm, it can be recognized that only a small number of water molecules can be stored
within the gel pores, and therefore, all of them are located within the region of influence
of the gel particle surfaces. These influences are the higher, the smaller the diameter of
the gel pores.

2.1.1.2 Models of hardened Portland cement paste

In the last decades several authors have dealt with the challenge of assessing the in-
fluence of the moisture content on the mechanical properties of concrete through the
conception of models of hardened cement paste. These models aim to illustrate the ac-
tual conditions that prevail in the hardened cement paste by describing, in a simplified
and approximated way, its microstructure. In the following paragraphs some commonly
used cement paste models are briefly summarized.

Cement paste model from Powers and Brownyard

The structure of cement paste was originally deduced by Powers and Brownyard [[120]
from data on water vapour adsorption isotherms. Many authors have addressed their
work: well-known textbooks like those from Czernin [40], Taylor [148] and Neville [106]
summarize the most important features of the model; Hansen [[71]] wrote an explanation
of how the model was derived; and more recently Brouwers [28, 29]] recapitulated their
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work demonstrating that its results enable the quantification of the reaction products of
the four clinker phases?.

According to Powers [[117] the cement paste is composed of cement gel, crystals of
calcium hydroxide (CH), some minor components, residues of the original cement, and
capillary cavities. Water is presented in three different states: chemically bounded water,
also known as non evaporable water, with a density of approximately 1.22 g/cm?; phys-
ically adsorbed water, which occupies the gel pores and is influenced via surface forces
by the gel particles; and free water occupying the capillary pores. The model of Powers
and Brownyard is capable of explaining many physical properties of hardened cement
paste and despite the fact that it was proposed over 50 years ago, it is the only avail-
able model capable of calculating the volumetric composition of the hardened Portland
cement pastes quantitatively.

Powers used this conception of the cement paste microstructure as basis for the later
development of a model to explain the mechanisms of creep and shrinkage of hardened
cement paste [[118}[119]]. By means of thermodynamics, Powers described the behaviour
of water in a simplified geometry of a wedge-shaped gap of solid matter containing ad-
sorbed water and capillary condensed water (see Fig.[2.2)). At a given relative humidity
in the pore microstructure of the hardened cement paste, water absorbed by the free sur-
faces builds a water film, additionally, a meniscus forms holding capillary condensed
water. According to Powers, in the narrow spot where the two adsorbed films meet
(hindered adsorption), disjoining pressure’ is developed . This pressure is compensated
by the stiffness of the gel particles and van der Waals forces.

gitE TS adsorbed water

capillary condensed water

Figure 2.2: Wedge geometry according to Powers [[119]]

Powers explained the elementary processes of creep and shrinkage with the model pre-
sented in Fig. 2.2] The action of a force disturbs the equilibrium of the system. Ini-
tially, the water at the narrow spot must carry part of the loads (load bearing water),
which causes a change on the molar free energy of the adsorbed film. The water reacts
by slowly diffusing from the spot of hindered adsorption to the free adsorption areas.

2 Alite C3S, belite C, S, tricalcium aluminate C3A, tetracalcium aluminoferrite C4AF.
3 The concept of disjoining pressure was first formulated by Derjaguin [44], it arises when two surface
layers mutually overlap.
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According to Powers, when a new equilibrium is reached, the creep process ends. In the
same way, the equilibrium can be disturbed by changes in the relative humidity of the
pores. This eventually droved Powers to describe creep and shrinkage as two phenomena
ruled by the same process of adsorption and desorption of water.

Stimulated by the general ideas of the creep mechanisms from Powers, Bazant developed
the theory of hindered adsorption for concrete. This theory incorporates elements of the
surface thermodynamics in the model from Powers. BaZant used the description of free
adsorption proposed by Guggenheim [66], which is based on a surface phase of finite
thickness and constitues an improvement of the classical surface thermodynamics from
Gibbs [63]] in which a zero thickness for the surface phase is assumed. Bazant developed
a consistent thermodynamical formulation to describe hindered adsorption based on sur-
face phases of finite thickness and including the action of disjoining pressure. The math-
ematical formulation of the theory was gradually presented in [5, [6] 7, [8]], and further
reviewed in a broad context in [9]].

Cement paste model from Feldman and Sereda

The model from Feldman and Sereda [54}55]] was based on surfaces areas and porosities
obtained by measuring N, adsorption in hydrated Portland cement. They emphasized on
the fact that water interacts so strongly with the solid phases through chemisorption that
the pore structure of the hardened cement paste is unstable in water vapour adsorption
experiments, like those conducted by Powers and Brownyard to develop their model of
cement paste. According to Feldman and Sereda, the hardened cement paste is com-
posed of gel particles with a layered irregular structure. Water is not only absorbed by
the gel particles, it can also enter into the layers and play a role as a structural component
of the cement paste (see Fig.[2.3)).

Figure 2.3: Model of cement paste structure according to Feldmann and Sereda. CSH layers (B) are
represented as lines with some points of connection between them (A); crosses designate the
interlayer water molecules and circles the adsorbed water molecules [54]]

Depending on the temperature and relative humidity, the interlayers can contain more
or less water influencing the distance between layers. In this way, the model explains
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the effect of vapour pressure on the modulus of elasticity and suggests that the entry and
exit of interlayer water play an important role on creep [52].

Cement paste model from Wittmann and Setzer

In the model proposed by Wittmann and Setzer [143, [152] also known as the Munich
model, the hardened cement paste is presented as a xerogel*. The model describes the
influence of water on the cement paste microstructure on the basis of two humidity re-
gions: a lower humidity region from 0 % to 40 % relative humidity (RH) in which the
surface energy of the gel particles plays a fundamental role and a higher humidity region
between 60 % and 100 % RH primarily influenced by disjoining pressure. Fig.[2.4]shows
the expansion process undertaken by a dry hardened cement paste in the two regions of
relative humidity.

e ° Adsorbed water
— CSH particles AT

|

0 % RH 40 % RH 80 % RH

Figure 2.4: Representation of a dry hardened cement paste (left), the expansion of the cement paste in the
lower RH region (centre) and the separating action of the disjoining pressure at some contact
points in the higher RH region (right) [[152]

In the lower RH region the model assumes that the surface free energy of the hardened
cement paste maintains the gel particles together and as water molecules are adsorbed,
the surface free energy decreases leading to an expansion of the gel particles. This ex-
pansion is according to Bangham and Fakhoury [[13]] linearly proportional to the energy
changes. The first layer of adsorbed water molecules strongly influences the surface free
energy of the gel particles, however, additional layers do not have much impact on the
surface free energy which limits this effect to relative humidities up to 40 %. Measure-
ments conducted by Adolphs [1] to determine surface energy relationship by means of
inverse gas chromatography (IGC) supported this assumption.

To describe the processes in the higher RH region, the model uses the concept of disjoin-
ing pressure as defined by Derjaguin [44]. Based on the measurement method described
by Splittgerber and Wittmann [[145] and particularly on the experiments conducted by

4 A solid formed from a gel by drying resulting in unhindered shrinkage.
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Splittberger [144], it was demonstrated that, if the humidity of a system in which two
plates are held together by van der Waals forces is increased, with increasing thickness
of the absorbed film, a decrease of the attractive forces takes place. At a certain va-
pour pressure, the plates are separated by a liquid film defining the point at which the
disjoining pressure of the water exceeds the attractive van der Waals forces. In general
it can be stated that an increase of vapour pressure causes a separation of the surfaces
that are only held together by van der Waals forces, leading the gel structure to undergo
macroscopic expansion.

The model differentiates between primary bonds (chemical) and secondary bonds (van
der Waals). Conforming to the Munich model, only the particles connected by secondary
bonds are separated due to the action of the disjoining pressure.

2.1.2 Moisture storage in the concrete microstructure

2.1.2.1 Mechanisms regulating moisture ingress

The pore structure of the hardened cement paste is exposed to the moisture of the sur-
rounding environment. The interaction between moisture of the surrounding air and
hardened cement paste is regulated by two mechanisms.

* At low relative humidities prevails the adsorption of water vapour molecules on
the pore walls. The adsorption describes a process in which the accumulation of
substances on the surface of a solid takes place. The most common relation used
to describe adsorption was proposed by Brunauer et al. [34] as an extension of
the Langmuir’s theory of monomolecular adsorption [92]]. Based on multimolecu-
lar adsorption, Brunauer et al. derived an expresion to calculated the volume of
adsorbed gas in a porous solid known as the BET equation (see Eq. 2.I)). This
equation is used in DIN ISO 9277 [N12] as standard procedure for determining
the specific surface area of porous and non-porous solids.

P/ Psar 1 c—-1
= . sa 2.1
V'(l—P/ant) Vm'C+Vm‘C p/p ! @b

In Eq. p and pg, are the partial pressure and saturation pressure of the gas, v
is the volume of gas adsorbed, v, is the volume of gas adsorbed when the entire
adsorbent surface is covered with a complete unimolecular layer and C is a constant
dependent on the heat of adsorption and the temperature.

* At high relative humidities (p/pse; > 0.5) and depending on the size of the pores,
the volume of gas adsorbed by the solid does not coincide with the values given
by the BET equation. The actual volume is higher because of capillary condensa-
tion. Capillary condensation is the process that follows the multilayer adsorption

12
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after the point at which pore spaces become filled with condensed liquid from
the gas. Due to surface tension of the liquid, a meniscus forms at the liquid-
gas interface. Over a curved liquid-vapour interface the vapour can condense by
partial pressures below the saturated vapour pressure, as denoted by the law of
Kelvin-Thomson [62, [74]. This law describes the relationship of the ratio of va-
pour pressure between a curved and a flat liquid surface according to the radius
of curvature. Eq. [2.2] constitutes the most common mathematical description of
the law of Kelvin-Thomson. This equation is based on a geometric simplification
of the pore space. The pores are depicted as capillary tubes in which spherical
menisci are formed [82]].

2-0- 0
P exp <_ 0 cos ) 2.2)
Psat rc'pw'RD'(T+273)

In Eq. p and pg, are the partial pressure and saturation pressure of the gas,
o is the surface tension of water, 0 is the contact angle, r, is the capillary radius,
Py is the density of water, Rp is the gas constant for water vapour, and 7 is the
temperature of the system.

2.1.2.2 Sorption isotherms

The amount of water stored in the concrete microstructure is characterized by the sorp-
tion isotherm of the material. The sorption isotherm indicates the relationship between
the relative humidity of the environment and the equilibrium moisture content of the
material at a given temperature. For hardened cement paste the sorption isotherms are
typically s-shaped corresponding to the type II according to the ITUPAC classification of
adsorption isotherms [[I7]. The characteristic properties of a sorption isotherm for hy-
groscopic porous materials are schematically summarized in Fig.[2.5] In the top diagram
of Fig. 2.5 the sorption isotherm is divided in two regions. A first region can be iden-
tified in a range between dry state and approximately 95 % RH, in which the water is
bounded by adsorption. In this region, also known as sorption moisture or hygroscopic
region [85]], the lower range up to about 15 % RH is determined by a monomolecular
adsorption of water on the solid surfaces followed by a linear increase of the volume of
adsorbed water through multimolecular adsorption, which ends at about 50 % RH. The
following progressively increasing range from approximately 50 % to 95 % RH is attrib-
uted to the capillary condensation. In the second region, for relative humidities above
around 95 %, the sorption isotherm rises very steeply suggesting that in the macropore
range, where no capillary condensation occurs, the pores are filled with unbounded wa-
ter [82]. According to Kiinzel [85] in this region two subregions can be identified, a
super-hygroscopic region corresponding to the filling of water up to free water satura-
tion and a supersaturated region in which the filling continues until all pores are full with
water reaching the maximum saturation.

13
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There is no sharp transition between free and bound water. Usually free water is con-
sidered to be the part of moisture exhibiting physical properties similar to those of pure
water. On the other hand bound water denotes that part of moisture that is bonded by
sorption forces in the material, whose physical properties are significantly different from
those of pure water.

Capillary radius [m] —
3 5 10° 2 5 108107

Monomolecular o
adsorption Multimolecular Free

/_ adsorption il | water
| |
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Water bound
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T = const.

Moisture content [%)]
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. T=T,
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Figure 2.5: Schematic representation of a sorption isotherm for hygroscopic porous materials [82].
Top: Ranges of moisture adsorption indicating the approximated pore radius according to a
modell of capillary tubes [84]. Bottom: Influence of temperature and hysteresis effect between
adsorption and desorption

The bottom diagram of Fig. depicts two important characteristics of the sorption
isotherm: the influence of temperature and the hysteresis effect between adsorption and
desorption. These characteristics need to be considered more precisely.

* Due to the fact that adsorption is an exothermic process [33]], according to the
principle of Le Chatelier’ and the van’t Hoff equation [4], it can be stated that
the adsorption is hindered when temperature is increased, or rather, a temperature

3 A system at equilibrium, when subject to a disturbance, responds in a way that tends to minimize the
effect of the disturbance.
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increase promotes desorption. This implies that at higher temperatures concrete
reduces its capacity of storing water, the water molecules cannot be held by the
internal surfaces of the concrete in the same amount when additional energy (tem-
perature) is added to them. Therefore, for the same concrete the "warm" sorption
isotherms lie under the "cold" ones. Few articles have been published regarding
the effect of temperature on water sorption isotherms of cementitious materials.
Nevertheless, the work from Hundt and Kantelberg [[77] and more recent works
from Ishida et al. [78] and Poyet [121], evidenced experimentally the impact of
temperature on the sorption isotherms of hardened cement paste, mortar, and con-
crete. Furthermore, with the recent advent of molecular dynamic simulations, the
effect of temperature on the water content within and between CSH grains can be
approached numerically (see Bonnaud et al. [23]).

Another aspect that can be identified from the effect of temperature on the sorption
isotherms is the fact that by constant moisture content, an increase in the tempera-
ture of the concrete will lead to an increase of the relative humidity in the pore
cavities of the concrete. This can be easily visualized by drawing a horizontal line
to connect two sorption isotherms at different temperatures in the bottom part of
Fig. Bazant [6, [10, [11]] introduced the hygrothermic coefficient of concrete
K, which describes the variation of the relative humidity dh due to a change of
temperature d7 at a given water content u. A simplified expression to calculate K
for concrete was proposed by Bazant and Najjar [[10] and is given in Eq.[2.3]

dh 1—h
K: E— = 0. 1 .h.i 2‘
(dT>u:mS, 0-0135-h-155—, (2.3)

* The hysteresis effect in sorption isotherms between adsorption and desorption
has been observed at both high and low vapour pressures. Classical experiments
on this issue were conducted by Powers and Brownyard [[120] and Feldman and
Sereda [53]] but also more recent investigations from Espinosa [49] (see also
Espinosa and Franke [50]), Adolphs et al. [2] and Baroghel [16] have brought more
experimental evidence on this effect. Recently, an analytical approach to explain
the hysteresis effect at low humidity ranges was proposed by BaZant and Bazant in
a series of two papers (see BaZant and Bazant [12]] and Bazant and BaZant [[18]).
Based on two mechanisms, they explain the hysteresis at low vapour pressure
without assuming any pore collapse nor partial damage to the cement paste mi-
crostructure. Sorption and desorption in calcium silicate hydrates have also been
studied using numerical molecular dynamics simulations. Works on this subject
have been recently published by Bonnaud et al. [23], 24]] and Brochard et al. [27]].

Based on the results from an extensive experimental program, Espinosa [49] developed a
method to predict the hygroscopic water content in hardened Portland cement paste and
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mortars at changing climatic conditions. For the development of the method which have
been called the inkbottle pore method (IBP-method), a new model for cement paste
based on the investigations of the structure of CSH carried out by Stark et al. [146,
147]] and her own conducted experiments on sorption isotherms was deduced. The IBP-
Method corresponds to the mathematical implementation of this cement paste model and
takes into account the hysteresis effect of the sorption isotherms.

2.1.3 Hydrothermal effects on the microstructure of concrete

If concrete made with siliceous aggregates is subject to elevated temperatures in a very
humid environment, hydrothermal reactions are expected to occur. On the surface of the
quartz grains, silicone dioxide (SiO,) dissolves in water generating silicic acids [89]].
These acids react with free portlandite (Ca(OH);) from the hardened cement paste form-
ing new calcium silicate hydrates (CSH) as shown in Fig. 2.6

Diffusion of silicic acid ions to Ca(OH),
H,SiO, + Ca** — CSH phases

Silicic acids

CSH phases

Figure 2.6: Schematic representation of hydrothermal reaction between reactive silica (SiO,) and
portlandite (Ca(OH),) [89]]

The hydrothermal reactions can take place if by the given conditions of temperature and
pressure both silicone dioxide and portlandite are soluble in water. The solubility of
Si0; increases with increasing temperature up to around 340 °C [3| 56] and increasing
pH value of the solution [14], it is also higher for amorphous silicone dioxide than
for quartz [[100, [I01]]. In contrast to silicone dioxide, portlandite exhibit a retrograde
solubility i.e. the solubility decreases with increasing temperature [67]]. Fig. [2.7] shows
the solubilities of amorphous and crystalline silicone dioxides and calcium hydroxide
(portlandite) in relation to the temperature. The curves are built based on the equations
proposed by Gunnarson and Arndrsson [68]] for silicone dioxide and the [UPAC [N17]
for calcium hydroxide.

The amount of free Ca(OH); that reacts with SiO, depends on the temperature and du-
ration of the hydrothermal condition. According to Kondo [86], based on investigations
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conducted on mixtures of CaO and SiO,, at temperatures below 130 °C only 30 % of
the available Ca(OH); reacts with the SiO; and the reaction ends substantially after 24
hours. At a temperature of 150 °C approximately 90 % of the total Ca(OH), reacts
within 24 hours. The total amount of free Ca(OH), requires 12 hours to react with SiO;
at 180 °C and 6 hours at 220 °C.

1800
Ca(OH),
1600 F N, e amorphous SiO,) ___,.,-""
f---Quatz | 7

1 1 1 [l
0 50 100 150 200 250 300 350

Temperature, T [°C]

Figure 2.7: Solubility in water of calcium hydroxide, amorphous silicone dioxide, and quartz

The influence of hydrothermal reactions on the concrete properties has been studied
by several authors. Seeberger et al. [138] investigated the influence of temperatures
between 20 °C and 250 °C on the strength and microstructure of concretes made with
siliceous and limestone aggregates. They found that due to hydrothermal reactions,
concretes made with siliceous aggregates show a recovery or even an increase in the
compressive strength after being exposed to elevated temperatures both for sealed and
unsealed samples. Ehm et al. [47]] (see also Rostasy et al. [131]]) could not evidence any
reaction between the free Ca(OH), of the cement paste and the SiO; of the siliceous
aggregates when subjecting siliceous concretes to 95 °C and 95 % RH. Results from
Budelmann [35]] conducted on siliceous concretes subject to 90 °C and 95 % RH show
a small increment in the gel porosity which can be related to changes in the concrete
microstructure due to hydrothermal reactions. Budelmann found that these changes were
much more pronounced in samples heated at 90 °C under water.

For temperatures below 100 °C, probably due to the low solubility of quartz in water,
the study of hydrothermal reactions in concrete has not been extensively assessed yet.
However, even though the solubility is poor, below 100 °C the presence of water is
guaranteed not only in a vapour state but also as fluid. Therefore, for the purpose of this
investigation, a potential development of hydrothermal reactions within the concrete
microstructure cannot be neglected.
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2.2 Moisture transport in concrete

Moisture transport in concrete takes place due to changes in the environmental condi-
tions. A disturbance to the equilibrium of the moisture content within a concrete member
leads depending on the prevailing conditions to a moisture absorption or release. Dur-
ing the moisture exchange between concrete and the environment, transport of water
in liquid and/or gaseous state is carried out depending primarily on the structure of the
hardened cement paste [[106]. There have been numerous significant publications on the
moisture transport processes of porous material. They were generally first documented
by the end of the 19" century and applied to concrete by the middle of the 20", A
very extensive literature review on the moisture movement and moisture properties of
building materials was published in 1980 by KieBl [82]] comprising 650 publications.

2.2.1 Associated mechanisms

Concerning the movement of fluids through concrete, three main processes are distin-
guished: permeation, diffusion and sorption. Permeation refers to flow of fluid when
pressure is applied, diffusion is the movement of ions, atoms, or molecules under a dif-
ferential in concentration and sorption is the capillary attraction of a liquid into empty
or partially empty pores [45]]. Fig. shows an schematic overview of the main trans-
port mechanisms in porous materials illustrating the variety and complex relationships
between them.
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Figure 2.8: Schematic overview of the phenomena of moisture transport in porous materials [82]]
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Besides the three main processes named before, the fluids can also move if an electric
or a temperature field is applied across the concrete. Due to an electric field the nega-
tive ions will move towards the positive electrode in a process known as electromigra-
tion [39] and through thermodiffusion the molecules of the fluid drift along a temperature
gradient [46].

The dimensions of the pores are decisive to determine whether water is presented as free
or bound water in liquid or gaseous state, and consequently also the mode of moisture
transfer [[79]. Due to the very complex geometry of the concrete microstructure, differ-
ent mechanisms of moisture transport with different driving potentials perform unevenly
according to the geometry of the pores in which the water is contained. Certain forms
of moisture transport dominate depending on the frequency range of the pore sizes, the
temperature level of the substance, and as shown in Fig. [2.5] the moisture content of the
material. Rose [[126)] [127] described the process of wetting of a porous material in four
stages according to the dominant water transport mechanisms by means of an idealized
porous system consisting of a pore with a neck at each end. These stages are schemati-
cally illustrated in Fig.[2.9]

Stage 1 Stage 2

Vapour diffusion, mono and
multimolecular adsorption

Stage 4

Vapour diffusion, capillary condensation, Capillary suction, unsaturated flow

capillary suction
N <—>

Vapour diffusion, surface diffusion, Capillary suction, saturated flow
capillary suction

_________ > 5
Vapour phase Adsorbed phase Liquid phase

N — - >

Figure 2.9: Water movement in various stages in the wetting of a porous material [[127]]

In the first stage, water enters the microstructure of the material not as vapour but as iso-
lated molecules that are adsorbed by the pore surfaces. This type of transport is termed
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effusion or Knudsen diffusion [48]]. In the second stage, unimpeded vapour transfer takes
place. The water vapour moves from high to low concentration regions through diffu-
sion while the surfaces of the pores are covered by water molecules placed in mono or
multimolecular layers. In the third stage, water closes the necks shortening the effective
path length for diffusion of vapour. This process is described as liquid-assisted vapour
transfer. On the walls, depending on the thickness of the water film, water molecules can
either be fixed to the surface through adsorption or diffuse on the surface after the film
reaches a significant thickness. The fourth stage describes hydraulic flow in unsaturated
or saturated conditions. The component of the fourth stage describing unsaturated con-
ditions differs from the component of the third state where surface diffusion occurs in
the fact that the air voids in stage 4 have the same curvature everywhere, which does
not allow the development of concentration gradients within it, and therefore no vapour
transfer takes place.

2.2.2 Describing moisture transport in porous materials

For the description of the moisture transport in porous materials a vast variety of models
have been proposed. In general, one can differentiate between three different approaches
to derive models for moisture transport: general linear, thermodynamic, and microme-
chanical approach [58]].

The general linear approach has been most widely used in the literature, probably be-
cause of its simplicity and generality. According to the general linear approach, the
moisture flow in porous media depends on a set of independent state variables and space-
dependent material properties and their gradients. The moisture flow is calculated as the
sum of the products of conductivities and gradients. Examples of the general linear ap-
proach are the models proposed by Luikov [93]], de Vries [43], or Garrecht [60] which
consider only the transport of moisture. Models considering moisture transport coupled
with heat transfer have also been developed, like those from Krischer [90], KieB31 [80], or
Kiinzel [85]. The models differ fundamentally in the structure of the moisture transport
equation which defines which transport mechanisms, physical states of the fluid, and in-
teractions between the driving potentials and the physical states are taken into account.
As the models do not necessarily use the same driving potentials, different conductivi-
ties are used and therefore, each model needs its own material parameters, which limits
the comparability of the models.

The thermodynamic and micromechanical approaches are more complex and even less
general. In the thermodynamic approach the entropy production is investigated. An
entropy increase is responsible for the dynamics of the system. The entropy produc-
tion delivers information about the moisture flow and its respective driving forces [57]].
Grunewald [65]] derivated the entropy production rate per volume for a heat, air mois-
ture, and salt transport model. He concluded that the thermodynamic driving force of
the diffusive water vapour flow is the gradient of the chemical potential. Hassanizadeh
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and Gray [[75]] developed a model to describe two-phase flow in porous media taking
into account the effects of the surfaces separating the phases. In the micromechanical
approach the heat and mass transport processes are calculated on the microscopic scale,
which requires the use of a microphysical model of the porous system. Bednar [19]
used micromechanics to investigate water vapour flow based on the theory of ideal gas
mixtures. According to Bednar the driving potential for the water vapour flow is the va-
pour pressure with a small contribution of thermodiffusion. Whitaker [I51]] obtained the
liquid water flow and liquid conductivity from the Navier-Stokes equations in the pore
system. According to Whitaker the driving potential of the liquid water flow is liquid
pressure and the effect of thermodiffusion can be neglected.

2.2.3 Description of concrete drying based on diffusion

Bazant and Najjar 10} [11]] proposed a simple but accurate model to describe the process
of drying of concrete. The model predicts the distribution of relative humidity in the
concrete pores based on the Fick’s second law. It considers the gradient of relative
humidity as the driving potential for the moisture transport and the conductivity is given
by a non-linear diffusion coefficient dependent on the temperature and the pore rela-
tive humidity of the material. The model does not include the influence of temperature
gradients but considers the effect of a temperature change through its influence on the
diffusion coefficient and on the relative humidity of the concrete pores (see Eq. 2.3).
Assuming constant temperature, the model predicts how diffusion causes the relative
humidity of the concrete pores to change with time by solving the following partial
differential equation:

dh(x,1)
ot

=div(D(h,T) - gradh(x,t)) (2.4)

where £ is the relative humidity of the concrete pores, x is the vector of position, ¢ is
time, D is the diffusion coefficient, and T is the temperature. The diffusion coefficient
is calculated as the product of the diffusion coefficient at reference conditions D; (i.e.
h=1.0and T =20 °C) and two functions accounting for the influence of the relative
humidity f(4) and the temperature g(7').

D(h,T) = Dy -£(h) - ¢(T) 2.5)

-0

4 (L=h "
1—h,

f(h) = oo+ (2.6)
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In Eqs. 2.6 and [2.7] the relative humidity 4 is defined between 0 and 1.0 and the temper-
ature 7T in centigrades. The influence of the relative humidity on the diffusion coefficient
f(h) is approximated by a s-shaped function defined by three parameters as illustrated
in the left diagram of Fig. The parameter 4. defines the location of the inflexion
point of the function half-way between the maximum and minimum value of the diffu-
sion coefficient. The parameter ¢ represents the ratio between the minimum and the
maximum value of the diffusion coefficient, and n characterizes the spread of the drop
in the diffusion coefficient. In Eq. illustrated in the right diagram of Fig. 2.10] Tier
corresponds to the temperature of reference, i.e. 20 °C. The diffusion coefficient in-
creases exponentially with the influence of temperature depending on the ratio between
the activation energy of diffusion Q and the specific gas constant of water vapour Rp.
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Figure 2.10: Influence of the pore relative humidity and the temperature on the diffusion coefficient of
concrete according to BaZant and Najjar [[11]

BaZant and Najjar calibrated the model based on data on drying reported in the lit-
erature. According to this calibration the parameter ¢, ranges between 0.025 and
0.10, n between 6 and 16, h. lies around 0.75, and the activation energy of diffusion
is roughly equal to 2160 kJ/(kg-K). Despite the limitations of the model, it has been
very well accepted by the concrete scientific community which led to its inclusion in the
CEB-FIP Model Code 1990 [N14] and it has been further maintained in the new release,
fib Model Code 2010 [N15].
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Further developments based on the model from BaZant and Najjar have been proposed to
include the moisture content. Kief31 and Gertis [81]] calculated the moisture content of the
material by translating the results of relative humidity of the model into specific moisture
content in volume percent with the help of an assumed sorption isotherm. Xi et. al [154,
155]] developed a model to predict the adsorption isotherm of Portland cement paste.
They considered the specific moisture content by calculating the moisture capacity as the
derivative of the sorption isotherm and integrated it into the moisture transport equation
from BaZant and Najjar. These two approaches are however limited to water transport at
room temperature because sorption isotherms valid only at 20 °C were employed.

2.3 Influence of temperature on the concrete
mechanical properties

Different aspects of the effects of high temperatures in concrete have been widely stud-
ied by several authors in the last decades. The most common fields of investigation
have been the behaviour of concrete members under fire conditions (high temperatures
up to 1350 °C) and the influence of temperature on thick-wall structural members of
concrete reactor vessels (temperatures ranging from 20 to 250 °C). At the beginning
of the eighties of the last century, Schneider [136] published a summarizing review of
the state of the knowledge concerning the behaviour of concrete under the action of
high temperatures. The report combines results from researches of reinforced concrete
structural components under fire and prestressed concrete pressure vessel for nuclear
reactors. It covers a wide range of elevated temperatures neglecting, in most of the
cases, the temperatures below 100 °C. Similar reports including high strength concretes
were published by the U.S. Nuclear Regulatory Commission in the first decade of the
present century [[103] [104]. They include the effects of elevated temperatures on the
mechanical as well as the physical properties of concrete. Another investigation worth
mentioning is the work from Seeberger et al. [138]. They conducted experimental in-
vestigations concerning the strength characteristics of concrete subject to temperatures
up to 250 °C differentiating between aggregate type and sealing conditions. Even though
temperatures under 100 °C are taken into account, only one measure below 100 °C was
conducted, namely at 60 °C.

2.3.1 Experimental investigations on concrete submitted
to elevated temperatures below 100 °C

The behaviour of concrete under temperatures below 100 °C has not been a common

case of study. As mention before, most of the conducted investigations neglect the ef-
fects of temperatures below 100 °C on the mechanical properties of concrete focusing
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on higher ranges of temperature. Nevertheless, Budelmann [33] (see also Rostdsy and
Budelmann [[129, [128]]) conducted an extensive investigation covering the combined ef-
fects of temperature and humidity on the compressive strength, tensile strength, modulus
of elasticity, pore structure, thermal dilation, creep, and shrinkage of concretes subject
to temperatures up to 90 °C. This work offers a first clear interpretation of the phenom-
ena occurring in the microstructure of concrete considering the interaction of water and
solid matrix at elevated temperatures.

2.3.1.1 Strength and stiffness

Due to the lack of studies specifically oriented at investigating the effect of elevated
temperatures up to 100 °C on the mechanical properties of concrete, a compilation of
measurements from several investigation was carried out. The majority of the collected
data correspond to the initial measurements of large investigations covering wide ranges
of temperature. In the following diagrams the influence of temperature is represen-
ted by the ratio between the measurements conducted on heated and unheated samples.
Fig. 2.TT] presents the results of the collected data on compressive strength. The diagram
is composed by a total of 216 measurements taken from the experiments conducted by
Behnood and Ziari [20], Bingol and Giil [22], Campbell-Allen and Desai [36], Castillo
and Durrani [37], Cheng et al. [38]], Furumura et al. [S9], Guo and Waldron [69], Hoff et
al. [[76], Nielsen and Biéani¢ [109], Phan et al. [110], Phan and Carino [111]], Raju and
Rao [122], Raju et al. [123]], Rostdsy and Budelmann [[129], Sarhar and Khoury [[134],
Savva et al. [[135]], Seeberger et al. [[138]], Wu et al. [[153]], Xiao and Falkner [[156], Zhang
et al. [[158]], and Zoldners [[159].
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Figure 2.11: Relative compressive strength of samples tested after being subject to elevated temperatures
in relation to samples tested at 20 °C
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Due to the scattering of the results a clear tendency of the behaviour of the concrete
compressive strength at elevated temperatures cannot be seen. The range in which most
of the points are located correspond to values between 0.7 and 1.2 while the mean values
remain close to 1.0. This means that according to the collected data, subjecting concrete
to elevated temperatures below 100 °C can lead to an increase up to 20 % but also to a
drop down to 30 % of the compressive strength of the heated samples when compared
to unheated samples. The number of samples benefited by an improvement of the com-
pressive strength due to an increase of temperature is closely the same as the number of
samples that suffered a reduction of it, which is denoted by the average values mostly
located around the line 1.0.

The results of the collected data on tensile strength are presented in Fig. The dia-
gram is composed by 95 measurements from the investigations conducted by Campbell-
Allen and Desai [36]], Guo and Waldron [69], Nielsen and Biéani¢ [109], Pineaud et
al. [113]], Rao et al. [[124]], Rostdsy and Budelmann [[129], Xiao and Falkner [156], Zhang
et al. [[158], and Zoldners [159]].
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Figure 2.12: Relative tensile strength of samples tested after being subject to elevated temperatures in
relation to samples tested at 20 °C

Less investigations on the effect of temperature on the tensile strength have been car-
ried out and therefeore the collected data on tensile strength are smaller. Measuring the
tensile strength of concrete can be done in many different ways. The effects of temper-
ature on uniaxial tensile strength, splitting tensile strength, or flexural tensile strength
may not necessarily be equivalent, which contributes to the scattering of the results. The
points are located between 1.1 and 0.7 and the mean values, though unevenly, are lo-
cated between 0.9 and 0.8. The results show that a possible enhancement of the tensile
strength due to the influence of temperature is less feasible compared to compressive
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strength. Based on the collected data, a clear tendency of the influence of temperature
on the tensile strength cannot be distinguished.

The results of the collected data on modulus of elasticity are presented in Fig. [2.13] The
diagram is composed by a total of 86 measurements taken from the experiments con-
ducted by Campbell-Allen and Desai [36]], Castillo and Durrani [37]], Cheng et al. [38],
Furumura et al. [59]], Guo and Waldron [69], Phan et al. [[110], Phan and Carino [1LL1]],
Rostasy and Budelmann [[129], Wu et al. [153]], and Zhang et al. [158]].
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Figure 2.13: Relative modulus of elasticity of samples tested after being subject to elevated temperatures
in relation to samples tested at 20 °C

Even though the influence of temperature on the modulus of elasticity of concrete has
been seldom investigated, the collected results show smaller scattering and the mean
values depict a tendency of reduction of the modulus of elasticity with the increment of
the temperature. Almost all the points are located below the 1.0 line, which denotes that
an enhancement of the modulus of elasticity due to the effect of temperature is not likely
to occur. According to the collected data, in average the modulus of elasticity decreases
linearly with increasing temperature at a rate of 2 % every 10 K.

Combining results from different investigations hampers the possibility of understanding
the physical phenomena behind the system because of the scattering of the results. This
scattering is most likely given by the differences between test procedures and storage
conditions, compositions, as well as geometries of the tested samples. Moreover, the
scattering seen in Figs. [2.T1] to 2.13] can be reduced considerably if the comparison is
done based on a specified moisture content because, as it will be shown in Chapter [5]
the effects of temperature on the mechanical properties of concrete highly depend on the
moisture content of the concrete member. The purpose of presenting these results here
is on one hand, to identify the ranges of values in which the influences may be delimited
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and on the other hand, to emphasize the fact that modelling the influence of temperature
on the strength and stiffness of concrete cannot be accurately addressed based on the
available investigations.

Influence of moisture content on the strength of heated samples

In the following paragraphs some selected results from Budelmann [35]] are presen-
ted and discussed with the intention of throwing light on the problem and help with the
understanding of the scattering seen in Figs. 2.11] to 2.13] As mentioned before, the
experiments conducted by Budelmann accounted for the interaction between the effects
of temperature and moisture content. Understanding this interaction helps to guide the
design of a testing program that can deliver results consistent enough to achieve the
objectives of the investigation.

After keeping the concrete samples in sealed conditions for 90 days, Budelmann divided
the samples in three groups according to the humidity conditions of the environment,
namely: 65 % RH, 95 % RH and under water. The samples were kept initially at 20 °C
during 60 days and subsequently they were subject to elevated temperatures of 50, 70
and 90 °C without modifying the humidity conditions of the environment up to 120 days
longer. Reference values of the concrete properties were obtained from samples after the
conditioning by 20 °C was finished. Fig. 2.14] presents results of compressive strength
of samples from the three groups subject to 50 and 90 °C and tested after 20, 60 and 120
days of exposure to elevated temperature.
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Figure 2.14: Development of the relative compressive strength with time for concretes heated at different
stationary ambient conditions [35]]
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The samples heated under water present a reduction of strength without showing any
strength recovery with time. The reduction of strength is the higher the higher the tem-
perature of exposure. The samples heated under constant relative humidities of of 65
and 95 % showed a recovery of the strength with time. This recovery effect was more
notable on the samples subject to higher temperatures. The samples stored at 65 % RH
and heated at 90 °C showed an enhancement of the compressive strength.

According to the results from Budelmann, the influence of moisture content before and
during the exposure of the samples to elevated temperature influences the strength of
concrete in such a way that variations between a decrease of 20 % and an increase of
20 % on the concrete compressive strength can be seen in samples of the same concrete
subject to the same temperature. These results evidence that the storage conditions of
the samples before and during test can be to a large extent responsible for the scattering

seen in Figs. 2.T1|to2.13]

Budelmann explained the observed changes in the concrete strength due to elevated
temperatures as the result of the combined effects from several factors as follows:

* The effects of strength recovery and gain are due to dewatering of the samples,
activation of the cement hydration, and formation of new CSH-phases because of
the hydrothermal reactions of Ca(OH); in the cement paste with the SiO; of the
fine siliceous aggregates. All these processes are time dependent which explains
that the compressive strength increased with the time of exposure.

* The strength decreases due to microcracking caused by thermal and hygral incom-
patibilities. The thermal incompatibility refers to differences between the thermal
expansion coefficients of the cement paste and the aggregates and occurs only dur-
ing heating which means that this damage is not dependent on the duration of
exposure. The hygral incompatibility refers to differences in the moisture content
of the concrete samples within its geometry causing internal stresses, which are
presented during the whole drying process. Therefore, the damaged caused by the
hygral incompatibility is time dependent.

Based on the observations from Budelmann, it can be stated that the influence of tem-
perature on the concrete strength and stiffness is linked to the moisture content of the
concrete. Three time dependent factors influence the mechanical properties positively,
namely: dewatering, acceleration of hydration and hydrothermal reactions. Two factors
influence the properties negatively, the time independent thermal incompatibility and the
time dependent hygral incompatibility. The combination of these five factors is, accord-
ing to Budelmann, responsible for the changes on the strength and stiffness of concrete
subject to elevated temperatures below 100 °C. Depending on the mechanical property
being evaluated, the influences of each factor can vary according to the sensibility of
the mechanical property to the factor. For instance, tensile strength is very sensitive
to microcracking and therefore, after heating a concrete member, the damage caused
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by microcraking is more meaningful for the tensile strength than for the compressive
strength or the modulus of elasticity.

2.3.1.2 Creep and shrinkage

Concrete belongs to the group of materials which show pronounced creep and shrinkage
deformation under normal conditions of use. Creep and shrinkage are the two forms
of time-dependent deformation exhibited by concrete. Shrinkage is the portion of time-
dependent deformation due to physical or chemical causes other than applied load, and
creep results from subtracting the sum of the elastic and shrinkage deformations from
the total deformation under load. These deformation processes in concrete have been
intensively studied since the middle of the 20" century, in such a manner that nowadays,
the load and time-dependent behaviour of concrete can be predicted with reasonable
certainty, in particular, at a constant ambient humidity and temperature and constant
load. General reviews on creep and shrinkage of concrete can be found, for instance, in
works published by Bazant and Wittmann [13]], Miiller [96]], or Neville et al. [107].

Considering only the deformation behaviour under constant conditions, the numerous
systematic investigations conducted on concrete samples summarized as follows:

* The creep and shrinkage deformations interact closely with each other and have
both reversible and irreversible portions.

* The time-dependent deformations grow with increasing cement paste volume [[105)
1141 [150] and decreasing stiffness of the aggregates [42, [125]].

* With decreasing porosity of the hardened cement paste, i.e. with decreasing w/c-
ratio and increasing hydration (concrete age), the time-dependent deformations
decline [[102, 108, [150].

* With increasing water content of the concrete and increasing rate of water loss
during loading, the time-dependent deformations increase [95), [150]. Creep and
shrinkage are therefore the higher, the lower the relative humidity of the environ-
ment and the smaller the concrete member [[72]].

Several hypotheses can be found in the international literature about the causes of creep
of concrete. In general, it is agreed that creep is due to a load-dependent sliding process
in nanoscale water films between or within the hardened cement gel particles formed by
calcium silicate hydrates (CSH) and shifts in the thermodynamical balance of the con-
crete microstructure (see e.g. Feldman [51]], Powers [119], Ruetz [133] or Setzer [142]]).
A condition for the occurrence of creep deformation is the presence of water in the pore
system of the cement paste. This was evidenced by the work from Brown and Hope [30],
in which oven-dried mortar samples exhibited virtually no creep deformation.
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Regarding the influence of temperatures up to 100 °C on the creep and shrinkage defor-
mations a considerable number of works have been published. Most of these inves-
tigations were conducted during the sixties and seventies of the last century due to the
need for more detailed knowledge about the strain behaviour of concrete at elevated tem-
peratures impulsed by the development of prestressed concrete pressure vessels for the
containment of nuclear reactors. Initially the investigations were limited to sealed con-
cretes under uniaxial and multiaxial stress conditions, however, with the development
of new test and measuring devices, tests on unsealed samples, loaded before and after
reaching the desired test temperature, were also carried out. The investigations compare
the creep and shrinkage behaviour of the concrete samples at elevated temperature with
samples tested at ambient temperature. A brief review of some selected investigations
regarding the influence of temperature on the time-dependent deformations of concrete
is presented below. The most relevant observations from these investigations are presen-
ted in chronological order to show the evolution of the studies which compile the actual
state of knowledge.

* Browne [31,32]] conducted creep investigations on sealed samples at temperatures
up to 95 °C. The samples were heated-up one day before loading. Browne found
that temperature has a large effect on creep rate, particularly in the first 3 days
of loading. After the first 3 days, the creep rate of samples tested at elevated
temperature becomes similar to that of samples tested at 20 °C.

e Hannant [[70] tested creep on samples under uniaxial and multiaxial compress-
ive stress at temperatures between 27 and 95 °C. Sealed and unsealed samples
were loaded 24 hours after the start of heating. Regarding the sealed samples, it
was found by Hannant that the relation between creep and temperature is approxi-
mately linear between 27 and 80 °C. The rate of increase of creep accelerates as
the temperature approaches 100 °C which looses the linearity seen by temperatures
up to 80 °C. The results from the unsealed samples were discarded because allow-
ing the samples to stabilize at the test temperature 24 hours before loading caused
considerable changes in the moisture condition of the samples making the results
very dependent on the specimen size and hence useless to make comparisons with
the sealed samples. Samples previously dried reached creep values that were only
a small fraction of the values shown by wet samples, even at temperature of 70 °C.

* York et al. [157]] measured compressive and tensile creep deformations on samples
under uniaxial and multiaxial loading at temperatures of 25 and 65 °C. The samples
were cured in sealed and unsealed conditions. After the curing process, the samples
were sealed and heated-up a week before loading. They found that both compres-
sive and tensile creep were larger for: samples tested at 65 °C, samples cured in
unsealed conditions, and samples tested under uniaxial state of stress.

* Seki and Kawasumi [[139] conducted tests on sealed and unsealed samples at tem-
peratures between 20 and 70 °C. The loading took place after the samples were
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heated-up and no humidity control was employed during the tests of the unsealed
samples. They found that both the instantaneous elastic strain and the creep strain
increase with increasing temperature. They measured larger creep strains in un-
sealed samples when compared to sealed samples. Sealed samples tested at 70 °C
showed creep deformations 1.6 to 3.2 times larger than the ones tested at 20 °C.
On unsealed concretes this quotient was of around 1.4 to 2.1.

Kordina and Budelmann [88]] published an extensive literature review on the influ-
ences of temperature up to 100 °C on the creep of concrete. Based on this review,
Budelmann identified the need of conducting systematic experiments to appraise
the combined effects of temperature and moisture content on the time-dependent
deformations of concrete as well as the differences on the creep deformations re-
sulting from loading before and after heating-up the samples. After developing an
appropriate testing device [[130, [132]], Budelmann [35] conducted creep tests on
concretes subject to temperatures up to 90 °C. The concrete samples were loaded
before and after being heated and the relative humidity during the creep test was
controlled and kept constant either at 65 % or 95 % RH. Budelmann found that
the samples tested at elevated temperatures and low environmental relative humid-
ity exhibited lower rate of creep after a load duration of about 20 days than the
samples tested at the same temperatures and higher relative humidity. Samples
loaded at first and then heated-up showed considerably higher creep deformations
than samples loaded after the temperature of testing was reached. He concluded
that the sequence of heating and loading plays an important role on the develop-
ment of the creep deformations specially during the first 1 to 2 days of loading.

Schwesinger et al. [137] measured creep deformations on sealed and unsealed
samples heated-up after the initiation of loading at temperatures up to 130 °C. They
found that at temperatures higher than 60 °C the creep strains measured on sealed
samples were higher than those measured on unsealed samples. Compared to nor-
mal temperature, the unsealed specimens tested at elevated temperatures showed
creep values 1 to 4 times higher after 100 days of loading. In contrast, the creep
values of the sealed samples at elevated temperatures exceeded the values at 20 °C
by factors between 6 to 8. They also pointed out that these factors decrease with
time and therefore it could be expected that for longer periods of time the differ-
ence between heated and unheated samples will vanish.

Kiittner and Ehlert [91]] conducted tests oriented on understanding the differences
between the creep deformations of samples loaded before and after stablishing the
testing temperature. They defined transitional creep as the part that results from
the influence of elevated temperature when the sample is loaded and then heated.
It can be calculated by subtracting the creep deformations measured in a sample
heated and then loaded from a sample loaded and then heated. They found that
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the transitional creep deformation is dependent on the temperature and time and it
describes a finite process which finishes almost completely after about two days.

There are various interactions between the factors influencing creep and shrinkage. Even
though these interactions are well known, they have not yet been sufficiently quantified
through systematic investigations. Unresolved questions can be seen in particular in the
field of microstructural mechanisms of creep and the influence of changes in the applied
load and relative humidity of the environment.

2.3.2 Theoretical approaches towards the conception
of an experimental program

In the following subsections some considerations regarding the influence of temperature
on the mechanical properties of concrete are presented with the objective of settling
the basis for the design of the experimental investigations. These considerations are
based on the general state of knowledge elaborated in the present chapter and more
specially on the observations shared by Budelmann [35]]. The investigations conducted
by Budelmann took into account the combined influences of temperature and moisture
content on the mechanical properties of concrete allowing to identify the factors that
influence the strength and stiffness of concrete and emphasizing on the importance of
water content on the development of the time-dependent deformations of concrete.

2.3.2.1 Strength and stiffness

Between the factors influencing the strength and stiffness of concrete subject to ele-
vated temperatures as described by Budelmann [35]], namely dewatering, hydrothermal
reactions, acceleration of hydration, hygral incompatibility and thermal incompatibility,
interactions probably exist. However, as an initial approach and for sake of simplicity, it
can be assumed that these five factors influence the concrete mechanical properties inde-
pendently and consequently the total effect that they exert on the mechanical properties
of concrete obeys the principle of superposition. Assuming superposition implies that
the effects of temperature and moisture content on the strength and stiffness of concrete
can be described as the summation of the effects caused by each independent factor. The
influences of these factors on the strength and stiffness of concrete develop differently
in time according to the conditions of humidity and age previous to the heating phase.

A schematic description of the time development of a given mechanical property 8 due
to the influence of a sustained elevated temperature on a concrete member is presented
in Fig. 2.15] The dark curve represents the development of the mechanical property
calculated as the summation of the positive effects from acceleration of hydration, hy-
drothermal reactions and dewatering with the negative effects from hygral and thermal
incompatibilities. Due to the thermal incompatibility being time independent, the con-
crete member suffers a reduction of the mechanical property immediately after the
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temperature is increased. Later on, the recovery caused by the positive effects of dewa-
tering, hydrothermal reactions and hydration development with time allowing the con-
crete member to reach values in some cases even higher than the reference at 20 °C.

dewatering

total development

hydrothermal reactions

1.0 acceleration of hydration

B(M)15(20°C) []

hygral incompatibility

Relative mechanical property,

thermal incompatibility

0.0 Duration of exposure to elevated temperature

Figure 2.15: Schematic description of the time-development of the influence of temperature on the
strength and stiffness of concrete

For the design of an experimental program capable of obtaining enough information to
formulate models that can predict the behaviour of concrete at elevated temperatures the
following simplifications and assumptions were made.

* As the damaged caused by thermal incompatibility occurs only during heating,
samples tested after reaching the elevated temperature can be used to quantify the
influence of the thermal incompatibility.

* The positive effect of dewatering and the negative effect of hygral incompatibility
on a given concrete mechanical property obey the same time dependency and can-
not be appraised separately. These two factors can be combined and considered in
a single factor which will be referred to as drying.

» The factor accounting for the acceleration of hydration processes can be neglected
if the samples to be tested are old enough to assume that none or very few hydration
reactions can still take place.

* As initial assumption, the effects or hydrothermal reactions on the strength and
stiffness of concrete will be neglected. According to Budelmann, these reactions
did not show any significant influence on the concrete strength.

Based on the assumptions listed above, the experimental program shall be focused on
investigating the effects of thermal incompatibility and drying on the strength and stiff-
ness of concretes subject to elevated temperatures. Being drying the only time dependent
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factor to be evaluated, measuring it becomes highly relevant because the time develop-
ment of drying can be correlated with the behaviour of the concrete mechanical proper-
ties over time.

2.3.2.2 Creep and shrinkage

Changes in the moisture content during loading and moisture content previous to load-
ing are probably the most important factors influencing the deformation behaviour of
concrete under sustained loads. Engineers on charge of developing code-type models to
predict the creep and shrinkage behaviours of concrete have struggled with the issue of
incorporating these two factors into the models without losing simplicity and generality.
A simplified but well accepted way to incorporate the first factor has been the partition
of shrinkage and creep into their basic and drying components. This provides the pos-
sibility of taking into account the changes in the moisture content within the drying com-
ponents of creep and shrinkage by defining adequate time-development functions [97]].
Incorporating the content of moisture at the beginning of loading is, however, more
complicated because it involves considering the drying history of the concrete member
before loading. The models however can partly consider it, if not directly at least hidden,
in the factors accounting for the concrete age.

Although the existing investigations, briefly summarized before, already covered the
most important aspects and factors influencing the time-dependent deformations of con-
crete subject to elevated temperatures, modelling creep and shrinkage at elevated tem-
peratures is still a challenging issue. The main difficulty resides in the fact that the
current models are conceived for a reference temperature of 20 °C and the influences
of moisture content and moisture gradients are not directly embraced. The gain on im-
portance on the deformation behaviour of concrete that the water transport processes
undergo due to the effect of temperature can only be captured by a model capable of
directly consider the effects of the moisture content and moisture gradients. Therefore,
an experimental program aiming at the formulation of creep and shrinkage models shall
include the following considerations:

* Tests conducted at 20 °C may be used as reference.

* The influence of moisture content shall be identifiable. For this purpose samples
will be conditioned at 20 °C and different relative humidities for a long time before
testing. Consequently, the samples will be tested at the same relative humidity in
order to allow for comparability between the different conditioning scenarios. This
applies also for the tests conducted at elevated temperatures.

* The influence of temperature may be appraised by testing at two different temper-
ature levels besides the reference at 20 °C.
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» The water content and drying process of the samples shall be recorded during the
conditioning of the samples previous to the tests, as well as during the test phase.

* To limit the number of tests only one regime of heating and loading may be con-
sidered. Heating before loading would be the best option because this way the
influence of thermal expansion can be neglected.

Not considering the effect that loading before heating causes in the creep deformations of
concrete subject to elevated temperatures limits beforehand the extent of the models to be
formulated, however, as it has been described by Budelmann or Kuettner and Ehlert [35]
91]] the additional deformations caused by this heating regime are only relevant in the
first 2 days of loading.

2.4 Summary

The chapter makes a journey through the importance of water content on the concrete
physical and mechanical properties. It begins pointing out its relevance on the mix
design, not only to ensure workability but also to define the concrete microstructure as
prime factor controlling the porosity of the hardened cement paste. Subsequently, the
chapter introduces three well known cement paste models, which agree on the fact that
water strongly interacts with the solid matter within the microstructure of the hardened
cement paste and its presence is important to understand the behaviour of the mechan-
ical properties of concrete. After having a conception of the concrete microstructure, it
becomes relevant to assess the storage of water within it. For these purposes, the mech-
anisms that regulate the ingress of moisture in the concrete microstructure are introduced
and the roles of these mechanisms are then explained on the basis of the sorption iso-
therms of the material. The concept of sorption isotherm is also used to describe the
influences of temperature on the water storage capacity of concrete and as source of re-
distribution of the water molecules between the pores of the microstructure. Besides the
physical changes on the microstructure originated by water movement and the action of
temperature, chemical reactions can also take place. The chapter refers briefly to the hy-
drothermal reactions that the concrete microstructure can experience when it is subject
to elevated temperature in the presence of water.

Calculating the movement of moisture within the concrete microstructure provides a
fundamental tool to develop predictions of the influence of moisture content on the me-
chanical properties. The chapter summarizes the mechanisms associated with the trans-
port of fluids through porous materials and presents a simple model to describe the dry-
ing process of concrete members. Subsequently, it comprises a selection of experimental
investigations dealing with the influence of temperature on the mechanical properties of
concrete. The fact that the vast majority of these investigations neglect or forget about
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the influence of water content on the results leads to the necessity of conducting new ex-
perimental investigations. In the last part of the chapter assumptions and simplifications
taken into account for the design of an experimental program are presented differentiat-
ing between tests to appraise strength and stiffness and test to assess the time-dependent
deformations of concrete.
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Experimental program

This chapter presents the conception of an experimental program with the purpose of ac-
quiring knowledge and quantitative correlations that can further be used for the formula-
tion of models to predict the behaviour of concrete at different conditions of temperature
and moisture. The entire process followed to conduct the experimental investigation is
described including references to the standards used and assumptions taken which en-
close the background of the experiments. It includes the design of the concrete mixtures,
production and storage of the concrete samples and the experimental procedure specify-
ing the tests conducted. In order to carry out the proposed experiments, special testing
technology was developed. Brief descriptions of the testing technology are mentioned
is in this chapter and further details are included in Appendix [A]

3.1 Concrete samples

3.1.1 Source Materials

The concrete samples were produced with Portland cement CEM I 32.5 R as binder, su-
perplasticizer as additive, regional available aggregates (Rhine sand and Rhine gravel),
and tap water. Some characteristics of the source materials are listed in Table 3.1}

Table 3.1: Properties of the materials used for the production of the concrete samples

Source material Specification Density Solids content | Water content
P (kg/m?] [M.-%] M.-%]
. Portland cement

Binder CEMI325R 3,10 . .
Rhine sand 0/2 0,15

Aggregates Rhine gravel 2/8 2,63 - 1,90
Rhine gravel 8/16 1,50

Additives Polycarboxylate 1,06 30,0 -
superplasticizer
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The use of additives was necessary in order to set a consistency of the fresh concrete that
could ensured appropriate workability at low values of w/c-ratio. Using only Portland
cement and siliceous aggregates as source materials limits the compass of the investiga-
tion. However, due to the complexity of the investigated phenomena, this restriction was
necessary in order to conduct the research with a manageable amount of test samples.
The formulations proposed in Chapter [5] are in principle limited to concretes made with
the source materials employed for this investigation. Nevertheless, the applicability and
possible reach of the material model are extensively discussed in Chapter|[6.2.3]

3.1.2 Mixtures

Three mixtures were developed to produce concretes for the investigation with the ob-
jective of covering the range of concrete strengths that is most frequently used in the
practice. In order to formulate models that can predict the effects of temperature and
moisture content, the investigated concretes need to be comparable with each other, par-
ticularly with respect to their deformation behaviour and properties of moisture trans-
port. On this behalf, the following premises were adopted:

» The particle size distribution of the aggregates was kept identical for all concretes
aiming at reaching good workability and packing density. In this way the tortu-
osities of the concretes do not differ substantially. As seen in Fig. [3.1] the particle
size distribution of the aggregates is oriented to the standardized grading curves
A16 and B16 according to DIN 1045-2 [N1]. Setting the maximal particle size
to 16 mm allows to use relative small diameters for the samples (down to 64 mm
according to DAfStb! booklet 422 [N13]), which is necessary, given that the time
required for a concrete member to dry is subjected to its geometry.

* The cement paste content was fixed to 300 dm® per m? of concrete. Consequently,
the influences of the cement paste content on the concrete stiffness and time-
dependent deformations are equivalent between the concretes.

» The differences between the concretes lie in the added proportion of water and
cement. The w/c-ratio was varied in 3 levels: 0.4, 0.5 and 0.6. According to the
model of cement paste from Powers and Brownyard [[120], by a w/c-ratio of 0.4 all
the cement particles are able to react with water leaving very few capillary porosity
at the end of the hydration reaction. The w/c-ratios of 0.5 and 0.6 lead to excess of
water and capillary porosities corresponding to approximately 20 % and 30 % of
the total cement paste volume respectively (see Fig. 2.1 in Chapter [2). Thus, the
concretes differ only in the microstructure of their hardened cement pastes, which
allows them to have different strengths, stiffness, densities, and permeabilities and
still be correlative.

! German Committee for Structural Concrete
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Figure 3.1: Particle size distribution of the aggregates from the investigated concretes and standard grading
curves according to DIN 1045-2 [N1]

The concrete mixtures were named according to the w/c-ratio as follows: MRC (mixture
of reference concrete) for the w/c-ratio of 0.5; MHC (mixture with high water content)
corresponding to a w/c-ratio of 0.6 and MLC (mixture with low water content) having a
w/c-ratio of 0.4. Table presents the composition of the three concretes used for the
experimental investigation.

Table 3.2: Composition of the concrete mixtures

Component MRC MLC MHC
Water/cement ratio [-] 0,5 0,4 0,6
Cement paste content [dm3/m?3] 300 300 300
Cement [kg/m?] 340 386 304
Water [kg/m?] 165 149 179
Rhine sand 0/2 [kg/m?] 718 719 718
Rhine sand 2/8 [kg/m?] 646 647 646
Rhine gravel 8/16 [kg/m?] 479 480 479
Superplasticizer [M.-%] of cement 0,5 0,75 0,0
Mass proportions (c : a : w) [-] 1:54:05(1:48:04 | 1:6.1:06

To characterize the fresh concrete properties of the mixtures slump, density and air con-
tent were determined according to DIN EN 12350-5 [N4], DIN EN 12350-6 [N5] and
DIN EN 12350-7 [N6], respectively. The compressive strengths at ages of 7 and 28
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days were determined on cube samples with an edge length of 150 mm according to
DIN 1048-5 [N2]. The fresh concrete characteristics and the cube compressive strengths
of the hardened concretes are given in Table[3.3]

Table 3.3: Fresh and hardened concrete properties of the mixtures

Characteristic MRC MLC MHC
Flow diameter [ecm] 38 36 33
Air content [%] 2.1 23 24
Density [kg/dm?] 2.36 2.36 2.33
Cube compressive strength IN/mm?] 46.3 58.4 38.6
after 7 days

Cube compressive strength IN/mm?] 54.8 778 479

after 28 days

The concretes in fresh state showed flow spreads from 33 to 38 cm (rigid to plastic
consistency according to DIN 1045-2 [N1]). The air void contents varied from 2.1 to
2.4 % and the densities from 2.33 to 2.36 kg/dm>. The compressive strengths measured
at an age of 28 days correspond to concretes ranging from normal strength C30/37 to
high strength C55/67 according to DIN EN 206-1 [N9].

3.1.3 Production scheme

The concretes were produced in the laboratory in accordance with the mixing and pro-
cessing regime described in Table [3.4]

Table 3.4: Procedures followed in the production of the concretes

Production step Procedure Time
1°*  Addition of aggregates Mixing 45s
2" Addition of cement Mixing 45s
3  Adittion of water Mixing 90s
4™ Addition of additive Mixing 60 s
5% Casting of concrete in wall formworks Compacting

6" Casting of concrete in cylindric molds Compacting 2x10s
7th V\{rapping of the concrete elements Curing 90 d

with jute sacking
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The preparation of the concretes was performed using a pan mixer with a nominal ca-
pacity of 250 dm>. After mixing the aggregates, cement was added followed by water
and finally the additive. The concretes were gradually placed in layers in formworks
and molds and compacted with hydraulically driven vibrators. Concrete walls were cast
using 1200 mm x 1000 mm x 200 mm formworks and concrete cylinders by means of
standardized molds (Diameter/Height = 150/300 mm).

During 90 days following the production of the concrete elements, the concrete walls
and cylinders were stored at 20 °C, covered with jute sacks and kept wet to avoid drying
of the edges. This storage condition allowed the concrete elements to reach high levels
of hydration before the production of the samples could continue. In total, three concrete
walls and 30 concrete cylinders were made with the mixture MRC and one wall and 15
cylinders were made with each one of the mixtures MLC and MHC. After curing, up to
99 cylindrical cores with a diameter of 75 mm were drilled out of each concrete wall and
1 cylindrical core with the same diameter was taken from each cylinder. Then, sections
from the top and bottom of each core were cut off to set a desired sample height of
150 mm, and subsequently, the top and bottom faces of the specimens were sanded to
ensure parallel alignment between the surfaces. Based on these cylindrical specimens
(D/L = 75/150 mm), the concrete samples were prepared according to the geometries
illustrated in Fig. [3.2] The samples were classified in 4 types meeting different purposes
as follows:

* Type 1: For the studies of compressive strength, modulus of elasticity and defor-
mation behaviour of the concretes, samples with a diameter of 75 mm and a height
of 150 mm were used.

* Type 2: Tensile strength of the concrete was measured in samples with a 10 mm
deep notch. These samples were notched because of two reasons: in first place,
reducing the effective area of the samples facilitates the execution of the tensile
strength tests as it ensures the failure of the concrete samples in the notched section
and not in the vicinity of the top and bottom surfaces glued to the testing machine,
which according to DAfStb booklet 422 [N13], would invalidate the measured
value. In second place, as reported by Bonzel and Kadlecek [26]], micro cracks
formation due to drying influences the results of the tensile strength tests signifi-
cantly. This influence can be attenuated if the moisture gradient within the notch
section is reduced, which was accomplished by sealing the notch (see Fig. 3.2).

* Type 3: The development in time of the relative humidity and temperature within
the concrete pores was registered in the samples taken from the cylindrical molds
by means of relative humidity sensors. In order to place the sensors in the desired
positions within the samples, a positioning device was developed to fix 4 stainless
steel tubes in the cylindrical molds. During casting, rounded steel bars were intro-
duced through the steel tubes and pushed 10 mm into the concrete to prevent the
cement paste from entering the tubes. Afterwards, the bars were removed leaving

41



Chapter 3} [Experimental program|

an uncovered part of the hole and the steel tubes empty, which allowed the fur-
ther ingress of the sensors (see Sample type 3 in Fig. 3.2)). With the help of this
positioning device, one steel tube was placed in the central axis of the sample to
a depth of 75 mm and three more were placed 10, 20 and 30 mm separated from
the central axis in a 3 x 120° arrangement (see also Fig. 3.6). The depths of the
latter were set to 30 mm to avoid any interference on the measurements between
the holes.

* Type 4: The water content of the concretes was periodically measured by weight-
ing small segments with a height of approximately 35 mm. At the end of the test
phase, all these samples were dried at 105 °C and the dry weights of reference of
the concrete mixtures were determined.

Finally, the upper and bottom faces of all samples were sealed with aluminium cored
polypropylene films forcing the moisture exchange between the cylindrical samples and
the environment to take place only through the lateral surfaces. In this way, the moisture
distribution within a given sample can be assumed to be equal in every position along
the axis of symmetry.

= o
) T
S sealed

€ .

G 7777777

steel tube

10
=
L L | — uncovered hole
2 X[
150 1 150
sealed
75 | 75 ‘

Type 1: Type 2: Type 3: Type 4:
Compressive strength Tensile strength Relative humidity Water content
Modulus of elasticity Temperature

Creep and shrinkage

Figure 3.2: Geometry of the prepared samples (dimensions in mm)

After preparation, the samples were stored above water in sealed tubs at 20 °C, which
guaranties an environment with relative humidity close to 100 % and constitutes a stan-
dardized alternative for storing concrete samples according to DIN EN 12390-2 [N7].
The samples were kept in the tubs for over 150 days before the conditioning by 20 °C
started (see Chapter[3.2.T)). A time scheme of the samples production and further storage
is presented in Fig.[3.3]
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Figure 3.3: Sequence of production of the samples

The largest number of laboratory investigations were carried out with the reference con-
crete MRC. The amount of samples used for the investigation is presented in Table [3.5]
according to the tests conducted and sample type. The total number of samples was 622.

Table 3.5: Number of samples used for the investigation

Sfmme Test purpose Number of samples of the concrete mixture
ype MRC MLC MHC
Compressive strength / Modulus of elasticity 140 44 44
1 Creep 16 4 4
Shrinkage 16 4 4
2 Tensile strength 98 40 40
3 Relative humidity 30 15 15
4 Moisture content 60 24 24

The tests conducted with the samples of the concretes MLC and MHC served to ad-
dress the influence of w/c-ratio (i.e. microstructure and strength) on the variation of the
mechanical properties of concrete that were investigated.

3.2 Experimental procedure

Assuming that the principle of superposition applies for the influences of temperature
and moisture content on the mechanical properties of concrete (see Chapter 2.3)), the
following experimental approach was defined:

» Reference samples were tested at a temperature of 20 °C and a relative humidity
of 100 %. These experiments configure the basis of reference of the investigation.
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» Samples previously dried at different ambient humidity conditions and reference
temperature (20 °C) were tested without modifying the temperature. The results
of these experiments comprise the influence of moisture content alone.

» Samples were first dried at different ambient humidity conditions and temperature
of reference. Subsequently, they were heated under constant environmental hu-
midities and tested at three points in time. Due to the drying of the samples during
heating, a new and lower moisture content was reached for each time at which the
samples were tested. The results of these tests include the combined effects of
temperature and drying.

Based on the approach described above, an experimental program was developed. The
planned experiments were oriented to determine the influence of temperature on com-
pressive and tensile strength, modulus of elasticity, creep and shrinkage of concrete for
temperatures between 20 and 100 °C in relation to the moisture content of the material.
Fig. 3.4 provides an overview of the conditioning of the samples previous to the tests
and during testing.

Conditioning of the Samples J

Before testing J ; During testing J
|
[ |
- Strength and
Temperature ‘ Rel. humidity . Creep tests ‘
! J ) stiffness tests | J
,:I;‘ ’—I—‘
vacuum Temperature | Rel. humidity \ Temperature Rel. humidity
0% J U J J < J
65 %
20°C
85 % 9
o 20°C o 20°C
100 % gg g 95 % ‘7‘8 g 65 %
sealed

Figure 3.4: Ambient conditions of temperature and relative humidity imposed in the investigation

The temperature range between 20 and 100 °C was covered with 3 different testing
temperatures: 20, 60 and 80° C for the strength and stiffness tests and 20, 40 and 70° C
for the creep tests. It is assumed that the results of this investigation may be extrapolated
for temperatures below 100 °C right before the temperature of ebullition of water is
reached and therefore no abrupt changes of state occur.

The moisture content was varied by drying the samples previous to the test through con-
ditioning at reference temperature and 5 different ambient relative humidities: 100 %,
95 %, 85 %, 65 %, 0 %, and under vacuum?. During testing strength and stiffness, the

44



|3.2”Experimental procedurel

samples were either sealed or subject to ambient relative humidities of 95 %, 75 % or
65 %. For the creep tests the relative humidity of the environment was set solely to 65 %.

3.2.1 Conditioning of the samples

After the production and further storage at reference conditions of 20 °C and 100 % rela-
tive humidity (RH), the first samples having ages between 260 and 290 days were tested.
The results of the tests conducted on this first fraction of samples constituted the refer-
ence of the investigation. The rest of the samples were tested after being conditioned
at several environmental relative humidities and 20 °C and then subject to different cli-
matic environments of temperature and humidity. For conditioning the concrete samples
at 20 °C and constant ambient humidity, 4 climate boxes were used. These boxes were
stored in an acclimatized room at 20 °C and 65 % RH. For conditioning at relative hu-
midities other than 65 %, the relative humidities of the boxes were adjusted by means of
saturated salt solutions according to DIN EN ISO 12571 [N11]. At higher temperatures
the samples were conditioned using climate chambers. A more detailed description of
the climate boxes and chambers can be seen in Appendix [A.T] The conditioning of the
samples followed the time schedule presented in Fig. 3.5

Time [d] O 50 100 150 200 250 300 350 400 450

Group 1: 20 °C / 65 % RH

60 °C /65 % RH
80°C/65%RH

[20°C /0% RH [20 °C / vacuum

Group 2: 20 °C / 85 % RH
[80°C/75% RH |

[60°C/75% RH |

Storage condition

Group 3: 20 °C /95 % RH

[60°C795%RH |

Figure 3.5: Sequence of conditioning of the samples

The samples were distributed in three groups as follows:

* Group 1: Samples were stored at 20 °C and 65 % RH. After 100 days two portions
of these samples were moved to be stored at 60 °C / 65 % RH and 80 °C /65 % RH
up to 90 days long. Another portion was moved after 200 days to a dryer envi-
ronment at 20 °C / 0 % RH and kept there for 140 days. Finally, from this latter

2 Samples were subject to vacuum in order to dry them as much as possible without deviating the temper-
ature from the reference of 20 °C
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portion, some samples were subject to vacuum 110 days long at 20 °C. The rest of
the samples were maintained at 20 °C / 65 % RH for over 450 days.

* Group 2: Beginning with a storage condition of 20 °C and 85 % RH, one portion of
the samples was moved after 100 days to be heated at 80 °C /75 % RH for 90 days.
After 200 days, a second portion of the samples was subject to 60 °C / 75 % RH,
also during 90 days. The remaining samples were kept beyond 450 days by the
original storage condition of 20 °C/ 85 % RH.

* Group 3: After being stored 200 days at 20 °C /95 % RH, a part of the samples was
subject to 60 °C / 95 % RH for 90 days. The rest of the samples were maintained
at 20 °C /95 % RH for over 450 days.

For those groups of samples that were subject to elevated temperatures the temperature
was increased with a constant rate of 5 K/h which ensures an approximately constant
temperature distribution over the concrete sample during the whole heating phase. The
remaining samples from group 1 to 3 were used for the tests of creep and shrinkage.
The climate conditions as well as the rate of heating applied during the creep tests were
different and are described in detail in Chapter[3.2.5]

3.2.2 Determination of the relative humidity and water content

Throughout the whole process of conditioning as well as during the tests of creep and
shrinkage of the concrete samples, the relative humidity and temperature in the concrete
pores were measured on selected samples (see sample type 3 in Fig.[3.2) equipped with
4 miniaturised probes (D/L = 4/20 mm) with a capacitive combined humidity and tem-
perature sensor (see also Appendix [A.2). The sensors were numbered according to their
position to the middle axis of the concrete samples. Sensor S1 was located in the middle
axis, and sensors S2, S3 and S4 were located 10, 20 and 30 mm away from the middle
axis, respectively (see Fig. [3.6).

Radius = 37.5

Figure 3.6: Position of the sensors of relative humidity in the concrete samples (dimensions in mm)

The development of the relative humidity in the concretes was measured in two samples
per concrete mixture for the conditioning at 20 °C (see Groups 1 to 3 in Fig.[3.5) and one
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sample per concrete mixture for the conditioning at higher temperatures and during the
tests of creep and shrinkage. Likewise, samples to measure the water content (see sample
type 4 in Fig. 3.2) accompanied the different conditioning scenarios. The changes in
the water content was measured periodically in at least 4 samples per concrete mixture
and conditioning scenario. The dry weight of the samples was determined after drying
them at 105 °C in accordance with DIN EN ISO 12570 [N10]. The results of these
measurements are given in Chapter .1 and Appendix [B.1]

3.2.3 Evaluation of the concrete microstructure

As a result of the various w/c-ratios of the mixtures, it is expected that the concretes
exhibit different porosities, different specific surface areas and more important, different
pore size distributions. Additionally, it needs to be verified whether the influence of tem-
perature could also have affected the microstructure of the concretes subject to elevated
temperatures by means of hydrothermal reactions between silicone dioxide from the ag-
gregates and calcium hydroxide from the hardened cement paste (see Chapter [2.1.3).
These features were investigated by means of mercury intrusion tests and gas perme-
ability tests according to DIN 66133 [N3] and DAfStb booklet 422 [N13], respectively.

The samples required for conducting these tests were obtained from remains of samples
used for tensile strength tests. From these remains, slides with a height of approximately
10 mm were cut to further extract small pieces of hardened cement paste from the edges
of them and conduct the mercury intrusion tests. Before testing, the hardened cement
pastes were oven-dried for 12 hours at 105 °C. The maximum intrusion pressure used
was 2060 bar. The evaluation of the measurements was carried out on the basis of a
contact angle of 141.3° for the oven-dried cement paste and a mercury surface tension
of 0.485 N/m. Hence pore radius in the range of about 0.0037 to 170 pum could be
registered. Additionally, slides with a height of 30 mm were cut to be used for the
tests of gas permeability. The gas permeability was measured applying pressure in three
levels; 2.0, 2.5 and 3.0 bar for the samples from the concretes MRC and MHC and 2.5,
3.0 and 3.5 bar for the samples from the concrete MLC.

Table [3.6 presents the number of samples tested according to the conditioning of rela-
tive humidity and temperature before and during heating. To compare the microstruc-
ture between the concrete mixtures, samples which were subject neither to drying nor to
elevated temperatures were used. In Table[3.6] these samples correspond to the ones con-
ditioned at 20 °C and 100 % RH. In addition to evaluating the differences of the pore size
distributions between the concrete mixtures, concretes subject to high temperatures and
different humidities were compared with concretes kept at ambient temperature. Based
on these comparisons, indications of the influence of temperature on the concrete micro-
structure can be qualitatively assessed. Further validation of the results from mercury
intrusion tests were achieved by conducting tests of gas permeability. By comparing the
permeability coefficient of "warm" and "cold" concretes an indication of changes in the
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microstructure due to exposure to elevated temperature can also be identified. In case
hydrothermal reactions occurred, it should be possible to recognize a densification of
the concrete microstructure in both mercury intrusion and gas permeability tests.

Table 3.6: Tests conducted for the evaluation of the concrete microstructure

Condltloonlng Conditioning during heating Number of samples
at 20 °C
Concrete Mixture RH RH Heating Mercury Gas
[%] [%] T[°C] At [d] Intrusion Permeability
100 - - - 3 3
sealed 60 1~7 2 2
95 60 60 2 2
95
60 90 2 2
sealed 60 1~7 2 2
MRC 60 60 2 2
85
75 60 90 2 2
80 90 2 2
60 30 2 2
65 65 60 90 2 2
80 90 2 2
100 - - - 3,3 (==6) 3,3 (Z=6)
MLC and MHC
85 85 60 1~7 2,2 (z=4) 2,2 (z=4)
Total number of samples: 33 33

The tests to evaluate the concrete microstructure were carried out on 3 samples of each
concrete mixture conditioned at 20 °C and 2 samples for each concrete mixture sub-
ject to elevated temperatures. The results of these tests are given in Chapter and

Appendix [B.2
3.2.4 Determination of strength and stiffness

The tests were conducted without changing the temperature applied to the samples dur-
ing the conditioning. For this purpose, a testing machine with an integrated temperature
chamber was employed. For the samples tested at elevated temperatures, the tempera-
ture chamber allowed to keep the temperature during testing equal to the temperature
of conditioning. However, neither at elevated temperatures nor at room temperature, it
was possible to fix the relative humidity of the environment according to the relative
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humidity of the conditioning. Hence, all samples were sealed during testing using
aluminium cored polypropylene films to prevent any moisture exchange between the
samples and the environment. The material mechanical properties of tensile strength,
compressive strength and modulus of elasticity of the concrete samples were investi-
gated according to the following test methods:

* Compressive strength was measured on cylindrical samples with a diameter-height
relation of 1/2 (see sample type 1 in Fig. 3.2)). The force was applied at a constant
rate of 0.6 N/(mm?s) in accordance with DIN EN 12390-3 [N8].

* For the measurements of tensile strength, samples type 2 (see Fig. 3.2)) were used.
Uniaxial tension was applied directly to the concrete samples at constant rate of
0.05 N/(mm?s) following the recommendation from DAfStb booklet 422 [N13].
In order to ensure that uniform tensile stresses predominate in the sample body, the
tensile load was exerted by steel plates fixed to the testing machine. The samples
were glued to the steel plates using a two-component adhesive based on methyl
methacrylat (X60) with a hardening time of approximately 15 minutes at 20 °C.
The samples tested at higher temperatures were glued to the plattes using a two-
component epoxy adhesive (3M DP 490) with longer hardening times and high
strength at elevated temperatures. This epoxy adhesive required approximately 2
hours for hardening at 60 °C and 1 hour at 80 °C.

* Modulus of elasticity was measured after loading and unloading the specimens
three times with a constant rate of 0.5 N/(mm?s) between 0.5 N/mm? and 1/3 of
the compressive strength following the procedure given in DIN 1048-5 [N2]. The
strain measures were done using a clamp-on strain transducer based on a strain
gauge measuring system. Two transducers measured the displacement of the con-
crete samples within a reference distance of 75 mm. After measuring the modulus
of elasticity the samples were loaded until failure to determine the compressive
strength. These results were also taken into account for the evaluation of com-
pressive strength.

Table B.7) provides an overview of the laboratory tests carried out to investigate the
influence of drying and temperature on the compressive strength, tensile strength and
modulus of elasticity of the concrete mixtures MRC, MLC and MHC. The tests were
conducted to evaluate the different influences of temperature and water loss according
to the approach described in Chapter [3.2] The reference values correspond to the results
from the tests conducted at reference conditions (20 °C and 100 % RH). The influence
of drying is evaluated by the tests conducted after drying the samples at reference tem-
perature and different relative humidities (20 °C and 95, 85, 65, 0 % RH). The influence
of temperature is evaluated by the tests conducted on samples that were conditioned
at reference temperature and then heated up to temperatures of 60 °C or 80 °C. Some
of the heated samples were sealed before heating to avoid any changes in the moisture
content and then tested within a week after increasing the temperature in order to assess
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the influence of temperature at different water contents of the concrete. The remaining
heated samples were tested after 30, 60 or 90 days of sustained elevated temperature
and were allowed to exchange moisture with the surroundings at defined conditions of
relative humidity (95, 75, 65 % RH).

Table 3.7: Tests conducted for the investigation of concrete strength and stiffness

Cor:dzlt(l)oorgng Conditioning during heating Number of samples
Concrete |2
Mixture RH RH Heating Compressive | Modulus of Tensile
[%] [%] [T[°C] At [d] Strength Elasticity Strength
- - - 5 3 5
100
sealed| 60 1 4 3 4
- - - 6 3 6
95
95 | 60 |1~7*,60,90|5,5,5(=15)| 3,3,3(x=9) | 5 3,3 (==11)
- - - 6 3 6
85 75 60 1~7*,60,90 | 5,5,5(x=15) | 3,3,3(Z=9) | 5, 3, 3 (==11)
MRC 80 | 1~7* 90 5, 4 (£=9) 3,3 (2=6) 4,3 (z=7)
- - - 6 3 6
65 65 60 1~7*,30,90 | 5,5,5(x=15) | 3,3,3(Z=9) | 5, 3, 3 (==11)
80 | 1~7%,90 5, 4 (£=9) 3, 3 (2=6) 4,3 (z=7)
0 - - - 4 3 4
- - - 5 3 5
vacuum
sealed | 60 1~7 4 3 4
100 - - - 55(z=10) | 3,3(z=6) | 5,5(z=10)
95 - - - 6,6(z=12) | 3,3(z=6) | 6,6(z=12)
o5 - - - 6,6(x=12) | 3,3(z=6) | 6,6(==12)
M'—g sealed| 60 1~7 6,6(z=12) | 3,3(z=6) 4,4 (x=8)
an
MHC o5 - - - 6,6(x=12) | 3,3(z=6) | 6,6(z=12)
sealed| 60 1~7 6, 6 (2=12) 3, 3 (£=6) 4,4 (2=8)
0 - - - 4, 4 (3=8) 3, 3 (2=6) 4,4 (3=8)
vacuum - - - 55(z=10) | 3,3(z=6) | 5,5 (z=10)
Total number of samples: 191 111 167

* Samples tested within a week after reaching the desired temperature were heated in sealed conditions.

The minimum number of samples used for determining the compressive strength was 4
and for the modulus of elasticity and tensile strength was 3. The majority of the tests
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were conducted on the reference concrete MRC. For the concretes MLC and MHC more
importance was given to the influence of drying, although the influences of temperature
after drying at 20 °C and 85 % RH as well as 20 °C and 65 % RH were also measured.
The results of these measurements are given in Chapter [d.3]and Appendix [B.3]

3.2.5 Determination of creep and shrinkage

The tests to investigate the creep behaviour of concrete were conducted based on the
recommendations given in DAfStb booklet 422 [N13] and RILEM TC 107-CSP [N19].
Prior to testing, the concrete samples were conditioned over 450 days at 20 °C and
relative humidities of 95, 85 and 65 %. The samples used for measuring creep and
shrinkage were of type 1 according to Fig. 3.2] Concrete creep was investigated for
three climatic conditions: 20 °C / 65 % RH, 40 °C / 65 % RH and 70 °C / 65 % RH.
Traditional creep test machines equipped with hydropneumatic accumulators were used
for the samples tested at 20 °C, and for the samples tested at higher temperatures, creep
climate chambers were developed and integrated to the creep testing machines. The
features and capabilities of these climate chambers are given in Appendix [A.3]

The time scheme of the creep tests performed under elevated temperatures is shown
schematically in Fig. [3.7] The concrete samples were heated at a rate of 10 K/h. One
hour after the chamber reached the desired temperature, the samples were loaded mech-
anically for a period of 42 days and then unloaded while the measurements continued
21 days longer to appraise the reversibility of creep. The load was set in every case to
1/3 of the compressive strength at the age and temperature of loading.
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Figure 3.7: Sequence of heating and loading in the creep tests
For the selection of the heating process the following considerations were evaluated:

* As shown by Budelmann [35] (see also Rostasy and Budelmann [[128]]), the mea-
sured values of creep are highly dependent on the heating regime. Imposing the
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load after heating leads to considerable lower creep deformations than those that
are obtained in samples loaded before increasing the temperature. It is well known
that the creep deformations are highly dependent on the moisture gradient and
moisture movement within the concrete samples [98]]. During heating a rash move-
ment of water molecules from the gel pores to the capillary pores takes place lead-
ing to an increase in the relative humidity of the pore cavities (see Chapter 2.1.2]
Bazant [6]]). The influence of this moisture movement on the concrete creep is
the source of the differences of creep deformation between the heating regimes
described by Budelmann (transient creep) and can only be measured if the load
is applied before the temperature is increased. Nevertheless, the interpretation of
the measurements for the process of loading before heating presents some diffi-
culties. During heating, the loaded samples suffer creep, thermal expansion, and
shrinkage deformations at the same time and the unloaded samples show thermal
expansion and shrinkage which cannot be appraised separately. Additionally, the
measure device is also affected by thermal expansion which leaves the measure-
ments without any reference from which an absolute reliable value of deformation
can be derived.

For the case that the load is applied after increasing the temperature, any influ-
ence of the temperature on the measure device during heating can be neglected
because the measure device reaches the desired testing temperature before the
measurements of creep and shrinkage that are relevant for the investigation be-
gin. During the process of heating, neither the influence of moisture movement
between gel and capillary porosity nor the influence of any exchange of moisture
with the environment on the creep deformations can be recorded because through-
out this process the samples remain unloaded. However, the influence of moisture
movement can be estimated afterwards by comparing the measurements of relative
humidity within the concrete samples with the corresponding creep and shrinkage
deformations and the influence of moisture loss during heating can be minimized
by reducing the duration of the heating period i.e. increasing the heating rate.

Due to the good thermal conductivity of the concrete, setting the heating rate of the
surrounding air to 10 K/h does not induce any considerable temperature gradients
within the concrete samples during heating. However, the heat exchange between
concrete samples and air within the temperature chambers had to be improved in
order for the concrete samples to reach the desired temperature within the provided
time period. Natural convection is not enough to reach this goal, therefore, air
blowers were installed in the climate chambers.

The use of air blowers produced some consequences for the realisation of the test.
First, it forces the air to circulate, which ensures a constant temperature and a con-
stant relative humidity distribution of the air in the chamber. Second, it increases
the heat transfer capabilities of the air surrounding the samples. The air flew
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inside the chamber with a velocity of approximately 0.7 m/s allowing the samples
to reach, at the moment of loading, a mean temperature between 2 to 3 °C be-
low the desired temperature and the desired temperature about 24 hours later.
Third, it may have accelerated the process of drying of the samples. The first
two consequences constitute the intention of using air blowers, while the third
consequence though unintended, do not represent any harm to the validity of the
measurements because the drying process of the samples was assessed by relative
humidity sensors. Some preliminary tests conducted with the climate chambers
which support the necessity of using air blowers are presented in Appendix [A.4]

Two creep samples and two unloaded samples were measured in every creep test carried
out for the reference mixture MRC. After the creep tests on the concrete MRC were
completed, it was decided to simplify the creep tests of the concretes MLC and MHC by
using only one creep sample and one shrinkage sample for every test. This decision was
supported on the reproducibility of the results shown by the measurements conducted
on the concrete MRC. The number of concrete samples employed are listed in Table [3.§]
according to the conditions of temperature and relative humidity of the creep and shrink-
age tests.

Table 3.8: Tests conducted for the investigation of concrete creep

Conditioning Conditioning
R . ) Number of samples
at20 °C during loading
Concrete
Mixture RH RH | Temperature
Creep Shrinkage
[%] [%] [°C]
20 2 2
65 65 40 2 2
70 2 2
20 2 2
MRC
85 65 40 2 2
70 2 2
20 2 2
95 65
70 2 2
20 1,1 (=2 1,1 (=2
65 65 (z=2) (£=2)
MLC 70 1,1 (2=2) 1,1(2=2)
and
MHC 20 1,1 (2=2) 1,1(Z=2)
85 65
70 1,1(2=2) 1,1(2=2)
Total number of samples: 24 24

53



Chapter IExperimental programl

For each concrete sample, the creep deformations were measured using three inductive
displacement transducers mounted on rings made of stainless steel. The rings were fixed
to the samples in three points by means of fastening screws. The distance of reference
between the rings for the calculation of the strains was 100 mm. Due to lack of space
within the creep climate chambers, the deformation of the shrinkage samples was mea-
sured using only two inductive displacement transducers for each sample. The results of
the creep and shrinkage measurements are given in Chapter @.4]and Appendix [B.4]

3.3 Summary

Based on the literature review done in Chapter [2] and in particular on the experimental
investigations conducted by Budelmann [35], it can be stated that the changes in the
mechanical properties of concrete subject to elevated temperatures are decisively in-
fluenced by the moisture content of the concrete. The conception of the experiments
presented in this chapter is based on the assumption that the influence of temperature on
the mechanical properties of concrete can be explained by superposition of the effects
that temperature and moisture content cause on the concrete mechanical properties.

The experimental program is focused on investigating the impact of different climate
conditions on strength, stiffness and time dependent deformations of concrete. The ex-
periments evaluate the influence of moisture content solely, the influence of increasing
temperature at different moisture contents, and the influence in time of a sustained ele-
vated temperature on the compressive strength, tensile strength and modulus of elasticity
of concrete. In addition, the influence of different temperatures and moisture contents
on the time dependent deformations of concrete is as well evaluated.

Analysing the results of the tests described in the experimental program serves to im-
prove the understanding of the different factors that play a role in the influences of
temperature on the concrete mechanical properties. With the acquired knowledge and
an exhaustive evaluation of the tests results, it shall be possible to produce models that
can accurately predict the mechanical behaviour of concrete at different temperatures
and humidity conditions.
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Chapter 4

Experimental results and discussion

The analysis of the results from the experimental investigation allows to properly un-
derstand the different effects that are involved in the influence of variable conditions
of temperature and humidity on the mechanical properties of concrete. This chapter
presents the most relevant findings of the experimental investigation including a rigor-
ous discussion and interpretation of the results. Because of the extensiveness of the
experimental program, not all the results of the experimental investigation are presented
in this chapter. The results included are used as guide to explain the process of concep-
tion of the new material model proposed in the following chapters. The basis of several
assumptions required for the formulation of the models are justified according to the
interpretation of the results presented here. Additional results which are not included
in this chapter but support these assumptions as well, are mentioned in this chapter and
included in Appendix

4.1 Development of water content and relative
humidity in concrete by drying

As mentioned in Chapter [3.2.2] the relative humidity (RH) and temperature in the con-
crete pores were measured on selected samples using miniaturised sensors. These hu-
midity sensors guarantee a high accuracy of about +2 % in the ranges between 5 % and
95 % RH. For relative humidities close to 100 % the sensors lose in accuracy to approx-
imately £5 % (see Appendix [A.Z). For this reason, in the samples stored at 95 % RH
it was not possible to accurately measure the development of the relative humidity. The
sensors showed a constant relative humidity of 100 % in all concrete mixtures for mea-
surements conducted both at reference temperature as well as at elevated temperatures.

The concrete samples used to measure water content were small in relation with the
maximal particle size of the aggregates (see sample type 4 in Chapter [3.1.3)). This fact
affects the homogeneity of the samples and therefore the possibility of comparing them
with each other directly. A comparison between the samples is therefore only possible if
the measured values of water content are normalised to a reference value. The develop-
ment in time of the water loss measured in the samples is thus, in the following sections,
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presented as a percentage of the original amount of water stored in the concrete samples
before the beginning of drying and will be referred to as normalised values of water con-
tent. The following sections present some results of the measurements of water content
and relative humidity from samples drying at room temperature (20 °C) as well as at
elevated temperatures. Further measurement results are presented in Appendix [B.1]

4.1.1 Concretes drying at room temperature

Fig. fi.1] presents the normalised values of water content from the concrete mixtures
MLC (w/c = 0.4), MRC (w/c = 0.5) and MHC (w/c = 0.6) drying at 95 %, 85 % and
65 % RH during a period of about 700 days. The symbols of the legend represent
measurements and the lines connecting them are used to facilitate the reading of the
diagram. As described in Chapter [3.2.1] from the group of samples subject to 20 °C and
65 % RH some samples were moved and stored at an environment of 20 °C and 0 % RH
during 150 days and finally subject to vacuum for 100 days longer. The normalised
values of water content of these samples are also presented in Fig. B.1| The results are
predictable and consistent. By a given concrete mixture, the lower the relative humidity
of the environment, the higher the water loss from the concrete samples. Furthermore,
by a given relative humidity of the environment, the lower the w/c-ratio of the concrete
samples the slower the development of the water loss in time.
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Figure 4.1: Time development of water stored in concrete in relation to the water stored before the
beginning of drying for the concretes MLC, MRC and MHC drying at 20 °C and different
ambient relative humidities

As mentioned before, the sensors of relative humidity measured a constant value of
100 % RH by the samples drying at 95 % RH and the water content of these samples
did not show any significant reduction (see Fig. .1)). Based on these facts and on the
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evidence that the sensor are inaccurate at high humidities, it can be stated that the relative
humidity in the pore cavities of the samples stored at 95 % RH and 20 °C was maintained
very close to 100 %. Therefore, in further it is assumed for the interpretation of the
results, that these concrete samples reached a relative humidity of 99 % at the end of the
drying process at 95 % RH.

4.1.1.1 Influence of the environmental relative humidity

Fig. #.2) shows the measurements of the moisture distribution in the concrete samples
made with the mixture MRC and stored at 20 °C with 85 % and 65 % RH. The mea-
surements of relative humidity were conducted at intervals ranging from 10 minutes to
4 hours. However, for sake of simplicity in the following figures only some selected
measurements are shown represented by the symbols of the legend. In addition, lines
connecting the symbols are used to facilitate the reading of the diagram. The layers of the
legend are named according to the position of the sensors as described in Chapter [3.2.2}
sensor S1 was placed in the middle axis of the sample, and sensors S2 to S4 are located
at distances of 10, 20 and 30 mm from the middle axis of the sample, respectively. The
mean values of relative humidity in the concrete samples were calculated in every case
by calibrating a function that could fit the measured results and approximate the hu-
midity profile of the samples in the best way. The process followed to obtain the mean
values of relative humidity in the concrete samples is described in Appendix [B.1]

Concrete MRC drying at 20 °C / 85 % RH Concrete MRC drying at 20 °C / 65 % RH
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Figure 4.2: Measurements of relative humidity in the concrete MRC during drying at 20 °C / 85 % RH
(left) and 20 °C / 65 % RH (right)

In Fig. it can be clearly seen that even after a drying period of about 500 days, an
equilibrium between the relative humidity in the concrete pores and the relative humidity
of the surrounding air could not be reached. This is also confirmed by the measurements
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of moisture content presented in Fig. .1 in which the curves of the concretes drying at
85 % and 65 % RH still show a significant gradient after 500 days.

According to the model of moisture transport from BaZant and Najjar [[10, [11] and also
from KieBl and Gertis [81]], as well as experimental investigations conducted by van der
Kooi [87]], the water diffusion coefficient is dependent on the water content (see also
Chapter [2.2.3). The higher the water content, the easier the water molecules can diffuse
through the concrete body, which implies that concrete samples drying at higher envi-
ronmental relative humidity would reach the equilibrium between relative humidity of
the pores and the surrounding faster than those drying at lower relative humidities. This
approach is according to the measurements presented in Fig. #.2] not quite correct. After
500 days of drying the concrete MRC stored at 85 % RH had a mean relative humidity
of 89.5 %, which corresponds to 70 % of the path between 100 % and 85 % RH. Mean-
while, the concrete MRC stored at 65 % RH had a mean relative humidity of 70.8 % after
500 days, which corresponds to 83 % of the path between 100 % and 65 % RH. This be-
haviour depicts that at high environmental relative humidity the concrete does not reach
its equilibrium with the environment faster than when subject to low relative humidi-
ties. This tendency was also seen on the measures conducted on the concretes MLC and
MHC which are given in Appendix [B.I] On this background, the dependency of the wa-
ter diffusion coefficient of concrete on the moisture content shall be re-evaluated. It will
be shown in Chapter that, in order to achieve a better agreement between simula-
tions and measurements, the dependency of the water diffusion coefficient on moisture
should be ruled by the environmental relative humidity, which defines the final value to
reach, and the gradient of the relative humidity.

4.1.1.2 Influence of the concrete microstructure

The influence of the microstructure on the drying process of concrete can be recognised
in Fig. .31 This figure compares the behaviours of the concretes MLC (w/c = 0.4)
and MHC (w/c = 0.6) drying at 20 °C and 65 % RH. It is expected that a concrete
with less capillary porosity exerts higher resistance to the movement of the water mo-
lecules within it. The measurements agree with this expectation very well. According
to Fig 1.3] reaching the environmental relative humidity will take much longer for the
concrete MLC than the concrete MHC. After 500 days of drying by 65 % RH, the con-
crete MLC had a mean relative humidity of 78.9 %, while the concrete MHC lost much
more moisture to the surroundings in the same period of time reaching a mean relative
humidity of 70.7 %.

In comparison with the concretes MRC and MHC, the concrete MLC dries much slower.
This was seen in the measurements of moisture content as well as relative humidity (see
Figs. @.1) to B.3). However, even when the concrete MRC (w/c = 0.50) has less capil-
lary porosity than the concrete MHC (w/c = 0.60), the measurements of relative humidity
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show a similar behaviour between these two concretes by drying at an ambient rela-
tive humidity of 65 % (compare Figs..2]and[d.3) as well as at 85 % (see Appendix [B.T].
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Figure 4.3: Measurements of relative humidity in the concretes MLC (left) and MHC (right) during drying
at 20 °C/ 65 % RH

Nevertheless, if the measurements of water loss are considered, a similar behaviour
between concretes MRC and MHC cannot be seen. As shown in Fig. i.1] by drying
at environmental relative humidities of 85 % and 65 % the concrete MHC shows a
faster loss of moisture than the concrete MRC. This behaviour is however consistent
with the water store capacity of the concretes. The sorption isotherms in concretes with
higher capillary porosity show higher gradients in the ranges close to 100 % RH due to
the greater amount of capillary pores in their microstructures (see e.g. Espinosa [49],
Kielsgaard [83]). The ranges close to 100 % RH contain therefore a more important por-
tion of the total stored water for concretes with higher w/c-ratios. It can then be stated
that after reaching a given relative humidity, the percentage of water originally stored
for concretes with higher w/c-ratio is lower than for concretes with lower w/c-ratios.

4.1.2 Concretes drying at elevated temperatures

Fig. @.4)presents the normalised values of water content from the concrete mixture MRC
drying at 20, 60 and 80 °C and different relative humidities. The samples drying at
higher temperatures were previously subject to drying at 20 °C following the sequence
of conditioning presented in Chapter 3.2.1] At elevated temperatures the samples lost a
large additional amount of water to the environment. For the samples previously stored
at 20 °C and 95 % as well as 65 % RH the increase of temperature took place without
changing the relative humidity of the environment. But even in these cases the samples
lost an important portion of their water content. This behaviour can be understood by

59



ChapterE} IExperimental results and discussionl

comparing sorption isotherms of the material at different temperatures. As described in
Chapter[2.1.2.7] at higher temperatures the capacity of storing water in concrete reduces,
which implies that at a given value of relative humidity, the water content of the con-
crete with the lower temperature is higher. Moreover, increasing temperature leads to an
increase of the relative humidity in the concrete pores, which promotes the expulsion of
water from the concrete microstructure. The higher the temperature increase the lower
the amout of water allowed to remain in the concrete microstructure. The measurements
of water content at elevated temperatures conducted on the concretes MLC and MHC
are presented in Appendix [B.1]
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Figure 4.4: Time development of water stored in concrete MRC in relation to the water stored before
the beginning of drying for temperatures of 20, 60 and 80 °C and different ambient relative
humidities

Especially consideration shall be given to the samples drying at 60 °C and 95 % RH. As
mentioned at the beginning of this chapter, the sensors could not identify any changes
in the relative humidity of the samples drying at 95 % RH. However, as it can be seen
in Fig. f.4] after 120 days of drying at 60 °C and 95 % RH the samples lost about 15 %
of the water content. This behaviour can as well be explained by the properties of water
storage of the concretes and its temperature dependency. Measurements conducted by
Hundt and Kantelberg [[77] showed that not only the sorption isotherm of a "warm"
concrete lies under the one of a "cold" concrete but also the storage capacity by relative
humidities around 100 % reduces considerably when the temperature is increased.

4.1.2.1 Influence of temperature and environmental relative humidity

The following diagrams illustrate the influences of temperature and relative humidity
of the environment on the drying process of the concrete samples. The beginning of
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the time axis corresponds to the beginning of the heating process. The samples were
previously stored at 20 °C and relative humidities of 65, 85 and 95 % for approximately
100 or 200 days (see conditioning sequence in Chapter [3.2.1)) which implies that the
relative humidity of the samples before heating was lower than 100 %. Owing to the
fact that an increase of the temperature leads to an increase of the relative humidity
in the concrete pores (see Chapter 2.1.2.7)), to avoid misinterpretation, the following
diagrams present the measured values of relative humidity after the maximum values
were reached. These maximum values were measured within 24 hours after achieving
the desired temperature.

Fig. @.5] shows the time development of the relative humidity in the pore cavities of the
concrete MRC drying at 80 and 60 °C and a relative humidity of 65 %. Both samples
started with nearly the same water content before being heated, however, after increasing
the temperature, the water stored within the samples behaved differently. The concrete
samples heated at 80 °C lost water much more rapidly. Starting by a mean value of
relative humidity of 85 %, it came down to about 72 % after only 10 days of drying,
while for the samples heated at 60 °C the mean relative humidity went from 87 % to
80 % in the same period of time.
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Figure 4.5: Measurements of relative humidity in the concrete MRC during drying at 80 °C / 65 % RH
(left) and 60 °C / 65 % RH (right)

The relevance of these differences is more evident if the water contents are considered.
According to Fig. @4 after 10 days of heating, the samples heated at 80 °C lost 38 % of
the water content while the samples heated at 60 °C lost only around 19 %. These results
provide evidences strong enough to confirm that the exposure to higher temperatures
facilitates the drying of concrete members.
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In Fig. A.6|the influence of the environmental relative humidity can be explored. Samples
from the concrete MHC previously stored at 20 °C / 85 % RH (left) and 20 °C/ 65 % RH
(right) were heated up to 60 °C at a relative humidity of 75 and 65 % respectively. Being
the increase of temperature in both cases the same, the differences in the behaviour of
the drying process between the two concrete samples lie on the initial water content of
the samples and its interaction with the relative humidity of the environment.
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Figure 4.6: Measurements of relative humidity in the concrete MHC during drying at 60 °C / 75 % RH
(left) and 60 °C / 65 % RH (right)

The concrete sample drying at 75 % RH lost less water than the sample drying at
65 % RH. The mean relative humidity of the sample drying at 75 % RH decreased
about 5 % within the initial 10 days while the mean relative humidity of the sample
drying at 65 % RH dropped 10 % in the same period of time. The results of the mea-
surements conducted at elevated temperatures as well as the measurements conducted at
20 °C (see Fig.[d.2)) suggest that increasing the gradient of relative humidity within the
concrete samples improves the drying process of concrete.

4.1.2.2 Influence of the concrete microstructure

Fig. {7 illustrates the drying process of the concretes MLC (w/c = 0.40) and MHC
(w/c = 0.60) previously stored at 20 °C and 85 % RH and then heated up to 60 °C at a
relative humidity of 75 %. Analogous to the results of the measurements conducted at
20 °C (see Fig. .3), the concrete with higher capillary porosity dries faster. However
the influence of the microstructure seems to be less accentuated when the concretes are
compared at higher temperatures.
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Concrete MLC drying at 60 °C / 75 % RH Concrete MHC drying at 60 °C / 75 % RH
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Figure 4.7: Measurements of relative humidity in the concretes MLC (left) and MHC (right) during drying
at 60 °C /75 % RH

Water within the concrete microstructure can move more easily when the concrete is sub-
ject to higher temperatures. This fact tends to wane the differences in the water transport
properties between concretes with different microstructures. While the measurements
conducted at 20 °C (see Fig. f.3)) show a significant difference between the drying pro-
cesses of the concretes MHC and MLC, at 60 °C the difference of the values of relative
humidity reached by the concretes are less meaningful (see Fig.[d.7]and Appendix [B.T]).

4.1.3 Temperature changes

In addition to the study of the drying process of concrete, the influence of temperature
on the relative humidity of the concrete pores at constant water content was investi-
gated. The hygrothermic coefficient of concrete (see Chapter indicates that at
constant water content, the relative humidity in concrete pores increases if the tempera-
ture increases. This effect can be appraised by measuring the relative humidity in sealed
concrete samples at different temperatures. For this purpose, relative humidity mea-
surements were carried out on samples previously dried at 20 °C and 65 % RH and then
sealed and heated up in three steps to 40, 60 and 80 °C. The temperature was increased
gradually until an increment of 20 °C was achieved. Then the temperature was held
constant until the measured relative humidities reached constant values. This process
was repeated until all three temperature steps were accomplished. The results of these
measurements are presented in Fig. .8 In the abscissa axis the relative humidities
measured in the concrete before increasing the temperature are given and the ordinate
axis indicates the relative humidities reached after increasing the temperature by 20 °C.
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Figure 4.8: Measurements of relative humidity in the concretes MLC, MRC and MHC after incrementing
the temperature by 20 °C

The dashed line in Fig. .8 divides the diagram in two zones. Measurements located on
the line indicate no change in the relative humidity of the concrete pores due to temper-
ature changes. Those measurements located above the line represent increments in the
relative humidity due to temperature increments, and any measurement located below
the dashed line would mean that the relative humidity of the concrete pores decreased
after increasing temperature. As it can be seen in Fig.[.§] incrementing the temperature
by 20 °C led always to an increment in the relative humidity of the concrete pores. In
the range between 75 % and 90 % RH, raising the temperature leads to an increment of
the relative humidity in the concrete pores of around 8 %. At relative humidities higher
than around 90 % the relative humidity increases up to the limit value of 100 % RH.
With the help of these measurements an accurate mathematical formulation to calculate
the influence of a temperature change on the relative humidity of the concrete pores can
be proposed. In this regard, an equation to characterize the hygrothermic coefficient of
concrete is derived in Chapter [6.1.3]

4.2 Measurements related to concrete microstructure

The measurements of mercury intrusion porosimetry and gas permeability were con-
ducted with the purpose of identifying possible changes in the concrete microstructure
due to the combined effects of moisture and temperature. The main goal of these mea-
surements was to find enough evidence to suggest that under certain circumstances of
moisture and temperature hydrothermal reactions between silicone dioxide from the
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aggregates and calcium hydroxide from the hardened cement paste took place (see
Chapter [2.1.3). The hardened cement pastes used for the mercury intrusion porosimetry
tests were extracted from the edge of the concrete samples (see Chapter [3.2.3)), which
implies that the relative humidity in their pore spaces most likely corresponds to the
relative humidity of the environment at which the samples were subject. Given that the
distributions of the relative humidity within the concrete samples were not constant, the
results of the mercury intrusion porosimetry tests are not representative for the whole
geometry of the samples. They take into account the effect of temperature and mois-
ture of the samples at their edges. This helps however to identified at which relative
humidity conditions the hydrothermal reactions took place. A more generalized indica-
tion of changes in the concrete microstructure can be appraised in the gas permeability
tests. Given that the slides cut to conduct these tests include the entire geometry of the
concrete samples (see Chapter [3.2.3)), the results of the gas permeability tests are able
to indicate changes in the concrete microstructure influencing the complete geometry of
the samples.

4.2.1 Mercury intrusion porosimetry

The following diagrams show results of mercury intrusion porosimetry tests conduc-
ted on the concrete samples. In order to facilitate the interpretation of the results,
ranges indicating the type of pores according to the pore size distribution proposed by
Setzer [[140] (see also Chapter 2.1.1.1)) are labelled on the top of the figures. Fig. {.9]
presents the differential intrusion curves of the concretes MLC, MRC and MHC condi-
tioned at 20 °C and 100 % RH.
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Figure 4.9: Pore size distributions of the concretes at reference conditions
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Since the samples from 4.9 were subject neither to drying nor to elevated temperatures,
they are considered as reference for further comparisons. Having concrete MLC the
lowest w/c-ratio, it is expected to show the lowest porosity, specially in the range of
capillary pores. This assumption can be corroborated by the measurements presented in
Fig. 9] The curve of concrete MLC represented by the dotted line lies under the curves
of the concretes MRC and MHC in the ranges of micro and meso-capillary pores. The
differences in the microstructure of the concretes MRC and MHC are however less easy
to identify. While concrete MRC shows a higher content of meso-capillary pores, the
content of micro-capillary pores of the concrete MHC is clearly higher and in the range
of mesogel pores, the curves of both concretes are very similar.

Fig. provides information about the influence of temperature and moisture content
on the microstructure of the concrete MRC after being dried at 20 °C and 95 % RH and
then heated up to 60 °C. The dotted line corresponds to the measurements conducted on
samples sealed before the temperature was increased. As mentioned in Chapter [3.2.4]
these samples were conceived to appraise the effect of temperature alone avoiding any
influence of drying after increasing temperature. However, as it can be seen in Fig.
in comparison with the reference curve (continuous line), the dotted line lies above in
the range of mesogel pores and below in the range of micro and meso-capillary pores
which is an indication of a densification of the concrete microstructure possibly due to
hydrothermal reactions.
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Figure 4.10: Pore size distribution of concrete MRC dried at 20 °C / 95 % RH and then subject to
60 °C /95 % RH

Densification of the concrete microstructure was also seen in the samples that were let
free to dry at 60 °C and 95 % RH represented by dashed lines in Fig. After 60 and
90 days of drying, the measurements show an increase in the smallest pore sizes while
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in range of the meso-capillary pores the dashed curves lie below the curve of reference.
Therefore, it can be stated that the samples heated while having a high amount of water in
their microstructure were not only influenced by the effect of temperature alone but also
by the combined effect of temperature and moisture in form of hydrothermal reactions.

Fig. {.T1] presents the results of the tests conducted on samples that were previously
dried at 20 °C / 85 % RH and then subject to 60 °C / 75 % RH. Analogous to the results
previously discussed, the sealed samples (dotted line) show a possible densification of
the microstructure as evidenced by the increment of the mesogel pores and reduction in
the range of meso-capillary pores when comparing with the reference curve (continuous
line). This is not the case of the samples drying at 60 °C / 75 % RH (dashed lines).
Possibly due to the lack of water, hydrothermal reactions did not develop. The dashed
curves are displaced to the right which implies an increase of the porosity mostly in the
range of micro-capillary pores and the small mesogel pores vanished.
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Figure 4.11: Pore size distribution of concrete MRC dried at 20 °C / 85 % RH and then subject to
60 °C/75 % RH

The microstructural changes suffered by samples previously dried at 20 °C / 65 % RH
can be evaluated in Fig. .12] Increments of the micro-capillary pores and vanishing of
the small mesogel pores were measured in the samples after being subject to drying at
60 °C / 65 % RH during 30 and 90 days. Any development of hydrothermal reactions
at such low relative humidities can be discarded. In comparison with the samples pre-
viously dried at 20 °C / 85 % RH (see Fig. {i.T1), the displacement to the right of the
curves from the samples previously dried at 20 °C / 65 % RH is less significant which
may imply that higher content of water in the concrete leads to higher deterioration of
its microstructure. This interpretation must however be confirmed by the measurements
of mechanical properties.
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Figure 4.12: Pore size distribution of concrete MRC dried at 20 °C / 65 % RH and then subject to
60 °C/ 65 % RH

The results of the mercury intrusion porosimetry tests show that samples containing a
high amount of moisture (above 75 % RH) that were sealed and then heated during 1
to 7 days as well as samples that dried at very high relative humidity (95 %) during
60 and 90 days experienced a densification of their microstructure due to hydrothermal
reactions. These results only identify whether such reactions took place or not and do not
allow to draw any conclusion about the time-development of the hydrothermal reactions.
Complementary measurements conducted on the concretes MRC at 80 °C as well as on
the concretes MLC and MHC are presented in the Appendix

4.2.2 Gas permeability

Tests of gas permeability were conducted in order to complement the results of the meas-
urements of mercury intrusion porosimetry and corroborate the evidences that those
measurements provided in regard of densification of the concrete microstructure through
hydrothermal reactions. As described in Chapter [3.2.3] the concrete slides used for test-
ing gas permeability and mercury intrusion porosimetry were obtained from the same
samples. Therefore, the conclusions drawn from the mercury intrusion porosimetry tests
shall be validated by the gas permeability tests.

It is well known that the w/c-ratio establishes the size and amount of capillary pores
within the concrete microstructure which are essential to configure the permeability of
the concretes. The permeability coefficients measured from samples of the concretes
stored at reference conditions (20 °C / 100 % RH) are presented in Table d.1] These
results follow the same tendency seen in the measurements of relative humidity and

68



f4.2|Measurements related to concrete microstructuref

mercury intrusion porosimetry. The lower the w/c-ratio the denser the microstructure of
the concretes and therefore the lower the permeability.

Table 4.1: Permeability coefficients of the concretes at reference conditions

Concrete Mixture MLC MRC MHC

Permeability coefficient, K [1077 m?] 0.90 1.88 7.10

A comparison between the values of permeability after subjecting the concretes to differ-
ent elevated temperatures and relative humidities with the values of permeability meas-
ured from samples at reference conditions can as well suggest changes in the concrete
microstructure. Lower permeability coefficients are related to densification and higher
permeability coefficients to damage of the concrete microstructure. Fig. F.13] shows the
permeabilities measured on samples of the concrete MRC after being subject to 60 °C
and several ambient humidities in relation to the permeability obtained from samples
tested at reference conditions. Three different hatches are used to identify the conditions
of the samples before the heating took place.

= 20

x§ 18 Conditoning at T,

- ’ [ 20°C/100%RH

=

S 16r XY 20°C/ 95%RH .

= B 20°C/ 85%RH

s l4r O 20°C/ 65%RH —

© XX

&%’ 1.2 1o0esd —
' XXX] 50.04

[} KR XXX

o KXY KX

o 10F REX IR

2 R ko]

= X R K]

3 08F oo I %% % I 0202

| R R

o KXY KK XX

X XX] IO
e 06F B B B
@ hooco! I 0606 I Sosest
R KRR KXY

2 04r REK B XX

¢ sl

= ] B K

g 02f R [ ]

> B B

04 0.0 100 M %% Il 02029

©
~

20 °C/ 100 %

—
Ny
°
<
<
Q
n
-
O
s

60 °C/sealed/ 1-7d
60°C/95%/60d
60°C/95%/90d
60°C/75%/90d
60°C/65%/30d
60°C/65%/90d

60

Conditioning of the samples at elevated temperature (T / RH / t)

Figure 4.13: Permeability coefficients of concrete MRC subject to different temperature and humidity
conditions in relation to the permeability coefficient measured at reference conditions
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The permeability coefficient of the samples previously stored at 20 °C / 95 % RH de-
creased between 50 and 40 % after being subject to 60 °C and 95 % RH which means
that the condition of high temperature and humidity endorsed the densification of the
concrete microstructure. These results agree with the results from mercury intrusion
porosimetry tests presented in Fig. Likewise, the results presented in Fig. .11
agree with the behaviour of the permeability coefficients shown by the samples previ-
ously stored at 20 °C / 85 % RH and then subject to 60 °C and 75 % RH. Densification
of the microstructure was only seen by the samples heated in sealed conditions while
the samples heated in an environment with 75 % RH showed an increment of the per-
meability coefficients. Finally, the samples previously store at 20 °C /65 % RH and then
heated up to 60 °C at 65 % RH suffered damage in the microstructure distinguished by
an increment of around 40 % in the permeability coefficients. This behaviour is again
in accordance with the measurements of mercury intrusion porosimetry (see Fig. d.12).
Further measurements of permeability included in Appendix from concrete MRC
heated at 80 °C and concretes MLC and MHC heated at 60 °C also show concordance
with the results of the mercury intrusion porosimetry tests.

The results of the tests conducted to evaluate the effects of temperature in the concrete
microstructure proved that concretes that were heated while containing a relative high
amount of moisture (above 75 % RH) suffered structural changes that led to a densifica-
tion of their microstructures. These changes can probably be originated by the develop-
ment of hydrothermal reactions between silicone dioxide of the aggregates and calcium
hydroxide from the cement paste. Hence, assuming that the influence of temperature
on the mechanical properties of concrete can be explained by superposition of the ef-
fects caused by temperature and moisture content do not apply to concretes with high
moisture contents. The principle of superposition applies for linear systems where the
variables are linearly independent. The samples heated while having a high amount of
water in their microstructure were not only influenced by the effect of temperature alone
but also by the combined effect of temperature and moisture in form of hydrothermal
reactions which can be interpreted as a non linearity added to the physical system.

4.3 Measurements of concrete strength and stiffness

The effects of temperature and moisture content on the strength and stiffness of con-
crete were investigated. The resulting mean values and standard deviations are given in
Table {.2] Highlighted in bold typeface are the mean values obtained from the samples
tested at reference conditions (20 °C / 100 % RH) which correspond to the reference val-
ues. The quotient between the mean values from measurements conducted on samples
subject to different ambient conditions and these reference values are used to quantify
the influences of moisture and temperature on the mechanical properties of the concretes.
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Table 4.2: Mean values and standard deviations of compressive strength, tensile strength, and modulus of
elasticity by the investigated conditions of temperature and moisture

Conditiooning Conditioning during heating Mean values
Concrete el e
Mixture RH RH Heating fom fotm R
[%] [%] T[°C] At [d] [N/mm?] [N/mm?] [N/mm?]
100 - - - 51.5+4.1 | 3.64 £0.08 | 40939 + 2504
sealed 60 1 455+33 | 260+0.41 | 26539 +210
- - - 56.6+1.9 | 3.97+0.63 | 32230+ 1734
95 sealed 60 1~7 54.2+3.5 | 3.72+0.51 | 29642 + 3029
95 60 60 60.6 +5.1 | 3.88+0.17 | 31587 + 1197
90 64.4+3.7 | 3.90+0.02 | 32661 + 1163
- - - 61.1+23 | 4.41+0.36 34458 + 433
1~7 57.5+3.6 | 3.82+0.30 | 29630 + 1490
85 60 60 57.3+59 | 4.23+0.31 | 34602 +1729
75 90 55.9+4.4 | 437 +0.22 | 33925 + 4651
MRC 80 1~7 443+30 | 3.60+0.12 | 27594 + 823
90 48.3+39 | 3.55+0.16 | 29745+ 1782
- - - 67.1+3.8 | 4.83+0.48 | 35039 + 2877
1~7 50.5+3.3 | 3.563+0.20 | 30792 + 2184
65 60 30 57.5+27 | 3.88+0.40 | 33068 + 799
65 90 575+1.7 | 458+0.14 | 33563 + 2160
80 1~7 445+76 | 3.42+0.15 | 27912 + 1807
90 52.8+3.5 | 3.83+0.53 | 33228 + 1598
0 - - - 67.6+3.4 | 451+0.45| 34916 + 2015
- - - 64.7+6.6 | 5.37 £0.48 | 36209 + 2532
vacuum
sealed 60 1~7 59.7+19 | 4.35+0.50 31903 + 431
100 - - - 61.4+1.9 | 412%0.24 | 47351 £ 4670
95 - - - 67.6+9.7 | 4.23+0.36 | 34445+ 1533
85 - - - 78.7+18 | 4.73+0.64 37992 + 407
MLC sealed 60 1~7 66.9+4.3 | 4.06+0.52 [ 35643 +685
65 - - - 829+47 | 464+0.76 | 38690 + 828
sealed 60 1~7 59.6 +3.5 | 3.99+0.03 | 33178 + 1394
0 - - - 85.5+1.5 | 528+0.30 [ 39559 + 2075
vacuum - - - 81.5+51 | 5.69+0.34 [ 37530 + 1398
100 - - - 40.6 2.3 | 3.41+0.20 | 35293 %4829
95 - - - 452+5 | 3.80+0.43 | 26893 + 3283
85 - - - 52.0+2.5 | 3.89+0.40 | 31690 + 1300
MHC sealed 60 1~7 428+3.5 | 3.35+0.42 28327 + 659
65 - - - 535+21 | 3.95+0.52 32102 + 851
sealed 60 1~7 40.4+20 | 3.77 £0.01 28847 + 862
0 - - - 524+41 | 470+0.19 | 31577 + 2838
vacuum - - - 55.7+51 | 478 +0.43 | 30640 £ 1071
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In the following subsections graphical representations of some results from Table {.2]
are presented. Two types of diagrams are displayed for each mechanical property. The
first one includes measurements conducted on samples from the concretes MLC, MRC
and MHC that were dried at reference temperature. This type of diagram presents the
changes in the mechanical properties relative to the reference values as a function of the
mean relative humidity of the samples. The mean relative humidities were calculated
from measurements of relative humidity according to the procedure described in Ap-
pendix [B.I] The second type of diagram includes measurements conducted on samples
from the concrete MRC that were sealed and then subject to elevated temperatures. This
type of diagram presents the changes in the mechanical properties relative to the ref-
erence values as a function of temperature. In the legend of the diagram the different
layers are named according to the relative humidity that the samples reached after the
conditioning at 20 °C before increasing the temperature and the relative humidity at
which they were stored is indicated between brackets. Measurements from samples of
the concrete MRC drying at elevated temperatures during 30, 60 and 90 days are not
presented here, they will be used to validate the material model in Chapter[6] Additional
measurements conducted on samples from the concretes MLC and MHC are presented

in Appendix B.3]

4.3.1 Compressive strength

Fig. f.14] presents the results of compressive strength tests conducted on samples from
all three concretes mixtures after drying at reference temperature and different ambient

relative humidities.
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Figure 4.14: Relative compressive strength of the concretes after drying at 20 °C in relation to moisture
content at reference conditions
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In Fig. #.14] the calculated value of mean relative humidity for every measured point
corresponds to the mean value reached by the samples after being subject to drying ac-
cording to the drying conditions at 20 °C described in Chapter [3.2.1] All three concretes
show a clear tendency of increasing compressive strength with decreasing moisture con-
tent within the range of 100 % to 80 % RH, reaching an increment of the compressive
strength of around 35 %. By relative humidities below 80 % the enhancement of the
compressive strength ceases. The results suggest that a constant value settles after reach-
ing a relative humidity of around 80 %. The results do not indicate any influence of the
concrete microstructure. The concretes MLC, MRC and MHC behave similarly. All the
measured points can be allocated within a £5 % stripe.

After drying at reference temperature some samples were sealed and subject to elevated
temperatures. The results of compressive strength from such samples belonging to con-
crete MRC are presented in Fig. d.15] This diagram shows the influence of temperature
on the compressive strength of concrete taking into account the history of moisture con-
tent of the concrete before heating. In the legend of the diagram the layers are named
according to the mean relative humidities reached by the samples before the heating took
place. The corresponding relative humidities at which the samples were conditioned at
reference temperature are specified in parentheses.
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Figure 4.15: Relative compressive strength of concrete MRC heated at different moisture contents

In general the diagram indicates that concrete compressive strength reduces with in-
creasing temperature. However, the negative effect of temperature on the concrete com-
pressive strength varies depending on the moisture content. Assuming that this negative
effect is due to incompatibilities between the thermal coefficient of expansion of the
aggregates and the hardened cement paste, it is expected that the samples holding the
highest amount of water in their microstructure should show the lowest values of com-
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pressive strength at higher temperatures. This assumption holds true when comparing
the results from the samples having mean relative humidities of 100 %, 77 %, and 44 %.
However, the samples with 99 % and 92 % mean relative humidity do not seem to fol-
low the same tendency. In case temperature could solely influence the concrete samples
through thermal expansion, the measured points of these two group of samples should
lie between the samples heated up with mean relative humidities of 100 and 77 %.

As mentioned in Chapter f.2] concretes heated while having a high amount of moisture
experienced a densification of their microstructure most probably due to hydrothermal
reactions between silicone dioxide of the aggregates and calcium hydroxide from the
hardened cement paste. The results presented in Fig. d.T5| suggest that hydrothermal re-
actions could have also influenced the mechanical behaviour of the concrete by healing
the damage induced by the thermal expansion incompatibilities, which explains the un-
expected behaviour of the samples having a mean relative humidity of 99 % and 92 %.
For the case of the samples having a mean relative humidity of 100 %, the influence of
hydrothermal reactions is discarded because these samples were heated and tested within
a day, which did not allow enough time for the hydrothermal reactions to develop.

4.3.2 Tensile strength
Fig. 4.16] presents the results of tensile strength tests carried out on samples of the three

concretes after drying at reference temperature and several environmental relative hu-
midities in relation to the values of tensile strength obtained at reference conditions.
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Figure 4.16: Relative tensile strength of the concretes after drying at 20 °C in relation to moisture content
at reference conditions
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At reference temperature, with decreasing water content the tensile strength of concrete
increases. This statement is evidenced by the measurements conducted on concretes
which were previously subject to drying at 20 °C. The relative values of tensile strength
show an increase of the strength within the whole range of relative humidities that were
achieved in the samples. The concretes reached an increment of around 40 % of the
tensile strength by a mean internal relative humidity in the range of 40 to 50 %. Unlike
the results from compressive strength tests, the tensile strength do not seem to reach
a maximum value within the range of relative humidity that was measured. Fig. 4.16|
suggests that the tensile strength of the concretes can continue increasing if the con-
cretes reach lower mean values of internal relative humidity. By comparing the three
concretes between them, no influence of the concrete microstructure could be identified.
All concretes follow the same path and the points lie within a +5 % stripe.

Temperature affects the concrete tensile strength negatively. Fig presents the influ-
ence of temperature on the tensile strength of the concrete MRC according to the mean
moisture content of the samples before the temperature was increased. In general, inde-
pendent of the water content, all samples showed a reduction of the tensile strength with
an increment of the temperature.
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Figure 4.17: Relative tensile strength of concrete MRC heated at different moisture contents

Similar to the measurements of compressive strength, the samples that were maintained
up to 7 days at elevated temperature while containing a high amount of moisture (mean
relative humidities of 99 % and 94 %) behaved differently. If the influence of temper-
ature on the concrete would be limited to only damage due to the thermal expansion
incompatibilities, the values from the samples heated up with mean relative humidities
of 99 % and 94 % should lie between the ones from the samples with 100 % and 82 %.
Again, this is not the case because of the development of hydrothermal reactions that
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contributed to a relative increase of the tensile strength by partially healing the damage
caused by thermal incompatibilities.

4.3.3 Modulus of elasticity

Contrary to the results from the tests of compressive and tensile strength, after drying,
the modulus of elasticity does not reach values higher that the ones measured at reference
conditions. Fig. .18 shows the influence of drying on the modulus of elasticity of
the investigated concretes. The values of relative modulus of elasticity in all concretes
with mean relative humidities below 100 % are lower than 1.0, which denotes that an
increment of the modulus of elasticity could not be seen. Particularly remarkable is the
behaviour of the samples having a mean relative humidity around 99 %. The modulus
of elasticity changes abruptly when the concrete dries from a mean relative humidity of
100 % to 99 % reaching the lowest measured values. As drying continues, the modulus
of elasticity increases and partially recovers, although the reference value of stiffness
was not achieved by the samples dried within the measured range of relative humidities.
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Figure 4.18: Relative modulus of elasticity of the concretes after drying at 20 °C in relation to moisture
content at reference conditions

According to Griibl [64], concretes under saturated conditions have a higher modulus of
elasticity than dry concretes, because the water in the pores is incompressible and cannot
scape so quickly when subject to rapid loading. The results from Fig. .18 suggest that
the effect of water contribution to the loading capacity vanishes once the water finds a
way to scape. It seems that only a small change in the relative humidity of the concrete
pores is enough to settle a path for water to leak and therefore an abrupt change in the
modulus of elasticity takes place. However, further drying increases the friction between
the components of the hardened cement paste microstructure, which leads to a recovery
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of the modulus of elasticity. According to the measurements, this recovery ceases at
a mean relative humidity of around 80 % and is maintained nearly constant down to a
relative humidity of 40 to 50 %. Unlike the results from strength tests, a dependency
of the concrete microstructure on the modulus of elasticity may be identifiable. After
the abrupt change in the modulus of elasticity the recovery is the higher, the higher the
porosity (w/c-ratio) of the concrete mixture. Same as by the strength measurements, all
the measured points are allocated within a +5 % stripe.

Fig. . 19illustrates the influence of temperature on the modulus of elasticity of the con-
crete MRC. In the same way as Figs. f.15|and .17} in the legend the layers are named
according to the mean relative humidities reached by the samples before the temperature
was raised and the values of stiffness are relative to the modulus of elasticity measured
at reference conditions (20 °C / 100 % RH).

h .. (RH/20°C)
(100 %)
(95 %)
(85 %)
(65 %)
(vacuum)

Relative modulus of elasticity,
E (T, h) / E(20 °C, 100 % RH) [-]

0.6 L
20 30 40 50 60 70 80 90 100

Temperature, T [°C]

Figure 4.19: Relative modulus of elasticity of concrete MRC heated at different moisture contents

Analogously to the results from tests of compressive and tensile strength, the tempera-
ture influences the modulus of elasticity negatively. The results suggest a linear relation
between damage and temperature for all the moisture contents. The assumption of higher
damage by higher moisture content of the samples is reflected in the results, which im-
plies that the contribution of hydrothermal reactions on the modulus of elasticity is only
secondary. This may be due to the fact that by testing modulus of elasticity the samples
are loaded with only one third of the compressive strength. At lower stresses the con-
crete behaves linearly and healing of microcracks do not necessarily make a difference
as is the case by stresses approximating failure. The value of modulus of elasticity mea-
sured by the samples heated while having 100 % RH in the concrete pores is connected
in the diagram with the reference at 20 °C following the same approach for the presen-
tation of the results from Figs. .15 and F.T7] At first glance, this measurement seems
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not to be quite correct and should be located above the measurement of the samples
tested with a mean relative humidity of 44 %. However, taking into account the abrupt
change in the modulus of elasticity presented by the concretes after a small change in
the relative humidity by humidities close to 100 %, this point can only be located above
the one from the samples having a mean relative humidity of 44 % if the sealing of the
samples was so outstanding that no movement of water due to temperature could have
taken place. As this was most probably not the case, the point by 100 % mean relative
humidity and 60 °C actually represents samples that suffered an abrupt change in the
modulus of elasticity due to a minor drying and in addition the influence of temperature.

4.4 Measurements of concrete creep and shrinkage

It is generally accepted that both creep and shrinkage deformations are composed of a
basic and a drying component. The basic component is understood as the deformation
which occurs if there is no moisture exchange of a member with the environment. This
is the case at very high ambient humidities RH > 98 % or if a member is sealed (e.g. by
coating) or for rather thick members where the moisture loss in the near-surface zone
may be neglected compared to the total moisture content of the concrete member. The
drying component is defined as the additional deformation which may be observed if a
moisture exchange with the environment takes place; for strain definitions refer to [N15].

The time dependent behaviour of concrete was investigated by means of testing creep
and shrinkage at 20, 40 and 70 °C at a relative humidity of 65 %. Before testing, the
samples were previously conditioned for over 450 days at 20 °C and 65 %, 85 % and
95 % RH (see Chapter [3.2.5). The measurements of shrinkage started with the begin-
ning of loading, which together with the fact that the samples were tested at ages over
500 days, implies that the measured deformations correspond solely to drying shrinkage
occurring during loading. Basic and drying shrinkages taking place before loading were
not captured by the measurements. In the following diagrams the shrinkage deformation
is presented as positive, even though it corresponds to a volume reduction, and is plotted
in time according to the duration of loading of the creep tests. The results from creep
measurements are presented as specific creep which is calculated by dividing the creep
deformation by the stress applied on the samples. The creep deformation is calculated
by subtracting the elastic deformation measured on the loaded samples during the incre-
mentation of the load until it reached the desired value and the shrinkage deformation
measured on the companion shrinkage samples from the total deformation measured on
the loaded samples. Presenting the results of the creep tests by means of specific creep
allows to compare the results of samples that were subject to different levels of loading.

The following subsections present a selection of the results from the tests of creep and
shrinkage. The measurements of creep and shrinkage were conducted at intervals ran-
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ging from 2 seconds to 10 minutes. However, for sake of simplicity measurements sep-
arated by similar intervals in a logarithmic time scale were selected and are shown in the
following figures represented by the symbols of the legend. In addition, lines connecting
the symbols are used to facilitate the reading of the diagrams. The results presented here
are used to analyse how the concretes behaved according to the influences of previous
conditioning, concrete microstructure, and temperature. The test results, including all
the conducted measurements and information about conditioning and loading regimes
of the creep tests, are presented graphically in Appendix [B.4]

4.4.1 Influence of water content

Due to the different conditions at which the concrete samples were subject previous to
testing, the samples had different water contents at the moment of loading. Both creep
and shrinkage are the higher, the higher the water content of the concrete and, more
specially, the faster the concrete losses water with the environment [98]]. It is therefore
expected that for the same concrete, the samples containing the highest amount of wa-
ter, at the beginning of the test, exhibit the maximum shrinkage and creep deformations.
Fig.[#.20| shows the development in time of the shrinkage deformations measured on the
concrete MRC on tests conducted at reference temperature. In the legend of the diagram
the layers are named according to the conditioning of the samples before the measure-
ments were conducted.
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Figure 4.20: Time development of the shrinkage deformation of the concrete MRC tested at 20 °C and
65 % RH according to the conditioning prior to test

The samples previously conditioned at 65 % RH shrink very little while the samples con-
ditioned at higher relative humidities show significant higher shrinkage deformations,
especially those conditioned at 95 % RH. According to the theory, the measurements of
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creep deformations shall also show the same tendency. Fig. f.21] presents the evolution
in time of the specific creep from the creep samples of concrete MRC tested at 20 °C.
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Figure 4.21: Time development of the specific creep of the concrete MRC tested at 20 °C and 65 % RH
according to the conditioning prior to test

Again, the creep samples follow the expected tendency. The same behaviour is also
seen in the tests conducted on the concretes MLLC and MHC at reference temperature,
as well as on all three concretes at elevated temperatures, both for creep and shrinkage

deformations (see Appendix [B.4.5|to[B.4.§).
4.4.2 Influence of concrete microstructure

The concrete mixtures that were investigated differ in the quantity of water used, which
directly influences the microstructure generated within the hardened cement paste. The
lower the w/c-ratio, the lower the porosity, and therefore, the higher the strength of the
concrete samples. Regarding creep and shrinkage, lower porosity, i.e. low w/c-ratio and
high degree of hydration, reduces the amount of deformation [98]]. On this background,
it is expected that the concrete with the lowest w/c-ratio (MLC) shows the lowest creep
and shrinkage deformations and consequently, the concrete with the highest w/c-ratio
(MHC) the highest. The following diagrams compare the shrinkage and creep deform-
ations of the concretes MLC, MRC and MHC on the basis of a common conditioning
scheme before as well as during the tests. Fig. f.22] presents the time development of the
shrinkage deformations of the three concrete mixtures tested at reference temperature
and previously conditioned at 20 °C and 85 % RH.

In Fig. B.22] the expected dependency of the shrinkage deformation on the concrete
porosity cannot be clearly seen. The sample from the concrete MLC behaved a bit un-
common, and even though by the last measured values its shrinkage deformation lies
below the deformation of the concrete MRC, the measurements do not provide any con-
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clusive results. The concretes behaved unexpectedly which could question the validity
of the measured values. Consequently, these measured values can be taken as consistent,
if the unexpected behaviour is also seen in the measurements of the creep samples.
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Figure 4.22: Time development of the shrinkage deformation of the concretes MLC, MRC and MHC
tested at 20 °C / 65 % RH and previously conditioned at 20 °C / 85 % RH

Fig. 23| presents the time development of the specific creep from samples of the con-
cretes tested at reference temperature and previously conditioned at 20 °C and 85 % RH.
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Figure 4.23: Time development of the specific creep of the concretes MLC, MRC and MHC tested at
20 °C/ 65 % RH previously conditioned at 20 °C / 85 % RH

As well as by the shrinkage measurements, when comparing the three concrete mixtures
in Fig. B.23] no dependency of the specific creep on the concrete microstructure can be
identified. Similar behaviour is seen when the mixtures are compared with each other
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on the basis of a common conditioning procedure for samples tested at elevated temper-
atures, both for shrinkage as well as for creep (see Appendix [B.4.5to[B.4.§). Based on
these results, it can be stated that, for the procedure of conditioning and testing followed
for the samples, no influence of the concrete microstructure could be recognized. The
fact that concretes with lower porosity develop lower creep and shrinkage deformations
has already been studied and verified in the past through a large number of experimental
investigations. The results presented in this investigation shall not be used to controvert
that evidence anyhow. Therefore, at this point the approach is oriented to finding an
explanation that can disclose the logic of such an unexpected behaviour.

The reason why the measured creep and shrinkage deformations do not agree with the
fact that they should be the lower, the lower the porosity of the samples, can be provided
by analysing the conditioning of the samples previous to testing. In Figs. and 4.23|
the three concretes are compared with each other on the basis of the previous condi-
tioning at which they were subject. Even though they all were conditioned in the same
chambers during barely the same time before the creep tests were carried out, due to
the differences in their concrete microstructures, their water contents at the moment of
testing were not necessarily equivalent. As it was already discussed in Chapter @.1] (see
Figs. .3]and £.7), the lower the porosity, the slower the drying process of the concrete.
Hence, after the same conditioning procedure, samples from concrete MRC had more
water in their microstructure than samples from concrete MHC and less than those from
concrete MLC. Consequently, being the creep and shrinkage deformations so depen-
dent on the water content and water loss during loading (see Chapter {f.4.T)), the way the
samples were conditioned previous to testing does not apply as reference to compare the
deformation behaviour of the concrete mixtures with each other because each concrete
mixture reached a different moisture content at the moment of testing. This can only be
possible if the concretes are compared on the basis of a mean relative humidity of 100 %
in the pore system, which was not a case of study in this investigation.

4.4.3 Influence of concrete temperature

Temperature has a significant impact on the development of creep and shrinkage de-
formations mainly because of the influence that it exerts on the water transport process
within the concrete microstructure. According to Miiller and Kvitsel [98] creep and
shrinkage deformations increase when the concrete is tested at elevated temperatures,
while subjecting the concrete to long-acting elevated temperature before testing leads
to a decrease of the deformations. Regarding the tests conducted in the investigation,
the load was applied one hour after the temperature within the climate chamber was
reached, which cannot be considered as a long-acting elevated temperature. Therefore,
it is expected that the measured shrinkage and creep deformations are the higher, the
higher the temperature during test. Fig. f.24] shows the development of the shrinkage
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deformations of the concrete MRC tested at 20, 40 and 70 °C after being conditioned at
20 °C and 65 % RH.
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Figure 4.24: Time development of the shrinkage deformation of the concrete MRC tested at 65 % RH and
20, 40 and 70 °C and previously conditioned at 20 °C /65 % RH

The measured deformations of the concrete samples tested at 40 and 70 °C decreased
up to approximately one day after the beginning of the test. These negative values were
caused by thermal expansion suffered by the samples after the loads were set. As men-
tioned in Chapter [3.2.5 the mean temperature reached by the concrete samples at the
moment of loading was around 2 to 3 °C below the desired temperature. After imposing
the load, it took around 24 hours for the samples to reach the temperature of the chamber.
On account of these small temperature changes within the first day, the measurements
of deformation at the beginning of the tests actually correspond to a superposition of
shrinkage and thermal expansion. During the first 24 hours, the thermal expansion was
larger than the shrinkage and therefore the measured deformations were negative.

In Fig. .24] the results of the test conducted at 70 °C complies with the expected beha-
viour. The shrinkage deformation is evidently higher when testing at 70 °C compared
to 40 or 20 °C. At first sight, the samples tested at 20 °C seem to develop higher shrink-
age deformation than those tested at 40 °C. However, taking into account the influence
of thermal expansion within the first day of measurements, this may not be the case.
After the samples tested at 40 °C stop expanding, i.e. the lowest point in the diagram
is reached, the time development of the shrinkage deformation shows a steeper slope
than the one from the samples tested at 20 °C, which suggests that the actual shrinkage
deformation of the samples tested at 40 °C is higher.

The measurements of creep deformation should also comply with the expected beha-
viour of higher deformation at higher testing temperatures. Fig. #.25|shows the develop-
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ment of the specific creep of samples from the concrete MRC previously conditioned by
20 °C and 65 % RH and then tested at 20, 40 and 70 °C by a relative humidity of 65 %.
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Figure 4.25: Time development of the specific creep of the concrete MRC tested at 65 % RH and 20, 40
and 70 °C and previously conditioned at 20 °C / 65 % RH

In general, at higher testing temperatures, higher creep deformations are developed. The
results presented in Fig. f.25] as well as further results included in the Appendix [B.4.7]
and [B.4.§] reflect this statement very well. Nevertheless, it is mandatory to examine
whether the fact that at the moment of loading the desired testing temperature was
not entirely reached by the samples could have influenced not only the shrinkage de-
formation but also the resulting creep deformations. As it was already mentioned in
Chapter [3.2.5] the heating regime influences the test results significantly. According to
investigations conducted by Budelmann [35]], samples subject to loading during heating
show larger creep deformations than samples loaded after reaching the temperature of
testing. During the first day after loading, the samples suffered a small temperature in-
crement that may have affected the development of the creep deformations. However,
the measurements do not show any indications of uncommon development of the creep
deformation within the first 24 hours of loading. Therefore, the conducted tests can be
assumed as valid to investigate the development of creep on samples loaded at elevated
temperatures.

4.5 Summary and conclusions

The chapter presents the most relevant results of the experimental investigation. The
conducted experiments underline the importance of water content and its interaction
with temperature on the mechanical behaviour of concrete. In general, the behaviours
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shown by the concrete samples agreed with the assumptions made by the design of the
experimental program. The measurements of relative humidity showed that the drying
process of concrete accelerates with the elevation of temperatures and is the slower,
the lower the porosity of the concrete microstructure. Additionally, the measurements
confirmed the increase of the relative humidity on the concrete pores due to an increment
of the temperature as denoted by the hygrothermic coefficient of concrete.

The results from the experiments of mercury intrusion porosimetry and gas permeability
were consistent and agreed very well with each other. They suggest that at elevated tem-
perature and high moisture content a development of hydrothermal reactions between
the silicone dioxide from the aggregates and calcium hydroxide from the cement paste
caused densification of the microstructure in the concrete samples. Regarding the tests
to evaluate the mechanical properties, the results reflect the negative influence of tem-
perature and the positive effect of drying on the tensile and compressive strength as well
as on the modulus of elasticity except for the samples tested at 20 °C and 100 % RH
which show the highest modulus of elasticity. Creep and shrinkage deformations also
agree with the expectation of being the higher, the higher the temperature and moisture
content of the concrete by testing.

Besides delivering results that are consistent and in line with the expected behaviours,
the experimental investigation also clarified the following issues that light the way for
the formulation of the new concrete material model.

* Concretes drying at higher relative humidities do not reach the equilibrium with the
environment faster than those drying at lower ambient relative humidities, which
denotes that the diffusion coefficient of concrete cannot depend solely on the ab-
solute content of moisture of the concrete.

* Elevated temperatures influence concrete in such a way that the differences seen in
the water transport properties between concretes with low porosity (w/c = 0.4) and
high porosity (w/c = 0.6) tested at elevated temperature are less significant than
those seen in concretes tested at room temperature.

* The assumption that the influence of temperature on the mechanical properties of
concrete can be explained by superposition of the effects caused by temperature
and moisture content does not apply to concretes with high moisture content. A
third effect known as hydrothermal reactions emerges from combining high tem-
perature and high moisture content for concretes made with siliceous aggregates
withdrawing the possibility of linear superposition.

* The influence of drying on concrete compressive and tensile strength is not de-
pendent on the microstructure of the concrete. The measurements of modulus of
elasticity showed a dependency on the concrete microstructure, however, differ-
ences between the measured points of the mixtures can be allocated within a +£5 %
stripe and therefore, these differences can be neglected.
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* Elevated temperatures influence the strength and stiffness of concrete negatively.
Any recovery of these mechanical properties with time must be accompanied by a
loss of moisture or associated with further hydration or the development of hydro-
thermal reactions.

In order to compare the creep and shrinkage behaviour of concretes with different
microstructures, the initial condition of moisture in the samples have to be the
same. Due to the strong influences that water content exerts on the creep and
shrinkage deformations and the fact that the drying process of the samples vary
according to the porosity of their microstructure, no valid comparisons between
different concrete mixtures can be carried out on the basis of a common drying
procedure. Therefore, the results from creep and shrinkage tests could not deliver
any conclusive information about the influence of the concrete microstructure.

The tendencies shown by the results from the extensive experimental investigation fol-
low the expected behaviour according to the considerations presented in Chapter 2.3.2]
Only the assumption taken about the hydrothermal reactions can be considered as in-
accurate. By comparing the strength of samples subject to elevated temperatures and
high environmental relative humidity, Budelmann [35]] found no significant differences
between samples exposed to these conditions during 20 and 90 days. On this basis, it
was assumed that the influence of hydrothermal reactions on the strength and stiffness
of the samples can be neglected. However, the results obtained in this study showed
that subjecting the samples to conditions of elevated temperatures and high environ-
mental relative humidity up to 7 days influences the tensile and compressive strength
of the samples considerably. Therefore, the influences of hydrothermal reactions on the
strength of concrete are not insignificant, they just occur faster than expected, probably
in a period of time shorter than a week.

Through a meticulous analysis of the results, the factors that play a main role in the
impact of temperature on the mechanical properties of concrete were disclosed. Hence,
the experimental results can be used to formulate models to predict the mechanical be-
haviour of concrete with the advantage of precisely knowing the physical background of
this behaviour.
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Chapter 5

Predicting the mechanical
behaviour of concrete

The literature evaluated in Chapter [2] together with the results from the conducted ex-
perimental investigation discussed in Chapter ] made clear that the effects of elevated
temperatures below 100 °C on the concrete mechanical properties are strongly linked to
the water contained in the concrete at the moment of heating as well as during the length
of the heating period. Hence, knowing the relation between temperature exposure and
moisture content is mandatory to accomplish the objective of formulating models to
predict the mechanical behaviour of concrete subject to elevated temperatures.

By means of the experimental program, the relationships between temperature and mois-
ture content and their influence on the mechanical properties of concrete were identified.
Based on the experimental results, in the following sections, mathematical expressions
are formulated to describe the behaviour shown by the concrete samples according to
the measurements of pore relative humidity and temperature of exposure.

5.1 Strength and stiffness

Following the assumptions made for the conception of the experimental program (see
Chapter [2.3.7), the strength and stiffness of concrete subject to elevated temperatures
can be described by superposition of the effects of drying and thermal incompatibilit-
ies if the effects of acceleration of hydration and hydrothermal reactions are neglected.
On this background, Eq. [5.1] to [5.3] calculate the influence of temperature and moisture
content on a given mechanical property 8 by summing the effects of drying Dg and
thermal incompatibility Sg and multiplying them with the property at reference condi-
tions B (href =100 %, Trer = 20 °C).

fe(h,T) = felher, Tret) - (14 Dy, + ) (5.1)
Jes(h,T) = fer(hret; Tret) - (1 4+ Do +Sy) (5.2)
Ec(h,T) = Ec(hyef, Tref) - (1 + Dk, + SE. ) (5.3)

87



Chapter [Predicting the mechanical behaviour of concretcl

The effects of drying and thermal incompatibility are dependent on the moisture con-
tent of the concrete which can be account for by means of the relative humidity of the
concrete pores. However, as it was shown in Chapter {.1.3] the relative humidity in
the concrete pores is dependent on the temperature. Hence, in order to make the equa-
tions consistent, the moisture content is defined as the relative humidity of the concrete
pores at reference temperature iz .. This relative humidity corresponds to the relative
humidity that the concrete pores with the same moisture content would have at reference
temperature (7;.r = 20 °C) and can be calculated using the definition of the hygrothermic
coefficient of concrete K (hr,,,) described in Chapter 2.1.2.2] as follows:

ht = hr — K(hp) - (T — Trer) (5.4)

where A7 is the relative humidity of the concrete pores at a given temperature 7[°C]. The
unknown parameters of Eqs. [5.1]to[5.3|can be obtained from the experimental results by
defining functions that fit the measurements adequately. The effects of drying can be
addressed by considering the tests conducted at reference temperature (7ief = 20 °C)
and the effects of thermal incompatibilities arise from the tests conducted at elevated
temperatures once the effects of drying are excerpted from the results.

As mentioned in Chapter 4.3] due to the fact that the relative humidity of the tested
samples varied along the radius, the test results were presented using mean values of
the relative humidity /.4y, Which were calculated following the procedure described
in Appendix [B.1} However, in the following mathematical formulations /7, instead
of Aypean is used because the relative humidity s . does not necessarily has to be a
mean value of the concrete sample owing that the effects of moisture content on the
mechanical properties of concrete shall vary with the radius in the same way the relative
humidity does (e.g. in case of a pointwise calculation). Therefore a differentiation is
done by relating the following diagrams, showing experimental results, to /.., and the
formulations, in a more general way, to h7, ;. The relative humidity /7, is dimensionless,
i.e. it reaches values between 0 and 1.0, and the temperature is given in [°C].

5.1.1 Effects of drying

The strength of concrete increases with decreasing water content in the concrete pores.
Eq.[5.5/and [5.6| describe the development of the factors Dy, and Dy, , accounting for the
influence of drying on the compressive and tensile strength of concrete, according to the
relative humidity of the concrete pores at reference temperature A,

Dy, =—0.32- (h)*° +0.32 (5.5)
Dy, = —0.44-(hr)*+0.44 (5.6)
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Fig. 5.1] presents the results of the tests of compressive and tensile strength conducted
on the concretes MLC, MRC and MHC at 20 °C and different mean relative humidities.
The results are presented relative to the reference values in the same way as in Chapter ]
Based on Eqgs. [5.5]and [5.6] the maximal increase of the compressive strength due to dry-
ing is 32 % and is reached at a relative humidity of the concrete pores around 82 % while
the tensile strength increases up to 44 % if the concrete dries down to around 30 % RH.
Although the scatter of the results is considerably high, the majority of the measured
points are located within a 5 % distance from the calculated curves.
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Figure 5.1: Relative compressive strength (top) and relative tensile strength (bottom) of the concretes in
relation to moisture content at reference temperature. Comparison between calculated values
and measurements

89



Chapter [Predicting the mechanical behaviour of concretcl

The influence of drying on the stiffness of concrete substantially differs from the in-
fluence on the concrete strength. The values of modulus of elasticity reached by the
concrete after drying are lower than those shown at reference conditions of moisture. As
it was discussed in Chapter 1.3.3] at a relative humidity in the concrete pores of 100 %,
water contributes to the loading capacity of the concrete. However, at lower relative
humidities the water finds a path to leak and this contribution vanishes, leading to an
abrupt change in the modulus of elasticity at relative humidities closely below 100 %.
This effect can be mathematically described by a piecewise function as follows:

Dg, = 0.0 for hr,=1.0

19 (5.7)

Dg, = —0.12-(hg)"” —0.14 for hz,<1.0
Fig. [5.2] presents the results of the tests of modulus of elasticity conducted on the con-
cretes MLC, MRC and MHC at 20 °C and different mean relative humidities. According
to Eq.[5.7] the modulus of elasticity sinks to around 74 % of its original value at refer-
ence conditions after a small change in the relative humidity takes place and then, as
the concrete dries further, the modulus of elasticity partly recovers. The recovery of the
modulus of elasticity finalizes at a relative humidity of around 78 % where it reaches
its maximum corresponding to 86 % of the stiffness that the concrete had at reference
conditions of humidity and temperature.
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Figure 5.2: Relative modulus of elasticity of the concretes in relation to moisture content at reference
temperature. Comparison between calculated values and measurements

Even though the measured results show a possible dependency of the recovery of the
modulus of elasticity on the w/c-ratio, the scatter of the results between all three con-
cretes is similar to those seen in the tests of strength. Therefore, using an unique equation
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to describe the recovery of the modulus of elasticity at relative humidities below 100 %
for all three concretes seems to be reasonable.

5.1.2 Combined effects of temperature and moisture content

The samples tested at elevated temperatures after being subject to drying for a long
period of time, were influenced by the effects of drying and thermal incompatibility. In
addition to these two effects, the samples heated while containing a high amount of wa-
ter, which correspond to those conditioned at 20 °C and 95 % RH as well as 85 % RH,
were affected by hydrothermal reactions as denoted in Chapter .2 The effects of hy-
drothermal reactions were identified only qualitatively and therefore it is not possible to
include them in the formulations. This could only be achieved if the time-development
function of the effects that the hydrothermal reactions caused on the mechanical prop-
erties of concrete were known. Hence, for the formulation of the following equations,
only the experimental results from the samples previously conditioned or tested in a
manner that the influence of hydrothermal reactions can be neglected, are employed

(see Chapter 4.3.1)).

Eqgs. 5.8 to 5.1T] correspond to the mathematical approximation of the influence of tem-
perature on the concrete compressive and tensile strength considering the effect of ther-
mal incompatibility. Following the measurements, the concrete gains in strength during
the drying process at 20 °C. Thereafter the temperature is increased causing a reduction
of the concrete strength that is dependent on the water content of the concrete at the
moment of heating. Hence, these equations are dependent on the temperature and the
relative humidity of the concrete pores at temperature of reference Az, ;.

T-20\° T-20
ap, =2.3-107" exp (19.1 - hr,) — 0.55-exp (0.64 - hr) (5.9)
T-20\° T 20
—=0.45- == 1
afp, =7.6-107 -exp (8.5 hr,) —0.72-exp (0.48 - hr,,) (5.11)

Fig.[5.3|compares the calculations with the values of the experimental measurements of
compressive and tensile strength conducted on the concrete MRC at different tempera-
tures and moisture contents relative to the values at reference conditions. The calcula-
tions represented by the continuous lines include the effects of both drying and thermal
incompatibility. The starting points of the curves at a temperature of 20 °C is given by
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the equations that describe the effects of drying (Eqgs. 5.5 and [5.6)), and the reduction of
the strength with increasing temperature is ruled by the equations that account for the
effect of thermal incompatibility (Eqgs. [5.8|to[5.T1).
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Figure 5.3: Relative compressive strength (top) and tensile strength (bottom) of concrete MRC heated at
different moisture contents. Comparison between calculated values and measurements

Following the experimental results, after increasing strength due to drying at 20 °C, in-
creasing the temperature reduces the strength. The experiments conducted at 80 °C sug-
gest that the relation between strength reduction and temperature is not linear and there-
fore polynomials of second order were proposed for Egs. [5.8]and [5.10] These equations
are purely approximations of the mechanical behaviour shown by the samples. They
look somewhat complicated because they are defined for a large range of temperatures
and relative humidities (0.3 < A7, < 1,20 °C < T < 100 °C). Due to the scatter of the
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results, it cannot be expected that the calculations follow the measured points precisely.
However, the curves describe the behaviour of the concrete strength appropriately.

Following the same approach used for the formulation of the equations to describe the
influence of thermal incompatibility on the strength of concrete, Eqs. [5.12] and [5.13] ac-
count for the influence of thermal incompatibility on the modulus of elasticity. Differing
from the formulations presented to describe the influence of thermal incompatibility on
the strength of concrete in which second order polynomial were selected, according to
the measurements, a linear relation between temperature and the reduction of the modu-
lus of elasticity can be assumed (see Chapter {.3.3)).

T —20
SE. = aE, - (100 ) (5.12)

ag, =2.3-107%-exp (9.0 hz_,) —0.2-exp (0.7 hr,,) (5.13)

The comparisons of the calculations of the modulus of elasticity with the results of the
experiments conducted on the concrete MRC are presented in Fig. 5.4
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Figure 5.4: Relative modulus of elasticity of concrete MRC heated at different moisture contents. Com-
parison between calculated values and measurements

The behaviour of concrete at different temperatures and pore relative humidities can
be represented in a 3D diagram as surfaces. The curves presented in Figs. 5.3 and [5.4]
correspond to the intersection of these surfaces with planes fixed at a given relative
humidity. Diagrams representing the surfaces can be seen in Appendix [D.2] The formu-
lations presented above are valid for a range of temperatures between 20 and 100 °C and
relative humidities between 0 % and 100 % RH.
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5.2 Time dependent deformations

Given the important role that the water content plays in the development of concrete
deformations with and without the action of external forces, it shall be meaningful to
include the water content in the prediction of the time dependent deformations of con-
crete. As it was mentioned in Chapter also during the conduction of the creep
and shrinkage tests, the relative humidity of the concrete samples was measured. In the
following subsections formulations to describe the strain behaviour of concrete subject
to drying and loading at reference temperature as well as at elevated temperatures are
developed based on the measurements of deformation and relative humidity. Due to the
fact that the relative humidity is non-uniform across a section, both creep and shrinkage
deformations are not uniform either. However, the stiffness of the material contributes
with the generation of internal stresses which ensure the development of plane deforma-
tions across the section. The calibration of the following equations was carried out based
on the measurements of plane creep and shrinkage deformations that may be related to
the mean relative humidity of the concrete pores /.., calculated from the measurements
of relative humidity conducted during the creep tests (see Appendix [B.4.1] and [B.4.2).
Nevertheless, the formulations to calculate creep and shrinkage can be more general if
the relative humidity of the concrete pores # is used, which allows to calculate not only
plane but also non-uniform shrinkage and creep deformations across the section.

5.2.1 Reference temperature

Any model used to describe the strain behaviour at elevated temperatures must be able
to properly predict the behaviour at 20 °C. The measurements conducted at reference
temperature help to set the basis of the models. The models are firstly calibrated for the
temperature of reference where no influence of temperature is considered and then they
can be upgraded to include temperatures above the reference.

5.2.1.1 Basic shrinkage

It was assumed in Chapter[d.4]that the conducted measurements on shrinkage correspond
to drying shrinkage due to the advanced age of the concrete samples at the beginning of
the measurements. Therefore, is not possible to develop any type of mathematical for-
mulation for the description of basic shrinkage based on the conducted experiments.
However, it is well known that basic shrinkage is mainly influenced by the cement com-
position and the mix design and is independent of the geometry of the concrete member
because it occurs even if no moisture loss is possible [98]]. In case including formulations
for the calculation of basic shrinkage is necessary, they can be adopted from the model
of Model Code 2010 [N15] which adequately take into account these characteristics.
These formulation are not included here because no measurements of basic shrinkage
are available and their accuracy could not be verified.
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5.2.1.2 Drying shrinkage

Due to the fact that drying shrinkage obeys the process of drying of the concrete micro-
structure, a first and reasonable approximation would be to directly relate the changes in
the drying shrinkage deformations with changes in the relative humidity of the concrete
pores over the whole cross-section. Following this approach, Fig. [5.5| presents measure-
ments from the concrete MRC previously conditioned at 20 °C and 95 % RH and subject
to drying at 20 °C and 65 % RH. The vertical axis on the left denotes the shrinkage de-
formations and the vertical axis on the right the mean relative humidity of the concrete
pores. The horizontal axis gives the duration of drying during loading which corre-
sponds to the duration of drying of the shrinkage samples. In Appendix additional
diagrams, similar to Fig. [5.5] show the correlation between shrinkage deformation and
mean relative humidity for the concretes MLC, MRC and MHC measured during the
conducted tests.
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Figure 5.5: Shrinkage deformation and mean relative humidity of the samples from the concrete MRC
previously conditioned at 20 °C and 95 % RH during the creep tests at 20 °C and 65 % RH

As it can be seen in Fig.[5.5] the measurements of shrinkage and mean relative humid-
ity correlate very good with each other. Hence, knowing the time-development of the
mean relative humidity of the concrete pores of a given concrete geometry, the drying
shrinkage can be accurately estimated by introducing a factor of correlation. This can
be formulated as follows:

decgs = Kegs - dh (5.14)

where K 45 corresponds to the factor of correlation between the changes in the drying
shrinkage dé.qs and the changes in the mean relative humidity dh. The values that K.
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can adopt are dependent on the concrete microstructure. Table [5.1] presents the determ-
ined values of K 4 based on the conducted experiments.

Table 5.1: Factors to relate changes in shrinkage deformation with mean relative humidity of the concrete
samples at 20 °C

w/c-ratio K s
Concrete Mixture
[-] [pm/m]
MLC 0.40 1650
MRC 0.50 1600
MHC 0.60 1400

According to Table[5.1], the dependency of the factor K45 on the w/c-ratio of the concrete
mixtures denotes that, given a change in the relative humidity of the concrete pores, the
induced drying shrinkage is the higher, the lower the w/c-ratio of the concrete mixture.
This dependency is expressed mathematically in Eq.[5.13]

d 2
feds _ 1650 [0.78 + 0

chs(w/c): dh 1—|—(1.76'W/C)14

(5.15)

Eq.[5.15]is based on the values of K4, experimentally determined for the three concrete
mixtures. The equation describes a s-shaped function which allows to extend the validity
of the model to w/c-ratios below and above the ones considered in the measurements.
At low values of w/c-ratio the equation reaches a maximum of 1650 and at high values
of w/c-ratio it approaches a minimum of 1287.

5.2.1.3 Creep

The creep of concrete is commonly described by means of the creep coefficient ¢, which
equals the quotient between the creep deformation &, and the elastic deformation &;.
As it was mentioned in Chapter §.4] the creep deformations from the experimental results
were calculated by subtracting the elastic deformations measured on the loaded samples,
during the period in which the loads were incremented until they reached the desired
value, and the total deformations of the companion shrinkage samples from the total de-
formations measured on the loaded samples. However, in case of a theoretical approach
it is necessary to estimate the elastic deformation & by means of the Hooke’s law based
on the modulus of elasticity. Furthermore, the modulus of elasticity as well as the com-
pressive strength can vary depending on the moisture content and the temperature of
the concrete member as it was assessed experimentally in Chapter 4] and theoretically in
previous sections of the present chapter. Therefore, in order to simplify the formulations
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to calculate creep and make them independent of the history of development of the mod-
ulus of elasticity and the compressive strength, the following equations were calibrated
using reference values for the modulus of elasticity and the compressive strength for
each concrete mixture corresponding to those measured at reference conditions; 20 °C
and 100 % RH (see Tabled.2)in Chapter [f).

In a general manner the total creep coefficient can be calculated as the sum of its basic
@pc and drying ¢4, components as follows:

@ (1) = Qpe (1) + @ac (1) (5.16)

Code type models to calculate creep like those presented in Model Code 2010 [N15] or
the second part of the Eurocode 2 [N16] can be used as basis to proposed formulations
to calculate the basic and drying creep coefficients. According to Model Code 2010,
the basic creep coefficient may be calculated as the product between a factor dependent
on the concrete compressive strength B0 (fem) and the time-development function of
the basic creep By (¢,7) which, in turn, depends on the age of concrete at loading 7. It
follows that:

Ope (1,10) = Bpeo (fem) - Bpe (1,10) (5.17)
with:
1.8 30 2
Bch (fcm) = W and Bbc (l‘,l‘()) =In l([ _ +0.035> . (l‘ —l‘()) +1
cm 0,adj

where f., is given in [N/mm?] and ¢ — ¢ty in [d]. This formulation can be generalized
by adding two factors. Ky to tune the factor Bp.o (fim) and Kpeo included in the time-
development function. Eq.[5.17]can then be expressed as:

Ky r—1
Ppe (1,00) = (fuz)tj ‘In |:Kb020+1:| (5.18)

The basic creep coefficient can be also formulated incrementally by calculating the de-
rivative of Eq.[5.18 with respect to time, which gives:

Kpe1 1 '
fcm>0'7 (t_tO)+Kbc2

Ay (t,10) = ( dt (5.19)

In the formulation from Model Code 2010, the factor Ky is constant and Ky is a func-
tion of the adjusted age at loading 7¢ aq4j. Including the age at loading allows the model
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to predict basic creep on early age concretes. In case of advanced age concretes, the
age at loading accounts not only for the state of development of the hydration reactions
but also, in an indirect way, for the ageing due to drying. The creep experiments of
the present investigation were conducted on concrete samples older than 500 days, and
therefore it can be assumed that the hydration process of the concrete samples was com-
pleted at the moment of loading. Hence, in regards to the conducted experiments, the
age at loading does not represent a relevant parameter. However, given that the samples
were subject to different drying scenarios before testing, the moisture content should be
important and may be taken into account to define the factors Ky, and Kp;.

Following the approach of the second part of Eurocode 2 [N16], the drying creep coeffi-
cient can be calculated as the product of a global parameter ¢,;.o and the drying shrinkage
occurring during loading.

Pac (t,10) = Paco - [Ecas(t) — Ecas(to)] (5.20)
with:
__J1000  for silica-fume concrete
Paco = 3200 for non silica-fume concrete

In order to keep the same notation used for basic creep, the parameter ¢, is here
replaced by the factor Ky, and Eq. is rewritten in differential form as:

d@ge (t,10) = Ky - decqq (5.21)

Incorporating the increment of the drying shrinkage deformation dée.4; as calculated in

Eq.B.T4 Eq.[5.2T|becomes:

dQac (t,t0) = Ky - Kegs - dh (5.22)

The calculation of the drying shrinkage coefficient according to Eq.[5.22]implies that the
drying shrinkage can be related to the changes in the moisture content of the concrete,
represented by the changes of the relative humidity of the concrete pores dh.

Eqgs.[5.19]and [5.27] constitute the main formulations for the creep model at reference tem-
perature. Based on the conducted experiments, the factors Ky and Kyco from Eq. [5.19]
and the factor Ky from Eq. can be defined and calibrated. The inputs for the cali-
bration are the creep strains calculated for the samples, the time-dependent mean relative
humidity of the samples calculated from the measurements of relative humidity conduc-
ted during the loading period and the mechanical and physical properties of the different
concrete mixtures at reference conditions.
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At reference temperature as well as at elevated temperatures, all creep tests were con-
ducted at an ambient relative humidity of 65 %. Therefore, the samples previously
conditioned at 20 °C and 65 % RH exchanged only a small amount of moisture with
the environment during the creep tests. This implies that almost no drying shrinkage
took place during the tests and consequently the creep measured corresponds, almost
entirely, to basic creep. On this background, the creep measurements from the samples
previously conditioned at 20 °C and 65 % RH were used to calibrate the factors Ky, and
Ky which led to the following equations:

Kpep = 1.55-

0.4
0.6+—— | 5.23
" 1+(2-w/c)101 629

Kpe2=0.2-h (5.24)

Both factors Kp.; and Kj.» depend on the relative humidity of the concrete pores 4. In
addition, Kpc; depends on the concrete microstructure described by a s-shaped function
regulated by the w/c-ratio of the concrete mixture. Knowing the factors for the definition
of the basic creep coefficient, the calibration of the factor K4, can be carried out based on
the tests conducted on the samples previously conditioned at relative humidities higher
than 65 %, namely 85 % and 95 %. Table [5.2) presents the calibrated values of Kyc.

Table 5.2: Factors to relate changes in drying creep deformation with shrinkage deformation of the con-
crete samples at 20 °C

w/c-ratio Kgc
Concrete Mixture
[-] [um/m]
MLC 0.40 3400
MRC 0.50 3300
MHC 0.60 3100

Based on the values from Table [5.2] at reference temperature Kg. is only dependent on
the concrete microstructure and can be described by the following s-shaped function.

12
Dac _ 3415 0,88+ 0

Kac(Ties,w/c) =
te(Tret /) d€cqs 1+ (1.85-w/c)!!

(5.25)

Eqgs.[5.19and can be solved if the time-development of the relative humidity /4 in the
concrete pores is known. Using the mean relative humidity of the samples /¢4y, calcu-
lated from the measurements of relative humidity conducted during the creep tests (see
Appendix [B.4.1)), the time-development of the plane creep deformation was calculated.
Fig.[5.6 presents the comparison between measured values of creep and calculations.
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Figure 5.6: Specific creep calculated with the mean relative humidity measured in the concretes in com-
parison with the measured values for the concretes MLC, MRC and MHC during the creep
tests conducted at 20 °C and 65 % RH
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For the calculation of the basic creep coefficients, according to Eq.[5.19] the mean com-
pressive strength of the concretes f.,, needs to be considered. Moreover, the specific
creep corresponds to the quotient between the creep strain €. and the applied stress
o, which can also be calculated as the quotient between the creep coefficient ¢ and
the modulus of elasticity E.. The values of mean compressive strength and modulus of
elasticity used for the calculation of the curves presented in Fig. [5.6] correspond to those
measured in the concrete samples at reference conditions (see Table @.2]in Chapter @).
The calculated curves presented in Fig. 5.6 follow the measured values very well. Only
a considerable underestimation can be seen by the calculations for the concrete MRC
previously condition at 20 °C and 85 % RH. Provided that the time-development of the
relative humidity of the concrete pores is known, the equations can estimate the devel-
opment in time of creep accurately.

5.2.2 Elevated temperatures

During the experiments of creep and shrinkage conducted at elevated temperatures, the
relative humidity in the concrete samples was also measured (see Appendix [B.4.2)).
Based on the knowledge acquired in these investigations, the formulations presented
before can be improved in order to include the influence of elevated temperatures. In
the following segments additional factors that account for the influence of temperature
are presented to complement the prediction of shrinkage and creep based on the time-
development of the relative humidity in the concrete pores i. These formulations can be
assumed to be valid for a temperature range between 20 °C and approx. 100 °C.

5.2.2.1 Basic shrinkage

Similar to the experiments conducted at 20 °C, the shrinkage measurements at elevated
temperatures were conducted on advanced age concrete samples for which no further
basic shrinkage was expected to occur. It can be assumed that elevated temperatures
influence basic shrinkage by accelerating the process without affecting the final value of
deformation. A logical approach to include these effects can be taken from [N15].

5.2.2.2 Drying shrinkage

As presented before, variations of the mean relative humidity of the concrete pores can
be related to changes in the drying shrinkage of concrete by multiplying them by the
factor K.q4s described in Eq.[5.135] This factor is dependent on the w/c-ratio of the con-
crete mixture and can be considered as independent of temperature. In order to account
for the influence of temperature, Eq.[5.14]is multiplied by the factor K.q4s7 and becomes:

dgcds = Kedst - Kes - dh (526)
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The factor K.qsr was calibrated according to the measurements conducted at tempera-
tures higher than the reference of 20 °C. The calibration led to the following equation.

Kegsr =1.2—0.01-T (5.27)

According to Eq. [5.27] with increasing temperature, the factor relating changes in the
relative humidity of the concrete pores with drying shrinkage deformation decreases.

In Fig. [5.7) the shrinkage deformations measured on companion specimens during the
loading period of the creep tests conducted on the concrete MRC and MHC at 70 °C and
65 % RH are plotted with the calculations carried out based on Eq.[5.26
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Figure 5.7: Drying shrinkage calculated with the mean relative humidity measured in the concrete pores
in comparison with the measured values for the concrete MRC (top) and MHC (bottom) on
companion specimens during the creep tests conducted at 70 °C and 65 % RH
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The developed model of shrinkage at elevated temperatures can also follow the measured
data very accurately. The calculated curves in Fig. [5.7] start at later points in time (1 to
3 days) than the measurements of shrinkage because, for the calculations, the measure-
ments of relative humidity are only useful if the temperature within the concrete samples
has already stabilised. During the incrementation of the temperature, the relative humid-
ity of the concrete pores changes but these changes shall not be related with shrinkage
deformations. As it was discussed by the analysis of the measurements of shrinkage at
elevated temperatures in Chapter #.4.3] at the moment of application of the load, the
temperature of the samples was around 2 to 3 °C below the desired test temperature and
it took around 24 h for the samples to reach the temperature of the chamber and even
longer (up to 3 d) for the relative humidity of the concrete pores to reach a maximum
value and start decreasing.

In addition to the comparisons from Fig. similar calculations, providing also satis-
factory results, were carried out for the concrete MLC at a testing temperature of 70 °C
and the concrete MRC tested at 40 °C (see Appendix [C.2).

5.2.2.3 Creep

Following the formulations presented before, creep at 20 °C can be modelled based on
the development of the mean relative humidity of the concrete pores during the loading
period. The relative humidity in the concrete pores is influenced by temperature, and
therefore basic creep and drying creep as described by Eqs. [5.19] and shall be in-
fluenced by temperature too. Hence, new factors Ky.7 and K 457 need to be consider
in these equations in order to account for the influence of temperature leading to the
following equations:

d@pe (1,10) = Koer - 07 -dt (5.28)
“m

d®ge (t, tO) = Kedst - Keds - Kac - dh (5.29)

Eq. .28 results from multiplying Eq.[5. 19 by the factor K7 to account for the influence
of temperature on the development of basic creep. In case of drying creep, temperature
affects the development of drying shrinkage and consequently also drying creep, as as-
sumed in Eq. 5.21] Therefore, the influence of temperature on drying creep is already
covered if the influence of temperature on drying shrinkage is considered by multiplying

Eq. by the factor K.q4s7 as presented in Eq.[5.29

The factor Ky.r was calibrated based on the conducted experiments. The calculations
performed with the values presented in Table [5.3]showed good agreement with the mea-
sured data.
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Table 5.3: Factor accounting for the influence of temperature on basic creep

w/c-ratio Kot
Concrete Mixture
[-] 20°C | 40°C | 70°C
MLC 0.40 1.0 - 3.1
MRC 0.50 1.0 2.5 3.0
MHC 0.60 1.0 - 2.5

The calibration of the factor Ky,.; suggests that it is dependent on the w/c-ratio and the
temperature. The dependency of Ky.r on the w/c-ratio can be expressed by a s-shaped
function and the dependency of temperature is covered by including, within the function,
two temperature-dependent parameters as proposed in Eq.

KbCT = aKbCT :

1 —bg
o bt (5.30)
KbLT 1 + (2.2 . W/C)16‘|

The temperature-dependent parameters ag, . and b, . are equal to 1.0 at 20 °C and vary
with temperature according to Eqs.[5.3T]and [5.3%}

T — 20\ 033
gy = 1427 < 00 > (5.31)
biy = 1.088 —0.0044 - T (5.32)

where T is given in [°C]. Analysing the factor Ky.;y and K 457 help to understand the
behaviour of creep at elevated temperatures in comparison with 20 °C. The factor in-
fluencing basic creep Kp.r increases with increasing temperature, leading to basic creep
deformations three times higher at 70 °C than at 20 °C (see Table [5.3). On the other
hand, the factor influencing drying creep K.qsr decreases 50 % at 70 °C (see Eq.[5.27).
This means that for the same change on the relative humidity dh the drying creep de-
formations of concrete at elevated temperatures are lower than at 20 °C. This observation
can be explained by analysing the storage capacity of the concrete. The higher the tem-
perature, the lower the amount of water, that the concrete can store (see Chapter [2.1.2.2)
which implies that changes on the relative humidity of the concrete pores induce less
moisture loss at elevated temperatures than at 20 °C and therefore lower drying creep
deformations are seen. Fig. [5.8] shows results from the creep tests conducted at 70 °C in
comparison with the calculations based on Eqs. [5.28 and [5.29]
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Figure 5.8: Specific creep calculated with the mean relative humidity measured in the concrete pores in
comparison with the measured values for the concretes MLC, MRC and MHC during the creep
tests conducted at 70 °C and 65 % RH
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As new dependencies are added to the formulations, the accuracy of the results is af-
fected. Nevertheless, as it can be seen in Fig. [5.8] the calculations achieved a good
correlation with the measured data. Further comparisons with the results of the tests
conducted at 40 °C for the concrete MRC, also showing acceptable correlations, are
presented in Appendix [C.3]

In conclusion, basic creep increases with increasing temperature while drying creep,
although develops faster because of the acceleration of the drying process, reaches lower
final values at elevated temperatures in comparison to 20 °C. These observations are in
accordance with the results from Schwesinger et al. and Seki and Kawasumi [[137, [139].
They found that the quotient between creep deformations at elevated temperatures and
creep deformations at 20 °C is higher by sealed samples than by unsealed samples. This
can be understood as follows: in case of sealed samples, only basic creep develops while
by unsealed samples basic and drying creep take place. The quotient is therefore lower
by unsealed samples because the drying creep component decreases with increasing
temperature.

5.3 Summary and conclusions

Formulations were developed with the objective of calculating the mechanical behaviour
of concrete subject to diverse conditions of temperature and relative humidity. Based
on the conducted experiments, basic equations to describe the influence of temperature
and drying on the compressive strength, tensile strength and the modulus of elasticity
of concrete were formulated. Approaches to calculate creep and shrinkage were also
presented using the conducted measurements of relative humidity as reference.

The calibration of the formulations to describe the influence of temperature and drying
on the mechanical properties of concrete brought new knowledge and contributed with
the comprehension of the physical background of the problem. The most important
conclusions derived from the present chapter are summarized in the following items.

» The dependency of the strength and stiffness of concrete on the conditions of tem-
perature and moisture content can be described mathematically through simple
equations under the assumption that these conditions influence the mechanical
properties independently.

* The rate of change of the mean relative humidity within concrete samples is found
to scale in a unique manner the rate of drying shrinkage, independent of the mois-
ture content. This behaviour is valid for concretes tested at 20 °C as well as at
elevated temperatures.
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* Due to the fact that basic creep is influenced by the moisture content of the con-
crete, the equations formulated suggest that the drying creep, drying shrinkage and
the mean relative humidity follow the same kinetics.

* The total creep deformation increases with increasing temperature. While the com-
ponent of basic creep is the higher, the higher the temperature, the component of
drying creep reaches, although faster, lower final values at elevated temperatures
than at 20 °C.
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Chapter 6

Development of a new material
model for concrete

Besides the gain in knowledge about the physical background behind the mechanical
properties of concrete, the conducted experiments were aimed at developing a material
models to predict the behaviour of these mechanical properties at elevated temperatures
below 100 °C. As it was first addressed in Chapter[2]and later observed in Chapters @] and
B}, the mechanical properties of concrete are highly dependent on the moisture content of
the material. Elevated temperatures not only affect the concrete mechanical properties
directly, they also facilitate the movement of water within the concrete pores causing
further changes to the mechanical properties due to changes in the water content of the
concrete microstructure. In consequence, the formulations to predict the mechanical
properties of concrete from Chapter 5] were based on the measurements of relative hu-
midity of the concrete pores.

Being the moisture content of concrete so relevant for its mechanical properties, the ef-
fects of temperature can only be accurately modelled if the time-dependent process of
moisture transport is taken into account. This chapter presents the development of a time
and temperature-dependent model of moisture transport in concrete. Subsequently, a
new material model capable of predicting the influence of variable conditions of temper-
ature and moisture content on the mechanical properties of concrete is presented. This
material model is composed by the model of water transport coupled with the formu-
lations to assess compressive strength, tensile strength, modulus of elasticity, shrinkage
and creep of concrete at elevated temperatures presented in Chapter [5]

6.1 Modelling the transport of moisture in concrete

Following the model from Bazant and Najjar [L1] presented in Chapter [2.2.3] the drying
of concrete can be described as a diffusion process where the relative humidity in the
pore cavities changes with time towards reaching equilibrium with the relative humid-
ity of the environment and can be calculated by means of the Fick’s second law. This
approach requires the solution of a non-linear differential equation which can be easily
achieved using numerical methods, like, for instance, finite differences. The difficulty
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lies in requiring the use of special measuring devices to record the relative humidity in
the concrete pores during a long period of time. Once the time-dependent distribution
of the relative humidity in the concrete samples is known, the model can be calibrated.
Nevertheless, the universality of the models based on such measurements is very poor.
So far the available experiments in the literature are limited and in most of the cases
the calibrations have been carried out for a specific condition of temperature and envi-
ronmental relative humidity and therefore the model is only valid for a single condition
specified by the experiments. On this background, in the experimental investigations
presented in Chapter [ water content (mass of water per volume of concrete) and rela-
tive humidity in the pore cavities were measured for concretes with w/c-ratios between
0.4 and 0.6 drying in steady conditions at 85 %, 75 % and 65 % RH at temperatures
ranging from 20 °C up to 80 °C to create a sufficiently broad data basis. These measure-
ments allowed to gather enough information to calibrate a more general model capable
of calculating the moisture transport for environmental conditions beyond those used in
the experiments.

In order to develop the model of water transport in concrete, two main equations need
to be formulated. The first equation corresponds to the diffusion equation given in
Chapter [2.2.3] (see Eq. 2.4) which describes the water transport at constant tempera-
ture and the second equation corresponds to the hygrothermic coefficient of concrete
which accounts for the changes in the relative humidity of the concrete pore cavities due
to a temperature change (see Eq. 2.3]in Chapter 2.1.2.7)). Taking advantage of the axis-
symmetry of the concrete samples and the fact that they were sealed on the upper and
bottom faces, it can be assumed that the moisture content within the samples varies only
in the direction of the radius. Therefore, the solution of the moisture transport equation
can be simplified by solving only the radial dimension in polar coordinates. The main
equations of the model are then expressed as follows:

dh(rt) 1 0 dh(r1)
o T ror (D(h’T)"' Ir > ©.1
dh
K= (dT> u=const (62)

where £ is the relative humidity in the concrete pores, r is the radial position, ¢ is time,
D is the diffusion coefficient, T is the temperature and K is the hygrothermic coefficient
of concrete. This coefficient takes into account the variation of the relative humidity dh
in de concrete pores due to a temperature change d7 at a given water content u.

Eq.[6.T]has no analytical solution, however, it can be solved numerically. The solution of
the equations was implemented in a MATLAB script by means of an implicit finite dif-
ference method using backward difference for the time derivative and a first and second
order central difference for the space derivatives. The MATLAB script for the case of a
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cylindrical sample subject to a constant relative humidity of the environment at constant
temperature is presented in Appendix [F1]

According to the model from Bazant and Najjar, the diffusion coefficient D is calculated
as the product of the diffusion coefficient at reference conditions Dy (i.e. 2~ = 1.0 and
T =20 °C) and two functions accounting for the influence of the relative humidity f(%)
and the temperature g(7) (see Chapter . The calibration of the model consists
on finding these two functions. In the following subsections the functions calibrated
according to the experimental measurements are presented. The measurements conduc-
ted at 20 °C (see Chapter served to calibrate the function f(%) while the function
g(T) was calibrated by comparing these measurements with those conducted at ele-
vated temperatures (see Chapter B.1.7). Finally the function to calculate the hygro-
thermic coefficient of concrete K was formulated using the measurements conducted
during the increments of temperature (see Chapter {.1.3)).

6.1.1 Drying at reference temperature

Assuming that the changes in the microstructure of the concrete due to drying can be
neglected, the most important factor to determine the type of transport mechanism dom-
inating the water transport process is the moisture content (see Chapter 2.2.1). There-
fore, in a simplified diffusion approach to calculate water transport in concrete, the dif-
fusion coefficient has to be define as dependent on the moisture content or rather on
the relative humidity of the concrete pores. The approach from Bazant and Najjar [11]]
defines the influence of the relative humidity in the concrete pores on the diffusion coef-
ficient by means of the relative humidity / (see Eq.[2.6)in Chapter [2.2.3)). Following this
approach, the parameters of the equation (%) can be calibrated to fit the measurements.
With the parameters D = 15 mm?/d, oy = 0.02, n =8, and A, = 0.83 a good confor-
mity between model and measurements can be obtained for the concrete MRC drying at
20 °C and 65 % RH (see continuous line in Fig. [6.T]). However, if the concrete is subject
to drying at a different environmental relative humidity, like for instance, 85 %, with
the parameters calculated for 65 % RH the model does not follow the measurements
accurately (see dashed line in Fig. [6.1).

According to the model from BaZant and Najjar, the diffusion coefficient is the higher,
the higher the relative humidity of the concrete pores. As seen in Fig. this approach
implies that samples drying at higher environmental relative humidities reach the equi-
librium with the environment faster than those drying at lower relative humidities. As
it was discussed in Chapter {f.1.1.1] that could not be verified by the experiments. The
experiments showed that the mean values of the relative humidity for concretes drying at
85 % and 65 % RH tend to reach the equilibrium with the environment at a similar point
in time, as it would be the case if the diffusion coefficient were constant. The generality
of the model as it was presented by BaZzant and Najjar is very poor because it requires a
new calibration for every time the relative humidity of the environment changes.
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Figure 6.1: Comparisons between the measured values of concrete MRC drying at 20 °C and 85 % as well
as 65 % RH and the calculated values using the model from BaZant and Najjar [11]]

The lack of generality of the model can be overcome by including in the function that
accounts for the influence of the moisture content on the diffusion coefficient of concrete
two additional dependencies, namely the relative humidity of the environment and the
gradient of the relative humidity. Hence, the function f(%) presented in Chapter
becomes f(h, ho,dh/dr). After trying different configurations, the following definition
was selected because of its simplicity and the good accuracy that the model provides
when compared to the experimental measurements.

dh 1
f oy ;) — .
(hohe, ) - T (6.3)
1— he(hew, dh/dr)
0.5 dh 0:3
(heo,dh)dr) =054+ ———" 05 |=]. 4
he(heo,dh/dr) 05+1+2_<1_hm>2 0.5 <dr r()> (6.4)

In the formulation presented above /. is not a constant anymore but rather a function of
the relative humidity of the environment /.. and the absolute gradient of the relative hu-
midity |dh/dr|. This implies that the relative humidity at which the function drops down,
ruled by the value of /., is dependent on the combined effects of the environmental rel-
ative humidity and the gradient of the relative humidity and moves towards lower values
as the relative humidity in the concrete decreases. Furthermore, being the parameter
hc variable, the parameter o, as presented in Eq. from Chapter [2.2.3] is not re-
quired and can be taken as zero which implies that the function (%, he,dh/dr) decreases
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continuously as the relative humidity of the pores approaches 0 %. Eq. [6.4] includes the
constant rg which equals 1 mm. In case the model is run in different dimensions than
mm, this constant has to be converted to the correspondent units of length.

In case of drying at 20 °C, the model has two material dependent parameters, namely n
(see Eq.[6.3) and D, (see Eq.[2.5]in Chapter [2.2.3)). This model was compared with the
measurements of relative humidity in the pore cavities conducted at 20 °C for all three
concrete mixtures drying at 85 % and 65 % RH. Based on these comparisons the para-
meters n and D; were calibrated. Table[6.1] presents the calibrated parameters according
to the w/c-ratio of the concrete samples.

Table 6.1: Parameters of the model calibrated according to the experimental results

w/c-ratio D, n
Concrete Mixture
[-] [mm?/d] [-]
MLC 0.40 54 6.4
MRC 0.50 20.0 5.7
MHC 0.60 22.0 4.9

The generality of the model can be tested if after calibrating its parameters with the
measured data, they can be approximated through defined functions. These functions
have to be based on the characteristics of the concrete microstructure best described by
the w/c-ratio. Eqgs.[6.5)and [6.6] present the dependency of the parameters D; and n on the
w/c-ratio of the concrete mix based on the calibrations conducted with the experimental
results from the concretes MLC (w/c = 0.4), MRC (w/c = 0.5) and MHC (w/c = 0.6).

19.8
D =22+ - (6.5)
1+(1.83-(1—w/c))
n=6.1— 18 (6.6)

1+(23-(1—w/c))’

The values of the diffusion coefficient at reference conditions D; are given in mm?/d.
According to Eq. [6.5] for concretes without capillary porosity (i.e. w/c-ratio < 0.4), D;
approaches a constant value around 2.2 mm?/d, while by concretes containing capillary
porosity, Dy increases steeply towards reaching a maximum value of 22 mm?/d. The
exponent n controls how steep the diffusion coefficient decreases with decreasing pore
relative humidity and is the higher the lower the w/c-ratio of the concrete. In Eq.[6.6] n is
described by a s-shaped function with a maximum value of 6.1, for w/c-ratios lower than
0.4, and a minimum value of around 4.3, for w/c-ratios higher than 0.7. The equations
that compose the model of moisture transport are summarized in Appendix [E.T}
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In Fig. [6.2] the mean values of pore relative humidity calculated from the measurements
conducted on the concretes MLC and MHC are compared with the calculations from the
model using the parameters from Table [6.1]

Concrete MLC drying at 20 °C Concrete MHC drying at 20 °C
100 100
1l RH measured calculated % RH measured calculated
_ % 85 % A --- 85 % A ---
S % T A A e 65 % o — || 95K 65 % o — |
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Figure 6.2: Comparisons between the calculated values using the model of moisture transport and the
measured values of relative humidity from the concretes MLC (left) and MHC (right) drying
at 20 °C and 85 % as well as 65 % RH

A very good concordance between model calculations and measurements is achieved for
both concretes drying at 85 % and 65 % RH. Similar results were seen by the concrete
MRC presented in Appendix [D.T]

6.1.1.1 Comparison of the model calculation with experimental
results from the literature

Very few measurements of pore relative humidity have been conducted and published
in the literature, therefore a data base to further improve the calibration of the model
and validate their results is not available. One of the few well documented experiments
was conducted by Hanson [73] in the late sixties of the last century. Hanson recorded
the development of the pore relative humidity of a concrete cylinder with a diameter of
150 mm drying at 20 °C and 50 % RH during three years. The w/c-ratio of the concrete
mixture investigated by Hanson was 0.657. He used four Monfore relative humidity
probes [99] and placed them in different positions over the radius to assess the humidity
profile of the sample. The comparison of the model with the results from Hanson is
presented in Fig. The model can reproduce the behaviour of the concrete sample
measured by Hanson very well even providing that the environmental relative humidity,
w/c-ratio, and member size go beyond the ranges considered in the present investigation.
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Figure 6.3: Comparisons between the calculated values using the model of water transport and the meas-
ured values of mean relative humidity from a concrete drying at 20 °C and 50 % RH according
to Hanson [73]]

Nevertheless, assuming that the function that accounts for the influence of the moisture
content on the diffusion coefficient of concrete f(h, h.,dh/dr) is dependent on the rel-
ative humidity of the environment /.., implies that the diffusion coefficient which is an
intrinsic property of the material is influenced by a condition that takes place outside
the concrete microstructure. This is on first sight not quite correct, however, the en-
vironmental relative humidity denotes the final value of humidity to be reached in the
concrete pores and under this consideration it is included in the calculation of the dif-
fusion coefficient. Another aspect that needs to be discussed is the size of the concrete
member. The dependency of the diffusion coefficient on the relative humidity of the en-
vironment as defined by Eq. [6.3 may vary considerably if the geometry of the concrete
members to evaluate differs from the one used for the calibration. The diameter of the
sample used by Hanson doubles the diameter of the samples used in the present inves-
tigation. However, even when the model shows very similar results when compared with
the measurements from Hanson, a conclusive statement about the validity of the model
for massive concrete members cannot be made.

6.1.1.2 Modelling concrete wetting

Although the measurements of concrete internal relative humidity were conducted only
for drying specimens, the wetting of the concrete can also be calculated with the model.
Under the assumption that the process of drying and wetting follow the same time de-
pendency, Egs. [6.3] and [6.4) must be changed as follows.
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1
(0, o g, ) = ; 6.7)
dr 1+< 1 —hew+h—hg >

1— he(ho,dh/dr)

0.5
. ro> (6.8)

Eq. corresponds to the mirror image, with respect to a horizontal line cutting the
function in two parts, of Eq. [6.3|which was formulated for drying. In order to model the
process of wetting, the relative humidity of the environment /., must be replaced by the
initial relative humidity of the concrete pores kg for the definition of h.(ho,dh/dr). Ad-
ditionally, in the definition of f(h, he, ho,dh/dr) the initial and end value of the relative
humidity, 4 and /., need to be considered.

0.5 dh
he(ho,dh/dr) =05+——" 05|
c(ho, dh/dr) T2 (=) <dr

6.1.2 Drying at elevated temperatures

The drying process of concrete at elevated temperatures is accelerated in comparison
to reference temperature. A well known mathematical expression to calculate the de-
pendecy of the diffusion coefficient on the absolute temperature is the Arrhenius equa-
tion. Based on this equation, BaZant and Najjar [11] proposed the factor g(7') to cal-
culate the influence of the temperature on the diffusion coefficient. Being 20 °C the
temperature of reference, Eq. from Chapter becomes:

T+273 oV/1 1
e(T) = 553 .eprRD> (293 T+273>] ©9)

Assuming that the diffusion coefficient at elevated temperatures increases by a factor
that obeys the Arrhenius equation, the quotient Q/Rp can be calculated for each of the
concretes tested. After calibrating the diffusion coefficient of reference D, to fit the
measurements conducted at elevated temperatures, they can be plotted in a In(Dy) vs.
1/Typs diagram. The slope of the diagram corresponds to —Q/Rp. Following this pro-
cedure, the quotients Q/Rp were found for all three concrete mixtures and are presented
in Table According to the values from Table the activation energy of diffusion
Q varies with the concrete microstructure. At lower porosities, the activation energy is
higher and decreases with increasing porosity of the concrete microstructure.
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Table 6.2: Quotients between the activation energy of diffusion and the universal gas constant calibrated
according to the experimental results

w/c-ratio Q/Rp
Concrete Mixture
[-] (K]
MLC 0.40 8000
MRC 0.50 4500
MHC 0.60 2500

Based on the three values from Table [6.2] calculated from the concrete mixtures, a func-
tion relating the w/c-ratio of the concrete mixture with the quotient Q/Rp was formu-
lated. Eq. describes a s-shaped relation where at lower w/c-ratios the quotient Q/Rp
tends to a value of 9000 K and for w/c-ratios above 0.8, Q/Rp approaches 1800 K.

Q._ 9000- [0.2+ Llo (6.10)
Rp 14+ (2.1-w/c)

Fig. shows a comparison between the results of the calculation using the model and
the mean value of the relative humidity in the concrete pores measured for the concretes
MLC and MHC drying at 60 °C and environmental relative humidities of 75 and 65 %.
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Figure 6.4: Comparisons between the calculated values using the model of water transport and the meas-
ured values of mean relative humidity from the concretes MLC (left) and MHC (right) drying
at 60 °C and 75 % as well as 65 % RH
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The model follows the development of the mean relative humidity in the concrete pores
as it was measured for both concretes very accurately. Similar results were also achieved
by the comparisons made for the concrete MRC drying at 60 and 80 °C (see Ap-
pendix [D.T)). As it was discussed in Chapter at elevated temperatures, the differ-
ences between the drying processes of the concretes with low water content MLC and
high water content MHC were less meaningful than the differences seen on the measure-
ments conducted at reference temperature. As seen in Fig. by the given conditions
of elevated temperature and relative humidity, both concretes reached similar values of
mean pore relative humidity within the duration of the measurements. According to the
calculations conducted with the model, the reason for this behaviour can be found on the
activation energy of diffusion. At elevated temperature, the concretes MLC and MHC
behave similarly because the concrete MLC obtains more energy for the diffusion pro-
cess than the concrete MHC due to the fact that the activation energy of the concrete
MLC is higher. Even when the porosities of the concretes are different, at elevated tem-
perature, the available energy allows the concrete MLC to reach a diffusivity comparable
to the one that the concrete MHC reaches.

6.1.3 Effect of temperature changes

With the formulations presented in the past subsections, the relative humidity of con-
crete can be calculated for variable conditions of relative humidity of the environment
at different but steady conditions of temperature. In order to develop a model capable
of integrally calculating the drying and wetting process of concrete, the effect of vari-
able temperature conditions must be taken into account. As it was briefly explained
in Chapter 2.1.2.7] at constant moisture content, a change in the concrete temperature
causes a variation of the relative humidity of the concrete pores. When the tempera-
ture raises, the water molecules within the concrete microstructure gain energy and the
internal surfaces of the concrete microstructure cannot hold them anymore, causing a
migration of the water molecules from small pores into larger pores. The consequences
of this behaviour are described by the hygrothermic coefficient of concrete, which de-
notes the increment of the relative humidity in the concrete pores due to an increment in
the temperature at constant moisture content.

Using the measurements presented in Chapter .1.3] a formulation for the hygrothermic
coefficient of concrete K was developed. Eq. [6.1T]describes a dome-shaped curve tilted
to the right towards high relative humidities. The equation is calibrated with the para-
meters a, b and ¢, dependent on the concrete microstructure (see Eqgs. [6.12]to [6.14).

K(h):ﬁ:a-(l—h)b-exp[c-(l—h)} (6.11)
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Eq. must satisfy three important conditions. In first place, it has to be always posi-
tive because the relative humidity in the concrete pores always increases with increasing
temperature as depicted by the comparison of the sorption isotherms of porous mate-
rials at different temperatures (see Chapter [2.1.2.2). The second and third conditions
are given by the extreme values of relative humidity. If the vapour pressure of the con-
crete pores already equals the saturation pressure, any additional water coming from the
smaller pores will condensate without elevating the relative humidity because it cannot
be higher than 100 %. On the other hand, at relative humidities close to 0 %, no moisture
is available to migrate from the small pores to the large pores and the value of K must
be very close to zero. Egs. [6.12] to [6.14] were derived to take into account the influence
of the w/c-ratio on the hygrothermic coefficient of concrete.

a=400-(w/c)'*?+0.15 (6.12)
b=12-(w/c)* +1.15 (6.13)
¢c=-900-(w/c)'"' =7.0 (6.14)

Eq.[6.T1)in combination with Egs. [6.12]to[6.14]allows to calculate the hygrothermic coef-
ficient of concrete satisfying the conditions mentioned before and delivering plausible
results for a range of w/c-ratios between 0.2 and 0.7. The comparisons of the calcu-
lated hygrothermic coefficient of concrete with the measurements conducted on sealed
samples from the concretes MLC, MRC and MHC are presented in Fig.[6.3]
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Figure 6.5: Changes of the relative humidity in the concrete pores due to a temperature change. Compar-
isons between calculated values and measurements
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In Fig. [6.5] the calculations according to Eq. [6.11] are represented by the continuous
lines, for which the corresponding w/c-ratios are indicated in the diagram. The dashed
line represents the values of K calculated according to the formulation from Bazant and
Najjar [L1]]. Following the tendencies shown by the measurements, the influence of a
temperature change on the relative humidity of the concrete pores gain in importance as
the relative humidity decreases from 100 % and reaches a maximum value by relative
humidities around 85 %. The formulation from BaZant and Najjar assumes that this peak
occurs at relative humidities around 70 %. Both formulations deliver values of the same
order of magnitude, the difference lies on the inclination to the right that the present
formulation assumes in order to fit the measured data in a better way.

The influence of the microstructure on the hygrothermic coefficient of concrete can be
understood by means of the following considerations. As the gel pores are assumed to be
completely filled with water while the capillary pores also contain air and water vapour,
the relative humidity of the concrete corresponds to the relative humidity of the capillary
pores. When temperature increases, the water molecules stored in the gel pores migrate
to the capillary pores increasing their relative humidity. At low w/c-ratios, the amount of
gel pores increases and the amount of capillary pores is reduced. The larger the amount
of gel pores, the larger the amount of water molecules willing to migrate from the gel
pores into the capillary pores, and moreover, the smaller the amount of capillary pores
capable of storing these new water molecules. Therefore the hygrothermic coefficient of
concrete has to be higher at lower w/c-ratios. This was verified by the measurements and
taken into account in the formulation of the parameters from Eq.[6.11] In Fig.[6.5]besides
the curves representing the w/c-ratios used for the concrete mixtures, two extreme values
of the equation (w/c =0.2 and w/c = 0.7) are plotted as well. At w/c-ratios lower than 0.4,
the presence of capillary pores in the concrete microstructure can be neglected. Hence,
the formulation for K assumes similar behaviours of the concretes with w/c-ratio lower
or equal than 0.4. For concretes with w/c-ratio larger than 0.6, the amount of capillary
pores increases in such a way that any increment in the relative humidity of these pores
would need a considerable large amount of water molecules. As temperature raises,
the water molecules coming from the gel pores will not be able to increase the relative
humidity of the capillary pores in the same manner as concretes with lower w/c-ratios,
because the amount of gel pores at such high w/c-ratios is restricted.

The presented formulation of the hygrothermic coefficient of concrete does not include
any time influence and therefore it assumes that the changes in the relative humidity of
the concrete pores occurs instantaneously after the variation of temperature takes place.
As it was mentioned before, these changes obey a moisture exchange between gel and
capillary pores which requires time to develop. In case of a temperature increase the
water molecules gain energy which allow those located in the gel pores to abandon the
surface at which they were bonded and head for zones of lower energy that can be found
in the capillary pores. This moisture exchange between water molecules from the gel
into the capillary pores takes place within a couple hours and therefore assuming an
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instantaneous change in the relative humidity of the concrete pores may be plausible
with respect to the very much slower diffusion process of water molecules within the mi-
crostructure. Nevertheless, the opposite process, i.e. the movement of water molecules
from the capillary pores into the gel pores due to a decrement in the temperature, occurs
at a much lower energy state. The water molecules are attracted back to the surfaces of
the gel pores through adsorption leading to a slow rearrangement of the water molecules
located in the gel pores and therefore this process can take over weeks to reach equilib-
rium. In conclusion, the formulation of the hygrothermic coefficient of concrete as it is
presented in Eq.[6. 11| may be applied for increments of temperature even in cases where
accounting for the time-development of the relative humidity is important. However, if
a temperature reduction is considered the formulation can only indicate the final value
of the relative humidity without providing any information about the time required to
reach it.

6.2 Modelling the concrete mechanical properties

The formulations proposed in Chapter [5] allow to predict the mechanical properties
of concrete members subject to elevated temperatures and different moisture contents.
These formulations were based and calibrated according to the values of relative hu-
midity measured in the concrete pores, which implies that their use is subjected to the
condition of knowing the concrete relative humidity. On this background, in order to
model the mechanical behaviour of concrete at varying temperature and environmental
relative humidity, it is necessary to integrate the formulations of compressive and tensile
strength, modulus of elasticity, shrinkage and creep from Chapter[5| with the water trans-
port model from the present chapter in a new overall material model. This integration,
i.e. development of the material model, is presented in the following subsections.

6.2.1 Assumptions

The objective of the new material model is to estimate the mechanical properties of con-
crete subject to changes of temperature and environmental humidity. The development
of the material model was based in the following assumptions:

* The model is conceived for fully hydrated concretes. In case partly hydrated con-
cretes are considered, any influence of further hydration on the mechanical prop-
erties is neglected.

* The concrete strength and stiffness of reference are defined at a relative humidity
of 100 % (sealed conditions) and an ambient temperature of 20 °C.
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* The influences of thermal incompatibility and drying on the strength and stiffness
of concrete can be calculated separately and added to obtain the overall behaviour
of the material.

* Thermal incompatibility produces irreversible damage to the concrete microstruc-
ture and its impact is strongly related to the water content of the concrete.

* Drying enhances the strength of concrete. This enhancement can however be re-
versed through wetting.

* The influences of hydrothermal reactions on the mechanical properties of concrete
are not considered.

» The processes of drying, drying shrinkage and drying creep of concrete obey the
same time-development function.

* Basic creep is dependent on the moisture content of the concrete, which implies
that changes in the moisture content also influence the development of basic creep.

6.2.2 Implementation

Concrete has a thermal diffusivity of around 86000 m? /d while the moisture diffusivity,
according to the water transport model, lies between 20 and 700 m? /d depending on the
temperature. Due to the enormous difference between the diffusivities and the fact that
the concrete samples had a diameter of only 75 mm, solving the heat transport equation
may not be necessary. For the calculations, the temperature is rather given as input in
a time dependent function assuming a constant temperature over the geometry of the
concrete member. For the implementation of the material model, a computer program
designed to run in the software MATLAB was developed. The program integrates the
solution of the diffusion equation (see Eq.[6.1)), the equation of the hygrothermic coef-
ficient of concrete (see Eq. [6.I1)) and the formulations from Chapter 5] The program
consists of a main routine called Tempecon and four subroutines. Subroutine Middle
which calculates the mean value of a given parameter over the geometry of the concrete
member, subroutine Rand used to check the conditions of temperature, relative humid-
ity of the environment and load in every time step, subroutine Refhum which calculates
the equivalent relative humidity at reference temperature by solving the equation of the
hygrothermic coefficient of concrete and subroutine Watdiff used to calculate the mois-
ture diffusion in the concrete member. The flow charts and scripts of the subroutines are
given in Appendix [F2]

6.2.3 Coverage and capabilities

The coverage of the new material model is limited according to the formulations on
which the model is based. In general, the formulations to predict the mechanical
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behaviour of concrete presented in Chapter [5] as well as the model of water transport
depend on one mixture property and two state variables, namely w/c-ratio and tempera-
ture and related relative humidity of the concrete pores. The formulations were con-
ceived based on the laboratory tests conducted on the concrete samples and therefore it
is expected that the accuracy of the predictions from the material model is higher for
concretes with similar mixtures and geometries subject to similar conditions of temper-
ature and environmental relative humidity as those used in the laboratory investigations.
However, the formulations are supported on physical sound assumptions and it may be
possible to use the model to calculate the behaviour of concrete members with geome-
tries, w/c-ratios, conditions of relative humidity and temperature above and below the
ones tested. The material model can be used to predict the behaviour of the tensile and
compressive strength, modulus of elasticity, drying shrinkage and creep for concrete
mixtures and environmental conditions within the ranges presented in Table[6.3]

Table 6.3: Coverage of the new material model

Sample properties and Ranges of coverage
environmental conditions general investigated
w/c-ratio [ 0.3-0.8 04-0.6
Member size [mm] arbitrary 75
Relative Humidity [%] 30 - 100 40-100
Temperature [°C] 20-100 20-80

In Table [6.3| the general range of coverage of the model is indicated on the left column.
The column on the right indicates the ranges investigated in the laboratory tests for which
the accuracy of the model is expected to be higher.

Besides defining the ranges of concrete mixtures and environmental conditions that the
material model can cover, other important aspects to consider are the capabilities of the
model. The material model reproduces the behaviour of the concrete mechanical prop-
erties based on the relations between temperature and moisture content that were for-
mulated in Chapter 5| The time-development of the temperature is given as input while
the time-development of the moisture content is calculated by the model. Therefore, the
capabilities of the material model are limited by the capabilities of the model of water
transport. The model of water transport presented in the beginning of the present chapter
is capable of calculating the moisture movement in concrete for drying and wetting in-
cluding the action of temperature increments. Due to the limitations on the definition of
the hygrothermic coefficient of concrete (see Section[6.1.3), the time-development of the
relative humidity of the concrete due to a change of the temperature cannot be assessed
by the model, i.e. the movement of water molecules from gel to capillary pores and vice

123



Chapter@ [Development of a new material model for concretel

versa. This fact has major consequences on the capabilities of the model that may vary
on importance according to the mechanical property that wants to be predicted.

In case of an increase of the temperature, the water molecules move from the gel into
the capillary pores within a couple hours. Not knowing the time development of this
process barely affects the results of the model regarding concrete strength and stiffness,
however, in case of creep, it leads to an underestimation of the creep deformations that
occur during the first hours of loading. This statement can be understood with help of the
following considerations. The model assumes that the increment of temperature and the
associated increase of the relative humidity of the capillary pores occur simultaneously,
neglecting the delay taking place between these two processes. Therefore, assuming
that drying creep may develop due to the movement of water molecules in the concrete
microstructure while loading, the creep deformations produced by the movement of wa-
ter from gel pores into capillary pores that occur after reaching a higher temperature is
not considered by the model because the model assumes that this water movement is
achieved before the loading begins.

In case of reducing the temperature, the water transport between capillary pores and gel
pores can take over weeks. Without including the time development of this process in
the equation of the hygrothermic coefficient of water it is not possible to calculate any
further development of the mechanical properties. By assuming that thermal incompat-
ibility produces irreversible damage to the concrete microstructure, the model can only
give an estimation of the final values of strength and stiffness that will be reached after
a reduction of the temperature have taken place. On the other hand, no fair results for
creep and shrinkage may be expected because the model would decrease the relative hu-
midity immediately, affecting the calculation of both the basic and drying components
of concrete creep.

6.2.4 Comparing the model results with measurements

The main experimental results from Chapter ff] were used to conceived the formulations
that compose the material model and some other obtained results can as well be used to
test its accuracy, i.e. to validate it. Some comparisons between test results and calcu-
lations with the material model are presented below. The equations that constitute the
developed model are summarized in Appendix [E]

6.2.4.1 Strength and Stiffness

The tests of strength and stiffness were conducted on the concrete samples following
defined conditioning schemata (see Chapter 3.2.1)). In Fig. [.6| the model is tested ac-
cording to the conditioning scenario at which some samples of the concrete MRC were
subject. Starting with a reference temperature of 20 °C and a mean relative humidity of
100 %, the samples were subject to drying during 100 days at 20 °C and 65 % RH. Then
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they were heated up to 80 °C and kept at a relative humidity of 65 % for 90 days longer.
The conditioning process is indicated on the top figure of the diagram.
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Figure 6.6: Comparison between calculations with the new material model and measurements of com-
pressive strength (top), tensile strength (middle) and modulus of elasticity (bottom) for the
concrete MRC after drying during 100 d at 20 °C / 65 % RH and then heated during 100 d at
80 °C/65% RH
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Measurements of the mechanical properties were carried out at reference conditions,
after the end of the drying period at 20 °C, shortly after increasing the temperature and
at the end of the period of sustained elevated temperature. In Fig. [.6] the compressive
strength, tensile strength and modulus of elasticity of the concrete relative to the proper-
ties at reference conditions are plotted with time according to the conditioning process.
The measured values are depicted by the square icons including an indication of the scat-
tering of the experimental results by displaying, between horizontal bars, the standard
deviation. The results of the material model represented by the continuous lines fol-
lows quite well the experimental results. It reproduces the increment on the compressive
and tensile strength due to drying during the first 100 days, the sudden change in these
strengths due to the increment of temperature from 20 to 80 °C and the increase of the
strengths due to further drying afterwards. Unlike the strength development, in case of
the modulus of elasticity, the model calculates an abrupt change in the concrete stiffness
at the beginning of drying followed by an increment of it as the drying continues. In Ap-
pendix [E.2] the equations of the material model regarding the influence of temperature
and moisture content on the strength and stiffness of concrete are summarized.

For the conditioning scenario considered in Fig. [6.6] the model is able to reproduce the
behaviour of the concrete very accurately. However, other condition scenarios involving
higher moisture content during the heating process cannot be reproduced by the model
in the same way. An example of it is presented in Fig.[6.7] This figure presents the com-
parison between model calculations and measurements of tensile strength and modulus
of elasticity from samples that were stored at 20 °C and 95 % RH during 200 days and
then heated up to 60 °C while the relative humidity was kept at 95 %.

At high ambient humidities the concrete loses only a small amount of moisture to the
environment and therefore the enhancement of the strength as well as the recovery of the
modulus of elasticity after dropping down during drying are limited. In Fig.[6.7]it can be
seen how the model reproduces the behaviour of the concrete during the drying process
at 20 °C very well. Nevertheless, once the temperature is increased, the measured results
differ from the prediction of the model considerably. This is due to the fact that the
model neglects the influence of hydrothermal reactions. In case of compressive or tensile
strength the hydrothermal reactions cause a healing of the microcracks produced by the
thermal incompatibilities and therefore, unlike the model, the measured values do not
show a decrease of the strength after heating. The healing of microcracks has however
smaller effect on the concrete stiffness and in consequence, the model behaves better
when predicting the behaviour of the modulus of elasticity.
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Figure 6.7: Comparison between calculations with the material model and measurements of tensile
strength (top) and modulus of elasticity (bottom) for the concrete MRC after drying during
200 d at 20 °C /95 % RH and then heated during 100 d at 60 °C / 95% RH

The comparisons presented in Figs. [6.6 and [6.7] correspond to two extremes in terms of
the accuracy of the model. At lower moisture content the model delivers very accurate
predictions because the influence of the hydrothermal reactions is negligible which is
in accordance with the assumptions of the model. Meanwhile, by concretes containing
a high amount of moisture, the hydrothermal reactions play an important role on the
strength development that the model cannot reproduce. Further comparisons including
other conditioning scenarios at which samples from the concrete MRC were subject are
included in Appendix

6.2.4.2 Time dependent deformations
In the following diagrams results from the material model are compared with some se-
lected measurements of shrinkage and creep. Additional comparisons including all the

creep and shrinkage measurements conducted on samples of the three concrete mixtures
are presented in Appendix [D.3] and [D.4 In order to predict the shrinkage and creep
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deformations of the samples, the model has to recreate the whole history of storage con-
ditions to which the samples were subject before being loaded. Previously to conducting
the creep tests, the samples used for the measurements were conditioned for over 450
days at 20 °C and relative humidities of 95, 85 and 65 %. Moreover, the samples were
loaded after the testing temperature in the chamber was reached (see Chapter [3.2.3)).

Fig. [6.8 compares the shrinkage deformations measured on the concrete MHC during
the creep tests conducted at 20 and 70 °C and 65 % RH with the calculations of the
material model. The equations of the material model regarding shrinkage and creep are
summarized in Appendix [E-3] and [E-4]respectively.

Testing conditions: 20 °C / 65 % RH
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Figure 6.8: Drying shrinkage calculated with the material model in comparison with the measured values
for the concrete MHC during the creep tests conducted at 20 °C (top) and 70 °C (bottom) and
65 % RH

In Fig. [6.§] the shrinkage deformations are plotted against time. The time axis indi-
cates the duration of loading which means that even when the material model is able to
calculate the shrinkage deformations from the beginning of the drying process, only the
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shrinkage deformations occurring after applying the load were taken into account for the
comparisons with the measurements.

As it can be appraised on the top part of Fig. [6.8] the material model is able to predict
the shrinkage behaviour of the concrete during the creep tests at 20 °C very well. For
the samples that were previously conditioned at 65 % RH, the model predicts barely no
change in the shrinkage deformations, because after 450 days of drying at 65 % RH,
only small changes on the mean relative humidity may still occur if the ambient rel-
ative humidity remains unchanged. This was found to be in perfect accordance with
the measurements. The samples previously conditioned at 85 % RH can very well lose
moisture to an environment with 65 % RH, and therefore the material model predicts the
development of shrinkage deformations following the tendency shown by the measure-
ments. The bottom part of Fig. [0.§] presents the comparisons between the calculations
with the material model and the measurements of shrinkage during the creep tests con-
ducted at 70 °C. The development of the shrinkage deformations as presented by the
material model seems to be slower in comparison with the measurements. This may be
due to the fact that the air blowers within the climate chambers accelerated the drying
process during the creep tests (see Chapter [3.2.5]). This acceleration is not taken into
account by the model because the model of moisture transport was calibrated based on
measurements conducted without any influence of air blowers.

The creep deformations measured in the concrete MRC during the tests conducted at
20 and 70 °C and 65 % RH are compared with the model calculations in Fig. 6.9, For
the concrete MRC the samples were conditioned at three different ambient relative hu-
midities before conducting the creep tests, namely 95, 85 and 65 %. The diagram on the
top corresponds to the creep tests conducted at 20 °C and 65 % RH and the one on the
bottom contains the results from the tests conducted at 70 °C and 65 % RH.

The model can reproduce the influence of moisture content on the development of creep.
For the creep tests conducted at 20 °C, the model follows the tendency of the measure-
ments. The higher the moisture content at the beginning of loading, the higher the
creep deformations that develops. In case of the tests conducted at 70 °C, the model
also recognises the importance of the initial water content on the development of the
creep deformations. A rather surprising good prediction is shown by the model for the
samples previously conditioned at 95 % and 85 % RH. Both model and measurements
show almost the same creep deformations for these samples. Following the definition
of the hygrothermic coefficient of concrete (see Section [p.1.3)), after increasing the tem-
perature from 20 to 70 °C, the relative humidities reached by the samples previously
conditioned at 95 % and 85 % are barely the same, and therefore the drying and basic
creep that develops afterwards may also be similar.
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Figure 6.9: Specific creep calculated with the material model in comparison with the measured values for
the concrete MRC during the creep tests conducted at 20 °C (top) and 70 °C (bottom) and
65 % RH

In Section [6.2.3] the capabilities of the model regarding the effect that increasing the
temperature has on creep were discussed. It was mentioned that, in case the samples
are loaded after being heated, the model underestimates the creep deformations that
occur during the first hours of loading because in the formulation of the hygrothermic
coefficient of concrete no time-development function is considered. In Fig. [6.9] as well
as all figures presented in Appendix [D.4] where elevated temperatures are involved, the
curves were intentionally dragged up to match the initial values atz —ty = 0.01 d. In this
way, it is shown how the material model follows the tendency of the creep deformations.
It is known that, by neglecting the time dependency of the hygrothermic coefficient,
the model is not able to reproduce the development of creep during the first hours after
loading properly. Nevertheless, even though the results are affected by this weakness,
the material model not only follows the tendency of the creep development but also
achieves a quite good accuracy in comparison with the values of the tests results.
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6.3 Summary and conclusions

In first place, a model capable of calculating the water transport in cylindrical concrete
samples subject to drying at any condition of temperature and environmental relative
humidity and even being able to include variable conditions over time was presented.
Subsequently a material model to couple the water transport model with the formu-
lations from Chapter [5] was implemented in a program based on the finite difference
method. Finally, the validity of the calculations carried out with the program was tested
by comparing them with the experimental results.

The process of development of the model of water transport contributed with the com-
prehension of the physical background of the problem. The most important conclusions
derived from this development are subsequently summarized:

* The drying process in concrete is so complex that a simple dependency of the
diffusion coefficient with the relative humidity is not enough to model it accurately.
It was necessary to include, additionally, the relative humidity of the environment
and the gradient of relative humidity in the concrete in order to adequately model
the moisture transport in concrete.

* Under the assumption that drying and wetting of concrete follow the same time-
development function, two definitions for the diffusion coefficient had to be pro-
posed, one to model drying and another to model wetting.

* Diffusion at elevated temperatures is improved by the effect of the activation en-
ergy of diffusion. The activation energy is dependent on the concrete microstruc-
ture. For concrete mixtures with low w/c-ratios, the activation energy is higher than
for concretes with higher w/c-ratios. This implied that, at a temperature of 60 °C,
the concretes tested reached similar diffusivities independent of the w/c-ratio of the
mixtures, even though low w/c-ratios are associated with a denser microstructure.

* The hygrothermic coefficient of concrete is dependent on the relative humidity
of the concrete pores reaching maximum values in the range between 80 % and
90 % RH. It is also higher for concretes with lower capillary porosity.

* The simulation of moisture transport in concrete involving reduction of the tem-
perature cannot be carried out with the presented model. It would be necessary to
reconsider the formulation of the hygrothermic coefficient of concrete. The present
formulation neglects the time dependency of the changes of the relative humidity
in concrete due to variations in the temperature, which may be valid in case of
increasing temperature but not if the temperature is reduced.
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The implementation of the material model, i.e. the coupling of the newly developed
moiture transport model with the basic equations developed in Chapter | and further
comparisons of the calculations with the results of the conducted experiments related to
the mechanical behaviour of concrete also led to some important conclusions.

* The material model can calculate the time behaviour of the strength and stiffness
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of concretes subject to elevated temperatures and different environmental relative
humidities.

The accuracy of the material model varies by the calculations of compressive and
tensile strength. The accuracy of the model is higher by concretes that are heated
while having low moisture content. By concretes with a high amount of moisture in
their microstructure, the model neglects the influence of the hydrothermal reactions
which leads to a overestimation of the final effect of temperature. The values of
strength determined by the model in these cases are however on the safe side.

The influence of the hydrothermal reactions on the concrete stiffness is secondary,
and therefore the accuracy of the material model, for the prediction of the modulus
of elasticity, is not affected by the moisture content of the concrete to be evaluated.

Due to the process of conditioning to which the samples were subject before the
creep tests were conducted, only a model capable of reproducing the entire history
of conditioning, as been developed here, can accurately calculate the time depen-
dent deformations measured on the samples.

The material model is able to differentiate between the basic and drying compon-
ents of the shrinkage and creep deformations. It assumes that the total shrinkage
and creep deformations correspond to the summation of their basic and drying
components. However, in case of shrinkage, the developed model can only cal-
culate the effects of elevated temperatures and changes in the moisture content on
the drying component of shrinkage. Basic shrinkage could also be included in the
model by adopting the formulations from Model Code 2010 [N15]. Nevertheless,
this was not accomplished here because no experiments regarding basic shrinkage
were conducted.

The material model reproduced the tendencies of the creep and shrinkage beha-
viour shown by the samples tested at 20 °C as well as at elevated temperatures. The
samples previously conditioned at lower relative humidities showed lower shrink-
age and creep deformations due to the influence of the moisture content at the time
of loading.

The material model was able to predict and explain the reasons for the similar beha-
viours of the creep deformations seen between the samples from the concrete MRC
previously conditioned at 20 °C and 95 % and 85 % RH and tested at 70 °C and
65 % RH. According to the formulation of the hygrothermic coefficient of concrete
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presented in the present chapter, the similarity between the creep deformations of
these samples is due to the fact that both reached similar relative humidities after
the temperature was increased.

A weakness of the material model regarding the prediction of creep was identi-
fied by the comparisons with the tests conducted at elevated temperatures. This
weakness resides in the definition of the hygrothermic coefficient of concrete. The
material model is not able to adequately predict the behaviour of creep during the
first hours after the temperature is increased because no time-development function
was included in the definition of the hygrothermic coefficient of concrete.
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Chapter 7

Summary and outlook

The material ageing of concrete is generally associated with changes over time in me-
chanical properties such as modulus of elasticity, compressive and tensile strengths and
creep, but as well physical properties like e.g. shrinkage. This thesis describes the
process of development of a new overall material model with the capabilities required
to evaluate the concrete ageing due to the influences of the environment. The model
developed is able to predict the time-dependent behaviour of the compressive strength,
tensile strength, modulus of elasticity, creep and shrinkage of concrete subject to ele-
vated temperatures up to 100 °C and variable ambient relative humidity.

The conception of the material model followed a rigorous process of evolution. The
initial objective of this investigation was to develop a model to predict the mechanical
behaviour of concrete subject to elevated temperatures up to 100 °C. Nevertheless, as the
investigation progressed, the need to incorporate the moisture content in the approach of
the model became evident. By reviewing the current knowledge about the influence of
temperature on the mechanical properties of concrete, it was clear that the presence of
water within the microstructure of the hardened cement paste is crucial to understand the
behaviour of the concrete mechanical properties. In addition, it was found that elevated
temperatures affect the mechanical properties of concrete not only originating damage
to the concrete microstructure but also influencing the water storage capacity of concrete
and promoting the exchange of moisture between the pores of the microstructure and the
surroundings, which could create positive effects. For these reasons the original idea of
the model had to be re-evaluated and modified. The model shall not only predict the
influence of temperature but also the influence of moisture content.

The material model was proposed after a long process of development that can be di-
vided in four phases. First, a literature review was made to settle the basis of the in-
vestigation. Then, experiments were designed and conducted to gather information and
solve open questions. Central features of the experiments were the spatially resolved
detection of temperature and humidity across the cross section of different samples from
3 different concretes and the development of experimental equipment to condition the
samples and to measure concrete creep at elevated temperatures while maintaining a
constant relative humidity.
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The experimental results allowed the formulation of widely physically based mathe-
matical expressions to relate the conditions of moisture content and temperature with
changes on the mechanical properties. Finally the material model was developed. The
following sections summarize the main findings achieved along the investigation and the
open questions that arose in the process.

7.1

Main findings of the thesis

The new overall material model has three main components:

1.
2.

3.

A model to calculate the moisture transport in concrete.

Mathematical formulations to calculate the influences of elevated temperature and
pore relative humidity on the strength and stiffness of concrete.

Mathematical formulations to calculate creep and shrinkage at elevated tempera-
tures and different ambient humidities.

The development of each of these components generated new knowledge and expertise
that can be summarized in the following findings.

Findings related to the development of the model for moisture transport

* The measurements showed that the drying process of concrete is accelerated by the
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influence of temperature and is the slower, the lower the porosity of the concrete
microstructure. However, at elevated temperatures, the differences seen in the wa-
ter transport properties between concretes with low porosity and concretes with
high porosity were less significant than those seen in the same concretes tested
at 20 °C. This issue could be clarified by the development of the model of water
transport. At elevated temperatures, the diffusivity of the concrete is improved
by the effect of the activation energy of diffusion. According to the experiments
and the assumptions made for the model, this energy is the higher the lower the
porosity of the concrete microstructure, and therefore the concretes tested at el-
evated temperatures reached similar diffusivities independent of the porosities of
their microstructures.

The diffusion coefficient of concrete is neither constant nor dependent only on the
moisture content of the concrete, as it is commonly assumed in the literature. The
measurements of relative humidity in the concrete pores showed that concretes,
independently of the relative humidity of the environment, tend to reach the equi-
librium with the surroundings after similar time periods. This behaviour can be
reproduced in a model based on diffusion by using a constant diffusion coeffi-
cient; but is not possible to reproduce it if a diffusion coefficient dependent on the
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relative humidity is used. However, the measurements and further calculation with
the water transport model showed that the time-development of the relative hu-
midity of the concrete pores during drying is highly non-linear, which discards the
possibility of using constant diffusion coefficients. In order to model the moisture
transport in concrete accurately, it was necessary to include in the formulation of
the diffusion coefficient, dependencies on the pore relative humidity, the ambient
relative humidity and the gradient of the relative humidity within the concrete.

* As denoted by the hygrothermic coefficient of concrete, the measurements con-
firmed the increase of the relative humidity in the concrete pores due to an incre-
ment of the temperature. The formulation proposed for the hygrothermic coeffi-
cient of concrete was based on the conducted measurements and suggests that this
coefficient is the lower, the higher the porosity of the concrete and is also depen-
dent on the relative humidity of the concrete pores, reaching maximum values in
the range between 80 % and 90 % RH.

Findings related to the development of the formulations for
concrete strength and stiffness

* The experimental program was designed under the assumption that the influence
of the environment on the mechanical properties of concrete can be explained
by superposition of the effects that temperature and moisture content cause on
the concrete mechanical properties. Assuming superposition implies that no ad-
ditional effects resulting from the interaction between temperature and moisture
are considered. The measurements suggested that this assumption do not apply
to concretes with high moisture content. A third effect known as hydrothermal
reactions emerges from combining high temperature and high moisture content in
the microstructure of a concrete made with siliceous aggregates. By means of the
conducted literature review, it was known in advance that hydrothermal reactions
were feasible to occur. The consulted sources suggested that the influences of these
reactions on the concrete strength and stiffness were only secondary. However, the
experimental results showed that subjecting the concrete samples to elevated tem-
peratures while having a high amount of moisture content in their microstructures
influences the tensile and compressive strength considerably. Nevertheless, the
effect of the hydrothermal reactions on the modulus of elasticity of the concrete
samples was less significant.

* Both compressive and tensile strengths increase with decreasing water content in
the concrete microstructure. By comparing the results from concretes of different
porosities, it was found that the influence of drying on the concrete compressive
and tensile strengths is not dependent on the porosity of the concretes.

* Drying has a negative influence on the modulus of elasticity of concrete. The
experimental results showed that samples stored at 20 °C and 100 % RH had the
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highest modulus of elasticity. After a small change in the relative humidity of the
concrete pores took place, an abrupt change in the stiffness of the samples was
measured and as drying continued, the stiffness partially recovered.

The experiments showed that after subjecting a concrete sample to elevated tem-
peratures, an instantaneous and negative effect on the strength and stiffness of the
material takes place. Any recovery of these mechanical properties with time must
be accompanied of a loss of moisture or associated with further hydration or the
development of hydrothermal reactions. These processes are however intensified
by the effect of elevated temperatures.

The developed material model is able to predict the combined effects of elevated
temperatures and moisture content on the strength and stiffness of concrete in the
ranges between 20 and 100 °C for environmental humidities above 30 % RH.

Based on the experimental observations and taking into account the equations of
the material model, the following conclusions can be drawn:

The concrete compressive strength can increase up to 32 % for concretes with low
moisture content (i.e. around 50 % RH) compared to moist concretes with pore
relative humidities close to 100 % RH. In case of tensile strength this increment
amounts to approximately 40 %.

Elevated temperatures influence the concrete strength and stiffness negatively. For
the range between 20 and 100 °C, in average the compressive strength and tensile
strength decrease with increasing temperature at a rate of 5 % every 10 K while
the modulus of elasticity decreases 3 % every 10 K.

Findings related to the development of the formulations for
concrete creep and shrinkage
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* The moisture content exerts a strong influence on the creep and shrinkage de-

formations. The experiments showed a clear dependency of the development of
creep and shrinkage with the initial content of water of the concrete samples.
The samples previously conditioned at lower relative humidities developed small
shrinkage and creep deformations due to the lower moisture content present in
their microstructure.

The experimental results showed that, independently of the initial content of mois-
ture and the temperature of the concrete samples, the rate of change of the mean
relative humidity scales in a unique manner the rate of drying shrinkage. Accord-
ing to the developed formulations, drying shrinkage and mean relative humidity
follow the same kinetics. Moreover, given the fact that basic creep is influenced
by the moisture content of the concrete, the formulations suggest that drying creep
also follows the same kinetics as the mean relative humidity.
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* The results of the creep tests showed that the total creep deformation increases
with increasing temperature. Furthermore, the calibrated formulations for creep
of the new material model allowed the identification of different effects of the
temperature on the development of basic and drying creep. According to these
formulations, the component of basic creep increases with increasing temperature
and the component of drying creep reaches, although faster, lower final values at
elevated temperatures than at 20 °C.

* The developed material model is able to calculate the time dependent deforma-
tions of concrete taking into account the history of conditioning before the load
application takes place for temperatures between 20 and 100 °C. For this purpose,
it has been mandatory to include the differentiation between the basic and drying
components of shrinkage and creep in the material model.

* By analysing the results of the conducted experiments and the outputs of the ma-
terial model the following conclusions can be drawn:

The basic creep deformations are in average twice as high at 30 °C than at 20 °C.
Basic creep is three times higher at 70 °C compared to 20 °C.

Although the final values of the drying creep and drying shrinkage deformations
are strongly dependent on the initial moisture content of the concrete, they decrease
with temperature in average at a rate of 5 % every 10 K.

7.2 Open questions

In order to reach the goal of this investigation, a significant but not unlimited amount
of time and resources were employed. Therefore, some important issues were inten-
tionally left outside the scope of the investigation. In addition, not all questions that
emerged during the investigation could be completely clarified. All these aspects are
finally reflected on the new overall material model that was developed by limiting its
applicability and coverage. The clarification of the following facts is therefore reserved
for future research work.

All concrete samples were made using siliceous aggregates. This means that the influ-
ence of other types of aggregates cannot be described by the model. For aggregates with
considerably lower thermal expansion coefficients like, for instance, calcareous aggre-
gates, the formulations that relate changes in the temperature with changes in the strength
and stiffness of the concrete may not be valid. However, based on additional related ex-
perimental investigations, the new model may be easily adapted.

It has been assumed in the investigation that drying was the only process ruling the
kinetics of the mechanical behaviour of the samples subject to elevated temperatures.
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However, for samples subject to elevated temperatures and high humidities, hydro-
thermal reactions also play an important role. In the experiments, neither the influence
of the hydrothermal reactions on the compressive and tensile strengths of concrete nor
the way they develop on time were determined. This would have blown up the scope of
the present work. For these reasons, the material model does not consider the effects of
hydrothermal reactions. This implies that the model overestimates the influence of elev-
ated temperatures when it considers concretes with a high amount of moisture in their
microstructure. Nevertheless, the developed material model is suitable of being adapted
to integrate the described effect, if this effect is quantified experimentally.

Based on the measurements, a formulation to calculate the influence of a temperature
change on the relative humidity of the concrete pores was developed. The mathematical
expression proposed for the so-called hygrothermic coefficient of concrete determines
that the pore relative humidity increases with increasing temperature and decreases if the
temperature is reduced. However, it does not include the time development of these pro-
cesses, which implies that they are assumed to be instantaneous. This has consequences
on the applicability of the material model. The model can neither calculate the time
development of the concrete strength and stiffness nor the creep and shrinkage when a
reduction of the temperature takes place because the associated process of reduction of
the relative humidity in the concrete pores takes actually several days. However, the
model can estimate the values that the mechanical properties will reach after the process
of reduction of the relative humidity is completed, which is decisive in most practical
cases. For the case when the temperature increases, the assumption of instantaneous
increment of the relative humidity is less inaccurate. This process takes only a couple
hours, which does not affect the calculation of the strength and stiffness but reduces the
accuracy of the creep model as the associated effects on the creep deformation during
the first hours after loading cannot be considered.

In the creep tests conducted at elevated temperatures the samples were loaded after
reaching the testing temperature. Even though the material model is capable of cal-
culating the influence of heating during loading on the creep deformations, such cases
were not investigated and therefore no own-conducted experiments were available to
verify the results of the model. However, a first orienting comparison with correspond-
ing results from the literature showed that the model also reflects the effect of transient
creep accurately.

The process of wetting of concrete was approached only theoretically. In order to verify
the definition proposed for the diffusion coefficient in case of wetting, appropriate exper-
imental measurements need to be conducted. With a moisture transport model calibrated
to calculate wetting, the influence of cyclic ambient relative humidities on the concrete
strength and stiffness could be calculated with the material model. However, in case of
the time-dependent deformations of concrete, the influence of variable moisture content
on creep needs to be investigated more in detail.
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Chapter 8

Zusammenfassung

Die Alterung von Beton ist im Allgemeinen mit zeit- und umweltabhéngigen Veridnde-
rungen der mechanischen Eigenschaften wie Kriechen, Schwinden, Elastizitdtsmodul,
Druck- und Zugfestigkeit verbunden. Die vorliegende Arbeit beschreibt die Entwicklung
eines neuen Materialmodells fiir Beton zur Bewertung seiner Alterung infolge der Um-
weltbedingungen. Das entwickelte Modell ist in der Lage, die zeitliche Verinderung der
Druck- und Zugfestigkeit, des Elastizititsmoduls, sowie des Kriechens und Schwindens
von Betonen, die erhthten Temperaturen bis zu 100 °C bei unterschiedlichen relativen
Luftfeuchten (von 30 bis 100 %) unterworfen sind, vorherzusagen.

Die Konzeption des neuen Materialmodells folgte einem rigorosen Entwicklungsprozess.
Das urspriingliche Ziel dieser Arbeit war die Entwicklung eines Modells zur Vorhersage
der mechanischen Eigenschaften von Beton bei erhohten Temperaturen bis zu 100 °C
ohne Variation der Luftfeuchtigkeit. Jedoch zeigte sich im Zuge der experimentellen
Untersuchungen, dass der Feuchtegehalt nicht auBer Acht gelassen werden kann und im
Modellansatz berticksichtigt werden muss. Die Literaturstudie zum Einfluss der Tempe-
ratur auf die mechanischen Eigenschaften von Beton zeigte deutlich, dass die Anwesen-
heit von Wasser in der Mikrostruktur des erhirteten Zementsteins entscheidend fiir das
Verhalten der mechanischen Eigenschaften von Beton ist.

Dariiber hinaus wurde festgestellt, dass eine erhohte Temperatur nicht nur fiir die Entste-
hung von Schéden in der Betonmikrostruktur verantwortlich ist. Sie beeinflusst auch
wesentlich die Wasserspeicherkapazitit des Betons und verbessert den Austausch von
Feuchtigkeit zwischen den Poren der Betonmikrostruktur und der Umgebung. Hieraus
resultieren positive Auswirkungen, z.B. auch auf die Betonfestigkeit. Aus diesen Griin-
den musste die urspriingliche Idee der Modellentwicklung neu bewertet und modifiziert
werden. Das Modell soll nicht nur den Einfluss der Temperatur auf die mechanischen
Eigenschaften von Beton vorhersagen konnen, sondern auch die Wechselwirkung mit
dem Feuchtegelhalt zutreffend beriicksichtigen.

Das Materialmodell wurde einem Entwicklungsprozess folgend aufgestellt, welcher in
vier Phasen aufgeteilt werden kann. In der Literaturrecherche (erste Phase) wurden zu-
nichst die Grundlagen der experimentellen Untersuchungen festgelegt. Die Planung und
Durchfiihrung der Experimente bildeten die zweite Phase, die der Sammlung von Daten
und der Gewinnung neuer Erkenntnisse dienten. Zentrale Merkmale der Versuche waren
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die ortsaufgeloste Erfassung von Temperatur und Feuchte {iber den Querschnitt unter-
schiedlicher Proben aus 3 verschiedenen Betonen sowie die Entwicklung der Messtech-
nik, um die Proben zu konditionieren und das Kriechen von Beton bei erhéhten Tempe-
raturen und konstanter relativen Feuchte zu messen.

Basierend auf den Ergebnissen der durchgefiihrten Experimente wurden anschlieend
in der dritten Phase weitgehend physikalisch basierte mathematische Gleichungen for-
muliert, mit denen die Zusammenhiinge zwischen den Anderungen des Feuchtegehalts
sowie der Temperatur mit Anderungen der mechanischen Eigenschaften von Beton be-
schrieben werden konnen. Schlieflich wurde in der vierten Phase das Materialmodell
aus den einzelnen Komponenten entwickelt. In den folgenden Abschnitten werden die
wichtigsten Ergebnisse und Erkenntnisse, die wihrend der Untersuchung erzielt wurden,
zusammengefasst und abschlieBend die im Zuge der Ausarbeitung aufgekommenen of-
fenen Fragen aufgefiihrt.

8.1 Wesentliche Ergebnisse und Erkenntnisse

Das Materialmodell wird aus drei Hauptbestandteilen gebildet: ein Modell zur Berech-
nung des Feuchtetransports in Beton, mathematische Gleichungen zur Berechnung der
Einfliisse erhohter Temperatur und relativer Luftfeuchte der Poren auf die Festigkeit und
Steifigkeit von Beton sowie mathematische Gleichungen zur Berechnung von Kriechen
und Schwinden bei erhohten Temperaturen und unterschiedlichen Umgebungsfeuchtig-
keiten. Die Entwicklung dieser Komponenten generierte Fachwissen, das in den im Fol-
genden aufgefiihrten Erkenntnissen zusammengefasst werden kann.

Erkenntnisse im Zuge der Entwicklung des Modells des Feuchtetransports

* Die Messungen zeigten, dass der Trocknungsprozess von Beton durch den Ein-
fluss der Temperatur beschleunigt wird und mit abnehmender Porositit langsamer
voranschreitet. Die Unterschiede in den Feuchtetransporteigenschaften zwischen
Betonen mit niedriger Porositdt und Betonen mit hoher Porositit waren ausge-
pragter bei einer Temperatur von 20 °C im Vergleich zu den gleichen Betonen,
die bei erhohten Temperaturen getestet wurden. Diese Tatsache konnte durch die
Entwicklung des Modells des Feuchtetransports besser verstanden werden. Bei
erhohten Temperaturen wird die Diffusivitit des Betons durch die Wirkung der
Aktivierungsenergie der Diffusion verbessert. Nach den experimentellen Unter-
suchungen und den fiir das Modell getroffenen Annahmen ist diese Energie um
so hoher, je geringer die Porositit der Betonmikrostruktur ist. Deshalb erreichten
die Betone, die bei erhohten Temperaturen getestet wurden, unabhéngig von den
Porosititen ihrer Mikrostrukturen dhnliche Diffusivitéten.
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* Der Diffusionskoeffizient von Beton ist weder konstant noch lediglich vom Feuch-
tegehalt des Betons abhingig, wie es in der Literatur in der Regel angenommen
wird. Die Messungen der relativen Feuchte in den Betonporen zeigten, dass die
Dauer der Einstellung des Feuchtegleichgewichts mit der Umgebung unabhingig
von der Umgebungsfeuchte ist. Unter Verwendung eines konstanten Diffusions-
koeffizienten kann dieses Verhalten durch ein auf Diffusion basiertes Modell abge-
bildet werden. Allerdings kann dieses Verhalten nicht reproduziert werden, wenn
ein von der relativen Feuchte abhingiger Diffusionskoeffizient verwendet wird.
Weiterhin zeigten die Messungen und die weitere Berechnung mit dem Wasser-
transportmodell, dass die zeitliche Entwicklung der relativen Feuchte in den Beton-
poren wihrend des Trocknens stark nichtlinear ist. Vor diesem Hintergrund ist die
Verwendung konstanter Diffusionskoeffizienten ausgeschlossen. Um den Feuchte-
transport in Beton genauer zu modellieren, war es notwendig, die Abhingigkeit
von der relativen Feuchte der Poren, der relativen Feuchte der Umgebung und von
den Gradienten der relativen Feuchte im Beton in die Formulierung des Diffusi-
onskoeffizienten zu implementieren.

* Die Erhohung der relativen Feuchte in den Betonporen infolge eines Temperatur-
anstiegs wurde im Rahmen der Messungen bestitigt, wie es auch nach der Defini-
tion des hygrothermischen Koeffizienten von Beton zu erwarten war. Die in der
vorliegenden Arbeit fiir den hygrothermischen Koeffizienten von Beton vorge-
schlagene Formulierung beruht auf den eigenen durchgefiihrten Messungen. Laut
der Formulierung ist der Koeffizient um so geringer, je hoher die Porositét des
Betons ist. Zusitzlich ist dieser von der relativen Feuchte der Betonporen abhidngig
und erreicht Maximalwerte im Bereich zwischen 80 % r. F. und 90 % r. F.

Erkenntnisse im Zuge der Entwicklung der Formulierungen zur
Berechnung der Festigkeit und Steifigkeit des Betons

* Die Entwicklung des experimentellen Programms erfolgte unter der Annahme,
dass der Einfluss der Umgebung auf die mechanischen Betoneigenschaften mit
Hilfe der Uberlagerung der Auswirkungen von Temperatur und Feuchtegehalt er-
kliart werden kann. Unter dieser Annahme konnen keine zusitzlichen Effekte, die
aus der Wechselwirkung zwischen Temperatur und Feuchtigkeit resultieren, be-
riicksichtigt werden. Die Messergebnisse deuten jedoch darauf hin, dass diese An-
nahme nicht fiir Betone mit hohem Feuchtegehalt gilt. Ein dritter Effekt, ndm-
lich die sogenannten hydrothermalen Reaktionen, ergibt sich aus der Kombination
von hoher Temperatur und hohem Feuchtegehalt in der Mikrostruktur eines mit si-
likatischer Gesteinskornung hergestellten Betons. Aus der Literaturrecherche war
im Voraus bekannt, dass die Entwicklung von hydrothermalen Reaktionen mogli-
cherweise eine Rolle spielen. Allerdings wird in den Literaturquellen darauf hin-
wiesen, dass die Einfliisse dieser Reaktionen auf die Festigkeit und Steifigkeit des
Betons nur sekundér sind. Die experimentellen Ergebnisse zeigten jedoch, dass die
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Betonproben, die mit hohem Feuchtegehalt in der Mikrostruktur erhthten Tempe-
raturen unterworfen waren, hohere Zug- und Druckfestigkeit aufwiesen. Jedoch
war die Wirkung der hydrothermalen Reaktionen auf den Elastizitdtsmodul der
Betonproben weniger signifikant.

Sowohl Druck- als auch Zugfestigkeit nehmen mit abnehmendem Feuchtegehalt
in der Betonmikrostruktur zu. Anhand der Ergebnisse der durchgefiihrten Experi-
mente von Betonen unterschiedlicher Porosititen wurde festgestellt, dass der Ein-
fluss der Trocknung auf die Druck- und Zugfestigkeit des Betons von der Porositit
der Betone unabhéngig ist.

Die Trocknung hat einen negativen Einfluss auf den Elastizitdtsmodul von Beton.
Die experimentellen Ergebnisse zeigten, dass die Proben, die bei einer Umge-
bung mit 20 °C und 100 % r. F. gelagert wurden, den hochsten Elastizitdtsmodul
aufwiesen. Nach einer geringen Anderung der relativen Feuchte der Betonporen
wurde eine abrupte Abnahme der Steifigkeit gemessen. Mit weiterer Trocknung
nahm die Steifigkeit teilweise wieder zu.

Die Experimente zeigten, dass nach der Erhohung der Temperatur ein soforti-
ger negativer Effekt hinsichtlich der Festigkeit und Steifigkeit des Materials zu
verzeichnen ist. Eine zeitabhiingige Erholung dieser mechanischen Eigenschaften
ist immer mit einem Feuchtigkeitsverlust, weiterer Hydratation oder der Entwick-
lung hydrothermaler Reaktionen verbunden. Diese Prozesse werden jedoch durch
die Wirkung erhohter Temperaturen verbessert.

Das entwickelte Materialmodell ist in der Lage, den Einfluss von erhohten Tempe-
raturen und Feuchtegehalt auf die Festigkeit und Steifigkeit von Beton im Bereich
von 20 bis 100 °C fiir Feuchtigkeiten zwischen 30 und 100 % r. F. zutreffend
vorherzusagen.

Basierend auf den experimentellen Untesuchungen und unter Beriicksichtigung
der Formulierungen des Materialmodells konnen folgende Schlussfolgerungen ge-
zogen werden:

Die Druckfestigkeit kann bei Betonen mit geringem Feuchtegehalt (d. h. ca. 50 %
r. F.) im Vergleich zu feuchten Betonen mit Feuchtigkeit nahe 100 % r. F. bis zu
32 % zunehmen. Im Fall der Zugfestigkeit betrigt diese Zunahme ungefihr 40 %.

Erhohte Temperaturen haben einen negativen Einfluss auf die Festigkeit und Stei-
figkeit des Betons. Im Bereich von 20 bis 100 °C nehmen mit steigender Tempe-
ratur im Durchschnitt die Druckfestigkeit und die Zugfestigkeit um 5 % alle 10 K
ab. Im Fall des Elastizitdtsmoduls betrigt diese Abnahme ca. 3 % alle 10 K.
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Erkenntnisse im Zuge der Entwicklung der Formulierungen zur
Berechnung des Kriechens und Schwindens von Beton

* Der Feuchtegehalt iibt einen starken Einfluss auf die Kriech- und Schwinddehnun-
gen aus. Die durchgefiihrten Experimente zeigten eine deutliche Abhéngigkeit der
Entwicklung von Kriechen und Schwinden mit dem anfidnglichen Feuchtegehalt
der Betonproben. Die zuvor bei niedrigeren relativen Feuchten konditionierten
Proben zeigten, aufgrund des geringeren Feuchtegehaltes in ihrer Mikrostruktur,
geringe Schwind- und Kriechverformungen.

* Die experimentellen Ergebnisse zeigten, dass unabhingig von Anfangsfeuchtege-
halt und Temperatur der Betonproben die Anderungsrate der mittleren relativen
Feuchte in eindeutiger Weise Grofle und Verlauf des Trocknungsschwindens ska-
liert. Nach den entwickelten Formulierungen folgen das Trocknungsschwinden
und die Verdnderung der mittleren relativen Feuchte der gleichen Kinetik. Da die
GroBe des Grundkriechens durch den Feuchtegehalt des Betons beinflusst wird,
ergibt sich aus den Modellformulierungen, dass auch das Trocknungskriechen der
gleichen Kinetik wie die Anderung der mittleren relativen Feuchte unterliegt.

* Die Ergebnisse der Kriechversuche zeigten, dass die gesamte Kriechverformung
mit steigender Temperatur zunimmt. Die Kalibrierung der Formulierungen fiir
Kriechen erlaubte die Identifikation unterschiedlicher Effekte der Temperatur auf
die Entwicklung von Grund- und Trocknungskriechen. Gemil3 den Formulie-
rungen nimmt die Komponente des Grundkriechens mit steigender Temperatur
zu und die Komponente des Trocknungskriechens erreicht, trotz hoherer Prozess-
geschwindigkeit, niedrigere Endwerte bei erhohten Temperaturen als bei einer
Temperatur von 20 °C.

* Das entwickelte Materialmodell ist in der Lage, die zeitabhidngigen Verformungen
von Beton unter Beriicksichtigung der Konditionierung vor und nach der Belastung
fiir Temperaturen im Bereich von 20 bis 100 °C zu berechnen. Zu diesem Zweck
war es zwingend erforderlich, im Materialmodell die Unterscheidung zwischen
den Grund- und Trocknungskomponenten des Schwindens und des Kriechens zu
beriicksichtigen.

* Basierend auf der Auswertung der Ergebnisse der durchgefiihrten Experimente
sowie der Ergebnisse des Materialmodells konnen folgende Schlussfolgerungen
gezogen werden:

Die Grundkriechverformungen sind bei 30 °C im Durchschnitt doppelt so hoch
wie bei 20 °C. Das Grundkriechen ist bei einer Temperatur von 70 °C dreimal
hoher als bei einer Temperatur von 20 °C.
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Obwohl die Endwerte der Trocknungskriech- und Trocknungsschwindverformun-
gen stark vom Anfangsfeuchtegehalt des Betons abhidngen, nehmen sie im Durch-
schnitt mit einer Temperaturerhdung von 10 K um 5 % ab.

8.2 Offene Fragen

Um das Ziel dieser Arbeit zu erreichen, musste iiber einen sehr langen Zeitraum - der
diffusive Feuchtetransport im Betongefiige verlduft sehr langsam - ein erheblicher ex-
perimenteller und letztlich auch theoretischer Aufwand betrieben werden. Daher wur-
den einige wichtige Fragen absichtlich auerhalb des Untersuchungsrahmens gelassen.
Dariiber hinaus konnten nicht alle Fragen, die wéihrend der Untersuchung auftauchten,
vollstindig geklart werden. Diese Aspekte werden schliellich beim Materialmodell
durch die Begrenzung der Anwendbarkeit bzw. der Giiltigkeit des Modells reflektiert.
Die Kldrung der nachfolgend aufgefiihrten Sachverhalte bleibt daher zukiinftigen For-
schungsarbeiten vorbehalten.

Alle Betonproben wurden unter Verwendung von silikatischen Gesteinskornungen her-
gestellt. Der Einfluss anderer Arten von Zuschlagstoffen kann nicht durch das entwi-
ckelte Modell beschrieben werden. Fiir Gesteinskornungen mit erheblich geringeren
thermischen Ausdehnungskoeffizienten wie beispielsweise Kalkstein sind die entwickel-
ten Formulierungen zur Bestimung der Temperaturinderungen mit Anderungen der Fes-
tigkeit und Steifigkeit des Betons moglicherweise nicht giiltig. Mit Hilfe von zusétz-
lichen experimentellen Untersuchungen kann das entwickelte Modell jedoch leicht an-
gepasst werden.

Wihrend der gesamten Untersuchung wurde angenommen, dass das Trocknen der ein-
zige Prozess ist, der die Kinetik des mechanischen Verhaltens der Proben, die den er-
hohten Temperaturen unterworfen wurden, steuert. Es wurde jedoch festgestellt, dass
hydrothermale Reaktionen bei Proben mit erhohter Temperatur und hoher Feuchtigkeit
eine Rolle spielen. In den Experimenten wurden weder der Einfluss der hydrother-
malen Reaktionen auf die Druck- und Zugfestigkeit des Betons noch ihre zeitliche Ent-
wicklung bestimmt. Aus diesen Griinden beriicksichtigt das Materialmodell nicht die
Wirkung hydrothermaler Reaktionen, wodurch das Modell den Einfluss erhohter Tem-
peraturen fiir Betone mit einer zu hohen Menge an Feuchtigkeit in ihrer Mikrostruktur
tiberschitzt. Allerdings ist das entwickelte Materialmodell grundsitzlich dafiir geeignet,
den beschriebenen Effekt zu integrieren, wenn er zuvor experimentell eindeutig quanti-
fiziert worden ist. Dies hitte den Rahmen der vorliegenden Arbeit jedoch gesprengt.
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Basierend auf den Messungen wurde eine Formulierung zur Berechnung des Einflusses
einer Temperaturidnderung auf die relative Feuchte der Betonporen abgeleitet. Die fiir
den sogenannten hygrothermischen Koeffizienten von Beton vorgeschlagene mathema-
tische Formel beschreibt, dass die relative Feuchte der Poren mit steigender Temperatur
zunimmt und mit sinkender Temperatur abnimmt. Die Formel beinhaltet jedoch nicht
die zeitliche Entwicklung dieser Prozesse. Diese werden als sofortig angenommen, was
fiir die Anwendbarkeit des Materialmodells Konsequenzen hat. Das Modell kann weder
die Zeitentwicklung der Betonfestigkeit sowie der Steifigkeit noch das Kriechen und
Schwinden berechnen, wenn einen Abfall der Temperatur stattfindet, sehr wohl aber die
jeweiligen Endwerte. Grund hierfiir ist der mehrere Tage andauernde Prozess der Re-
duktion der relativen Feuchte in den Betonporen. Fiir den Fall, dass die Temperatur zu-
nimmt, ist die Annahme eines momentanen Inkrementes der relativen Feuchte weniger
ungenau. Dieser Vorgang dauert nur wenige Stunden, sodass die Berechnung der Fes-
tigkeit und Steifigkeit nicht beeinflusst wird. Allerdings wird dadurch die Genauigkeit
des Kriechmodells verringert, da die damit verbundenen Auswirkungen auf die Kriech-
verformung wihrend der ersten Stunden nach der Belastung nicht richtig beriicksichtigt
werden konnen.

In den Kriechversuchen, die bei erhohten Temperaturen durchgefiihrt wurden, erfolgte
die Belastung der Proben nach Erreichen der Versuchstemperatur. Obwohl das Mate-
rialmodell in der Lage ist, den Einfluss der Erwdrmung wihrend der Belastung auf die
Kriechverformungen zu berechnen, wurden solche Fille nicht untersucht. Hierzu lagen
keine eigene Experimente zur Verifizierung der Prognosen des Modells vor. Ein erster
orientierender Vergleich mit ensprechenden Ergebnissen aus der Literatur belegte, dass
das Modell auch den Effekt des transienten Kriechens zutreffend wiedergibt.

Der Prozess der Befeuchtung von Beton wurde nur theoretisch angegangen. Um die
fiir den Diffusionskoeffizienten vorgeschlagene Definition im Falle der Befeuchtung
zu verifizieren, miissen entsprechende (experimentelle) Messungen durchgefiihrt wer-
den. Mit einem zur Berechnung der Auswirkungen der Befeuchtung kalibrierten Wasser-
transportmodell konnte der Einfluss von zyklischen relativen Luftfeuchten auf die Fes-
tigkeit und Steifigkeit von Beton mit dem entwickelten Materialmodell beschrieben wer-
den. Bei den zeitabhiingigen Verformungen von Beton muss jedoch der Einfluss des
variablen Feuchtegehalts auf das Kriechen niher untersucht werden.
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Appendix A

Development of testing technology

For the conditioning and further testing of the concrete samples at elevated temperatures
designing adequate testing technology was required. This appendix describes the equip-
ment developed to accomplish the laboratory investigations. It includes a description of
the chambers for conditioning of the samples, the devices used to measure the relative
humidity of the concrete pores, and the climate chambers employed for the experiments
of creep at elevated temperatures.

A.1 Chambers for conditioning of the samples

The conditioning of the concrete samples at 20 °C was achieved by storing them in four
boxes in a climate room at 65 % RH (see Fig. [AT)).

Figure A.1: Boxes for storing of the concrete samples at ambient temperature
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Two of the boxes were sealed using plexiglass boards on the front and equipped with 6
plastic trays in the bottom. Saturated salt solutions were poured in the trays in order to
adjust the relative humidity of the boxes. The selection of the salts and production of the
solutions were carried out in accordance with DIN EN ISO 12571 [N11]. An uniform
air circulation was ensured by placing radial and axial air blowers in the boxes.

At elevated temperatures the samples were conditioned using the climate chambers

shown in Fig.

Figure A.2: Climate chambers for storing the concrete samples at elevated temperatures

These chambers allowed to increase the temperature at a constant rate and maintain both
temperature and relative humidity of the environment according to the desired conditions
described in Chapter The chambers are able to maintain the temperature in time
with an accuracy of £0.1 °C and the relative humidity remains around £0.5 % from the
adjusted value.

A.2 System to measure the relative humidity
of the concrete pores

The relative humidity and temperature of the concrete pores were measured by means of
miniaturized temperature and humidity sensors (see Fig/A.3). These sensors, having a
diameter of 4 mm, were introduced in concrete samples previously prepared with holes
with a diameter of 4.1 mm.
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Figure A.3: Sensors placed in the concrete samples to measure the relative humidity and temperature of
the concrete pores. Schematic illustration (left) and photo from two samples equipped with
sensors connected to the data logger (right)

The measurements were conducted after sealing the top and bottom faces of the samples.
The sensors were placed in the samples at the beginning of the conditioning and were left
inside during the whole process of conditioning. Several samples were equipped with
these sensor in order to measure the different conditioning and testing scenarios. For
relative humidities in the range between 5 and 95 %, the sensors guarantee an accuracy of
+2%, while for relative humidties close to 0 or 100 %, the accuracy drops to around 5 %.

The accuracy of the temperature measures, in the range relevant for the investigation (i.e.
from 20 to 80 °C), is 0.5 °C.

A.3 Experimental equipment to measure concrete
creep at elevated temperatures

For the experiments of creep at elevated temperatures creep climate chambers were de-
veloped. In Fig. [A:4] the main components of the chambers are depicted.
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Compression die

Rubber bellow
Cylinder socket
Door seal

Rubber bellow

Upper load guide element
Double wall of steel

Creep sample 1

Shrinkage samples

Middle load guide element
Shinkage samples shelf

Creep sample 2

Lower load guide element

Brine container

Seal
Pressure-resistant heat insulation slab

Base slabs

Figure A.4: Chamber to measure concrete creep at elevated temperatures up to 100 °C (door, air blowers
and strain measuring devices not included in the figure)

The creep climate chamber consists of a double wall cylinder made out of stainless
steel sheets. The temperature in the chambers was controlled by means of electrical
heating sleeves placed between the steel sheets. The heating sleeves have an output of
2600 W and can produce a maximum constant temperature of 100 °C in the climatic
chamber. The load guide elements direct the load into the samples. In addition, these
elements ensure that the temperature of the samples does not vary over the height. Due
to the crossed openings, air could circulate and thus the load guide elements were uni-
formly heated. The control of the relative humidity in the chamber was carried out over
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saturated salt solutions in the brine container. The deformation of the samples was mea-
sured with inductive displacement transducers shown on the right picture of Fig.[A3]

Figure A.5: Preparation of the samples shortly before conducting creep tests at elevated temperatures.
Creep climate chambers integrated to the testing machines (left) and detailed view of the
samples equipped with inductive displacement transducers (right)

The mechanical pressure force was generated by a creep testing machine with a ma-
ximum force of 1000 kN. The climatic chambers were integrated to the creep testing
machines as shown by the left picture in Fig. [A.5]

A.4 Calculation of the heating rates

In order to prove the functionality of the climate chamber, preliminary tests were carried
out. The objective of these tests was to evaluate the development of the temperature
and the relative humidity within the chambers during an increment of the temperature.
Two chambers were tested at the same time having the same salt solution to control the
relative humidity. The air in one of the chamber was left to circulate naturally and the
other chamber was equipped with air blowers to force air circulation. In both cases the
heating sleeves were set to increase the temperature from 20 to 70 °C with a heating
rate of 5 K/h. Each climate chamber was instrumented with five sensors to measure the
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relative humidity and the temperature of the air. The sensors were located in similar
positions in the chambers as shown in Fig. [A.6]

S A -

O (¥

Figure A.6: Locations of the sensors to measure the development of temperature and relative humidity
within the creep chambers. Testing the behaviour of chambers without air blowers (left) and
with air blowers (right)

The results of the measurements are presented in Figs.[A7]and [A.8] Without the use of
air blowers the internal air of the chamber did not reach the desired temperature of 70 °C
and variations of around £2 °C in the temperature were measured. With the help of air
blowers, the chamber reached the desired temperature and a much better homogeneity
in the temperature distribution was achieved (see Fig. [A77).
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Figure A.7: Measurements of temperature evolution during heating. Comparison between chamber with-
out air blowers (left) and with air blowers (right)

During the heating phase the relative humidity drops down because it takes time for the
salt solution to react. This was seen in both cases during the test. However, the use of air
blower helped to abate the fall of the relative humidity during the increase of temperature
and helped as well to reach a mean relative humidity closer to the desired value of 65 %

(see Fig.[A8).

Creep chamber without air blowers Creep chamber with air blowers
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Figure A.8: Measurements of relative humidity evolution during heating. Comparison between chamber
without air blowers (left) and with air blowers (right)
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Appendix B

Experimental measurements

B.1 Relative humidity and water content
in the concrete pores

This section contains the results of the measurements of relative humidity in the concrete
pores. The diagrams present the measurements of the development in time of the relative
humidity according to the concrete mixture, relative humidity of the surroundings and
temperature by drying. In order to calculate the mean values of relative humidity in
the samples, the following exponential relation to approximate the humidity profile in
function of the radius was used:

h:a+(hm—a)-<£)b (B.1)
R

were a and b are parameters used to calibrate the function, A is the relative humidity
of the surrounding air, 7 is the position in the sample and R is the radius of the sample.
In every point in time, the function [B.1] was calibrated using up to four values from the
measurements of the sensors at their respective positions and one value corresponding
to the relative humidity of the surrounding air at the sample surface. Once the profile
of relative humidity distribution from the middle axis to the surface of the sample is
approximated, given that the samples have cylindrical geometries, the mean relative
humidity of the concrete sample at a given point in time can be calculated by integrating
the profile over the sample area and dividing it by the total area as follows.

r=

R
/h'27'cr-dr
/h.dA 0

he —a
hmean = a1 = n.Rz ~a+2- )

(B.2)
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For the samples used to determine the tensile strength, the presence of the notch can be
taken into account by reducing the sample radius to R —¢. The mean relative humidity

of the samples type 2 is then calculated as

r=R—t
5. dA h-2mr-dr
hmean = = =0 5 Ra+2- he —a . (R _bt)b
A - (R—1) b+2 R

where ¢ is the notch depth.
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Figure B.1: Measurements of relative humidity in the concrete MLC, MRC, and MHC during drying at
20 °C /85 % RH (left) and 20 °C / 65 % RH (right)
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Figure B.2: Measurements of relative humidity in the concrete MLC, MRC, and MHC during drying at
60 °C /75 % RH (left) and 60 °C / 65 % RH (right)
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Figure B.3: Measurements of relative humidity in the concrete MRC during drying at 80 °C / 75 % RH
(left) and 80 °C / 65 % RH (right)

During the measurements of relative humidity conducted at elevated temperatures some
of the humidity sensors failed and therefore in some of the diagrams presented in
Figs. and [B.3] the measured results from only three sensors are given. In these
cases the calculation of the mean values followed the same procedure describe in Sec-
tion [B1] with the difference that only four values (three measured by the sensors and
one corresponding to the relative humidity of the surrounding) were used to calculate
the parameters a and b from Eq. BT}
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Figure B.4: Time development of water stored in concretes MLC, MRC and MHC in relation to the water
stored before the beginning of drying at 20 °C and different ambient relative humidities
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Figure B.5: Time development of water stored in the concretes MLC, MRC and MHC in relation to the
water stored before the beginning of drying at 20, 60 and 80 °C and different ambient relative
humidities
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B.2 Mercury intrusion and gas permeability
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Figure B.6: Pore size distribution of concretes MLC (top) and MHC (bottom) dried at 20 °C / 85 % RH
and then subject to 60 °C
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Figure B.7: Permeability coefficients of concretes MLC and MHC previously stored at 20 °C / 85 % RH
and then subject to 60 °C in relation to the permeability coefficients measured at reference

conditions
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Figure B.8: Pore size distribution of concrete MRC dried at 20 °C / 65 % RH and then subject to

80 °C /65 % RH and dried at 20 °C / 85 % RH and then subject to 80 °C /75 % RH
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Figure B.9: Permeability coefficients of concrete MRC subject 80 °C and different humidity conditions in
relation to the permeability coefficient measured at reference conditions

B.3 Concrete strength and stiffness
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Figure B.10: Relative compressive strength of the concrete mixtures MLC and MHC heated at different
moisture contents
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Figure B.11:

Figure B.12:
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B.4 Concrete creep and shrinkage

This section contains the results of the conducted experiments of creep and shrinkage.

The main features of the experiments are summarized in the following table.

184

Table B.1: Load applied on the creep samples

Conditioning Conditioning . Elastic
o . ) Applied load .
at 20 °C during loading deformation
Concrete
Mixture RH RH [ Temperature oc €ql
[%] [%] [°C] [N/mm?] [um/m]
20 19.2 528
65 65 40 18.6 455
70 15.2 399
20 19.2 507
MRC
85 65 40 19.9 502
70 17.2 467
20 19.1 503
95 65
70 17.2 517
20 26.4 670
65 65
70 19.3 520
MLC
20 26.4 673
85 65
70 19.3 515
20 18.0 519
65 65
70 13.2 417
MHC
20 18.0 509
85 65
70 13.2 413
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B.4.1 Measurements of relative humidity during the creep
tests conducted at reference temperature
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Figure B.13: Pore relative humidity of the concrete MRC during the creep test conducted at 20 °C and
65 % RH for the preconditions 20 °C / 65 % RH (left) and 20 °C / 85 % RH (right)
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Figure B.14: Pore relative humidity of the concrete MRC during the creep test conducted at 20 °C and
65 % RH for the precondition 20 °C /95 % RH
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Figure B.15: Pore relative humidity of the concretes MLC (left) and MHC (right) during the creep test
conducted at 20 °C and 65 % RH for the precondition 20 °C / 85 % RH

B.4.2 Measurements of relative humidity during the creep
tests conducted at elevated temperatures
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Figure B.16: Pore relative humidity of the concrete MRC during the creep test conducted at 40 °C and
65 % RH for the preconditions 20 °C / 65 % RH (left) and 20 °C / 85 % RH (right)
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MLC preconditioned at 20 °C / 65 % RH MLC preconditioned at 20 °C / 85 % RH
100 T s 100 <
95 > h o5 |
oot N 90 F B
< r=0mm) ) =
%85- r =10 mm) 85---—81§r=0mm))
= r=20mm)l NN N | el T S2 (r=10 mm
§80- r = 30 mm) 80 |---- s3(r=20mm)
-------------- S4 (r =30 mm)
g 75 room 75| ___ h’oom
S 70} = 70 H N
@ N T ‘
L~ = L T LY fhoby
65 e 65 - I '\,..-,;'\_.}'u"‘:“»L,}w
60 60
0.1 1 10 60 0.1 1 10 60
Duration of drying during loading, t-t_ [d] Duration of drying during loading, t-t_ [d]

Figure B.17: Pore relative humidity of the concrete MLC during the creep test conducted at 70 °C and
65 % RH for the preconditions 20 °C / 65 % RH (left) and 20 °C / 85 % RH (right)

MRC preconditioned at 20 °C / 65 % RH MRC preconditioned at 20 °C / 85 % RH
100

100 --- S1(r=0mm) - S4 (r = 30 mm) --- S1(r=0mm) - S4 (r =30 mm)

o5 S2 (r=10 mm) --=-- R oom | o5l [T S2(r=10mm) ====h_
= | S3(r=20mm) ——h__ USEE S3(r=20mm) ——h__
'él Bl — T = e
e e A T el TN
2 85 e s S S
=2 1 ™ N s A
£ 80 - N ~ 1

N\ .

g7 N
5 70 i :
n: \“‘ h R

651 .

60 AR T AN

0.1 1 10 1 10 60
Duration of drying during loading, t-t_ [d] Duration of drying during loading, t-t_ [d]

Figure B.18: Pore relative humidity of the concrete MRC during the creep test conducted at 70 °C and
65 % RH for the preconditions 20 °C / 65 % RH (left) and 20 °C / 85 % RH (right)
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Figure B.19: Pore relative humidity of the concrete MRC during the creep test conducted at 70 °C and
65 % RH for the precondition 20 °C / 95 % RH
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Figure B.20: Pore relative humidity of the concrete MHC during the creep test conducted at 70 °C and
65 % RH for the preconditions 20 °C / 65 % RH (left) and 20 °C / 85 % RH (right)
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B.4.3 Total deformations of the samples tested
at reference temperature
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Figure B.21: Time development of the total deformation of concrete MLC tested at 20 °C / 65 % RH
according to the conditioning prior to test: 20 °C / 65 % RH (top) and 85 % RH (bottom)
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Figure B.22: Time development of the total deformation of concrete MRC tested at 20 °C / 65 % RH
according to the conditioning prior to test: 20 °C / 65 % RH (top), 85 % RH (middle), and
95 % RH (bottom)
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Figure B.23: Time development of the total deformation of concrete MHC tested at 20 °C / 65 % RH
according to the conditioning prior to test: 20 °C / 65 % RH (top) and 85 % RH (bottom)
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B.4.4 Total deformations of the samples tested
at elevated temperatures
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Figure B.24: Time development of the total deformation of concrete MRC tested at 40 °C / 65 % RH
according to the conditioning prior to test: 20 °C / 65 % RH (top) and 85 % RH (bottom)
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Figure B.25: Time development of the total deformation of concrete MLC tested at 70 °C / 65 % RH
according to the conditioning prior to test: 20 °C / 65 % RH (top) and 85 % RH (bottom)
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Figure B.26: Time development of the total deformation of concrete MRC tested at 70 °C / 65 % RH
according to the conditioning prior to test: 20 °C / 65 % RH (top), 85 % RH (middle), and
95 % RH (bottom)
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Figure B.27: Time development of the total deformation of concrete MHC tested at 70 °C / 65 % RH
according to the conditioning prior to test: 20 °C / 65 % RH (top) and 85 % RH (bottom)

195



Appendix E [Experimental measurements|

B.4.5 Shrinkage deformations of the samples tested

at reference temperature
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Figure B.28: Time development of the shrinkage deformation of the concretes MLC (top), MRC (middle)
and MHC (bottom) tested at 20 °C / 65 % RH according to the conditioning prior to test
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B.4.6 Shrinkage deformations of the samples tested
at elevated temperatures
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Figure B.29: Time development of the shrinkage deformation of the concretes MLC (top), MRC (middle)
and MHC (bottom) tested at 70 °C / 65 % RH according to the conditioning prior to test
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Figure B.30: Time development of the shrinkage deformation of the concrete MRC tested at
40 °C/ 65 % RH according to the conditioning prior to test
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B.4.7 Specific creep of the concrete samples from tests
conducted at reference temperature
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Figure B.31: Time development of the specific creep of the concretes MLC (top), MRC (middle) and
MHC (bottom) tested at 20 °C / 65 % RH according to the conditioning prior to test
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B.4.8 Specific creep of the concrete samples from tests
conducted at elevated temperatures
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Figure B.32: Time development of the specific creep of the concretes MLC (top), MRC (middle) and
MHC (bottom) tested at 70 °C / 65 % RH according to the conditioning prior to test
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Figure B.33: Time development of the specific creep of the concrete MRC tested at 40 °C / 65 % RH
according to the conditioning prior to test
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Appendix C

Additional calculations with the developed
basic equations

C.1  Concrete strength and stiffness

The following diagrams are graphical representations of the equations to calculate the
influence of thermal incompatibilities and drying on the compressive strength, tensile
strength and modulus of elasticity of concrete according to the formulations presented
in Chapter5.1]
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Figure C.1: Influence of drying and temperature on the compressive strength of concrete according to the
proposed formulations
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Figure C.2: Influence of drying and temperature on the tensile strength of concrete according to the pro
posed formulations
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Figure C.3: Influence of drying and temperature on the modulus of elasticity of concrete according to the
proposed formulations
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C.2 Concrete shrinkage
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Figure C.4: Shrinkage deformation and mean relative humidity of the samples from the concrete MRC
previously conditioned at 20 °C and 65 %, 85 % and 95 % RH during the creep tests conducted
at 20 °C and 65 % RH
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Concrete MLC preconditioned at 20 °C / 85 % RH
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Figure C.5: Shrinkage deformation and mean relative humidity of the samples from the concrete MLC
and MHC previously conditioned at 20 °C and 85 % RH during the creep tests conducted at
20 °C and 65 % RH
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C.3 Concrete creep

50 I T

45 Precondition

40 RH/20°C measured calculated
65 %

35 85 %

cc’

Specific creep, € /o, [um/(mMPa)]

Duration of loading, t - t, [d]

Figure C.8: Specific creep calculated with the mean relative humidity measured in the concrete pores in
comparison with the measured values for the concretes MRC during the creep tests conducted
at 40 °C and 65 % RH
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Appendix D

Additional calculations with the new
overall material model

D.1 Moisture transport at constant conditions
of temperature and humidity

The following diagrams present comparison between the time-development of the mean
relative humidity in the concrete pores calculated with the moisture transport model and
according to the measurements for the concrete MRC drying at 20, 60, and 80 °C.

100
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>
<
o 80
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L 75
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Duration of drying, t [d]

Figure D.1: Comparisons between the measured values of concrete MRC drying at 20 °C and 85 % as
well as 65 % RH and the calculated values using the model of moisture transport
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Concrete MRC drying at 60 °C Concrete MRC drying at 80 °C
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Figure D.2: Comparisons between the calculated values using the model of moisture transport and the
measured values of mean relative humidity from the concrete MRC drying at 60 °C (left) and
80 °C (right) at relative humidities of 75 and 65 %
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D.2 Concrete strength and stiffness
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Figure D.3: Comparison between calculations with the material model and measurements of compress-
ive strength (top), tensile strength (middle) and modulus of elasticity (bottom) for the con-
crete MRC after drying during 100 d at 20 °C / 65 % RH and then heated during 100 d at
60 °C/65% RH
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Figure D.4: Comparison between calculations with the material model and measurements of compress-
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Figure D.5: Comparison between calculations with the material model and measurements of compress-
ive strength (top), tensile strength (middle) and modulus of elasticity (bottom) for the con-
crete MRC after drying during 200 d at 20 °C / 85 % RH and then heated during 100 d at
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Figure D.6: Comparison between calculations with the material model and measurements of compress-
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Figure D.7: Comparison between calculations with the material model and measurements of compress-
ive strength (top), tensile strength (middle) and modulus of elasticity (bottom) for the con-
crete MRC after drying during 200 d at 20 °C / 95 % RH and then heated during 100 d at
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D.3 Concrete shrinkage
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Figure D.8: Comparison between calculations with the material model and measurements of concrete
shrinkage for the concretes MLC (top), MRC (middle) MHC (bottom) drying at 20 °C and
65 % RH
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Figure D.9: Comparison between calculations with the material model and measurements of concrete
shrinkage for the concretes MLC (top), MRC (middle) MHC (bottom) drying at 70 °C and
65 % RH
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Figure D.10: Comparison between calculations with the material model and measurements of concrete
shrinkage for the concretes MRC drying at 40 °C and 65 % RH
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D.4 Concrete creep
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Figure D.11: Specific creep calculated with the material model in comparison with the measured values for
the concretes MLC (top), MRC (middle) and MHC (bottom) during the creep tests conducted
at 20 °C and 65 % RH
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Figure D.12: Specific creep calculated with the material model in comparison with the measured values for
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Figure D.13: Specific creep calculated with the material model in comparison with the measured values
for the concretes MRC during the creep tests conducted at 40 °C and 65 % RH
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Appendix E

Equations of the developed material model

This appendix contains the equations required for the implementation of the material
model. The equations are grouped according to the components of the model: moisture
transport, strength and stiffness, drying shrinkage and creep.

E.1 Model of moisture transport

Fick’s second law of diffusion

Jdh(r,t) 1 d dh(rr)
o o <D<h’T)'r' ar

Dependencies of the diffusion coefficient on the relative humidity, the temperature and
the w/c-ratio of the concrete mixture

dh
D(h,T) =D, ~f(h,hw,h0,d—) -g(T)
r
19.8
1+ (1.83- (1 —w/c)®
In case of drying:

D, =22+

dh 1
f(h,heo,—) =
(r, dr) - 1—h "
1 — he(heo,dh/dr)
1.
n==6.1-— 8

1+(2.3-(1—w/c))’
@

he(he,dh/dr) = 0.
( /dr) =0.5+ o

0.5
. ro)

0.5
7 05
142 (1 —he)? 0 (
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In case of wetting:

dh 1
£(h, oo, g, —) = 5
(h oy o, ) Ly (ke th—ho
1 — he(ho,dh/dr)
1.8
n==6.1

1+ (23-(1-w/e))
dh

he(ho,dh/dr) = 0.5+ =

0.5
. ro)

0.5
- 05
1+2-(1—hp)? (

o T+273 0 1 1
81 =55 ||z ) \ 203 " 77273

Qo
Rp

=9000- |0.2+

0.8
1+(2.1-w/c)'?
Hygrothermic coefficient of concrete

_dfT_a'(lfh)’”exp[c'(l*h)]

K(h)

Parameters to calculate the hygrothermic coefficient according to the w/c-ratio of the
concrete mixture

a=400-(w/c)'**+0.15
b=12-(w/c)® +1.15
c=-900-(w/c)'"' =7.0

The relative humidity of the concrete pores due to a change in temperature is calculated
as follows:

hr — ht,o = K(h1p) - (T — Tref)

E.2 Model of strength and stiffness

Compressive strength

fe(h,T) = felheet, Tre) - (14+ Dy, +Sy.)
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Effect of drying
Dy, = —0.32- (hz,)* +0.32
Effect of thermal incompatibilities

T-20\° T —20
Sfc—0.35'< 100 > —I—afc-<100 )

ap, =2.3-10"" exp (19.1 - hz_,) — 0.55-exp (0.64 - hr,)

Tensile strength
Jet(h,T) = ferlhret, Trer) - (14 Dy + S
Effect of drying

Dg, = —0.44- (hr ) +0.44

Effect of thermal incompatibilities

T-20\° T —20
=045. R
Sfct 0 5 ( 100 ) +afct ( 100 )

af, =17.6-107-exp (8.5 hr,,) —0.72-exp (0.48 - hr,)

Modulus of elasticity

Ec(ha T) = Ec(hrefa Tref) (1 + DE, +SEC>

Effect of drying
DEC =0.0 for hTref =1.0
Dg, = —0.12- (hg )"’ —0.14 for hr, < 1.0

Effect of thermal incompatibilities

T-20
oo (752)

ag, =2.3-107°-exp (9.0 hz,,) — 0.2 -exp (0.7 hz,,)
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E.3 Model of drying shrinkage
décgs = Kegst + Keds - dh
Influence of temperature and w/c-ratio

0.22

Keas(T,w/c) =1650- [0.78 4+
cas(T>w/c) 14(1.76-w/c)"

Keast =12-0.01-T

E.4 Model of creep

Basic creep coefficient

K 1

(fcm)o‘7 ' (l - tO) + Kbe2 i

d@p (t,t0) = Koer -

1 by,
i b __
14 (1.85-w/c)

T 20\
aKpor = 142.7 ( 100 )

bk, = 1.088—0.0044 - T

Koer = akyep - lebcT

Kper = 1.55-

0.4
0.6+ | h
1+ (2-w/c)
Kper = 0.2+ h

Drying creep coefficient

d(Pdc (ta t()) = KCdST : chs . ch -dh

Kyo = 3415

1+(1.85-w/c)"!

0.12
0.88 + ]
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Appendix F
Matlab scripts

F.1 Calculation of moisture transport at constant
conditions of temperature and humidity

The following script calculates the development of the relative humidity within concrete
member with the shape of a cylinder. Some information must be provided as input in
order to run the model. The length of the elements over the radius dr, the radius of the
cylinder R, the total time of calculation t, the w/c-ratio of the concrete mixture wc, the
initial relative humidity of the concrete pores HO, which can be either a constant or a
vector, the environmental relative humidity Hinf and the temperature T. All dimensions
must be given in mm, the time in days, the temperature in °C, and the relative humidity
in values between 0 and 1.0.

function [ ] = Diffusion( dr,R,t,wc,HO,Hinf, T)
% Calculates the water transport with variable diffusion coefficient

9% % Definition of variables
[=R/dr+1; 9% Number of nodes over the geometry
J=2000; 9% Number of time increments

%% Calculation of the parameters D1 and n
D1 =2.2+19.8/(1+(1.83*(1-wc))"25);
n=6.1-1.8/(1+(2.3%(1-wc))"9);

9% % Initiation of vectors
HH=zeros(I,1);
HH=HH+HO; 9% Vector of pore relative humidity
HH2=HH;
HHp=zeros(1,1);
HHn=zeros(I,1);
Di=zeros(I,1)+D1; % Vector of the diffusion coefficient
Dip=zeros(1,1)+D1;
Din=zeros(1,1)+D1;
A=zeros(1,1);
B=zeros(L,1);
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C=zeros(I,1); % A, B and C initiate with 0.0
r=zeros(1,1); % Vector of the radius
for k=1:1
r(k)=dr*(k-1);
end
ttot=zeros(J,1); % Vector of the total time

ttot(2)=0.0001;
dtt=1/1983.137451*log(t/0.000106); % Time increment
for i=3:J
ttot(i)=ttot(i- 1)+ttot(i-1)*dtt;
end

% Influence of temperature
Q=9000%*(0.2+0.8/(1+(2.1*wc)"10));
D1=D1*(T+273)/(273+20)*exp(Q*(1/(273+20)-1/(273+T)));

%% Calculation of the relative humidity
for j=2:J
dt=ttot(j)*dtt;
for j2=1:10 % Number of iteration within a dt
for k=2:1
HHp(k-1)=HH(k);
HHn(k)=HH(k-1);
end
HHn(1)=HH(1);
HHp(=HH(1);

%% Calculating the moisture dependent diffusion coefficient D for drying
Di=D1*(1./(1+((1-HH)./(1-(-0.5*(abs(-HHp+HHn)/(2*dr))."\(1/2)...
+(0.5+0.5/((1+2*(1-Hinf)"2)))))).”\n));
Dip=D1*(1./(1+((1-HHp)./(1-(-0.5*(abs(-HHp+HH)/(dr))."(1/2)...
+(0.5+0.5/((1+2*(1-Hinf)"2)))))).”\n));
Din=D1*(1./(1+((1-HHn)./(1-(-0.5*(abs(-HH+HHn)/(dr))."\(1/2)...
+(0.5+0.5/((1+2*(1-Hinf)"2)))))).”\n));

%% Calculating the moisture dependent diffusion coefficient D for wetting
%Di=D1*(1./(1+((1-Hinf+HH-HO)./(1-(-0.5*(abs(-HHp+HHn)/(2*dr)). "\(1/2)...
%+(0.5+0.5/((1+2*(1-H0)"2))))))."n));
%Dip=D1*(1./(1+((1-Hinf+HHp-H0)./(1-(-0.5*(abs(-HHp+HH)/(dr))."(1/2)...
%+(0.5+0.5/((1+2*(1-H0)"2))))))."'n));
%Din=D1%*(1./(1+((1-Hinf+HHn-HO)./(1-(-0.5*(abs(-HH+HHn)/(dr))."\(1/2)...
%+(0.5+0.5/((1+2*(1-H0)"2))))))."n));
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%% Building the Matrix
A=Di./(2*r*dr)*dt;
B=Di/(dr"*2)*dt;
C=(Dip-Din)/(4*dr*2)*dt;

% Redefining matrix of constants
M=zeros(I);
M(1,1)=1+2*B(1);
M(1,2)=-2*B(1);

for k=2:1-1
M(k,k-1)=A(k)-B(k)+C(k);
M(k,k)=1+2*B(k);
M(k,k+1)=-A(k)-B(k)-C(k);
end

% Solving to find new values of relative humidity

M((1,I)=1.0;
HH2(I)=Hinf;
HH=M\HH2;
end

HH2=HH;

end

end
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F.2 Program to calculate the influence of
temperature and moisture content on
the mechanical properties of concrete

Main routine: Tempecon

230

Tempecon

Inputs: dr, R, dt, tf, wc, HO,
tT, Tout, tH, Hout, tS,
t0

Sout, fcm0,

Defining number of
geometry and time
increments: |, J

|
Setting initial values:
Vectors: r, HH, MHH, MHH20, fcmsave, fctmsave,
Ecmsave, ecdssave, phibcsave, phidcsave
Parameters moisture transport: D1, n, Q
Environmental conditions: Tinf, Hinf

]
I Calculation starts with: i = 2 |

| | Wattdiff updates HH | |

| Updating time: t = t+dt I
|

Rand updates environmental
conditions: Tinf, Hinf, Sinf, dTinf

HH increases

Refhum calculates
HH at 20 °C

Calculating effects of drying
and heating on fcm, fctm

Middle calculates
the mean values

and Ecm

Updating drying shrinkage I—

Middle calculates
the mean values

Sout>0

yes Updating basic
and drying creep

Middle calculates
the mean values

no

no

Figure F.1: Flow chart of the main routine Tempecon




[F.Z"Program to calculate the influence of temperature and moisture contenq

function [ | = Tempecon(dr,R,dt,tf,wc,HO,tT, Tout,tH,Hout,tS,Sout,fcm0,t0)

% Effect of temperature on concrete

% Describes the influences of varying the temperature and relative humidity

% of the surroundings on the mechanical properties of concrete:

% Compressive strength, tensile strength, modulus of elasticity, creep and shrinkage

9% % Inputs

% dr % Increment of the radius [mm)]

% R 9% Radius of the sample [mm]

% dt % Time increment [d]

% tf % Final time of the calculation [d]

% wc % w/c-ratio of the concrete [-]

9% HO % Initial relative humidity (it can be whether
% a unique value or a vector) [-]

% tT % Vector of time to describe the time
9development of the temperature [d]

9% Tout % Vector of temperature to describe the time
% development of temperature [°C]

% tH % Vector of time to describe the time
% development of the rel. humidity [d]

9% Hout 9% Vector of rel. humidity to describe

% the time development of the
% rel. humidity [-]

% tS % Vector of time to describe the time
% development of the Load [d]
% Sout % Vector of loading to define the interval
% in which the sample is loaded [-]
% fcm(Q % Concrete compressive strength at
% reference conditions [N/mm?]
% t0 % Time at which the load is applied [d]
9% % Definition of variables
[=R/dr+1; 9% Number of nodes over the geometry
J=round(tf/dt+1); % Number of time increments
HH=zeros(I,1); % Vector of relative humidity
MHH=zeros(1,J); % MHH contains the values of HH at
% all time increments
MHH20=zeros(L,J); % MHH20 contains the values of HH at
% ref. temperature and all time increments
fcmsave=zeros(1,]); % Vector of fcm
fctmsave=zeros(1,]); % Vector of fctm
Ecmsave=zeros(1,]); % Vector of Ecm
ecdssave=zeros(1,J); % Vector of drying shrinkage
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phibcsave=zeros(1,)); % Vector of basic creep coefficient
phidcsave=zeros(1,J); % Vector of drying creep coefficient

r=zeros(I,1);

for k=1:1
r(k)=dr*(k-1); % Vector of the radius
end
t=0; % Total time of the calculation

% % Initiation of vectors

HH=HH+HO; % HH initiates with value HO
MHH20=zeros(1,J);
MHH(:,1)=HH; % MHH for t=0

MHH20(:,1)=HH,;
fcmsave(1)=1;
fctmsave(1)=1;
Ecmsave(1)=1;

%% Calculation of the parameters D1, n and Q/R
D1 =2.2+19.8/(1+(1.83*(1-wc))"25);
n=6.1-1.8/(1+(2.3*(1-wc))"9);
Q=9000%(0.2+0.8/(14+(2.1*wc)10));

%% Setting the initial conditions of Temperatur and rel. humidity
Tinf=Tout(1);
Hinf=Hout(1);
dTinf=0;

for i=2:J

% Solving de Differential Equation of Diffusion
[ HH ] = Watdiff( Lr,dr,dt,D1,n,Hinf, Tinf, HH,Q);
t=t+dt;

% Calculating the boundaries for the next step
[Tinf Hinf Sinf dTinf]=Rand(tT, Tout,tH,Hout,tS,Sout,t, Tinf,dt);

% Calculating the effect of a temperature change on the rel. humidity

if abs(dTinf)>0;

K=50;

for g=1:K

HH=HH.*(1+(400*wc" 14.3+0.15)*(1-HH).(12*wc"6.5+...
1.15).%exp((-900*wc” 11-7.0)*(1-HH))*dTin{/K);

end

end
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% Saving results
MHH(:,i)=HH;

% Calculating the reference rel. humidity at T =20 °C
[HH20]=Refhum(HH, Tinf,wc);
MHH20(:,1))=HH?20;

%% Calculating effect of drying on the strength and stiffness
Dryfem=-0.30*(HH20)."26+0.32;
Dryfctm=-0.44*(HH20)."4+0.44;
DryEcm=-0.12*(HH20)."19-0.14;

%% Calculating effect of heating on the strength and stiffness
afc=2.3e-9*exp(19.1*HH20)-0.55*exp(0.64*HH20);
Heatfcm=0.35%((Tinf-20)/100)" 2+afc*((Tinf-20)/100);
afct=7.6e-5%exp(8.5*HH20)-0.72*exp(0.48*HH20);
Heatfctm=0.45%((Tinf-20)/100)"2+afct*((Tinf-20)/100);
aEc=2.3e-5%exp(9.0*HH20)-0.2*exp(0.7*HH20);
HeatEcm=aEc*((Tinf-20)/100);

% Calculating the mechanical properties
fcm=(1+Dryfcm+Heatfcm);
fctm=(1+Dryfctm+Heatfctm);
Ecm=(1+DryEcm+HeatEcm);

% Saving results
fcmsave(i)=Middle(r,I,fcm);
fctmsave(i)=Middle(r,I,fctm);
Ecmsave(i)=Middle(r,I,Ecm);

%% Calculating Drying Shrinkage
KcdsT=1.2-0.01*Tinf;
Kcds=1650%(0.78+(0.22)/(1+(1.76*wc)" 14));
ecds=Kcds*KcdsT*(MHH(:,i-1)-HH);

% Saving results
ecdssave(i)=ecdssave(i-1)+Middle(r,I,ecds);

if Sinf>0

9% % Calculating basic creep
aKbcT=1+2.7*((Tinf-20)/100)"0.34;
bKbcT=1.088-0.0044*Tinf;
KbcT=aKbcT*(bKbcT+(1-bKbcT)/(1+(1.85%wc)(16)));
Kbc1=1.55%(0.6+(0.4)/(1+(2*wc)" 10))*HH;
Kbc2=0.2*HH;
phibc=KbcT*Kbc 1/(fcm0)0.7*1./(t-t0+Kbc2)*dt;
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% Saving results
phibcsave(i)=phibcsave(i-1)+Middle(r,I,phibc);

%% Calculating drying creep
Kdc=3415*(0.88+0.12/(1+(1.85*wc)"11));
phidc=KcdsT*Kcds*Kdc*abs(MHH(:,i-1)-HH)/1000000;

% Saving results
phidcsave(i)=phidcsave(i-1)+Middle(r,I,phidc);

end
end

Subroutine: Middle

Middle

Setting initial value:
ym=0

| Calculation starts with i=1 I

Updating ym

ICaIcuIatesym I—/ Output: ym /

Figure F.2: Flow chart of the subroutine Middle

function[ym]=Middle(r,L,y)
% Middle values
% Calculates the middle value over a cylindrical geometry

%% Definitions:

% Vector of the radius

% 1 Number of nodes

%y Vector of values to evaluate
% ym Mean value
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ym=0.0;

for i=1:1-1
ym=ym+(y(i+1)+y(i))/2*(r(i+1)"2-r(i)"2);

end

ym=ym/(r()"2-1(1)"2);

end

Subroutine: Rand

Inputs: tT, Tout, tH,
Hout, tS, Sout, t, Tinf, dt

Saving former
value of Tinf
tT and Tout
same size?
yes
Calculates Tinf and dTinf
tH and Hout
same size?
yes
Calculates Hinf
tS and Sout
same size?
yes
Calculates Sinf

Output: Tinf,
Hinf, Sinf, dTinf

| Error message I

Figure F.3: Flow chart of the subroutine Rand

function [ Tinf,Hinf,Sinf dTinf ] = Rand(tT,Tout,tH,Hout,tS,Sout,t, Tinf,dt)
% Boundary conditions:

% Checks the boundary conditions of the model in every time step.

% Calculates the concrete temperature, relative humidity of the environment
% and creep stress according to the functions given in the input
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9% % Definitions:
% tT

% Tout

% tH

% Hout
% tS

% Sout
% t

% Tinf

% dt

% Hinf

% dTinf

% Sinf
a=Tinf;

% calculating Tinf
n=length(tT);
n2=length(Tout);
if n~=n2;

vector of time of the temperature function
vector of concrete temperature

vector of time of the function of

% environmental rel. humidity

vector of environmental relative humidity
vector of time of the creep stress function
vector of loading

current time of the calculation

current temperature of the concrete

time increment

current relative humidity of the environment
changes in the relative humidity of

% the environment in dt

current load condition

error(’length of tT does not match the length of Tout’);

end

i=1;
while i<n

if t<=tT(i+1)+dt/10

Tinf=(Tout(i+1)-Tout(i))/(tT(i+1)-tT({1))*(t-tT(i))+Tout(i);

i=n-1;
end
i=i+1;
end
dTinf=Tinf-a;

% calculating Hinf
n=length(tH);

n2=length(Hout);

if n~=n2;

error(’length of tH does not match the length of Hout’);

end

i=1;
while i<n
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if t<=tH(i+1)+dt/10
Hinf=(Hout(i+1)-Hout(i))/(tH(i+1)-tH())*(t-tH(i))+Hout(i);
i=n-1;
end
i=i+1;
end

% calculating Sinf
n=length(tS);
n2=length(Sout);
if n~=n2;
error(’length of tS does not match the length of Sout’);
end

i=1;
while i<n
if t<=tS(+1)+dt/10
Sinf=(Sout(i+1)-Sout(i))/(tSi+1)-tS(1))*(t-tS(i))+Sout(i);
i=n-1;
end
i=i+1;
end
end

Subroutine: Refhum

( Refhum )
Inputs: HH,
Tinf, wc
Saving former
values of HH

Figure F.4: Flow chart of the subroutine Refhum

function[HH20]=Refhum(HH, Tinf,wc)
% Reference relative humidty at 20 °C
% Calculates the rel. humidity of the material at the temperature of reference
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%% Definitions:

% HH vector of current relative humidity of the
% concrete pores
% Tinf current temperature of the concrete
% HH20 vector of relative humidity of the concrete
% equivalent at a temperature of 20 °C
HH20=HH;
if abs(Tinf-20)>0;
K=100;
for g=1:K

HH20=HH20.*(1-(400*wc"14.3+0.15)*(1-HH20)." (12*wc"6.5+...
1.15).#exp((-900*wc”* 11-7.0)*(1-HH20))*(Tinf-20)/K);
end
end
end

Subroutine: Watdiff

Watdiff

Calculating vectors of
rel. humidity: HHp, HHn

Calculates vector of
Diffusion coefficient:
Di, Dip, Din

Building matrix M

Inputs: |, r, dr, dt, D1,
n, Hinf, Tinf, HH, Q

Solve to
upgrade HH

Figure F.5: Flow chart of the subroutine Watdiff

function [ HH ] = Watdiff( L,r,dr,dt,D1,n,Hinf, Tinf, HH,Q)
% Calculates the relative humidity of the concrete pores based on the
% Fick’s second law

% 1 number of nodes
% 1 vector of radius
% dr radial distance between to nodes
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% dt time increment
% D1 Diffusion coefficient at reference conditions
% n exponent for the calculation of the
% diffusion coefficient
% Hinf current relative humidity of the environment
% Tinf current temperature of the concrete
% HH vector of current relative humidity of
% the concrete pores
% Q Quotient between the activation energy of

% Initiation of variables

% diffusion and the universal gas constant

HHp=zeros(1,1);

HHn=zeros(I,1);

C=zeros(L,1);

A=zeros(1,1);

B=zeros(I,1); % A, B and C initiate with 0.0

for k=2:1
HHp(k-1)=HH(k);
HHn(k)=HH(k-1);
end

D1=D1*(Tinf+273)/(273+20)*exp(Q*(1/(273+20)-1/(273+Tinf)));
Di=D1*(1./(1+((1-HH)./(1-(-0.5*(abs(-HHp+HHn)/(2*dr))." (1/2)...
+(0.5+0.5/((1+2*(1-Hinf)"2))))))."n));
Dip=D1*(1./(1+((1-HHp)./(1-(-0.5* (abs(-HHp+HH)/(dr))."(1/2)...
+(0.5+0.5/((1+2*(1-Hinf)"2))))))."n));
Din=D1*(1./(1+((1-HHn)./(1-(-0.5* (abs(-HH+HHn)/(dr))."(1/2)...
+(0.5+0.5/((1+2*%(1-Hinf)"\2))))))."n));

A=Di./(2*r*dr)*dt;
B=Di/(dr"*2)*dt;
C=(Dip-Din)/(4*dr"2)*dt;

% Redefining matrix of constants

M=zeros(I);
M(1,1)=1+2*B(1);
M(1,2)=-2*B(1);

for k=2:1-1
M(k,k-1)=A(k)-B(k)+C(k);
M(k,k)=1+2*B(k);
M(k,k+1)=-A(k)-B(k)-C(k);
end
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M(LI)=1.0; % for free drying
HH(I)=Hinf;
% M(1,1-1)=-2*B(I); % for sealed samples
% M(L,)=1+2*B(I);
HH=M\HH;

HH=real(HH);

end
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Consequently, this book provides specific knowledge about the influences of ele-
vated temperatures and moisture content on the mechanical behaviour of concrete
as well as a tool to calculate these influences. This shall contribute to the field of
investigation of estimating the structural safety under ordinary and extraordinary
loadings as well as to the area of evaluating the service life of concrete structures.
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