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Abstract

Cementitious materials — such as cement pastes, mortars, and concretes —
are not only highly creep active at early ages, but also their microstructure
is continuously changing because of the ongoing chemical reaction between
cement clinker and water, and the correspondingly increasing amount of so-
called hydration products. The central idea of the present thesis is to decouple
the phenomena of early age creep and hydration, in the context of a combined
experimental-theoretical approach.

The goal of the experimental activities is to characterize early-age evolutions
of Young’s elastic modulus and of non-aging creep properties of ordinary Port-
land cement pastes, mortars, and concretes conditioned at 20°C. Using an
innovative early-age creep testing protocol, we perform a series of 168 three
minute-long uniaxial macroscopic creep tests on the aging materials, with one
such test per hour and with corresponding material ages spanning from 21
hours to approximately eight days. In this way, it is guaranteed that the ma-
terial microstructure remains virtually unaltered during each individual creep
test, while subsequent creep tests refer to different microstructures. In order to
minimize possible material damage, the compressive loads are restricted to at
most 15% of the uniaxial compressive strength reached at the time of testing.
The loading protocol consists of quasi-instantaneous compressive loading and
unloading steps as well as a three minutes long holding period in between.

As for experiments on cement pastes, three different material compositions are
investigated, defined in terms of initial water-to-cement mass ratios amount-
ing to 0.42, 0.45, and 0.50, respectively. Precise representation of the mea-
sured compliances by means of a power-law expression including elastic and
creep moduli, as well as a creep exponent, while requiring the elastic and
creep strains to be compressive at all times, yields concavely increasing time
evolutions of elastic and creep moduli, as well as slightly decreasing or quasi-
constant evolutions of the creep exponent. Combination of these results with
calorimetry-based evolutions of the degree of hydration yields linear elasticity-
hydration degree and over-linear creep modulus-hydration degree relations,
while the creep exponents slightly decrease with ongoing hydration. Notably,
the herein quasi-statically determined elastic moduli agree very well with those
determined ultrasonically on the same cement pastes. This impressively under-
lines the fundamental characteristics of the elastic properties being related to
an energy potential, independently of loading paths and corresponding strain
rates. Conclusively, Young’s moduli which are either determined from loading
or unloading paths only, may not exclusively refer to elastic material behavior,
but also to dissipative phenomena.

The measured creep properties of cement pastes result from the viscoelastic be-
havior of the hydration products. We here identify a corresponding single iso-
choric creep function characterizing well-saturated Portland cement hydrates,
through downscaling of 500 different non-aging creep functions obtained from
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the aforementioned three minute-long tests on differently old cement pastes
with three different initial water-to-cement mass ratios. A two-scale microme-
chanics representation of cement paste is used for downscaling. At a scale
of 700 microns, spherical clinker inclusions are embedded in a continuous hy-
drate foam matrix. The latter is resolved, at the smaller scale of 20 microns,
as a highly disordered arrangement of isotropically oriented hydrate needles,
which are interacting with spherical water and air pores. Homogenization
of viscoelastic properties is based on the correspondence principle, involving
transformation of the time-dependent multiscale problem to Laplace-Carson
space, followed by quasi-elastic upscaling and numerical back-transformation.
With water, air, and clinker behaving elastically according to well accepted
published data, the hydrates indeed show one single power law-type creep be-
havior with a creep exponent being surprisingly close to those found for the
different cement pastes tested. The general validity of the identified hydrate
creep properties is further corroborated by using them for predicting the creep
performance of a 30 years old cement paste in a 30 days long creep test: the re-
spective model predictions agree very well with results from creep experiments
published in the open literature.

Focusing finally on predicting the mechanical properties of mortars and con-
cretes, it is important to note that customary micromechanics models for the
poroelasticity, creep, and strength of concrete restrict the domain affected by
the hydration reaction, to the cement paste volume; considering the latter as
thermodynamically closed system with respect to the chemically inert aggre-
gates. Accordingly, such micromechanical models typically rely on the famous
Powers hydration model, in order to quantify volume fractions of clinker, ce-
ment, water, and aggregates, as functions of the hydration degree. The situ-
ation changes once internal curing occurs, i.e. once part of the present water
is absorbed initially by the aggregates, and then soaked “back” to the cement
paste during the hydration reaction. For this case, we here develop an ex-
tended hydration model, introducing water uptake capacity of the aggregates
on the one hand, and paste void filling extent on the other, as additional
quantities. Based on constant values for just these two new quantities, and
on experimentally determined creep properties of cement pastes as functions
of an effective water-to-cement mass ratio (i.e. that associated to the cement
paste domain, rather than to the entire concrete volume), a series of three
minute creep tests on different mortars and concretes can indeed be very sat-
isfactorily predicted by a standard micro-viscoelastic two-scale model. This
further extends the applicability range of micromechanics modeling in cement
and concrete research, and it concludes the present thesis which combines in-
novative macroscopic material testing and state-of-the-art multiscale modeling
from sub-micrometric hydrate needles to decimeter-sized specimens of mortars
and concretes.
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Chapter

Introduction

1.1 Motivation

Concrete is the most used man-made material in the world. More than 20 bil-
lion tons of concrete are produced every year, and this corresponds to nearly
three tons per capita and year. The benefits of concrete provided to our soci-
eties are immense, considering that concrete is used to build our schools, hospi-
tals, apartment blocks, bridges, tunnels, dams, sewerage systems, pavements,
runways, roads, and more. Concrete is produced by mixing cement, water,
and aggregates. Therefore, concrete is an environmentally friendly material,
making it a natural choice for sustainable construction. The effectiveness,
price, and performance, of concrete is much better compared to other mate-
rials. Twice as much concrete is used around the world than the total of all
other building materials, including wood, steel, plastic, and aluminum. None
of these other materials can replace concrete, rendering concrete indispensable
for construction (WBCSD 2013). The Cement Sustainability Index (CSI) rec-
ognizes that in an increasingly urbanized population, concrete and cement will
keep playing a vital part in our daily lives, through many diverse applications
and usages. At the same time, the CSI believes that it is essential to prop-
erly measure the externalities of cement and concrete. This enables a better
understanding of general impacts and helps in appropriate decision making.
Due to the extensive use of concrete, there has been always the need to get
more detailed insight into its behavior. Even nowadays, many areas need to
be explored using innovative experimental techniques and new modeling ap-
proaches, especially multiscale material modeling and poromechanics.

Concrete exhibits creep, i.e. the material deforms progressively under, and
induced by, a constant sustained load (Neville 1971). In material science,
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creep is more generally understood as the tendency of a solid material to move
slowly or deform permanently under the influence of mechanical stresses. Since
the first publication on the creep of reinforced concrete in 1907 (Hatt 1907),
the subject has been studied intensively, but the fundamental mechanisms of
creep is still not fully understood, for several reasons. Firstly, due to the
fact that cement and concrete are multi-scale heterogeneous materials. Creep
can be observed at different scales ranging from that of concrete down to
the one of individual hydration products. Secondly, creep is sensitive to a
variety of parameters: moisture, temperature, stress level, curing conditions,
and mix design (i.e. water-to-cement ratio, admixtures, aggregates), see Neville
(1971). Thirdly, cementitious materials, such as cement pastes, mortars, and
concretes, are obtained by hydration of binders, and the hydration lasts months
to decades. As a consequence, the microstructures of cementitious materials
evolve with time and the creep properties depend on the maturity at which a
given material is tested. Therefore, the phenomenon of creep is still far from
being fully understood (Bazant 2001; Bazant and Li 2008).

State-of-the-art testing and modeling of concrete creep are typically of macro-
scopic and of phenomenological nature (Hanson and Laboratories 1953; Keeton
1965; Brooks and Neville 1975; Bazant et al. 1976; Bazant and Panula 1978;
Bazant and Chern 1985; Sakata and Shimomura 2004; Tamtsia et al. 2004).
Results from many creep experiments were collected and tabulated in large
databases (Bazant and Li 2008), like the RILEM database (RILEM 1995),
and the one of the Japanese society of civil engineering (JSCE 2000). These
databases helped to develop a number of creep models for codes, e.g. ACI-
209 (ACI 1992), including models for different types of concrete like (i) normal
strength concrete by Bazant (2001) and Baweja et al. (1998), and (ii) high
performance concrete by Le Roy et al. (1996) as well as by Dilger and Wang
(1995). Researchers have particularly focused on creep properties for hardened
concrete (Mazloom 2008; Shariq et al. 2016), and nowadays there is plenty of
evidence that long term creep of concrete finally becomes linear at logarithmic
time-scale (Bazant et al. 2011; Zhang et al. 2014). Few researchers have per-
formed tests at load levels up to 80% of the compressive strength which may
induce damage in the material resulting in non-linear creep (Rossi et al. 1994,
2011). Many researchers reported challenges in performing and standardizing
creep experiments, e.g. creep compliances found in different databases exhibit
significant dispersion, underlining that the problem is not yet solved in a sat-
isfactory fashion. Additionally, in order to gain reliable insight into long-term
creep, creep testing on concrete is recommended to be carried out over hun-
dreds of days (Le Roy et al. 1996; Havlaek and Jirdsek 2012), and this requires
not only the availability of testing facilities over long periods of time, but it is
also difficult to control experimental parameters as temperature, applied load,
and moisture distribution within the sample.

Creep of concrete significantly influences the performance and durability of
civil engineering infrastructure, both at early ages and during long-term ser-
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vice. Therefore, in addition to mechanical properties such as modulus of
elasticity, as well as tensile and compressive strength, the time dependent
properties of concrete must be considered for evaluating the performance of
structures (Schutter and Taerwe 1996; Bazant 2001; Atrushi 2003; Nehdi and
Soliman 2011). The creep contribution to differential axial shortening of high-
rise buildings, for instance, is becoming significant with increasing stresses
on the structural elements. It is also well known that time-dependent de-
formations cause loss of prestress (Youakim 2006) and increase of deforma-
tions (Ghali et al. 2006), reducing the durability of structures. At the same
time, time-dependent deformations can be beneficial in the form of redistribu-
tion of stresses caused by imposed deformations or loads, and also the reduc-
tion of undesirable stresses, particularly in early age concrete (Neville 1971;
Bazant 2001; Atrushi 2003) and in shotcrete tunneling (Hellmich et al. 2000,
2001; Ullah et al. 2010, 2012, 2013) . However, stress redistribution might
increase the probability of cracking in new structures, and even overstressing
that might lead to structural collapse of old structures (Binda et al. 1992;
Bazant 2001; Shrive et al. 2001). Furthermore, creep can produce permanent
displacements in large and thin arch dams up to 30 or 40 years after dam
completion (Hachem and Schleiss 2011; Erpicum et al. 2013). Turning finally
to early ages, cement-based construction materials exhibit significant develop-
ments of heat of hydration and autogenous deformation (Bazant et al. 1976;
Tamtsia et al. 2004; Nehdi and Soliman 2011; Briffaut et al. 2012; Boulay et al.
2014; Jiang et al. 2014; Sellier et al. 2016). This results in generation of in-
ternal stresses, because internal and external restraints nearly always prevail
in structural concrete elements. While the viscoelastic behavior of young con-
crete reduces these stresses to lower magnitudes (Schutter and Taerwe 1996;
Voigt et al. 2003; Gu et al. 2006), the risk of larger internal stresses is larger in
case of mass concreting like in dams, barrage floors, silos, and concrete domes
around nuclear reactors (Smith 1991; Hilaire et al. 2014; Shariq et al. 2016;
Bazant and Chern 1985; Kovler 1994; Boumiz et al. 1996; Delsaute et al. 2011).
Improving the properties of concrete at early-ages contributes to improving its
long term durability.

Focusing on early-age creep of cementitious materials, it turns out that test-
ing and modeling are very challenging tasks because of the coupling between
creep and hydration. The typical duration of a macroscopic creep experi-
ment ranges from hours to several days (Bazant et al. 1976; Tamtsia et al.
2004; Rossi et al. 2011), weeks (Laplante 2003; Tamtsia and Beaudoin 2000;
Atrushi 2003; Briffaut et al. 2012), months (Rossi et al. 1994; Zhang et al.
2014), or even years (Bazant et al. 2011, 2012; Zhang et al. 2014), and this is
of the same order of magnitude or even larger than the characteristic time of
the chemical hydration reaction at early ages. Consequently, early-age creep
tests as referred to above, do not refer to one and the same microstructure
which would stay unaltered during such as test. This qualifies standardly
performed early-age experiments as aging creep tests. The described lack of
separated time-scales renders also the mathematical description of early-age
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creep as very challenging. In particular in the context of multiscale modeling
approaches (Scheiner and Hellmich 2009; Sanahuja 2013b), the time-dependent
behavior of the elementary constituents needs to be quantified, together with
the temporal evolution of microstructures built up by these constituents (Pich-
ler and Lackner 2008; Scheiner and Hellmich 2009; Sanahuja and Dormieux
2010; Jiang et al. 2014; Hilaire et al. 2014). At the same time shrinkage
strains and thermal strains are also developed in the materials starting at the
level of hydrates (Némecek 2009; Nguyen et al. 2014; Vandamme and Ulm
2013; Konigsberger et al. 2016). These microstructural processes are respon-
sible for the macroscopically observed behavior. Summarizing, separation of
different microstructural processes and phenomena is challenging but desir-
able, see e.g. (Zhao 1990; Smith 1991; Kovler 1994; Schutter and Taerwe 1996;
Yuan and Wan 2002). As for decoupling creep from hydration at early-ages,
short term non-aging creep testing is well suited and already used, see the
work of Vandamme and Ulm (2009); Boulay et al. (2012); Vandamme and
Ulm (2013); Delsaute et al. (2011); Delsaute and Staquet (2011); Zhang et al.
(2014). Decoupling creep from the hydration is also the key idea of the present
thesis.

1.2 Objectives and scope of the research

This thesis is devoted to early-age stiffness characterization of cementitious
materials, such as cement pastes, mortars, and concretes. Experimental activ-
ities aim at decoupling creep from hydration. The corresponding test eval-
uation strategy aims at separating instantaneous elastic deformation from
time-dependent creep deformation. Subsequent multiscale exploitation of ex-
perimental results aims at (i) identification of “universal” creep properties of
(sub)micron-sized cement hydrates, and (ii) prediction of non-aging creep prop-
erties of mortars and concretes. These overall objectives are sub-structured
into the following points.

e Decoupling the time-dependent phenomena creep and hydration is
achieved by performing ultra short creep experiments. Three-minute
creep tests, namely, are so short that the hydration reaction does not
make significant progress, i.e. that the tested microstructure is prac-
tically the same throughout the test. This qualifies ultra short creep
experiments as non-aging tests.

e Deformation histories measured during an ultra short creep test are de-
composed very carefully into (i) the instantaneous elastic part and (ii)
the time-dependent creep part. This allows for quantifying the elastic
material stiffness in terms of the instantaneous Young’s modulus, and
the time-dependent material compliance in terms of the uniaxial creep
function.
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e In order to quantify the early-age evolutions of elastic stiffness and non-
aging creep properties, ultra short creep experiment are performed once
every hour, starting 21 hours after production and continuing up to ma-
terial ages of eight days.

e The described testing and evaluation strategies are applied to macro-
scopic specimens of cement pastes, mortars, and concretes. The tested
materials differ in composition, i.e. in terms of the initial water-to-cement
mass ratio, the initial aggregate-to-cement mass ratio, the aggregate
size distribution, and the aggregate type, resulting in a comprehensive
database of experimental results.

e Multiscale exploitation of experimental results starts with top-down iden-
tification of universal creep properties of (sub)micron-sized cement hy-
drates. This aims at explaining the deformation histories measured in
more than 500 ultra short creep tests on cement pastes based on only 1
set of universal creep properties of (sub)micron-sized and needle-shaped
hydrates.

e The universality of the identified hydrate creep properties is validated by
(i) predicting the evolution of creep deformations for a 30 days lasting
creep test on a cement paste that cured for 30 years under water, and
(ii) by comparing model predictions with experimental data taken from
the literature.

e Multiscale exploitation of experimental results continues with bottom-up
prediction of creep of mortars and concretes. This aims at showing that
“internal curing” does not only happen with light-weight aggregates, but
also with oven-dried regular aggregates, because (i) aggregates take up a
certain mass of water during mixing of raw materials, and (ii) this water
mass is soaked “back” into the hydrating cement paste matrix, driven
by autogeneous shrinkage.

e The analysis of “internal curing” results in the development of a new
hydration model which considers hydrating cement paste to be a ther-
modynamically open system relative to the surface porosity of the aggre-
gates. The effective water-to-cement ratio of the cement paste matrix is
shown to increase linearly with increasing hydration degree. This result
could be achieved, only because of the comprehensive test database from
hourly testing of cement pastes, mortars, and concretes levels.
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1.3 Methodology and key results

1.3.1 Chapter 2

This chapter is based on the joint publication of Muhammad Irfan-ul-Hassan,
Roland Reihsner, Bernhard Pichler, and Christian Hellmich published in the
Elsevier Journal of Cement and Concrete Research (CCR), 2016, vol. 80, pp.
36-49.

Bernhard Pichler and Christian Hellmich set up the overall strategies for ex-
perimental testing and evaluation of measurements, using (i) the principle of
separation of time scales to decouple creep from hydration and (ii) the physi-
cal requirement that time-dependent deformation under uniaxial compression
must result in a shortening of the tested specimen. They supervised the re-
search progress, checked key results, and supported the documentation process.
Muhammad Irfan-ul-Hassan produced the cement paste specimens and carried
out hourly-repeated three-minute creep experiments, supported by the tech-
nical staff of the laboratory. He developed Matlab codes for the evaluation of
test data and documented the research results. Roland Reihsner contributed
to the discussion processes and operated the testing machine as well as the
deformation measurement equipment.

DIGEST:

Cement pastes are highly creep active materials at early ages. We here charac-
terize both the elastic stiffness and the creep properties of ordinary Portland
cement pastes conditioned at 20 degrees Celsius. Three different composi-
tions are investigated, defined in terms of initial water-to-cement mass ratios
amounting to 0.42, 0.45, and 0.50, respectively. Implementing a new early-age
creep testing protocol, we perform a series of 168 three minutes long uniaxial
macroscopic creep tests on the aging materials, with one such test per hour and
corresponding material ages spanning from 21 hours to approximately eight
days. In this way, it is guaranteed that the material microstructure remains
virtually unaltered during each individual creep test, while subsequent creep
tests refer to clearly different microstructures. In order to minimize material
damage, the compressive loads are restricted to at most 15 percent of the uni-
axial compressive strength reached at the time of testing. The loading protocol
consists of quasi-instantaneous compressive loading and unloading steps as well
as a three minutes long holding period in between. Representing the measured
compliances very precisely by means of a power-law expression including elastic
and creep moduli, as well as a creep exponent, while requiring the elastic and
creep strains to be compressive at all times, yields concavely increasing time
evolutions of elastic and creep moduli, as well as slightly decreasing or quasi-
constant evolutions of the creep exponent. Combination of these results with
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calorimetry-based evolutions of the degree of hydration yields linear elasticity-
hydration degree and over-linear creep modulus-hydration degree relations,
while the creep exponents (slightly) decrease with ongoing hydration. The
herein quasi-statically determined elastic moduli agree very well with those
determined ultrasonically on the same cement pastes. This impressively un-
derlines the fundamental characteristics of elastic properties being related to
an energy potential, independently of loading paths and corresponding strain
rates.

1.3.2 Chapter 3

This chapter is based on the joint publication of Markus Konigsberger,
Muhammad Irfan-ul-Hassan, Christian Hellmich, and Bernhard Pichler ac-
cepted for publication in the Journal of Engineering Mechanics (ASCE).

Christian Hellmich and Bernhard Pichler set up the overall strategy for top-
down identification of hydrate creep properties by means of three-scale creep
homogenization of cement pastes. They supervised the research progress,
checked key results, and supported the documentation process. Markus
Konigsberger developed a Maple code for three-scale creep homogenization
of cement pastes, identified universal creep properties of (sub)micron-sized
needle-shaped cement hydrates, carried out model validation based on data he
found in the open literature, and documented the research results. Muhammad
Irfan-ul-Hassan provided his experimental data in suitable numerical formats,
contributed to the discussion processes, and helped proof reading the paper.

DIGEST:

Creep of cementitious materials results from the viscoelastic behavior of the
reaction products of cement and water, called hydrates. In the present pa-
per, a single isochoric creep function characterizing well-saturated Portland
cement hydrates is identified through downscaling of 500 different non-aging
creep functions derived from three minute-long tests on differently old cement
pastes with three different initial water-to-cement mass ratios. A two-scale
micromechanics representation of cement paste is used for downscaling. At a
scale of 700 microns, spherical clinker inclusions are embedded in a continuous
hydrate foam matrix. The latter is resolved, at the smaller scale of 20 microns,
as a highly disordered arrangement of isotropically oriented hydrate needles,
which are interacting with spherical water and air pores. Homogenization
of viscoelastic properties is based on the correspondence principle, involving
transformation of the time-dependent multiscale problem to Laplace-Carson
space, followed by quasi-elastic upscaling and numerical back-transformation.
With water, air, and clinker behaving elastically according to well-accepted
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published data, the hydrates indeed show one single power law-type creep be-
havior with a creep exponent being surprisingly close to those found for the
different cement pastes tested. The general validity of the identified hydrate
creep properties is further corroborated by using them for predicting the creep
performance of a 30 years old cement paste in a 30 day-lasting creep test: the
respective model predictions agree very well with results from creep experi-
ments published in the open literature.

1.3.3 Chapter 4

This chapter is based on the joint publication of Muhammad Irfan-ul-
Hassan, Markus Konigsberger, Roland Reihsner, Christian Hellmich, and
Bernhard Pichler submitted to the Journal of Nanomechanics and Microme-
chanics (ASCE).

Bernhard Pichler and Christian Hellmich set up the overall strategy for
bottom-up prediction of creep properties of mortars and concretes, based on
a new hydration model considering (i) initial water uptake by aggregates and
(ii) autogeneous shrinkage-driven suction of water “back” to the cement paste
matrix. They supervised the research progress, checked key results, and sup-
ported the documentation process. Muhammad Irfan-ul-Hassan produced the
mortar and concrete specimens and carried out hourly-repeated three-minute
creep experiments supported by the technical staff of the laboratory. He in-
corporated the new hydration model into a Maple code for two-scale creep
homogenization of mortars and concretes. He used the code for identifica-
tion (i) of the water uptake capacity of the used aggregates, and (ii) of the
filling extent of shrinkage-induced voids by water. He carried out model vali-
dation and documented the research results. Markus Konigsberger developed
the Maple code for creep homogenization, contributed to both the discussion
processes and the documentation of research results, and helped proof reading
the paper. Roland Reihsner operated the testing machine and the deformation
measurement equipment.

DIGEST:

Customary micromechanics models for the poroelasticity, creep, and strength
of concrete restrict the domain affected by the hydration reaction, to the ce-
ment paste volume; considering the latter as thermodynamically closed system
with respect to the (chemically inert) aggregates. Accordingly, the famous
Powers hydration model appears as a natural choice for the determination
of clinker, cement, water, and aggregates volume fractions entering such mi-
cromechanical models. The situation changes once internal curing occurs, i.e.
once part of the present water is absorbed initially by the aggregates, and
then soaked “back” to the cement paste during the hydration reaction. For
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this case, we here develop an extended hydration model, introducing water up-
take capacity of the aggregates on the one hand, and paste void filling extent
on the other, as additional quantities. Based on constant values for just these
two new quantities, and on previously determined creep properties of cement
pastes as functions of an effective water-to-cement mass ratio (i.e. that associ-
ated to the cement paste domain, rather than to the entire concrete volume),
a series of ultrashort-term creep tests on different mortars and concretes can
indeed be very satisfactorily predicted by a standard micro-viscoelastic mathe-
matical model. This further extends the applicability range of micromechanics
modeling in cement and concrete research.

1.3.4 Chapter 5

This chapter illustrates the comprehensive databases obtained from early-age
non-aging short term creep testing of cement pastes, mortars, and concretes,
summing up to some four thousand five hundred quasi-static creep tests. As for
displaying the results, measured creep histories are normalized by the plateau
stress, and the resulting quantities are plotted over the duration of the three-
minute tests.



Chapter

Elastic and creep properties of
young cement paste, as
determined from hourly
repeated minutes-long

quasi-static tests

2.1 Introduction

Creep characterization of cementitious materials poses great challenges at
early-ages, because the typical duration of a macroscopic creep experiment
ranges from hours to several days (Tamtsia et al. 2004; Bazant et al. 1976;
Rossi et al. 2011), weeks (Tamtsia and Beaudoin 2000; Briffaut et al. 2012;
Atrushi 2003; Laplante 2003), months (Zhang et al. 2014; Rossi et al. 1994), or
even years (Zhang et al. 2014; Bazant et al. 2011, 2012), and this is of the same
order of magnitude or even larger than the characteristic time of the chemical
hydration reaction at early ages. Consequently, early-age creep tests as re-
ferred to above, do not refer to one and the same microstructure which would
stay unaltered during such as test. The described lack of separated time-scales
renders the mathematical description of early-age creep as very challenging. In
particular in the context of multiscale modeling approaches (Sanahuja 2013b;
Scheiner and Hellmich 2009), the time-dependent behavior of the elementary
constituents needs to be quantified, together with the temporal evolution of
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microstructures built up by these constituents (Scheiner and Hellmich 2009;
Sanahuja and Dormieux 2010; Jiang et al. 2014; Hilaire et al. 2014; Pichler
and Lackner 2008). This calls for development of novel, improved experimen-
tal protocols for cement pastes and concretes, and the present contribution is
devoted to exactly such developments.

More precisely, we here provide insight into early-age creep properties of ce-
ment pastes, separating the effect of the time-dependent deformation behavior
of the hydrates, from the evolution of the overall microstructure due to ongo-
ing chemical hydration. In more detail, we report on minutes-long creep tests
on cement pastes carried out during the second, third, fourth, fifth, sixth, sev-
enth, and eighth day after production. The duration of our tests is so short
that the microstructure of the tested materials remains practically the same
throughout each individual creep test. On the other hand, since one creep
test is performed every hour and given that the investigated cement pastes
are younger than one week, two subsequent tests already refer to different mi-
crostructures. This allows us to characterize the evolution of creep properties
of specific cement pastes, throughout the first week after their production.

It is very important for our repeated testing approach that the characterized
cement pastes remain undamaged during the individual creep tests. There-
fore, we subject the specimens to maximum compressive forces amounting to
only 15 percent of the compressive strength at the time instant of testing. In
this context, we quantify the temporal evolution of the compressive strength
of cement pastes by means of a validated multiscale strength model (Pichler
et al. 2013; Pichler and Hellmich 2011) combined with results from isothermal
differential calorimetry (Karte et al. 2015).

This paper is organized as follows. At first, we describe (i) the chosen test
setup which is inspired by the one previously developed for quantification of
unloading moduli (Karte et al. 2015), and (ii) the creep test protocol, see
Section 2. Test evaluation includes a new approach for the identification of
(elastic) Young’s modulus and for quantification of power-law creep properties,
see Section 3. Results are presented both as functions of material age and as
functions of hydration degree, obtained from the calorimetry, see Section 4.
Finally, the results are discussed in the light of existing early-age test data
from cement paste, and of the fundamentals of elasticity theory and material
thermodynamics.

2.2 DMaterials and Experimental Methods

Herein, we characterize early-age elastic stiffness and creep of three cement
pastes made from a commercial cement of type CEM I 42.5 N and distilled
water. They differ in compositions, as defined in terms of initial water-to-
cement ratios w/c amounting to 0.42, 0.45, and 0.50, respectively.
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2.2.1 Test Preparation

Cylindrical specimens with a diameter of 70 mm and a height of 300 mm are
produced, through a specific hollow cylindrical plastic mold. After mixing,
placement, and compaction, the opening of the mold is sealed by several layers
of food preservation foil, in order to avoid water evaporation. Bleeding was not
observed. The specimens are stored in a climate chamber at 20 degrees Cel-
sius. The core temperature of the specimens increased during the first 10 hours
up to &~ 26 °C, followed by a smooth reduction down to 20°C, reached after
45 hours. Such temperature differences at very early ages are expected to leave
the samples undamaged. At an age of 20 hours, the specimens are demolded,
and both circular end faces are shaved with a Stanley knife, in order to min-
imize possible inhomogeneities resulting from production and/or storage, and
to achieve coplanarity of the two faces (Fischer et al. 2014; Karte et al. 2015;
Pichler et al. 2014). Preliminary samples were crushed for inspection of the
fracture surfaces. This allowed for a successful visual check of the homogeneity
of the samples.

The used test setup for uniaxial compression is very similar to the one recently
developed for early-age stiffness characterization of cement pastes (Karte et al.
2015). As for achieving a central load application, we use a serial arrangement
of the specimen with two metal cylinders. The latter were equipped by so-
called cylindrical bottlenecks, see Fig. A.1. The bottlenecks exhibit diameters
of 30 mm, and this is by a factor of 2.3 smaller than the diameter of the sample.

Also during testing, the samples are kept at 20 degrees Celsius. To this end,
the described test setup is placed inside an insulated temperature chamber,
equipped with a temperature control unit Lauda RK8 KP. In addition, the
specimens are covered by several layers of food preservation foil, in order to
minimize loss of water via evaporation.

Deformations of the samples are quantified by means of five Linear Variable
Differential Transducers (LVDTSs) of type “Solartron”. The latter give access
to the relative displacements between two aluminum rings, which are fixed to
the specimens by means of three screws each. Thereby, the rings are posi-
tioned at a mutual distance of 164 mm, each of them 70 mm distant from the
interfaces between specimen and metal cylinders; see Fig. A.1. In this way,
the top and bottom 70 mm of the specimens are part of the load application
system, and this is very effective in achieving shear-free stress and strain states
in the central measurement region. Undesired shear stresses, resulting from
inevitable discrepancies of Poisson’s ratio of the specimen and the attached
metal cylinders, namely, decay with increasing distance from the specimen
metal interface, such that they are practically negligible in a distance being
equal to the diameter of the sample (Karte et al. 2015). The five LVDTs are
evenly distributed around the perimeter of the specimen, i.e. at a spacing of
72°. Using five rather than the minimum of three required LVDTs, increases
the measurement accuracy by 29 % (Karte et al. 2015).
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The described setup is installed in an electromechanical universal testing ma-
chine of type Walter and Bai LFM 150. Before the actual testing, the position
of the specimen is iteratively improved in order to come close to a central load
application. This is done based on the LVDT readings obtained in short-term
preliminary loading-unloading tests with a load of 3kN. The position of the
specimen is accepted, once the largest of the LVDT readings is not larger than
twice the smallest reading.
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Figure 2.1: Test setup consisting of the cement paste specimen, metal cylinders
with bottleneck, and two aluminum rings holding five LVDTs (a) schematic
illustration of symmetric upper half of the test setup, (b) actual test setup
inside climate chamber containing two temperature sensors and copper pipes
filled with conditioning fluid

2.2.2 Creep Testing

One specific loading-unloading test with a characteristic creep duration of three
minutes is performed every hour. During the remaining 57 minutes of every
hour, a permanent compressive force amounting to 0.2 kN ensures that the
whole setup (including the sample and the bottlenecks) stays in an upright
position without tipping over. The creep strain rates resulting from this small
loading decay quickly, such that they can be neglected with respect to the
significantly larger creep strain rates measured during the following three-
minutes creep tests.

Infinitely fast loading would be desirable for a creep test, but this is impossible
in a real experiment. Herein, loading is carried out under force control, with a
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prescribed force-rate amounting to 7.697 kN /s, corresponding to a specimen-
related stress rate amounting to 2 MPa/s, see Fig. A.2. This fast loading speed
ensures that the duration of the loading phase is by two orders of magnitude
smaller compared to the following creep test, where the load was held constant
for 180 seconds. Unloading is again carried out under load control with a force-
rate amounting to 3.849kN /s which is equivalent to a specimen-related stress
rate amounting to 1 MPa/s. This ensures that the prescribed loading speed is
reliably reached after an initial acceleration and before the final deceleration
of the piston.
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Figure 2.2: Typical force readings captured during a three-minutes creep test

Moreover, a trade-off between non-destructive testing and reliable deformation
measurements needed to be found. On the one hand, load levels smaller than or
equal to 15 % of the compressive strength are believed to stay within the elastic
limit of the material, because they stay out of the so called non-linear creep
regime (Ruiz et al. 2007) which would result in damage of the material (Rossi
et al. 2011; Fischer et al. 2014). On the other hand, such load levels turned out
to result in creep deformations which are large enough for obtaining reliable
LVDT readings. Still, this approach requires knowledge on the compressive
strength of cement paste which increases significantly during the first week
after production.

A validated continuum micromechanics model (Pichler et al. 2013; Pichler
and Hellmich 2011) is used to quantify the composition-specific evolution of
compressive strength as a function of hydration degree, see Fig. A.3(a). Quasi-
isothermal calorimetry carried out at 20 degrees Celsius (for all three types of
cement pastes w/c = 0.42, w/c = 0.45, and w/c = 0.50, respectively) allows
us to establish a relation between age of the material and the hydration de-
gree &, see Fig. A.3(b). Hydration degree £ is determined as the ratio of the
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accumulated specific heat release (¢) and the latent heat of ordinary Port-
land cement amounting to 500 J/g: £(t) = 5(%(?/g. Combining the relationship
between the compressive strength and hydration degree, with the relation-
ship between hydration degree and age of the materials, and multiplying the
resulting temporal evolution of compressive strength by 15 percent, delivers

maximum load levels for our creep testing campaigns, see Fig. A.4.
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Figure 2.3: (a) Prediction of compressive strength based on validated multi-
scale model (Pichler and Hellmich 2011; Pichler et al. 2013) as a function of
hydration degree, (b) evolution of hydration degree as a function of material

age, derived from quasi-isothermal calorimetry at 20 degrees Celsius
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Figure 2.4: Load plateau values prescribed during creep testing of cement
pastes with (a) w/c = 0.42, (b) w/c = 0.45, and (¢) w/c = 0.50

During the second, third, and fourth day after specimen production, the max-
imum load applied in our test was repeatedly updated during regular working
hours, such that the specimens were kept at a load level related to 15 % of
the model-predicted strength, see Fig. A.4. During the night and over the
weekend, in turn, the load levels remained invariant, for safety reasons. In this
way, the effectively applied loads always ranged between 10 % and 15 % of the
compressive strength.

The digital measurement equipment Orbit of Solartron Metrology is used for
storing the measured data in terms of Excel sheets. This includes displacement
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measurement signals of the five LVDTs, the signal from the force measurement
unit of the universal testing machine, and the signals of two quality assuring
temperature sensors. A Visual BASIC script automatically controls the mea-
surement frequency: The maximum data acquisition rate is used during the
creep test, resulting in approximately 75 individual readings per second; and
between two successive creep tests, when the specimen is subjected to the per-
manent load level, the measurement frequency is reduced to one reading every
two seconds. Displacement readings measured from five LVDTs, as well as the
mean of these readings, are exemplarily shown in the Fig. A.5.
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Figure 2.5: Length-changes measured during a creep test on a cement paste
specimen with w/c= 0.42, subjected at an age of 70 h to a force amounting to
22.79kN: (a) five individual LVDT readings, (b) mean of five LVDT readings

2.3 Test Evaluation

From each three-minutes creep test, the (elastic) Young’s modulus and the
creep properties were derived. This is based on force readings, see Fig. A.2,
and averaged LVDT readings, see Fig. A.5(b).

2.3.1 Quantification of Young’s Modulus

Unloading modulus is determined from point-wisely defined stress-strain di-
agrams (Karte et al. 2015). They are derived from the central parts of the
unloading events, where the desired unloading speed of 1.0 MPa/s was actu-
ally realized. To this end, the top 10 % and bottom 5 % of the unloading paths
are cut away, see Fig. A.2. Stress ordinates are calculated by dividing the
remaining force readings by the crosssectional area of cylindrical specimens,
which is equal to A = 3848.5mm?. Corresponding strain ordinates follow
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from dividing the averaged LVDT readings by the measurement length, i.e.
by 164 mm, being equal to the distance of the two aluminum rings holding
the LVDTs. Each point-wisely defined stress-strain diagram is very reliably
approximated by a straight line, as quantified by quadratic correlation coef-
ficients typically amounting to 72 = 99.7%. The slope of the straight line
represents the sought unloading modulus, see Fig. A.6.
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Figure 2.6: Stress-strain diagrams referring to unloading at the end of three-
minutes creep test: the slope of best linear fit represents the sought unloading

modulus F,

The unloading modulus is an estimate for the (elastic) Young’s modulus be-
cause unloading allows for efficient mechanical recovery of energy which was
previously stored in the compressed material sample (Coussy 2004; Salengon
2001; Luczynski et al. 2013, 2015). However, since the material creeps, two
addition effects need to be considered: (i) the strain response measured during
unloading may be partially due to delayed deformations resulting from the
load level prescribed before the unloading process; (ii) also during unloading,
the strain response may include viscoelastic phenomena with characteristic
times in the range of seconds. This calls for an improved estimate for the elas-
tic Young’s modulus, as described next: From the total strains (= averaged
LVDT readings divided by measured length 164 mm) the elastic strains are
subtracted in order to extract the creep strains. Thereby, the elastic strains
are computed as the stress (= force readings divided by the crosssectional area
A = 3848.5 mm?) divided by the estimated elastic Young’s modulus:

5
1 o(t
5creep(t) = Etotal (t) - 6elastic(t) - 57 Z Agz(t) - é)

When computing the creep strain evolution (62) based on the unloading modu-
lus £ = E,, the result does not comply with the expectation that creep strains
are compressive throughout both the loading phase and the subsequent three-
minutes creep test. Instead, tensile creep strains are obtained at the very
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beginning of the loading phase, see Fig. A.7(a), and this nonphysical result
is a consequence of the fact that unloading modulus slightly underestimates
the Young’s modulus. Increasing the Young’s modulus value which is used to
evaluate Eq. (1), namely, reduces the described tensile strains. This provides
a possibility to determine an improved estimate of Young’s modulus.

Starting with unloading modulus, progressively larger estimates of Young’s
modulus are inserted into Eq. (1), until the computed creep strains exhibit the
expected property of being compressive everywhere. In more detail, progressive
increase of Young’s modulus values has converged towards an improved value
of Young’s modulus, once the creep strain evolution does no longer undershoot
the measurement noise-related scatter-bandwidth of creep strains observed in
the last seconds before the loading event, see Fig. A.7(b). This correction
procedure delivers improved estimates of the (elastic) Young’s moduli, which
are typically by 3% to 4 % larger than the unloading moduli.
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Figure 2.7: Creep strains evolutions computed according to Eq. (1) for ce-
ment paste with w/c = 0.42 subjected at an age of 70h to a force amounting
to 22.79kN: (a) unloading modulus (13.633 GPa) results in nonphysical ten-
sile undershooting, (b) improved estimate of Young’s modulus (13.995 GPa)
delivers a qualitatively plausible creep strain evolution without tensile under-
shooting, and (c) overall creep strain evolution obtained with the improved
estimate of the (elastic) Young’s modulus
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2.3.2 Quantification of Creep Properties

As for the quantification of the creep properties from the derived creep strain
evolution is concerned, we follow Tamtsia and Beaudoin (Tamtsia et al. 2004)
and use a power-law type creep function. This choice is appealing because it
limits the number of fitting parameters to two only. Tamtsia and Beaudoin
introduced the creep compliance rate as (Tamtsia et al. 2004)

fj—@:(}(t“to)V (2.1)

dt tres

where ¢,.; = 1d = 86400s is a constant, ¢, denotes the time instant of sudden
loading, C' the creep compliance rate at time t = ¢y + t,.f, as follows from
specification of Eq. (63) for t — ty = t,f, and ~ represents a dimensionless
power-law exponent.

The elementary creep answer for sudden loading at time instant ¢y up to stress
level oy which is kept constant thereafter follows as

t

—t\7

Etora(t) =@+/%C (T ”) dr  t>t (2.2)
E tref

where 0/ FE denotes the elastic answer of the material at time ¢y. The solution
of Eq. (2) reads as

B
(o op (t—1
%%®:§+§(t;) t >t (23)

where B, = (v +1)/(C't,ef) denotes the creep modulus at time ¢ = to + t,.,
as follows from specification of Eq. (65) for t —ty = t,.f, and = v+ 1 stands,
by analogy to 7 in Eq. (63), for a dimensionless power-law exponent.

The creep evolution derived from our experiments indicates a significant devel-
opment of creep strains already during the loading phase. Therefore, the force
history is subdivided into a sequence of many small load steps, and Eq. (65)
is considered in the framework of Boltzmann’s superposition principle (Boltz-
mann 1878):

n

() = - T Fltm

11 (t—t\"
— 4 t, <t<t, 24
E+Ec(tref)] StStn (24)

with F'(ty) = 0.2 kN representing the permanent load level. Notably, ¢ in
Eq. (66) resolves the three-minutes duration of our creep tests. During such
a short period of time, the material properties E, E., and  in Eq. (66) are
virtually constant. Namely, they are functions of the microstructure of cement
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paste, the changes of which are driven by the hydration process, and the char-
acteristic time of the latter largely exceeds three minutes. Creep strains follow
from the total strains (66) when the elastic contribution is removed, i.e.

n

emod (1) — Z F(t;) = F(tio) 1 (t - t¢>ﬁ <t <ty (2.5)

creep p A Ec tref

For each test, creep modulus E. and power-law exponent ( are identified such
that the square root of sum of squares error, Egrgs, quantifying the difference
between creep strains evolution e.pec,(t) derived from the experiments, see
Eq. (62), and modeled creep strains evolution e21%% (t), see Eq. (2.5), attains a
minimum:

1 N

2
SSRSS(Ecyﬁ) = N Z [gcreep(ti) - EZ;ng(ti)] - min (26)
=1

where N is the total number of experimental readings considered for test eval-
uation during loading and the subsequent load plateau, typically amounting
to N = 5400.

Optimization problem (2.6) is solved iteratively. At first, intervals are defined
for the creep modulus F. and power-law exponent (3. These intervals are
subdivided such that 7 equidistant values are obtained for both variables to
be optimized. For all 7 x 7 = 49 combinations, representing a “testing grid”as
shown in Fig. 2.8(a), the error function (2.6) is evaluated, see Fig. 2.8(a). The
combination of values for E. and 3, which results in the smallest error value,
is treated as a first estimate of the optimum solution. It represents the basis
for defining improved optimization intervals and corresponding testing grids,
as described next.

e If the variable estimate lies on the boundary of the corresponding opti-
mization interval (as is the case for the creep modulus in Fig. 2.8(a)),
the interval is shifted by moving its center to the aforementioned variable
estimate (as is seen for the creep modulus in Fig. 2.8(b)).

e If the variable does not lie on the boundary of the corresponding
optimization interval (as is the case for the power-law exponent in
Fig. 2.8(a)), the latter is again shifted so as to take the aforementioned
variable estimate as center, but at the same time, the interval is also
shrunk to half of its original size, thereby refining its internal “resolu-
tion” (see Fig. 2.8(b) for the testing grid shrunk in ordinate direction
with respect to its original size seen in Fig. 2.8(a)).

As before, the new optimization intervals are subdivided so as to define 7
equidistant values, and the error function Egggs is evaluated for all 49 param-
eter combinations. After 15 rounds of shifting and refining the optimization
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ment of search intervals: (a) “old”testing grid with corresponding estimate for
optimum solution, in terms of variable combination for F,. and power-law ex-

ponent [3; and (b) “new”testing grid for the next iteration of the optimization

procedure

intervals, the optimized values are determined up to a precision of 4 signifi-
cant digits, and the optimization process is stopped. In order to reduce the
time required for this optimization procedure to a reasonable minimum, we
consider only every fifth data point. This results in an effective measurement
frequency of 15 Hz, such that 180 seconds are covered by some 2700 equally
spaced readings.

2.4 Results

Evaluation of our test data allows for quantifying the temporal evolution
of elastic stiffness and creep properties of cement pastes with w/c = 0.42,
w/c = 0.45, and w/c = 0.50, respectively. For each of these compositions,
we have tested two different specimens, resulting in virtually the same eval-
uation results. This underlines the repeatability of the test protocol and the
significance of the results discussed next.

2.4.1 Elastic Young’s modulus

The temporal evolution of the (elastic) Young’s modulus increases mono-
tonously and under-linearly with increasing age of the materials. In addition
the elastic stiffness is the larger the smaller the initial water-to-cement mass
ratio w/c, see Fig. 2.9.
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Figure 2.9: Evolution of elastic Young’s modulus for cement paste with (a)
w/c=0.42, (b) w/c = 0.45, and (c) w/c = 0.50

The smooth evolution of Young’s modulus strongly supports the evaluation
strategy described in Section 3.1. Unloading modulus, namely, does not in-
crease monotonously with increasing age of the materials, but it drops slightly
every time the load level is updated, i.e. increased, for being kept close to 15 %
of the compressive strength, see Fig. 2.10.
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Figure 2.10: Evolution of unloading modulus for cement paste with (a) w/c =
0.42, (b) w/c = 0.45, and (c) w/c = 0.50

2.4.2 Temporal evolution of creep modulus and power-

law exponent

The modeled creep strain history (66) allows for an almost perfect fit (see
Fig. 2.11) of our measured data in the sense that the strains derived from our
experiments fluctuate only slightly around the model predicted strains, and
these fluctuations stem practically speaking from the measurement noise, as
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quantified by the relative prediction error
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which is typically as small as 1%. In addition, the determined optimal values
of creep modulus E,. and power-law exponent [ represent unique solutions, as
can be seen from the evaluation of error value (2.6) (Esrss < 0.1pm) over wide
intervals of the two optimization variables, see Fig. 2.11 and Fig. 2.12.
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Figure 2.11: Comparison of model predicted strain evolution, see Eq. (66),

=)

and measured strain evolution for cement paste with w/c = 0.42 subjected
at an age of 70h to a force amounting to 22.79 kN: (a) comparison of total
strains, (b) comparison of creep strains; optimal values of E, and [ read as
E.=29.94GPa and g = 0.22

Creep moduli increase monotonously and under-linearly with increasing age
of materials. In addition, creep moduli are the larger the smaller the initial
water-to-cement mass ratio w/c, see Fig. 2.13. Notably, creep moduli E, are
by a factor of 2 to 3 larger than the corresponding (elastic) Young’s moduli;
compare Fig. 2.9 with Fig. 2.13. As the creep modulus E. refers to ¢,.; = 1 day,
the aforementioned comparison implies that after a 1-day constant loading of
an invariant microstructure, the creep strains would be by a factor of 2 to 3
smaller than the elastic strains.

Power-law exponent 8 decreases monotonously and over-linearly with increas-
ing age of the materials, see Fig. 2.14. In contrast to the (elastic) Young’s
moduli and creep moduli, power-law exponent shows only a minor sensitivity
with respect to the composition of the cement paste, in the investigated w/c
interval from 0.42 to 0.50.
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Figure 2.13: Evolution of creep modulus E. for cement paste with (a) w/c =

0.42, (b) w/c = 0.45, and (c) w/c = 0.50

2.4.3 Evolution of Young’s modulus, creep modulus,
and power-law exponent as functions of degree of

hydration

“Degree of hydration”is clearly preferable over “age of the material”when it
comes to selecting a suitable maturity parameter (Ulm and Coussy 1995), be-
cause the speed of the chemical reaction between cement clinker and water
increases with increasing temperature. This is the motivation for illustrating
the evolutions of elastic and creep properties as functions of hydration de-
gree, simply by combining the temporal evolutions of the identified mechanical
properties (Young’s modulus, see Fig. 2.9, creep modulus, see Fig. 2.13, and
power-law exponent, see Fig. 2.14) with the relationships between hydration
degree and age of the tested cement pastes, see Fig. A.3(b).

The (elastic) Young’s modulus increases in very good approximation linearly
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with increasing hydration degree in the studied interval ranging from 30 %
to 65 %, see Fig. 2.15. For a given hydration degree, Young’'s modulus is
the larger, the smaller the initial water-to-cement mass ratio. Creep modu-
lus increases over-linearly with increasing hydration degree, see Fig. 2.16. For
a given hydration degree, creep modulus is the larger, the smaller the initial
water-to-cement mass ratio. The power-law exponent slightly decreases — in an
apparently linear fashion — with increasing hydration degree, see Fig. 2.17. In-
terestingly, different compositions in terms of different initial water-to-cement
mass ratios do not exhibit a significant influence of the absolute values of the
power-law exponent, at least in the investigated composition interval ranging
from w/c = 0.42 to w/c = 0.50.

w/c=0.45

0 test-l w/

o test-2 w/c=0.45

Young’s modulus £ [GPa]
=

Young’s modulus E [GPa]
S

Young’s modulus E [GPa]
S

(=1

(=1

0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
degree of hydration & [-] degree of hydration £ [-] degree of hydration £ [-]

(a) (b) ()
Figure 2.15: Elastic Young’s modulus £ as a function of hydration degree, for
cement paste with (a) w/c = 0.42, (b) w/c = 0.45, and (c¢) w/c = 0.50
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2.5 Discussion

We here discuss the non-aging and non-damaging aspects of the new creep
testing protocol (Subsection 2.5.1), the role of self-desiccation and the associ-
ated reduction of internal relative humidity (Subsection 2.5.2), alternatives to
the here-used test evaluation strategy (Subsection 2.5.3), we address the ques-
tion regarding the difference between static and dynamic elastic stiffness by
comparing the statically obtained Young’s moduli with results from ultrason-
ics testing on the same materials (Subsection 2.5.4), we discuss the transition
from initially power law-type creep to logarithmic creep (Subsection 2.5.5),
we check extrapolation of creep properties from three-minutes non-aging creep
tests to two-days aging creep tests (Subsection 2.5.6), and we close with a
future outlook regarding testing of microstructurally-designed materials (Sub-
section 2.5.7).

2.5.1 Non-aging, non-damaging creep tests

Our individual creep tests last for three minutes, and this is so short that the
microstructure of cement paste remains in very good approximation the same,
although hydration continues during each creep test. Two subsequent creep
tests, in turn, are separated by a characteristic duration of one hour. This time
span is large enough that two subsequent tests provide access to properties of
two already different microstructures.

The prescribed creep loads are smaller than or equal to 15% of the uniaxial
compressive strength predicted by a validated multiscale strength model for
cement pastes (Pichler et al. 2013; Pichler and Hellmich 2011). These load
levels are small enough for allowing damage-free mechanical testing of the in-
vestigated specimens. At the same time, they are large enough for provoking
length changes within the measurement region of the tested specimens, which
are large enough as to ensure reliable readings of the used displacement sen-
sors. Deformation readings taken within the first few minutes right after the
completion of the creep test provide valuable experimental insight into the two
aspects discussed above. Notably, our specimens return to the configuration
before the creep test (Fig. 2.18), up to resolution being equal to the measure-
ment accuracy of our displacement sensors, which amounts to approximately
0.1 pm, (Karte et al. 2015). This practically complete recovery of spontaneous
elastic and delayed creep deformation underlines (i) the effectiveness of the
chosen strategy in preventing damage of the tested materials, and (ii) that the
microstructure has practically not changed during the test.
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Figure 2.18: Strain evolution of a specimen loaded, at an age of 70h, to a
force of 22.79kN for three minutes; and being without load thereafter: mea-

surements and predictions according to Eq. (66)

2.5.2 Self-desiccation and reduction of internal relative

humidity

Hourly repeated creep tests on young cement pastes provide access to
hydration-induced evolutions (i) of elastic properties in terms of Young’s mod-
ulus £ and (ii) of creep properties in terms of creep modulus E, and power-law
exponent (3. The significant increase of creep modulus during the observed in-
terval of material age can be explained from a microstructural viewpoint. At
microstructural scales, hydration consumes water and cement clinker for the
production of cement hydrates. This implies, on the one hand, that capillary
porosity decreases with increasing hydration, reducing the stress concentration
into the creeping hydrates and, hence, reducing the overall creep activity. On
the other hand, the water content of cement paste decreases because of hy-
dration, and this self-desiccation process (Chen et al. 2013) is also known to
reduce the creep activity of the material (Jiang et al. 2014; Bazant and Chern
1985). In order to avoid loss of water through drying, our specimens were
sealed against the ambient air, from right after production until the end of the
testing activity. In this context, it is interesting to note that measurements of
relative humidity on sealed cement pastes with initial water-to-cement ratios
ranging from 0.22 to 0.35, revealed a humidity decrease from initially 100 %
down to about 90 %, see Wyrzykowski and Lura (Wyrzykowski and Lura 2014).
While humidity was not monitored in the present study, similar evolutions will
have probably taken place inside the specimens investigated here.

In order to provide more insight into the question whether (i) stress concen-
tration into hydrates or (ii) self-desiccation and decrease of relative humidity
is more important for early-age creep of cement paste, we study the evolution
of the creep compliance 1/E, as a function of the gel-space ratio 7, (Freyssinet
1933). This maturity parameter combines both composition in terms of the ini-
tial water-to-cement mass ratio w/c and the hydration degree ¢, see, e.g. (Pich-
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ler et al. 2013)

43.15¢
- > 2.8
797 20¢ + 63w/c (28)
Creep compliance values identified based on six tested specimens (two for each
of the considered compositions in terms of w/c = 0.42, w/c = 0.45, and

w/c = 0.50, respectively; see Fig. 2.16) form a quite dense data cloud, when
plotted as a function of gel-space ratio, see Fig. 2.19. Notably, also early-age
uniaxial compressive strength of cement pastes with different compositions is
— in good approximation — a universal function of gel-space ratio (Pichler et al.
2013), and this opens the door to the following interpretation of similarities
between compressive strength and creep compliance. As regards strength, hy-
drates hold together cement paste microstructures, such that the microscopic
load carrying capacity of hydrates triggers the macroscopic strength of cement
paste. A universal relationship between strength and gel-space ratio indicates
that differently composed cement pastes exhibiting the same gel-space ratio
show the same stress concentration from macroscopic loading imposed on a ce-
ment paste specimen down to stresses of microscopic hydrates. Therefore, the
“pseudo-universal” relationship between creep compliance and gel-space ratio
(Fig. 2.19) suggests that also creep of young cement pastes is mainly triggered
by stress concentration from macro-loading down to stresses in microscopic hy-
drates, at least in the investigated range of gel-space ratios ranging from 35 to
more than 60 %. This motivates further investment into multiscale creep mod-
eling of cement pastes (Sanahuja 2013b; Scheiner and Hellmich 2009; Sanahuja
and Dormieux 2010).
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Figure 2.19: Creep compliance EL as a function of gel space ratio v, for cement

pastes with different w/c ratios

2.5.3 Test evaluation strategy

Identification of elastic and creep properties represents an optimization prob-
lem, and this raises the question regarding a suitable solution method. No-
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tably, the error surface defined through (2.6) exhibits several local minima
resulting from the measurement noise (see Fig. 2.8). Gradient descend meth-
ods, such as, e.g., the Levenberg-Marquardt method, would identify a local
minimum, rather than the sought global minimum. This raises the need for
an optimization algorithm checking the error surface also in the vicinity of a
detected near-optimum solution. The optimization approach used here pro-
vides a satisfactory solution to this problem. Namely, several numerical tests
provided evidence that this approach indeed identifies the global minimum of
the underlying error surfaces.

We here identified elastic and creep properties by means of a two-step strat-
egy. At first, we identified the elastic Young’s modulus from a stress strain
relation obtained via unloading (see Fig. A.6), while forbiding tensile creep
strains during a compressive creep test. After that, the identification of creep
modulus and power-law exponent requires the solution of a two-dimensional
optimization problem. An alternative strategy would have been to identify all
three quantities simultaneously. Notably, this three-dimensional optimization
problem is challenging because the sensitivity of modeled strains with respect
to changes in Young’s modulus is, by orders of magnitude, larger than the
sensitivity with respect to changes in creep modulus and power-law exponent.
This would imply that the ”optimal Young’s modulus” were even smaller than
the unloading modulus, and that the "optimal creep strains” would again im-
ply non-physical tensile creep strains under compressive loading. Hence, the
proposed mechanics-based, staggered, identification strategy is clearly prefer-
able over identification strategies which are merely motivated by mathematical
formalisms alone.

The idea that, due to viscoelastic deformations, the unloading modulus is not
necessarily equal to the elastic modulus, is not new. E.g. in the context of
indentation experiments, Feng and Ngan (Feng and Ngan 2002) have proposed
to determine the elastic modulus from the indentation rate right before before
initiation of unloading and the force rate right at the beginning of the unloading
phase. Translated into the present context of macroscopic material testing, the
aforementioned “correction strategy” would read as

1 1 et) . o . o .
E L ) with £(t,) = 51—1>I(§l+ E(ty—e€) and a(t)) = E1_1>r(1)q+ o(t, +¢€)
(2.9)

where t, denotes the time instant when unloading starts. In Eq. (2.9), £(t;,)
and & (t;}), respectively, denote the strain rate right before unloading and the
stress rate right at the beginning of the unloading phase. However, the “correc-
tion strategy” (2.9) cannot be implemented in the present context of macro-
scopic experiments, because the acceleration capabilities of the piston of a
spindle-based electromechanical testing machine are much more limited than
those of a nanoindentation tip. While nanoindentation devices typically allow
for quasi-immediate prescription of a desired unloading force rate, macroscopic
mechanical test devices do not allow for such an option: Strictly speaking, the



Chapter-2 31

macroscopic unloading stress rate vanishes at the beginning of the unloading
phase. As a remedy, one could evaluate Eq. (2.9) based on the average stress
rate during unloading rather than based on the stress rate right at the be-
ginning of the unloading phase, but this would result in an “improved” value
for Young’s modulus, which would still be related to significant tensile creep
strains at the beginning of the loading phase. Hence, we conclude that the ap-
proach of Feng and Ngan cannot be straightforwardly adapted for our present
experimental set-up.

2.5.4 Static versus dynamic stiffness

It is interesting to compare the elastic Young’s moduli, as they were herein
determined from a quasi-static test protocol, with ultrasonic experimental re-
sults of (Karte et al. 2015) on the same cement pastes (identical raw materials
and compositions w/c = 0.42 and w/c = 0.50); i.e. with Young’s moduli
derived from a dynamic test protocol. Remarkably, they are essentially the
same, see Fig. 2.20. While this somewhat contradicts the tale of the “differ-
ence between quasi-static and dynamic Young’s moduli” (Kolias and Williams
1980), it is perfectly in line with the energetic and thermodynamic definition
of elasticity (Coussy 2004; Salengon 2001): Elasticity is path-independent, and
therefore, also independent on the velocities and rates experienced along the
evolution of whatever path. Accordingly, any “moduli” derived from stress-
strain protocols exhibiting strain rate-dependencies, relate (at least partially)
to dissipative phenomena: This concerns potentially visco-elasto-viscoplastic
loading moduli (often, but still confusingly, termed “quasi-static Young’s mod-
uli” (Kolias and Williams 1980)) as well as potentially visco-elastic unloading
moduli (as recently documented by Karte et al (Karte et al. 2015)), which
in light of the present results, would also reflect delayed dissipation-related
phenomena.

It is also interesting to discuss the possible activation of loading-induced pore
pressures. Macroscopic compressive loading of cement paste leads to a re-
duction of the macroscopic specimen volume, and this manifests itself at the
microscale in a volume reduction of the solid constituents and of the pore
space. The reduction of porosity is a driving force for water transport from
water-filled into air-filled pores. Water transport counteracts the build-up of
pore water pressure, but is limited by the size of the channels which connect
neighboring pores. Therefore, the faster the macroscopic loading is increased,
the less effective can transport processes counteract the build-up of pore water
pressure. The latter, in turn, increases the macroscopic apparent stiffness of
the material. Hence, one would expect that the apparent macroscopic stiffness
of a porous material increases with increasing loading speed. In this context,
it is noteworthy that ultrasonics (exhibiting extremely fast loading speed) and
the present quasi-static experiments delivered virtually identical elastic stiff-
nesses. This result strongly suggests that both types of tests activate the same
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Figure 2.20: Comparison between the static Young’s modulus identified herein,
with the dynamic Young’s modulus reported by Karte et al. (Karte et al. 2015).
Very remarkably they turn out to be essentially the same, (a) w/c = 0.42, and
(b) w/c=0.50

types of pore pressures. One could speculate that significant pore pressures
are activated in isolated (non-connected) gel pores, while no significant pore
pressures are activated in well-connected capillary pores. Clarification requires
future research combining experiments with microporomechanical theories, as
the ones described by Dormieux et al. (Dormieux et al. 2006).

2.5.5 Macroscopic testing versus microindentation test-

ing: Power-law creep versus logarithmic creep?

It is interesting to compare our minutes-long macroscopic creep tests with
minutes-long microindentation creep tests into cement paste (Vandamme and
Ulm 2013; Jones and Grasley 2011; Zhang 2014) and with minutes-long nanoin-
dentation creep tests into low-density C-S-H (Vandamme and Ulm 2013). The
three methods deliver similar results in the sense that they all indicate non-
asymptotic creep behavior. However, there are also significant qualitative dif-
ferences. Nano- and microindentation yield — after an initial transition phase
— so-called logarithmic creep, which is expressed by a linear relation between
creep deformation and the logarithm of time, i.e. an by underlinear relation
between the logarithm of creep deformation and the logarithm of time. Our
macroscopic tests, in turn, yield power law-type creep, which is expressed by
an overlinear relation between creep deformation and the logarithm of time,
i.e. by a linear relation between the logarithm of creep deformation and the
logarithm of time. Together, these two observations suggest that creep of ce-
ment paste starts with power-law creep rates and ends, after an intermediate
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transition phase, with logarithmic creep rates. This is underlined by non-aging
macroscopic creep tests on mature cement pastes with characteristic durations
of more than 75days, see Zhang et al. (Zhang et al. 2014). The initial part
of the measured creep functions can be represented very reliably by means of
power laws (Fig. 2.21). The final part of the measured creep functions, in turn,
can be represented very reliably by means of a logarithmic function of the form
J(t)=(1/C) x In(t/7 4+ 1), with C' and 7 as fitting parameters. This suggests
that the transition from initial power law-type creep to subsequent logarithmic
creep takes place between 20 and 45 days after the start of the creep test. Also,
it may be possible, in the future, to perform two three-minutes creep tests —
one macroscopic test such as described herein, and one microindentation test
such as described in (Zhang et al. 2014) —, in order to characterize the complete
creep function of a non-aging cement paste.
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Figure 2.21: Transition from power law-type to logarithmic creep behavior,
shown by example of creep experiments reported by Zhang et al. (Zhang et al.

2014) for mature cement pastes which were tested longer than 75 days: creep
functions plotted over (a) linear and (b) logarithmic time scale

2.5.6 Extrapolation from three-minutes mnon-aging

creep tests to two-days aging creep tests

Next, we discuss potential and limitation regarding the estimation of the aging
creep strain development over two days, from data obtained during a three
minute non-aging creep test. To this end, we subjected cement paste with
w/c = 042, at an age of 24 hours, to a load of 9.5kN, and we kept this
load constant for the following 48 hours, see Fig. 2.22 for the measured strain
evolution. In this context, we note that significant autogeneous shrinkage
develops during the second and third day after production. Therefore, we
consider the measured strains to be a superposition of elastic strains, creep
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strains, and autogeneous shrinkage strains
Etotal (t) - 6el(JLstic(t) + 6creep(t) + 8shrinkage(t) (21())

Autogeneous shrinkage strains are discussed next.

w/c=0.42

s 1200

900

600

300

total strain ey [x 10~

24 36 48 60 72
age of sample [h]

Figure 2.22: Extrapolation from three-minutes non-aging creep tests to two-
days aging creep tests of cement paste with w/c = 0.42: measured creep
strains during two-days creep tests starting at 24 hours age, see dashed curves;
and 99 % confidence interval of extrapolated creep strain evolution, see shaded

domain; corresponding material properties are collected in Table 2.1

Hydration of cement pastes is associated with autogeneous shrinkage. Dur-
ing a three-minutes creep test, hydration progresses only insignificantly, such
that newly developing autogeneous shrinkage strains are negligibly small with
respect to the (by order of magnitude larger) elastic and creep strains in-
duced by the mechanical loading. Therefore, it is sufficient to focus on strain
changes when it comes to identification of elastic and creep properties from
three-minutes creep tests, and this is facilitated when setting the strains at
the beginning of each three-minutes creep test formally equal to zero. During
a time span of hours and days, however, the hydration process does exhibit a
significant progress, and this leads to considerable autogeneous shrinkage. In
this context, (i) we emphasize that the herein reported quasi-static (elastic)
Young’s moduli agree extremely well with the ultrasonics results of Karte et
al. (Karte et al. 2015), and (ii) we note that ultrasound is well-known to leave
specimens undamaged. This suggests that repeated creep testing left our spec-
imens undamaged, and that creep strains are completely recovered after each
test, see, e.g., Fig. 2.18. Therefore, the small difference of absolute strains
measured right before two successive creep tests can be used to quantify the
evolution of autogeneous shrinkage strains, see Fig. 2.23. These evolutions are
considered in Eq. (2.10).

As for the comparison of creep strains extrapolated, from a three-minutes test,
to a two-days test, we note that three-minutes tests provide virtually non-aging
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Figure 2.23: Shrinkage strain evolution quantified as the difference of absolute

strains measured right before two successive creep tests, for w/c = 0.42

properties, while two-days tests refer to an aging microstructure (because of
ongoing hydration). Still, we check the potential relevance of such an extrap-
olation, by means of the following statistical exercise. We consider (elastic)
Young’s modulus F, creep modulus E., and power-law exponent 3 to be ran-
dom variables characterized by a lognormal distribution, and we determine
99 % confidence intervals of the corresponding expected values, for mathemat-
ical details see, e.g., (Pichler et al. 2005). The confidence intervals consider
the rather small statistical sample size amounting to n = 4. Namely, two
specimens were tested and evaluated as described in Sections 2.2 and 2.3, and
another two specimens were subjected to two-days creep tests, whereby the
first three minutes can be evaluated as described in Section 2.3, see Table 2.1.
The determined confidence intervals of E, E., and S are related to a confi-
dence interval of extrapolated creep strains, see Fig. 2.22. Albeit the large
extrapolation distance — two days are by a factor of 960 larger than three min-
utes —, the confidence interval of extrapolated creep strains encloses the two
measured aging strain evolutions. This further corroborates the significance
of the herein reported test results. We also conclude that the microstructure
which is present at the time instant of loading, plays also an important role
for aging creep tests; and this is consistent with recent modeling approaches,
see (Sanahuja 2013a,c).

2.5.7 Future outlook to microstructurally-designed ma-

terials

In the future, it will be interesting to combine the herein described creep test-
ing protocol with ”microstructurally designed” cement pastes. As for their
production, a certain part of the clinker is replaced by chemically inert par-
ticles of similar size and stiffness, see (Termkhajornkit et al. 2015; Di Bella
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Table 2.1: (Elastic) Young’s modulus, creep modulus, and power-law exponent
of four samples with w/c = 0.42, subjected to three-minutes creep tests, 24
hours after their production; and 99 % confidence intervals of expected values

of lognormal distributions

| = B | 5 |
properties of sample #1 9.21 GPa | 10.9GPa | 0.282
properties of sample #2 9.28 GPa | 12.9GPa | 0.240
properties of sample #3 8.90 GPa | 9.93 GPa | 0.280
properties of sample #4 8.82 GPa | 8.99 GPa | 0.286
upper limit of 99 % confidence interval of expected value || 9.74 GPa | 16.7 GPa | 0.344
lower limit of 99 % confidence interval of expected value || 8.41 GPa | 6.74 GPa | 0.214

et al. 2015). Complete hydration results in a material which is representative
of an early-age microstructure, because the inert particles take over the role
of unhydrated clinker. Thanks to the chemically inert nature of such “mi-
crostructurally designed” cement pastes, they may provide insights which are
not accessible through test campaigns on hydrating materials, e.g. (i) repeated
tests in order to gain very detailed insight into strain recovery, and (ii) test
series with increasing load levels, in order to study the transition from linear
creep to non-linear creep.

2.6 Conclusions

The following conclusions are drawn:

e The new testing protocol consisting of hourly repeated three-minutes
creep tests, with compressive force levels smaller or equal to 15 % of the
compressive strength of the material, provides valuable insight into the
evolution of elastic and creep properties of hydrating cement pastes.

e Ensuring that creep strains are compressive throughout the entire creep
test, and this includes in particular the initial phase of loading, allows for
identifying a static Young’s modulus which is in very good approximation
equal to the dynamic Young’s modulus identified from ultrasonics.

e Any “moduli” derived from stress-strain protocols exhibiting strain
rate-dependencies, relate (at least partially) to dissipative phenomena:
This concerns potentially visco-elasto-viscoplastic loading moduli (often,
but still confusingly, termed “quasi-static Young’s moduli” (Kolias and
Williams 1980)) as well as potentially visco-elastic unloading moduli (as
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recently documented by Karte et al (Karte et al. 2015)), which in light
of the present results, would also reflect delayed dissipation-related phe-
nomena.
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Nomenclature
Nomenclature
A — cross-sectional area of sample
C-S-H — Calcium Silicate Hydrates
C — creep compliance
E —  Young’s modulus
E. — creep modulus
E, — unloading modulus
F — compressive force
l, — measurement length
LVDTs — Linear Variable Differential Transducers
Q — specific heat release
t —  time
to — time instant at start of loading
ref — reference time
w/e — initial water-to-cement mass ratio
Ié] — power-law exponent
AY; — length change measured by i-th LVDT
Alpoger  — change of length computed by creep model
Aliwq  — total change of measurement length
Algreep  — creep contribution to Al
Algastic — elastic contribution to Alptar
Ao — incremental stress change (positive if compressive)
Esrss —  “square root of sum of squares”- error
Erel — relative prediction error
v — dimensionless power-law exponent
Vg — gel-space ratio

€ —  strain
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Downscaling-based identification
of non-aging power-law creep of

cement hydrates

3.1 Introduction

It is well accepted in the cement and concrete research community that the
creep properties of cementitious materials stem from the viscoelastic nature of
the reaction products between cement and water, called hydrates; while the
remaining solid material constituents, namely unhydrated clinker grains and
aggregates, do not exhibit delayed deformations under time-invariant stresses
(Neville 1964; Bazant and Prasannan 1989a,b; Acker 2001). It is also a widely
acknowledged idea that the aging, i.e. time variant, creep properties of concrete
are due to the hydration process, i.e. the subsequent formation of increasingly
many hydrates, while the hydrates themselves may actually exhibit non-aging,
i.e. time-invariant, creep properties (Bazant and Prasannan 1989a,b; Scheiner
and Hellmich 2009). However, quantification of such non-aging hydrate creep
properties, both short and long term, remains an unsettled challenge — and this
challenge is tackled in the present contribution. In this context, ultra-short
term creep tests are of interest (Delsaute et al. 2012, 2016), and we here build
upon a very recent experimental campaign consisting of three minute-long
creep tests on ordinary Portland cement pastes with different water-to-cement
ratios and different maturity degrees (Irfan-ul-Hassan et al. 2016). Over this
short creep measuring time, the pastes virtually do not age at all, and their
creep behavior is almost perfectly represented (see Fig. 3.1) by a uniaxial



Chapter-3 40

power-law creep function of the form
exp

ex ex ex 1 1 t—7 <
Jcpp(t - T) = Je,cg + Jv,cg(t - 7-) = + ( t ) ) (31>

- erp erp
Ecp Ec,cp ref

with ¢ as chronological time, 7 as time instant of loading, and ¢,.f = 1d =
86400s as a fixed reference time (Irfan-ul-Hassan et al. 2016); with ES? de-
noting the Young’s elastic modulus, EZ75 denoting the Young’s creep modulus,

and S7P representing a dimensionless power-law exponent. Notably, the lat-
ter three quantities depend on the microstructural composition of the cement

paste encountered at the time instant of loading, 7.

3 minute-long tests, age=35h

=
532
measurement
E?\ 187 fit, see Eq. (2)
= = 167 w/ec=0.5
<. 147
mgg
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@:} 3r N load history
£t 6 §
% % 4 @
o
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-
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Figure 3.1: Experimentally measured temporal evolutions of viscous creep
strains (divided by the applied stress at the loading plateau) and corre-
sponding power-law fits according to Eq. (3.1) for 35h old cement paste
with w/c € {0.42,0.45,0.50}; quadratic correlation coefficients amount to
R?* = {99.7%,99.6%, 99.5%}; see (Irfan-ul-Hassan et al. 2016) for details

In the remainder of the present paper, we will test whether the maturity- and
composition-dependent parameters E¢7b and S reported by Irfan-ul-Hassan
et al. (2016) may actually be traced back to only one “universal” Portland

cement-related, isochoric hydrate creep tensor function

1 11 L (t=r\™
J t— = —]Ivo Y I o 2
hyd( 7) 3 khya L 2 [:uhyd * He,hyd < brey ) ] ‘ .

with the (elastic) bulk and shear modulus of the hydrates denoted as kpyq
and fipyq, and with the shear creep modulus and the power-law creep ex-
ponent of hydrates denoted as jicpya and Brya. Ly and Iz, are the volu-
metric and deviatoric parts of the fourth-order identity tensor I, defined as
[ijkl = 1/2(51k5]l + 6il5jk)7 Hvol = 1/3(1 & 1), and ]Idev =1 - ]Ivol, respec-
tively, whereby 1 denotes the second-order identity tensor with components
equal to the Kronecker delta d;;, namely 6;; = 1 for i=j, and 0 otherwise. For
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“downscaling” from the cement paste to the hydrate level, we use the microme-
chanical representation of cement paste as developed by Pichler and Hellmich
(2011), in combination with the theory of viscoelastic homogenization (Laws
and McLaughlin 1978; Scheiner and Hellmich 2009; Sanahuja and Dormieux
2010).

The present paper is organized as follows: after a review of micromechan-
ics and viscoelastic scale transitions, mixture-independent hydrate creep is
back-analyzed from the aforementioned three minute test campaign over var-
ious mixtures. The resulting hydrate creep function is then further validated
through Tamtsia and Beaudoin’s classical test on very old cement paste (Tamt-
sia and Beaudoin 2000). Corresponding results are carefully discussed there-
after, followed by concluding remarks.

3.2 Micromechanics of creeping cement pastes

3.2.1 Micromechanical representation of cement pastes

Cement pastes are microheterogeneous materials exhibiting a scale-separated
hierarchical organization. In agreement with our focus on creep of cement
paste, we here account for four quasi-homogeneous constituents (or material
phases), namely for cement clinker, water, hydration products, and air. Their
characteristic sizes, their characteristic phase shapes, and their specific modes
of mutual interaction motivate the two-scale representation of cement pastes
according to Pichler and Hellmich (2011), sketched in Fig. 3.2.

e At the scale of a few tens of microns, we envision a representative vol-
ume element (RVE) of hydrate foam, consisting of single micron-sized or
even smaller spherical water and air phases, as well as of similarly thick
hydrate needles oriented uniformly in all space directions. All three ma-
terial phases are in direct mutual interaction, i.e. they are arranged in a
polycrystalline fashion.

e At the significantly larger scale of several hundreds of microns, we en-
vision a representative volume element of cement paste, consisting of a
quasi-homogeneous hydrate foam matrix and a spherical cement clinker
phase. Their interaction is the one typically encountered in matrix-
inclusion composites.

3.2.2 Homogenization of hydrate foam properties

The RVE of Fig. 3.2 (b) is subjected to homogeneous ( “macroscopic”) strains
€nf, in terms of “microscopic” displacements {(z, ) fulfilling

§(z,t) =ens(t) -, (3.3)
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(a) cement paste (b) hydrate foam

< 0.7mm
< 20 pm

hydrate foam matrix capillary pore hydrate

Figure 3.2: Micromechanical representation of cement paste by means of the
two-step homogenization scheme of Pichler and Hellmich (2011): (a) RVE of
matrix-inclusion composite “cement paste” where a spherical clinker phase is
embedded in a hydrate foam matrix [modeled by means of a Mori-Tanaka
scheme (Mori and Tanaka 1973; Benveniste 1987; Bernard et al. 2003b)]; (b)
polycrystalline RVE of “hydrate foam” built up of spherical capillary porosity
(water and air phases), as well as of needle-shaped hydrate phases oriented
uniformly in all space directions [modeled by means of a self-consistent scheme
(Hershey 1954; Hill 1965; Fritsch et al. 2006)]; all schematic 2D sketches refer

to 3D volume elements

with z labeling positions inside as well as at the boundary of the RVE. Bound-
ary condition (3.3) and compatibility of the microstrains inside the RVE, read-
ing as

1
e(z,t) = 5 [Ve(z,t) + Ve )] (3:4)
imply the so-called strain average rule (Hashin 1983; Zaoui 2002)
1
et =y [ ewhav, (3.5)
Vas Jvig

with V3¢ as the volume of the RVE. Moreover, these deformations provoke trac-
tion forces T' at the boundary OV} of the RVE, and equilibrated microstresses
o throughout the RVE. They fulfill

T(z,t)=0o(z,t) -n(z) and dive(z,t)=0, (3.6)

with n as the normal to the surface dVj,; of the RVE. The (external) work
density done by these traction forces reads as

wir ) = o | Lo & ds
1 1
=Vt o, ens(z,t) - 2] - [o(z,t) - n(z)] dS = enyp(t) : Wf/vhf o(z,t)dV.

(3.7)
Hence, the force quantity doing work on the macroscopic strains €5 is the
spatial average over the microscopic stresses. Thus, this average qualifies as
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the macroscopic stress, i.e. here as the stress tensor o, related to the hydrate

foam,
1
out) = [ olzav, (3.8)
Vhf Vhy
Given the morphological representation of the hydrate foam RVE [see
Fig. 3.2(b)], the strain average rule (3.5) takes the particular form

2

[ sin v
€hf(t) = fﬁ)}:spor(t) + f}?yfd / / Ehyd((pa 197 t)? dv ng : (39>
0 0

In Eq. (3.9), f  and f,?; 4 denote the volume fractions of capillary pores and of

por)
the hydrates, within the RVE of hydrate foam. €,,, is the microstrain averaged
over the RVE-subvolume V), = Vi + Vi,0, occupied by the capillary pores,
namely

1
porlt) = 7 /V e(z, ) dV, (3.10)
por por

and epyq(p, V) relates to the average strains in the needle-shaped hydrate phase
oriented in ¢,¥-direction,

1
= A1
Ehyd((pa 197 t) 5(90, 19) /év(%ﬁ) 5(&7 t) ds ) (3 )

with £(p,7) as the length of all needle-shaped hydrates oriented in ¢, 9-
direction. Analogously, the stress average rule (3.8) specifies to

S

2
in 9
ony(t) :fg;apor(t)+f£;‘d//ahyd(go,q9,t) - do de. (3.12)
0 0

The hydrates exhibit viscoelastic behavior (Acker 2001),

¢ 9 . 5
O hya(t) = / Rpya(t—7) : Ehay—j_(T)dTa Enyd(t) = / Jpya(t—7) —a}gj(ﬂ dr,

b (3.13)
where the creep and relaxation tensor functions, Jp,q and Ryyq, fulfill the
convolution condition (Schwarzl and Struik 1968)

t t
/ Jhyd(t—’/') . Rhyd(T) dT == / Rhyd(t—’i') . Jhyd(T) dT = t]I, (314)

and where the hydrate creep function has the format of Eq. (3.2). On the
other hand, the capillary pore phase behaves elastically,

Tpor(t) = Cpor : €por(t) (3.15)
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with the stiffness tensors C,, playing the role of time-invariant (constant)
relaxation “functions”,

Cpor = Rpor (t - 7_) =3 kpor]lvol +2 ,upor]Idev (316>

whereby kpor =0 and g, = 0 denote the vanishing (elastic) bulk and shear
modulus of the pores, i.e. we consider, from a poromechanical viewpoint,
drained pores.

Upscaling of this material behavior, up to the level of the hydrate foam, is
particularly easily done in the Laplace-Carson (rather than the time) domain.
The Laplace-Carson (LC) transform f*(p) of any time-dependent function f(t)
is defined as

F0) = pfp) = p / f(tyerdr (3.17)

where p is the complex variable in the Laplace-Carson domain, and f (p) is
the Laplace transform of f(¢). Applying the transformation rule (47) to the
viscoelastic behavior of the hydrates (3.13) as well as to the elastic behavior
of air and water (46) yields algebraic constitutive equations in the LC space,
reading as (Gurtin and Sternberg 1962)

ei(p) =T;(p) : o5(p), oj(p) =Rj(p) : €j(p) Vj € {por, hyd}, (3.18)
whereby, interestingly, the convolution condition (43) is transformed into a

simple inversion rule,
-1

R3(p) = [75(p)] (3.19)
Hence, LC transformation (47) of the creep function (3.2), followed by inser-
tion of the respective result for Jj ,(p) into (49), yields the LC-transformed
relaxation function of the hydrates as

Zyd(p) =3 khyd]IvOl +2 lu;kzyd(p)]IUOl
-1

1 11\ s
+ I (ﬁhyd + ]') p hud ]Idev .
Mhyd He,hyd tref
(3.20)

Note that Eqgs. (48) are formally identical to the relations encountered with
linear elasticity homogenization. Thus, upscaling of viscoelastic properties to
the hydrate foam can be done as quasi-elastic homogenization in the LC space
[this is referred to as the correspondence principle (Read 1950, 1951; Laws and
McLaughlin 1978; Beurthey and Zaoui 2000)]. This process is based on the
LC-transformed average rules (3.9) and (3.12) reading as

= 3 kpyal " + 2

2r
. . . sin v
Ehf(p) = }ilojj“spor(p)_'_fi}zlyfd//shyd((p7l9>p) A dﬁd907 (321)
0 0
2T
X . . sin ¢
Ti0) = 5050 + 110y [ [ et d0de. 32
0 0
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Linearity of the problem defined by (11), (3.6), and (48) implies a linear
strain concentration rule from the LC-transformed macrostrains to the LC-
transformed microstrains in phase j, reading as

ei(p) = A(p) : ehy(p) Vi € {por, hyd}, (3.23)

where A} denotes the LC-transformed phase strain concentration tensor, which
can be accessed from classical Eshelby-type matrix inclusion problems (Eshelby
1957; Laws 1977; Benveniste 1987; Zaoui 2002), while considering the polycrys-
talline morphology of the hydrate foam by means of the self-consistent scheme
(Hershey 1954; Kroner 1958). This results in

A3(p) = {1+ P (o) : [R;(0) — Ry, (0)] }

T P ) - (R (0) — Ry (0)] )

-1

. . ~1sind
hyd// ]I+IP?yfl p?@aﬁ): [ hyd(p) - hf(p)}} A dﬁd@

Vj € {por, hyd}.

(3.24)
In Eq. (54), ]P;’f ™ denotes the LC transform of the fourth-order Hill ten-
sor, which accounts for the shape of phase j embedded in a fictitious ma-
trix with “stiffness” Rj;. Pores are considered to be spherical inclusions,
hydrates are cylindrical (needle-shaped), see Fig. 3.2, and the corresponding
LC-transformed Hill tensors read as ]P?g;f, and ]Pg;l’*, see the Appendix for
corresponding mathematical details. Insertion of the macro-to-micro strain
concentration relation (53) and of the constitutive behavior (48)s, into the
LC-transformed stress average rule (52) leads, after comparison to the LC-
transformed constitutive law at hydrate foam level, o} ((p) = R} (p) : €;:(p),
to an implicit expression for the LC-transformed homogenized relaxation ten-
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sor of the hydrate foam, R}, reading as

ns(P) ZZJ‘}]R* Aj(p)

PR )+ {1+ P25 0) « [ 0) — iy )]}

2r

-1 gin ¢

ARl / / {E4 P 00) - [Riale) — Ry ()]} 2
i {0 PR ) - (R () — Ry ()]

-1 gin?)

49 dy
T

/ / L+ P (0. 9) ¢ [Ripulr) — Ri ()]}

3.2.3 Homogenization of cement paste properties

We are left with homogenization of the RVE of cement paste. Given the
matrix-inclusion type morphology of the RVE, the Mori-Tanaka scheme (Mori
and Tanaka 1973; Benveniste 1987) is appropriate to account for phase inter-
actions. Accordingly, the LC-transformed relaxation function of the infinite
matrix in the corresponding matrix-inclusion problems is set equal to the LC-
transformed homogenized relaxation function of the hydrate foam. This results
in an explicit expression for the LC-transformed relaxation function of cement
paste, R} , reading, by analogy to (55), as

cp?

dd dep

R 0) = (00 F3 R 0) + S Rl): {14 ) [RGl) — 3]} )

N\ L
(0= a0+ 2, {14 P ) [Ral) - Rig0) ) )

(3.26)
This relaxation function, as well as its creep analogue, J7,(p) = []Rzp(p)rl,
is then back-transformed from the LC domain, back to the time domain.
This is done by means of the Gaver-Wynn-Rho algorithm (Abate and Valkd
2004; Valké and Abate 2004), which allows for reliable numerical back-
transformation, provided that the quantities in the LC space are available
in a multiprecision number format. In more detail, the approximation accu-
racy of the back-transformation increases with the “order of approximation”
quantified by the even integer M, see (Scheiner and Hellmich 2009) for de-
tails. Herein, M = 10 is chosen, which requires all computations in the LC
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space to be done with a precision higher than 21 digits (Abate and Valké 2004;
Valké and Abate 2004). In this way, the implicit equation (55) is solved itera-
tively, and the calculation is stopped once subsequent homogenized relaxation
functions differ by a value smaller than 10~2° GPa.

3.3 Identification of power-law creep proper-

ties of well-saturated cement hydrates

3.3.1 Downscaling minute-long creep test data from ce-

ment paste to hydrate level

We here identify the viscous behavior of the only creeping phase, the hydrate
phase, by minimizing the error between the experimental creep functions (3.1)
resulting from three minute-long creep tests, and corresponding model predic-
tions according to Eq. (3.26). The aforementioned creep tests were conducted
in parallel to the hydration process of ordinary Portland cement paste exhibit-
ing compositions of w/c € {0.42, 0.45, 0.50} and material ages ranging from
approximately 1 to 8 days, see (Irfan-ul-Hassan et al. 2016) for details on the
test protocol. As the combination of the creep experiments with unloading
tests allowed for determination of the (elastic) Young’s moduli (as was con-
firmed by ultrasonic tests, see (Irfan-ul-Hassan et al. 2016) for details), we
isolate the elastic strains from the overall creep strains and restrict the mini-
mization process to the viscous part of the creep function, which can be almost
exactly fitted with a power-law function J57b reading as (Irfan-ul-Hassan et al.
2016)

exp
iy = L (t—_f)ﬂcp )
T = (T0) (3.27)
with EZ7P denoting the creep modulus and S representing a dimensionless
power-law exponent. Both parameters are functions of the initial water-to-
cement mass ratio w/c and of the (calorimetry-based) hydration degree &, the
latter being defined as the hydrated clinker volume divided by the initial clinker

volume (Irfan-ul-Hassan et al. 2016).

As concerns the aforementioned model predictions, the elastic phase properties
are given in Table 3.1, and the volume fractions occurring in (55) and (3.26)
are determined from the famous Powers’ model (Powers and Brownyard 1947;
Powers 1958). Accordingly, the cement paste-related phase volume fractions of
clinker ff , of capillary pores f;2., and of hydrates f,”,, and read as (Pichler

clin’ or)
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Table 3.1: Isotropic elastic phase properties from Pichler and Hellmich (2011);

corresponding phase stiffness tensors read as C; = 3 k;1°% + 2 ;1%

Phase j | Bulk modulus | Shear modulus
kj [GPa] pj [GPal
Ail" kair == 0 Nair = 0
Water ki,0 =0 w0 =0
Hydrates | kpyq = 18.69 Hhyd = 11.76
Clinker kcem = 116.7 |  picem = 53.80
and Hellmich 2011):
204+ 63w/e T
63 (w/c —0.367¢)
N >0 3.28
Toor 20+63w/c T (3:28)
p 43.15¢

hd = 90 4 63w/c

Given the two-scale representation of cement paste (see Fig. 3.2), we also need
access to hydrate foam-related volume fractions of capillary pores and hydrates
(f}f and f:yfd). They follow from dividing the cement paste-related volume
fractions by the total hydrate foam volume, (1 — £ ), according to

lin

cp

fhf _ fj
J 1— fcp

clin

Vi € {por, hyd} . (3.29)

Given the substantial computational effort associated with the inversion of the
LC transformation, it is more efficient to compare the model-predicted and
experimentally measured creep function in the LLC space. This requires the LC

transformation (47) of J5%P, in order to obtain an experimentally determined

LC-transformed viscous creep function J; %~ in the form
JETPH (p) = L - T (5P + 1) p~Pa” (3.30)
v,cp Eg:lé]p; tref cp )

with T' denoting the gamma function. The model-predicted (homoge-
nized) counterpart J7°%* is the 1111-component of the fourth-order tensor

v,cp
J7od*(p) = [Rzp(p)}_l — [Ccp]_l, see (3.26); whereby C., = Re,(t=0) is the
homogenized elastic stiffness of cement paste. Conclusively, we are minimizing
the error between the model-predicted viscous part of the uniaxial creep func-

tion in the LC space, JQTC‘;d’*(p), and its experimentally measured counterpart,
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Job*(p); in mathematical terms,

Nw/c Mg  MNp

SN met(p) - ()] - min (3.31)

i=1 j=1 k=1

In Eq. (3.31), the sum over n,,/. = 3 indicates that three different cement paste
mixes exhibiting w/c € {0.42,0.45,0.50} are tested, the sum over ng = 167
indicates that 167 creep tests were performed on each cement composition for
different maturity states, and the sum over n, = 20 indicates that 20 complex
LC “time” values p € [107¢,107%] are considered. The optimization problem
(3.31) is solved in MATLAB (2013), by means of a quasi-Newtonian solver,
and this provides the optimal creep parameters for well-saturated hydrates as

lienya = 20.93 GPa, By = 0.251. (3.32)

These optimal hydrate creep parameters indeed allow for satisfactory repre-
sentation of the experimental results in the time domain, see Fig. 3.3. The
agreement between model prediction and experiment is quantified through the
mean error, defined as the sum of the absolute values of the difference between
model-predicted and experimentally measured uniaxial viscous creep function,
resolved for n; = 180 steps within the three minute-long creep tests 5, € [1, 180],
and averaged with respect to the number of creep tests (n,,.ne ~ 500) and
the number of time steps n;, reading as

nw c
_ Ez:l/ Z;L; ‘J;nc(;d tk Ji“éi(tk)\
nw/c Ng Ny '

(3.33)

This error amounts to 0.768 107%/MPa. This supports the idea that the (visco-
)elastic properties of well-saturated hydrates neither change during the aging of
cement paste nor upon composition change of the cement paste. Accordingly,
the varying creep potential of cement pastes arises solely from varying volume
dosages of the hydrates, as predicted by Powers’ hydration model.

3.3.2 Confirmation of hydrate creep properties by data
from weeks-long creep test on 30 year-old cement

paste

The question arises whether the intrinsic (i.e. mixture- and maturity-
independent) creep properties of well-saturated hydrates as identified here
from three minute creep tests on different early-age cement pastes, may be
also relevant for longer creep durations, and for more mature pastes. In this
context, we consider the results of Tamtsia and Beaudoin (2000), who per-
formed 30 day-long uniaxial compressive creep tests on 30 year-old Portland
cement paste samples with w/c=0.5, stored continuously under water. Given
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Figure 3.3: Comparison of the experimentally determined and model-predicted
viscous strains of cement pastes aged 30, 40, 60, and 144 hours, respectively;
the relation between material age and hydration degree is taken from Irfan-ul-
Hassan et al. (2016)
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their age, the samples can be considered to be completely hydrated; thus, also
in this case, it is appropriate to consider aging effects as negligible during
the test period. An estimate for the hydration degree which corresponds to
full hydration of cement paste, can be obtained from the empirical relation-
ship of Lin and Meyer (2009). Accordingly, a water-to-cement mass ratio of
w/c=0.50 and a typical Blaine fineness of 340 m?/kg (Tamtsia et al. 2004)
relate to a final hydration degree of & = 0.87. The corresponding model-
predicted creep function, i.e. that relating to w/c = 0.50, £ = 0.87, and to
the hydrate properties according to (3.2) and (3.32), agrees remarkably well
with the aforementioned experimental results, see Fig. 3.4. This result shows

30 day-long test, w/c = 0.50

_.
'S
o

—_

[\

(=]
T

100+

80+

601

| O experiments

(total) creep function [107%/MPa]

model

N
(e

0 5 10 15 20 25 30

time after loading t — 7 [days]
Figure 3.4: Comparison of experimental data (Tamtsia and Beaudoin 2000)
for (total) creep functions of 30 year-old cement paste samples with w/c=0.5,

with corresponding model predictions

that it is the intrinsic viscous behavior of the hydrate needles, which drives
the basic creep of cement paste for time intervals ranging from a few seconds,
up to several weeks. Moreover, this corroborates that the viscous behavior of
well-saturated hydrates does not change.

3.4 General characteristics of the creep of

well-saturated hydrates

The good agreements in Figs. 3.3 to 3.4 motivate deeper study of the features
of the homogenized creep behavior of cement paste. Therefore, we represent
the viscous part of the model-predicted uniaxial creep functions of cement
paste very accurately, see Fig. 3.5, by means of a power function,

mod
mo 1 t—T1 Pep
Jv’cpd(t —7) = T <_> , (3.34)

c,cp tr@f
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with Eg’f(;d denoting the model-predicted creep modulus, and (’;Od representing

the model-predicted creep exponent. Notably, the total model-predicted creep

3 minute-long tests, age=40h

11076/ MPa)

mod
v,cp

Power-law fit

viscous creep function, J;

4
O model prediction|
0

0 30 60 90 120 150 180
time after loading, t — 7 [seconds]

Figure 3.5: Viscous part of the uniaxial creep function of 40 h old cement paste
with w/c € {0.42,0.45,0.50}: point-wisely obtained model predictions and cor-
responding power-law fits according to Eq. (3.27), with quadratic correlations
coefficients R? > 99.9%

function then reads as J;”’pwd = J;"’E,d +1/ Eggod with Eggod denoting the model-
predicted Young’s elastic modulus. It turns out that the elastic and creep
modulus are strongly composition-dependent; they increase with increasing &
and decreasing w/c, see Fig. 3.6. In contrast, the creep exponent appears
as virtually composition- and maturity-independent quantity, being constant
around 3 =~ 0.252 for w/c € [0.2, 1] and £ € [0,1]. This value is even close
to the hydrate creep exponent of Eq. (3.32); i.e. it is hardly effected by the
upscaling scheme.

3.5 Discussion and conclusion

Concerning the invariant hydrate creep properties, expressed by Eq. (3.32)
and Figs. 3.3-3.4, it is important to note that the herein investigated cement
samples were all characterized by w/c > 0.42, that they were tested within
the first week after production, and that they were continuously covered, in
order to avoid drying. Consequently, these samples (and the hydrates within
them) were well saturated, and our statement on the invariance of hydrate
creep properties is valid for well saturated hydrates.

Change of this saturated state, i.e. drying, is known to significantly influence
the macroscopic creep behavior of cement paste (Acker and Ulm 2001; Tamt-
sia and Beaudoin 2000), and of other hydrated nanolayered material systems,
such as clay (Carrier et al. 2016). It is very probable that drying also changes
the hydrate creep behavior itself, e.g. through reduction of so-called creep
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Figure 3.6: Model-predicted elastic and creep properties for hydrating cement
pastes with hydration degrees £ € [0, 1] and exhibiting water-to-cement mass
ratios w/c € [0.2, 1]: (a) Young’s elastic modulus, (b) Young’s creep modulus,

(c) dimensionless creep exponent
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sites within the hydrate phases (Thomas and Jennings 2006). The same au-
thors report NMR studies which show that even under constant hydro-thermal
conditions, the polymerization state within the hydrates changes, and they
propose that this so-called “chemical aging of C-S-H” might also change the
hydrate creep properties. More recent research results, however, seem to rela-
tivize this proposition: indeed, polymerization leads to an enlargement of the
non-spherical nanoscaled solid elements within the hydrates, while the actual
source of hydrate creep lies in the layered (confined) water sheets between these
solid elements (Manzano et al. 2012, 2013; Shahidi et al. 2014, 2015b). Hence,
as long as the amount of the latter “creep sites” does not change, it makes
sense to expect invariant creep properties of the hydrate phases as introduced
in Fig. 3.2 (b).

Fig. 3.6 and Eq. (3.34) illustrate that upscaling of a power-law creep func-
tion from needle-shaped hydrates up to the scale of cement paste results in a
power-law creep function. In other words, the herein performed scale transi-
tions do not alter the shape of the creep function, a fact that was also found
for upscaling the asymptotically reached creep rates “seen” in nano- and mi-
croindentation tests (Vandamme and Ulm 2013; Zhang et al. 2014). Pursuing
this argument to the scale of concrete, one will also end up with a creep func-
tion which virtually follows a power function. However, concrete creep tests
or monitoring activities spanning over time periods of years, have revealed a
transition to a logarithmic creep behavior (Bazant et al. 2011). Conclusively,
the validity range of the hydrate creep properties identified through Eq. (3.2)
and (3.32) is constrained to creep periods of weeks to months (see Fig. 3.4).
During such time periods, creep of cement paste indeed follows a power-law
function (Tamtsia and Beaudoin 2000; Irfan-ul-Hassan et al. 2016). Extension
of the formulation (3.1) towards ultralong creep periods is beyond the scope
of the present manuscript.

The quantification of the hydrate creep function according to (3.26) and (3.28)-
(3.31) rests on the assumption of isochoric creep according to (3.2), implying
that creeping hydrates would exhibit a time-invariant volume. This assump-
tion is motivated by a suggestion of Bernard et al. (2003a), by results of an
earlier creep micromechanics model (Scheiner and Hellmich 2009), and by the-
oretical considerations concerning the upscaling of sliding processes of viscous
interfaces within hydrated calcium silicate (Shahidi et al. 2014, 2015a, 2016,
2015b). These viscous interfaces are located within the hydrate nanoparticles,
such as solid C-S-H, see Fig. 3.7 (c¢). The needle-shaped hydrate phases consid-
ered in the present work are defined at a level well above the aforementioned
nanoparticles: our hydrate phases are actually built up by these nanoparticles
as well as by the gel porosity in between. Such nanocomposites are also re-
ferred to as “C-S-H gel” (Sanahuja and Dormieux 2010; Manzano et al. 2013).
Accordingly, the isochoric creep function of the nanoparticles would actually
scale up to a hydrate gel-related creep function also including volumetric creep
strains (Sanahuja and Dormieux 2010). Hence, the question arises whether
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Figure 3.7: Nanoscopic downscaling from hydrate foam microstructure intro-
duced in Fig. 3.2(b): (a) Hybrid Molecular Dynamics - Grand Canonical
Monte Carlo simulations suggest emergence of elongated morphological fea-
tures at the level of the hydrate foam (a); these needles, represented by the
needle-shaped hydrate phases shown in Fig. 3.2 (b), are made up of hydrate
gel (b), consisting itself of gel pores and solid hydrates (c); the latter are built

from calcium silicate layers separated or covered by films of confined water

consideration of such volumetric creep strains occurring at the level of hydrate
gel [i.e. that of the needle-shaped hydrate phases in Fig. 3.2 (b)] would have a
remarkable effect on the results of the downscaling-based hydrate creep iden-
tification process described further above. In order to answer this question,
we here repeat this process, but now based on the popular concept of a con-
stant (elastic and creep) Poisson’s ratio as proposed by Bazant and L'Hermite
(1988). Accordingly, we consider

1—2 Vhyd 1—-2 Vhyd t—1T1 Phya
+ ]Ivol
Ehyd Ec,hyd tref

1+ Vhyd 1+ Vhyd t—1T1 Phya
+ ]Idev
Ehya Eechyd tref

J]hyd(t — 7’) =

(3.35)

whereby E},q denotes Young’s elastic modulus, E,p,q denotes Young’s creep
modulus, and 4,4 denotes Poisson’s ratio. The latter follows from the elastic
bulk and shear moduli of isotropic hydrates (see also Table 3.1), as v,,q = 0.24.
The alternative hydrate creep tensor function (3.35) is then upscaled to the
level of cement paste, as described in Section “Micromechanics of creeping
cement pastes”. Thereafter, the hydrate creep properties E. jyq and Byq are
identified by means of minimizing Eq. (3.31). The resulting prediction error e
according to Eq. (3.33) is, in good approximation, equal to the one obtained un-
der the assumption of isochoric creep, see Table 3.2. Very remarkably, virtually
the same Young’s creep modulus of hydrates, and the same power-law creep
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Table 3.2: Comparison of hydrate creep properties of Eq. (3.2) and (3.35),
identified by means of downscaling 500 macroscopic creep tests on cement
pastes: isochoric creep vs. creep at constant Poisson’s ratio; prediction error e
according to Eq. (3.33)

’ assumption ‘ E. hya [GPa] ‘ Bhyd ‘ € [1075/MPa] ‘
isochoric 62.8¢ 0.251 0.768
constant Poisson’s ratio 62.4 0.250 0.765

“The Young’s creep modulus E, 4,4 follows from the shear creep

modulus identified in Eq. (3.32) as E¢ pya = 3 e hyd

exponent of hydrates are obtained, irrespective of whether isochoric creep or
creep at constant Poisson’s ratio is considered. The underlying reason seems
to lie in the elongated (non-spherical) shape of the hydrate phases building
up kind of a “framework”, with the capillary porosity playing the role of the
“free spaces” in between. In such a “framework”, the individual needles (or
“beams”) are predominantly loaded in terms of uniaxial stress states, irre-
spective of potential lateral deformations which remain insignificant for the
overall load carrying behavior. A very similar result has been obtained in
the context of homogenizing the elastic properties of various types of ceramic
porous polycrystals with non-spherical (needle- or disc-shaped) solid phases
(Fritsch et al. 2013), as was confirmed by very many experiments as well as by
full 3D Finite Element simulations of corresponding microstructures (Sanahuja
et al. 2010). In this context, we note that the morphology with non-spherical
hydrate phase shapes, as depicted in Fig. 3.2 (b), was validated by various
experimental sources (Pichler and Lackner 2009; Pichler and Hellmich 2011;
Pichler et al. 2013). Moreover, this morphology has been, only very recently,
further confirmed by a hybrid Molecular Dynamics — Grand Canonical Monte
Carlo simulation (MD-GCMC) scheme (loannidou et al. 2016), see Fig. 3.7 (a).

Nomenclature

The following symbols are used in this paper:

Aj;;jjl, A;ijv = LC-transformed volumetric and deviatoric components of Es-
helby problem-related strain concentration tensor of phase j;

A} = LC transform of strain concentration tensor of phase j;

C; = elastic stiffness tensor of phase j;

clin = cement clinker;

cp = cement paste;

cyl = cylindrical (needle-shaped);

div = divergence operator;
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EZP = experimentally determined Young’s elastic modulus of cement paste;
ECE, ngc%d = experimentally determined and model-predicted Young’s creep
modulus of cement paste;

Ehyq = Young’s elastic modulus of the hydrates;

E. nhya = Young’s creep modulus of the hydrates;

exp = experimentally determined;

IF = auxiliary anisotropic fourth-order tensor;

th F = hydrate foam-related volume fraction of phase j, j € {air, HyO, hyd};
f;p = cement paste-related volume fraction of phase j, j € {clin, hf};

G = auxiliary isotropic fourth-order tensor;

G, G = volumetric and deviatoric components of G;

H>O = water;

hf = hydrate foam;

hyd = hydrates;

I = fourth-order identity tensor;

Iv°!, 19¢v = volumetric and deviatoric parts of fourth-order identity tensor;

J; = uniaxial creep function of phase j;

Jep?s Jfg"d = experimentally determined and model-predicted uniaxial creep
function of cement paste;

JEP = elastic part of JE*P;

e,c cp
Jgf”cg, Jrod = viscous pa?ts of J&# and Jno;
Jhya = uniaxial elastic creep function of cement paste;
Je.hya = elastic part of Jpyq;
Jy,hya = viscous part of Juyq;
J; = fourth-order creep tensor function of phase j;
J;ﬁgg’* = model-predicted viscous part of the creep tensor function of cement
paste in the LC space;
k; = bulk modulus of phase j;
¢ = length of needle-shaped hydrates;
M = number of precision digits for computations in the LC space;
mod = model-predicted;
n = unit normal vector perpendicular to OV}, ¢;
Nps Nw/e, Ne¢ = numbers over which sums in the optimization problem (3.31)
extend;
]P?f * = LC-transformed Hill tensor of an inclusion with shape j, embedded in
an infinite hydrate foam matrix, j € {sph, cyl};
p = complex variable in the LC domain;
pore = pores;
R; = fourth-order relaxation tensor function of phase j;
S;lf * = LC-transformed Eshelby tensor of an inclusion with shape j embedded
in an infinite hydrate foam matrix, j € {sph, cyl};
Ghfxvel - ghixdev — yolumetric and deviatoric components of §7/;
j 1) p i
sph = spherical;
T = traction vector acting at OV y;
t = chronological time;
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tref = reference time, t,.;=1d=86400s;

Vg = volume of RVE of hydrate foam;

OVyy = boundary of RVE of hydrate foam;

W,fjft = external work density, done on the boundary of the RVE of hydrate
foam;

w/c = initial water-to-cement mass ratio;

2 = position vector labeling positions inside V,; as well as at the boundary

th f;
pt C’ZOd = experimentally determined and model-predicted power-law expo-

nent in the creep function of cement paste;

Bhya = power-law exponent of hydrates;

0;; = Kronecker delta;

I'(.) = gamma function of real quantity (.);

€ = Mean error between model-predicted and experimentally measured uniax-
ial viscous creep functions;

€ = second-order strain tensor;

e, = second-order strain tensor of phase j;

Ec,ep = Viscous cement paste strain component in loading direction;
¥ = zenith angle;

; = shear modulus of phase j;

[ehyd = shear creep modulus of the hydrates;

Vnya = Poisson’s ratio of the hydrates;

¢ = hydration degree;

¢ = displacement vector;

o = second-order stress tensor;

o ; = second-order stress tensor of phase j;

0. = cement paste stress component in loading direction;
szl)“t = applied uniaxial stress in creep experiment;

7 = time instant of loading;

¢ = azimuth angle;

1 = second-order identity tensor;

(.)* = Laplace-Carson transform of quantity (.);

(A) = Laplace transform of quantity (.);

- = inner product;

: = second-order tensor contraction;

® = dyadic product;

V = nabla operator.
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How water-aggregate
interactions affect concrete

creep: a multiscale analysis

4.1 Introduction

Concrete hydration is generally regarded as a process from which the aggre-
gates, being chemically inert, are fully excluded, and which is therefore taking
place exclusively in the cement paste, where water reacts with cement grains,
so as to form hydrates. Correspondingly, concrete hydration models such as
the famous Powers-Acker model (Powers and Brownyard 1946; Acker and Ulm
2001) are typically built on evolving volume fractions of cement clinker, water,
and hydrates in the cement paste; and considering the cement paste compart-
ment as a thermodynamically closed system, all these volume fractions can
be traced back to the hydration degree and to the (initial) water-to-cement
mass ratio. By contrast, the volume fractions of cement paste and aggregates
remain constant at the hierarchical level of concrete. Besides other applica-
tions, such hydration models have been a particularly appropriate basis for
the development of multiscale mechanics models for concrete, be they related
to elasticity (Bernard et al. 2003b; Hellmich and Mang 2005; Sanahuja et al.
2007) to poroelasticity (Ulm and Heukamp 2004; Ghabezloo 2010) to viscoelas-
ticity (Scheiner and Hellmich 2009) or to strength (Pichler and Hellmich 2011;
Pichler et al. 2013).

All these models have been experimentally validated up to different levels of
precision, so that on the one hand, multiscale continuum mechanics has be-
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come a well accepted theoretical tool in cement and concrete research; while
on the other hand, the field is still open for improvements. The latter is true in
particular for the very challenging topic of concrete creep, which spans several
orders of time magnitude, starting from the scale of minutes (Vandamme and
Ulm 2009; Delsaute et al. 2012; Boulay et al. 2012; Vandamme and Ulm 2013;
Zhang et al. 2014; Irfan-ul-Hassan et al. 2016) to that of several days (Bazant
et al. 1976; Tamtsia et al. 2004; Rossi et al. 2011), weeks (Tamtsia and Beau-
doin 2000; Laplante 2003; Atrushi 2003; Briffaut et al. 2012), months (Rossi
et al. 1994; Zhang et al. 2014), or even years (Bazant et al. 2011, 2012; Zhang
et al. 2014).

In the present paper, we show that the challenge in the multiscale modeling
of concrete creep probably does not lie so much in finding the appropriate
micromechanical representation of the material, but rather in the reliable es-
timation of the evolving volume fractions of the material constituents, enter-
ing the corresponding micromechanics models as input. In this context, we
abandon the aforementioned assumption of the cement paste being a thermo-
dynamically closed system, and we explicitly introduce water migration from
the inter-aggregates spaces into the aggregates, as well as back-suction of wa-
ter from the aggregates into the hydrating (and therefore water-consuming)
cement paste.

Accordingly, the paper is organized as follows: A simple mathematical model
for water migration into and from the aggregates is formulated in Section 2.
Based on the initial water-to-cement mass ratio, on the hydration degree, and
on two newly introduced quantities, namely the water uptake capacity of the
aggregates and the water filling extent of the cement paste voids, this models
provides the volume fractions of water, cement clinker, hydrates, and aggre-
gates within concretes and mortars with water-absorbing aggregates. These
volume fractions then enter a micromechanical model for mortar and concrete
creep, upscaling cement paste behavior, as quantified in the recent ultrashort-
term tests of Irfan-ul-Hassan et al. (2016), to the mortar and concrete level, as
detailed in Section 3. Corresponding micromechanical model predictions are
then compared to a total of 32 newly performed ultrashort-term creep tests at
two different mortars (made from aggregates type I - | Normensand Quartz”)
and two different concretes (made from aggregates type II - ,,Pannonia Kies”),
which are all made from the same cement, but differ in water-to-cement and
aggregate-to-cement mass ratios, see Section 4. It is checked whether this
comparison would allow for identification of one value each for (i) the water
uptake capacity of aggregates; and (ii) the cement-specific void filling extent
by water soaked out from the aggregates. Also, air entrapment between ag-
gregates and cement paste is considered. Thereafter, the paper is terminated
by a conclusion section.
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4.2 Modeling hydration-dependent water mi-

gration to and from the aggregates

We consider that during the mixing of concrete or mortar, i.e. before the
hydration reaction, a significant amount of water may be taken up by the
aggregates. This is the case with oven-dried quartz aggregates, on which we
focus throughout the present paper. Accordingly, we decompose the total mass
of water, w, into that of the water residing inside the cement paste, w,,, and
that which is absorbed within the open porosity of quartz, w,,

w = wep(§) + wa(§) - (4.1)

During the hydration reaction, however, part of the water which has been ini-
tially absorbed into the aggregates, is soaked back into the inter-aggregates
space, which is then occupied by the cement paste. This is because the hy-
dration products fill less volume than their unreacted counterparts. In more
detail, the volume reduction during cement paste hydration [also called auto-
geneous shrinkage (Powers and Brownyard 1946; Acker and Ulm 2001)] leads
to the formation of air voids, which are partially refilled by the additional wa-
ter extracted from the aggregates. Such a process driven by water supply from
the aggregates is sometimes called internal curing (Bentz et al. 2005; Jensen
and Lura 2006; Wyrzykowski et al. 2011; Zhutovsky and Kovler 2012; Justs
et al. 2015). Maintaining the philosophy of the Powers model to identify lin-
ear relations between chemical reactants and products on the one hand, and
the degree of hydration on the other hand, we envision that the amount of
aggregate-extracted water increases (linearly) with the volume of voids. The
latter increases (linearly) with the mass of hydrates formed, which then in-
creases, again linearly, with the degree of hydration. Hence, the water content
in the cement paste is linearly linked to the hydration degree as well, which is
mathematically expressed as follows

_wc,;(g) —d+kE (4.2)

In this context, it needs to be emphasized that w,(£) comprises the mass of
all the water in the cement paste in the most general understanding, i.e. both
the unreacted water and that which is chemically combined to the cement
clinker; in the same sense, ¢ denotes the total mass of cement, including both
the unreacted cement and that which is chemically combined to water. The
material constants in (4.2), d and k, are the initial value of the water-to-cement
mass ratio which is effective at the cement paste level, and the hydration-
dependent (linear) increase of this effective mass ratio. The former constant
can be linked to the water mass which is initially uptaken by the aggregates,
we(0). This quantity is normalized by the mass of the aggregates, a, yielding
the initial water-to-aggregate mass ratio in the form w,(0)/a. Namely, when
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splitting the (nominal) water-to-cement mass ratio into a cement paste-specific
and an aggregate-specific portion, the respective mathematical expression can
be readily solved for d, according to

ep(0 (0
w_ wg(0) | w0)
c c a

- d:“’L(O)z( /c)—wa—(o)(a/c) (4.3)

C a

ole

Concerning the soaking of water, from the aggregates back to the inter-
aggregate spaces, then occupied by cement paste, we introduce a cement-
specific void-filling extent o between 0 and 1, with zero referring to no water
filling of air voids formed during autogeneous shrinkage of the cement paste,
while 1 relates to complete filling of the air voids by water. Thereby, the voids
themselves evolve linearly with the hydration degree, as seen in Fig. 4.1. This

S P L [ Voids part in Fig. 1@) |

[air:[(1 — o) x 100]% of voids|
— ‘
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Figure 4.1: Hydration-driven evolution of volume fractions of cement paste
constituents (cement, water, hydrates, and voids) according to Powers-Acker’s
hydration model: (a) complete phase volume evolution diagram according
to (Powers and Brownyard 1946; Acker and Ulm 2001); (b) detail illustrat-
ing void filling extent «, concerning partial void filling by water that is soaked

from the open porosity of quartz into the cement paste matrix

void filling extent o can be related to the back-soaking-related parameter k,
by deriving an expression for the hydration-dependent water mass which was
soaked into the cement paste, through combination of Eqgs. (4.2) and (4.3),
yielding

Wep(€) — wep(0) = ck§ (4.4)

and by expressing this mass as the volume of voids, times the void filling extent
«, times the mass density of water, yielding

ck& = Vioia @ pryo (4.5)

We are left with relating the void volume V4 to the initial composition of
the cement paste and to the hydration degree. To this end, the void volume is
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considered to be equal to the volume of cement paste, V,,, times the cement

paste-related volume fraction of voids, f7.,

Vioid = ‘/cp Sgid (46)
The volume of cement paste is equal to the initial volumes of cement and
water, i.e. V. and V,,, which can be expressed by the masses of cement and
water as well as by the related mass densities as

c N Wep(0)

‘/cp = ‘/c + Vw =
Peclin PH>O

(4.7)

Finally, the volume fraction of shrinkage-induced voids in cement paste is
considered to increase proportionally to the hydration degree, as quantified
through the Powers-Acker hydration model (Powers and Brownyard 1946;
Acker and Ulm 2001), evaluated for the effective initial composition of the ce-
ment paste matrix, quantified in terms of the effective initial water-to-cement
mass fraction we,(0)/c, compare Eq. (15.4) of (Pichler and Lackner 2009):

Pclin  __ Pclin
) (1+0.42p};2 1.42 Lo )g

f B o Phyd B 3.315 (4.8)

void 1 + %(wcp(o)/c) 20 + 63 wcpc(o)
with Petin = 3.150 kg/dm”® (Acker 2001),
PHLO = 1.000kg/dm®,  and  ppyg = 2.073kg/dm®

(Barthélémy and Dormieux 2003), denoting the mass densities of ce-
ment clinker grains, water, and hydrates, respectively. The sought relation
between the constant k£ and the void filling extent by water, «, follows from
specialization of Eq. (4.5) for Egs. (4.6), (4.7), and (4.8), as well as from
solving the resulting expression for k, yielding

b [pHZO N wcp(O)l 3.31a
Pein ¢ ] 20+ 632

(4.9)

Eq. (4.9) underlines that k, the hydration degree-related rate of the effective
water-to-cement mass fraction of the cement paste matrix, see Eq. (4.2), is
directly proportional to «, the extent up to which the shrinkage-induced voids
in the cement paste are filled by water.

With respect to the classical Powers-Acker model, the herein developed hy-
dration model which considers also internal curing, contains two additional
quantities: (i) the water uptake capacity of the aggregates, w,(0)/a, and (ii)
the void filling extent by water, . The former quantity is involved in the
expression for the initial value of the effective water-to-cement mass fraction,
see Eq. (4.3), while « is involved in the mathematical expression for the evolu-
tion of the water-to-cement mass ratio which is effective in the cement paste;
and this expression is obtained by specializing Eq. (4.2) for d and k according
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to (4.3) and (4.9), respectively, and from consideration of the mass densities
Pein = 3.150 kg/drn3 and pg,o = 1.000 kg/dms, as

we® _ (/) — Yal0) pis0 | Wer(0) 2o
¢ _< /> a (/)+([p0lzn+ c :|20+63w%(0))§
1.051 4 3.31 [(w/c) — “=® (a/C)]] g
20 + 63 [(w/c) — “= (a/c)]

= (/) - 2 (aje) + [

(4.10)
This is the water-to-cement mass ratio which is effective at the cement paste
level, and which governs the hydration reaction taking place there.

Its initial value needs to be considered when quantifying the volume fractions
of cement paste and aggregates in a material volume of concrete or mortar
with water absorbing aggregates; except for the use of this effective water-to-
cement mass ratio, the latter quantification follows the standard relation given
in (Bernard et al. 2003b; Pichler and Lackner 2009) , which finally yields

e e (wgp(0)/€)0.8406 + 2.648 [(w/e) — =@ (a/c)]
* Peas 4 Lasn (e, (0)/c) + (a/c) — 0.8406 + 2.648 [(w/c) — “2© (a/c)] + (a/c)

no—air (G/C) (a/c)

99 gjﬁ + % (wep(0)/c) + (afe)  0.8406 + 2.648 [(w/c) — w“T(O) (a/c)] + (a/c)
(4.11)
with pae, = 2.648kg/ dm? as the mass density of quartz aggregates, considered
throughout the present paper. However, it often occurs during mixing that
small amounts of air get entrapped into the cement paste matrix as well.
Denoting the corresponding air volume fraction by f,;., the volume fractions
at the concrete or mortar level can be derived from the relations

fc go—air
fcp + fagg + fair =1 E = :o—air (412)
fagg agg
which imply that
1 - fair 1— fair
foo = — e Jagg = ——— (4.13)
1 + c?gog ai / cpo 1+ 3}0 ai / (;zgog at

The relevance of this new water migration model and its effect on concrete
composition will now be tested through a creep upscaling analysis from the
cement paste level to the concrete or mortar level.

4.3 Creep homogenization of mortars and con-

cretes

The relevance of the effective water-to-cement mass ratio according to
Eq. (4.10) and of the cement paste and aggregates volume fractions according
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to Eq. (4.11) and (4.13), both depending on the void filling extent o and the
water uptake capacity of the aggregates, w,(0)/a, will now be checked by us-
ing Eq. (4.10), (4.11), and (4.13) and the quantities appearing therein, within
a creep upscaling analysis from the cement paste to the mortar and concrete
level.

Thereby, the question is tackled whether the experimental results of numerous
creep tests performed at the level of cement paste made from only one type of
cement, and at the level of mortars and concretes made from the same type
of cement, but with two different types of aggregates, can be predicted by
a micromechanical model, which is based on only one value for the cement-
specific void filling capacity a, and of only two aggregate-specific values for
the water absorption capacity w,(0)/a.

The creep tests considered in this context all follow the protocol recently re-
ported by Irfan-ul-Hassan et al. (2016): Accordingly, three-minute creep tests
on the same cement paste, mortar, or concrete samples are hourly repeated.
The key idea behind this protocol is that three minutes are short enough
for the microstructure to remain practically invariant throughout each indi-
vidual test. Within one hour, on the other hand, the hydration process in
early-age cementitious systems goes on in a significant manner, such that two
subsequent three-minute long creep tests refer to already remarkably differ-
ent microstructures. Hence, an upscaling analysis concerning cement paste,
mortar, and concrete samples tested according to the aforementioned protocol
can be performed in the theoretical framework of classical, non-aging micro-
viscoelasticity (Read 1950, 1951; Laws and McLaughlin 1978; Beurthey and
Zaoui 2000).

Choosing, in this context, a standard micromechanical representation for mor-
tar and concrete (Scheiner and Hellmich 2009; Baweja et al. 1998; Bernard
et al. 2003b; Hellmich and Mang 2005), namely that of a composite material
consisting of a (viscoelastic) cement paste matrix with (elastic) aggregate in-
clusions and with (potentially occurring) air inclusions, as seen in Fig. 4.2, the
(homogenized) relaxation tensor at the concrete/mortar scale, Ryom, follow
from those at the cement paste scale, R,,, as well as from the volume fractions
of cement paste, of aggregates, and of (potentially occurring) air, as (Scheiner
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air voids

cement paste matrix aggregates

Figure 4.2: Micromechanical representation of mortar and concrete: 2D sketch
of 3D matrix-inclusion composites comprising a continuous cement paste ma-
trix with embedded spherical inclusions representing quartz aggregates and air

pores

and Hellmich 2009)
R;(wm (p) =3 k;om(p) ]IUOl +2 MZom (p) ]Idev =

-1
<fCP RZp + fagg agg * {]I + IPsph( ) [RZgg - RZp(p)} }

+ fazr air {]I + IPSPh< ) [RZ” N R:p(p)} }_1> (4 14)

(fcp T4 fugg {1+ P (0) ¢ [Riyy — Bo, ()]}

+ {1+ PLa(p) : [R, — RE ()] }1) _

where the star-indicated properties refer to the Laplace Carson (LC) trans-
forms of the originally time-dependent quantities occurring in the standard
convolution integrals of linear viscoelasticity | “correspondence principle” (Read
1950, 1951; Laws and McLaughlin 1978; Beurthey and Zaoui 2000)]

f(p) = =p [ f(t)exp(—pt) dt, (4.15)
v

and back-transformation of (55) from the Laplace Carson domain back to the
time domain may be performed by the Gaver-Wynn-Rho algorithm (Scheiner
and Hellmich 2009; Gaver 1966). Mathematical details on the LC-transformed
homogenized bulk and shear moduli, £, and p;,,,, on the fourth-order unity
tensor I with its volumetric and deviatoric parts, I, and I4,, and on the
morphology tensor P}, can be found in the Appendix. The relaxation tensors
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R7, correspond to a power-law-type creep behavior characterized by an elastic

modulus E,, a Poisson’s ratio v, a creep modulus E. ,, and a creep exponent
Bep; hence they read as

Rzp(p) =3 k:p<p)]IUOI + 2 /’sz(p)]Idev

1—2ch+1—2ucp 1
Ecp Ec,cp t?“ef

Bep -1
) F(Bcp+1)p—6cp] I,,{4.16)

1+ch+1—|—ycp< 1

Ecp Ec,cp tref

Bep -1
) I (Bep + 1)1?5”’] Ley -
The aforementioned material characteristics at the cement paste level all de-
pend on the (here effective) water-to-cement mass ratio and the hydration
degree, as identified in the more than 500 creep tests on cement paste reported
by Irfan-ul-Hassan et al. (2016), see Fig. 4.3. For considering (effective) water-
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Figure 4.3: Results from hourly-repeated three-minute creep testing on cement
pastes with initial water-to-cement mass ratios amounting to 0.42, 0.45, and
0.50, respectively: (a) elastic modulus E,,, (b) creep modulus E..,, and (c)

creep exponent f3,,; as functions of hydration degree, see (Irfan-ul-Hassan et al.
2016)

to-cement mass ratios between those which were explicitly tested, we resort
to quadratic interpolation, as exemplified in Fig. 4.4. For the quantification
of Poisson’s ratio, we use a validated multiscale model (Pichler and Lackner
2008; Pichler and Hellmich 2011) for establishment of a relation between the
latter and the elastic modulus, see Fig. 4.5.

Our present study is devoted to aggregates consisting of quartz, with elastic
bulk and shear moduli amounting to (Bass 2013),

Kagg = 378GPa,  flagy = 443GPa = R = 3kage Tooi+2 flage Liew

agg
(4.17)
while the air inclusions (if existing) dispose over only negligible elastic stiffness,

kir = phair = 0GPa, = . =0. (4.18)

air
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Figure 4.4: Quantification of effective viscoelastic properties of the cement
paste matrix as a function of the effective water-to-cement mass fraction we,/c,
by means of quadratic interpolation between creep test results on plain cement
pastes with w/c € [0.42,0.45,0.50: (a) elastic modulus E,, (b) creep modulus
E. ., and (c) creep exponent f3.,; at degree of hydration & = 0.40
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Figure 4.5: Relation between elastic modulus and Poisson’s ratio of cement
pastes with initial water-to-cement mass ratios amounting to 0.42, 0.45, and
0.50, respectively; predictions of the validated multiscale model of Pichler and
Lackner (2009) and Pichler and Hellmich (2011)
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4.4 Comparison of ultrashort creep experi-
ments and corresponding micromechanics
predictions - identification of water ab-
sorption capacities of quartz aggregates

and of paste void filling extent

Experimental campaign on the mortar/concrete level

In order to assess the relevance of the newly introduced quantities, the paste
void filling extent « and the water absorption capacity of aggregates, w,(0)/a,
expressed in corresponding creep homogenization results as described in the
previous section, the latter results need to be compared to experimental data
at the level of mortar and concrete. To this end, a series of three minute-long
creep tests on two mortars and two concretes was performed:

Thereby, all four materials exhibited the same nominal volume fractions of
quartz aggregates and of cement paste, respectively, namely amounting to
0.58 and to 0.42, respectively, see Table 4.1. Mortar #1 and Concrete #1
exhibited the same nominal composition in terms of w/c = 0.50 and a/c = 3.0.
Mortar #2 and Concrete #2, in turn, exhibited w/c = 0.42 and a/c = 2.7. All
four materials were produced from a commercial cement of type CEM 142.5 N
and distilled water, i.e. with the same raw materials that were also used for
the production of the cement pastes discussed in Irfan-ul-Hassan et al. (2016).
In addition, we used oven-dried aggregates made of quartz. The two mortars
contain standard sand of the company “Normensand” as per standard DIN
EN-196-1, consisting of rounded sand grains with diameters being smaller or
equal to d,,.. = 2mm. The two concretes contain aggregates of the Austrian
company ‘Pannonia Kies”, consisting of quartz gravels with diameters being
smaller or equal to d,,q, = 8 mm.

Table 4.1: Nominal composition of tested mortars and concretes
[ Sioterinl ] w/e | ofe | fir™ | Fig | e

Mortar #1 0.50 | 3.0 || 0.42 | 0.58 || 2mm

Mortar #2 0.42 | 2.7 || 0.42 | 0.58 | 2mm

Concrete #1 || 0.50 | 3.0 || 0.42 | 0.58 || 8mm

Concrete #2 || 0.42 | 2.7 || 0.42 | 0.58 || 8mm

The early-age testing protocol is identical to the one used to characterize ce-
ment paste [see Irfan-ul-Hassan et al. (2016)], i.e. the mortar and concrete
specimens with dimensions (70 mm diameter and 300 mm height) were hourly
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subjected to three-minute long creep tests under uniaxial stress conditions, see
Fig. 4.6 (a) for the stress history in a specific three-minute long creep test. For
each test, the load plateau was selected such that induced compressive stresses
were smaller than 15 % of the expected compressive strength, see Fig. 4.6 (b).
Using the calorimetry results described by Irfan-ul-Hassan et al. (2016), sample
ages were “translated” into equivalent hydration degrees.
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Figure 4.6: Three-minute creep tests on mortars and concretes: (a) force his-
tory during creep testing carried out at an age of 100h on Mortar #1; and
(b) prescribed load levels chosen to be smaller than or equal to 15% of the

expected compressive strength

Each tested specimen was subjected to 168 three-minute creep tests. Out of
this database, we focus on the tests carried out at hydration degrees amounting

to
¢ e [0.32,0.35,0.40,0.45,0.50,0.55,0.60,0.63] (4.19)

The plateau stresses of Fig. 4.6, which correspond to the hydration degrees of
Eq. (4.19), were
Yot = [2.08,2.32,3.0,3.0,4.37,4.83,6.25,6.25| MPa (4.20)

The correspondingly measured normal strains in loading direction, E(t), were
divided by the applied plateau stress X4, see Fig. 4.6, so as to arrive at a
convenient illustration of the test results, as shown in Fig. 4.7

Micromechanical predictions of experimental data

For micromechanically predicting the creep test results of Fig. 4.7, the relax-
ation functions of Eq. (55) are transformed to creep functions according to

Ty om(P) = Ry (p) ™!

B () = T}, (p) : () (4:21)
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Figure 4.7: Plateau stress-normalized strains obtained from three minute-
long creep tests on mortars and concretes, at the hydration degrees given
in Eq. (4.19), and the corresponding load plateaus according to Eq. (4.20):
(a) Mortar #1: w/c = 0.50, a/c = 3.00, (b) Mortar #2: w/c = 0.42,
a/c = 2.70, (c) Concrete #1: w/c = 0.50, a/c = 3.00, (d) Concrete #2:
w/c=0.42, a/c = 2.70

and this result is then back-transformed into the time-domain, yielding

t

E(§7 t) - /Jhom(gy t— T) : E(T)d’r (422)

0

This Boltzmann convolution integral is then evaluated for the volume fractions
of Egs. (4.11) and (4.13), for the cement paste properties of Fig. 4.4, and for the
loading history of Fig. 4.6. These evaluations comprise two quantities which
are not known a priori, but which are identified from a series of creep results
at the concrete and mortar levels. This is described next.

Also, it needs to be emphasized that consideration of the load history of Fig. 4.6
as a continuous function, rather than as a step function, and corresponding
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use of the continuous form of the Boltzmann integral (4.22), is mandatory for
arriving at reliable results. This is because a ramp loading as indicated in
Fig. 4.6, does not only provoke elastic, but also viscoelastic strains, as was
explicitly evidenced by Irfan-ul-Hassan et al. (2016).

Identification of water uptake capacity of “Normensand”
quartz aggregates and of the paste void filling extent,

from experimental data concerning Mortar #1

The water uptake capacity of quartz, w,(0)/a, and the paste void filling extent
«, are identified from a very large set of numerical values making up the
following ”search intervals”

w,(0)/a € [0.000,0.0001,0.0002, . ..0.0199 ,0.0200]

a € [0.000,0.001,0.002,...0.999, 1.000]. (4.23)

For all data pairs [w,(0)/a, o] composed from the values given in Eq. (4.23),
the micromechanics model of Eqgs. (55)—(4.18), together with Egs. (4.3), (4.10),
and (4.11) evaluated for w/c = 0.50 and a/c = 3.0, see Table4.1, with the in-
terpolation scheme of Fig. 4.4, and with the loading history of Fig. 4.6 entering
Eq. (4.22), is used to predict the creep functions arising from the eight creep
tests conducted on Mortar #1, as seen in Fig. 4.7(a). Eight hydration degree-
specific model predictions of the normal strain histories E7"*¢, represented by
180 discrete values each, are compared to the corresponding experimentally
determined strains normalized by plateau stress EP; and the corresponding
prediction error is quantified through

1 8 1 180
= - pred(¢ 1\ _ [€ID(¢. 4
£ = g% 180 2_; et (&) ; |EPed(&,t5) — ESP(&, 1) (4.24)

whereby all strain values were normalized with respect to the plateau stresses
Ypiat- The smallest prediction error €& = 1.55 x 107" MPa™! (see Table 4.2) is

Table 4.2: Prediction Errors £ (MPa™!) according to Eq. (4.24)

’ Material H & with nominal composition ‘ & obtained with water migration model
Mortar #1 4.50 x 1076 1.55 x 1077
Mortar #2 1.50 x 1076 2.90 x 1077
Concrete #1 5.50 x 1076 1.50 x 1077
Concrete #2 1.23 x 1076 1.30 x 1077
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obtained for the following values of the water uptake capacity of quartz and
of the water filling extent of shrinkage-induced voids:

wa(0)

= 0.0099 a = 0.603 (4.25)
a

see Fig. 4.8 (a) for the comparison of measured and modeled creep functions.
The identified material constants (4.25) imply (i) that 1 kilogram of quartz
takes up 9.9 gram of water during mixing of the raw materials, and (ii) that
shrinkage-induced voids of the cement paste matrix soak water from the open
porosity of quartz such that these voids are water-filled to an extent of 60.3
percent.

The identified material constants (4.25) provide access to the effective com-
position of the cement paste of Mortar #1. The initial value of the effective
water-to-cement mass fraction of the cement paste matrix, for instance, follows
from specialization of Eq. (4.3) for w,(0)/a from (4.25) and for the mix-related
water-to-cement and quartz-to-cement mass ratios w/c = 0.50 and a/c = 3.0
as:

wep(0)

c

= 0.4703 (4.26)

This is remarkably smaller than the (nominal) mix-related water-to-cement
mass ratio w/c = 0.50. The evolution of the effective water-to-cement mass
fraction of the cement paste matrix follows from specialization of Eq. (4.10)
for (4.25), w/c = 0.50, and a/c = 3.0 as

w%@ — 0.4703 + 0.0317¢ (4.27)

see also Fig. 4.8 (b). The actual volume fractions of the cement paste matrix
and of quartz follow from specialization of Eqs. (4.11) for Eq. (4.26), w/c =
0.50, and a/c = 3.0 as

fop = 04101,  fay = 0.5899. (4.28)

Confirmation of the water uptake capacity of ” Normen-
sand” quartz aggregates and of the paste void filling ex-

tent, through experimental data concerning Mortar #2

Since Mortar #1 and Mortar #2 are produced with the same raw materials,
the identified material constants given in Egs. (4.25) are not only valid for
Mortar #1, but they must also hold for Mortar #2, i.e. the strain evolutions
measured during creep testing of Mortar #2 must be predictable, and this is
checked next. To this end, the initial value of the effective water-to-cement
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Figure 4.8: Application of the water migration model according to Eq. (4.10)
to Mortar #1, with a mix-related (nominal) composition given through w/c =
0.50 and a/c = 3.0, as well as water uptake capacity of quartz and void
water-filling extent according to Eq. (4.25): (a) Comparison of experimentally-
determined and model-predicted plateau stress-normalized strains, at the hy-
dration degrees given in Eq. (4.19) and the corresponding load plateaus accord-
ing to Eq. (4.20); (b) evolution of the effective water-to-cement mass fraction of
the cement paste matrix, as a function of degree of hydration; for the complete

set of material properties of cement paste, see Table 4.3

Table 4.3: Input quantities for creep homogenization of Mortar #1 with mix-
related (nominal) composition quantified through w/c = 0.50 and a/c = 3.0:
effective water-to-cement mass fractions of the cement paste matrix according
to Egs. (4.10) and (4.25), as well as corresponding viscoelastic properties of
the cement paste matrix found by means of interpolation (see Fig. 4.4), for
hydration degrees listed in Eq. (4.19)

| €[ | wep (©)/cl) | Eep[GPa] | vip[] | Eep [GPa) | Bep [ |

0.32 0.480 6.529 0.205 9.218 0.269
0.35 0.481 7.041 0.206 8.562 0.267
0.40 0.483 8.223 0.210 13.220 0.242
0.45 0.484 9.172 0.214 15.775 0.228
0.50 0.486 10.236 0.217 19.270 0.219
0.55 0.487 11.274 0.221 23.640 0.210
0.60 0.489 12.442 0.225 29.012 0.209
0.63 0.490 12.843 0.226 30.774 0.208
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mass fraction of the cement paste matrix follows from specialization of Eq. (4.3)
for w,(0)/a from (4.25) and for the mix-related water-to-cement and quartz-
to-cement mass ratios w/c = 0.42 and a/c = 2.7 as:

Wep(0)

= 0.3933 (4.29)

This is significantly smaller than the mix-related water-to-cement mass ratio
w/c = 0.42. The evolution of the effective water-to-cement mass fraction of
the cement paste matrix follows from specialization of Eq. (4.10) for (4.25),
w/c=0.42, and a/c = 2.7 as

Wep (5)

c

= 0.3933 + 0.0317¢ (4.30)

see also Fig. 4.9 (b). The actual volume fractions of the cement paste matrix
and of quartz follow from specialization of Eq. (4.11) for Eq. (4.29), w/c = 0.42,
and a/c = 2.7 as

fep = 0.4107, fagg = 0.5893 . (4.31)

Viscoelastic properties of the cement paste matrix — valid for effective water-
to-cement mass fractions from Eq. (4.30), evaluated for all hydration degrees
of interest given in Eq. (4.19) — are quantified by means of interpolation; as
described in the previous subsection, see also Fig. 4.4.

Model-predicted creep functions for Mortar #2 agree well with measured creep
functions, as quantified by prediction error £ = 2.90 x 107" MPa~! (see Ta-
ble 4.2) evaluated according to Eq. (4.24), see also Fig. 4.9 (a). This underlines
not only the satisfactory predictive capabilities of the developed water migra-
tion model, see Eq. (4.10), but also the significance of the identified values of
the water uptake capacity of quartz and of the water filling extent of shrinkage-
induced voids, see Eqgs. (4.25).

Identification of water uptake capacity of ”Pannonia
Kies” aggregates and of entrapped air content, from ex-

perimental data concerning Concrete #1

When it comes to model prediction of the creep strain evolutions measured in
three-minutes creep tests on Concrete #1, it is important to emphasize that
both concretes were produced with quartz gravel of type “Pannonia Kies”, i.e.
the corresponding water-uptake capacity is unknown and needs to be identi-
fied. Notably, this is not enough for obtaining a satisfactory agreement between
model-predicted and measured creep functions, because the model-predicted
creep functions turn out to underestimate the measured creep functions, par-
ticularly because the elastic stiffness is overestimated. In order to improve
the situation, we consider that air was mixed into concrete during production.
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Figure 4.9: Application of the water migration model according to Eq. (4.10)
to Mortar #2, with a mix-related (nominal) composition given through w/c =
0.42 and a/c = 2.7, as well as water uptake capacity of quartz and void
water-filling extent according to Eq. (4.25): (a) Comparison of experimentally-
determined and model-predicted plateau stress-normalized strains, at the hy-
dration degrees given in Eq. 4.19) and the corresponding load plateaus accord-
ing to Eq. (4.20); (b) evolution of effective water-to-cement mass fraction of
the cement paste matrix, as a function of degree of hydration; for the complete

set of material properties of cement paste, see Table 4.4

Table 4.4: Input quantities for creep homogenization of Mortar #2 with mix-
related (nominal) composition quantified through w/c = 0.42 and a/c = 2.7:
effective water-to-cement mass fractions of the cement paste matrix according
to Egs. (4.10) and (4.25), as well as corresponding viscoelastic properties of
the cement paste matrix found by means of interpolation (see Fig. 4.4), for
hydration degrees listed in Eq. (4.19)

| €[ | wep (©)/cl) | Eep[GPa] | vip[] | Eep [GPa) | Bep [ |

0.32 0.403 8.623 0.211 9.719 0.322
0.35 0.404 9.864 0.215 11.857 0.290
0.40 0.405 10.693 0.218 14.872 0.270
0.45 0.407 12.175 0.222 19.312 0.260
0.50 0.409 13.189 0.225 23.055 0.244
0.55 0.410 14.369 0.229 30.780 0.222
0.60 0.412 15.417 0.232 38.460 0.196
0.62 0.413 16.146 0.234 44.927 0.192
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Since all eight considered creep tests were carried out on the same specimen,
just one entrapped air content, as appearing in Eq. (4.13) needs to be identi-
fied.

Similar to the identification process described for Mortar #1, the water uptake
capacity of “Pannonia Kies” quartz and the entrapped air content are identified
from the following search intervals:

w,(0)/a € [0.000,0.0001,0.0002, . ..0.0199 ,0.0200]

Fair € [0.000,0.001,0.002, . .. 0.049 , 0.050] (4.32)

The identified void filling extent a according to Eq. (4.25), in turn, is treated
as being also applicable to both concretes.

Accordingly, for all data pairs [w,/a(0), fur] composed from the values given
in Eq. (4.32), the micromechanics model of Egs. (55)—(4.18), together with
Egs. (4.3), (4.10), and (4.11) evaluated for o = 0.603, as well as for w/c = 0.50
and a/c = 3.0, see Table4.1, with the interpolation scheme of Fig. 4.4 and
with the loading history of Fig. 4.6 entering Eq. (4.22), is used to predict
the creep functions arising from the eight creep tests conducted on Con-
crete #1, as seen in Fig. 4.7 (c). Model-predicted creep functions are com-
pared to measured creep functions, and model prediction errors are quan-
tified according to Eq. (4.24). The smallest prediction error amounts to
£ =15 x 107" MPa~!(see Table 4.2), and the corresponding values of the
water uptake capacity and of the air volume fraction read as

we(0)

a

=0.0089  far = 0.026 (4.33)

see Fig. 4.10 (a) for the comparison of measured and model-predicted creep
functions. The identified water uptake capacity given in (4.33) implies that 1
kilogram of “Pannonia Kies” quartz takes up 8.9 gram of water during mixing
of the raw materials. The corresponding initial value of the effective water-to-
cement mass fraction of the cement paste matrix follows from specialization of
Eq. (4.3) for w,(0)/a from (4.33) and for the mix-related water-to-cement and
quartz-to-cement mass ratios w/c = 0.50 and a/c = 3.0 as:

Wep(0)

= 0.4733 (4.34)

This is significantly smaller than the mix-related water-to-cement mass ratio
w/c = 0.50. The evolution of the effective water-to-cement mass fraction of
the cement paste matrix follows from specialization of Eq. (4.10) for a from
(4.25), for w,(0)/a from (4.33), for w/c = 0.50, and for a/c = 3.0, as

Wep(§)

C

= 0.4733 + 0.0317¢ (4.35)

see also Fig. 4.10 (b). Finally, the actual volume fractions of the cement paste
matrix and of quartz follow from Egs. (4.33), (4.34), w/c = 0.50, a/c = 3.0,
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(4.11), and (4.13) as:

fop= 04004,  fagy = 0.5736. (4.36)

The satisfactory agreement between between model-predicted and measured
creep functions further corroborates the developed water migration model, see
Eq. (4.10), and the void water-filling extent « given in Eq. (4.25).

= Concrete #1 Concrete #1

% £=0.32

‘ £=10.35

I —ae , : - 0.49

S £=10.40
:. 50 e £=0.45 - 0.48
v = i S
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= =0.63
] ‘ ‘

S 30 s exP erimentally-determined 0.46 ' O f&f&ﬂ“‘ﬁﬁgm from

| model-predicted water migration model
> 20 0.45

Sy 0 50 100 150 200 0 0.2 0.4 0.6 0.8 1

Time since loading, t — 7¢ [s] Hydration degree £ [-]

(a) (b)
Figure 4.10: Application of the water migration model according to Eq. (4.10)
to Concrete #1, with a mix-related (nominal) composition given through
w/c = 0.50 and a/c = 3.0, with void water-filling extent according to
Egs. (4.25), as well as with water uptake capacity of quartz and entrapped air
volume fraction according to Eq. (4.33): (a) Comparison of experimentally-
determined and model-predicted plateau stress-normalized strains, at the hy-
dration degrees given in Eq. (4.19) and the corresponding load plateaus accord-
ing to Eq. (4.20); (b) evolution of effective water-to-cement mass fraction of
the cement paste matrix, as a function of degree of hydration; for the complete

set of material properties of cement paste, see Table 4.5

Confirmation of water uptake capacity of ”Pannonia
Kies” aggregates, through experimental data concerning
Concrete #2

Since Concretes #1 and #2 were produced with the same quartz gravel, the
water uptake capacity is already known, see Eq. (4.33). Also, the void water-
filling ratio « is already identified, see Eq. (4.25). However, Concrete #2 was
tested on a specific specimen, and the related air volume fraction is to be
identified. By analogy to the previously described identification processes, the
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Table 4.5: Input quantities for creep homogenization of Concrete #1 with mix-
related (nominal) composition quantified through w/c = 0.50 and a/c = 3.0:
effective water-to-cement mass fractions of the cement paste matrix according
to Egs. (4.10), with void water-filling extent according to Eq. (4.25), and with
water uptake capacity of quartz and entrapped air volume fraction according to
Eq. (4.33), as well as corresponding viscoelastic properties of the cement paste
matrix found by means of interpolation (see Fig. 4.4), for hydration degrees
listed in Eq. (4.19)

| €[ | wep(©)/c) | Eey[GPa] | vey [] | By [GPa] | By [ |

0.33 0.484 6.720 0.205 9.096 0.262
0.35 0.4845 6.927 0.206 9.531 0.257
0.40 0.486 7.966 0.210 12.332 0.244
0.44 0.487 8.900 0.213 15.582 0.240
0.50 0.489 9.940 0.216 18.548 0.232
0.55 0.490 10.884 0.219 21.911 0.227
0.60 0.492 12.115 0.224 27.777 0.215
0.63 0.493 12.569 0.225 30.116 0.218

entrapped air volume fraction is found as
fair = 0.027 (4.37)

The initial value of the effective water-to-cement mass fraction of the cement
paste matrix follows from specialization of Eq. (4.3) for w,(0)/a from (4.33) and
for the mix-related water-to-cement and quartz-to-cement mass ratios w/c =
0.42 and a/c = 2.7 as:

w”IL(O) — 0.3960 (4.38)

This is significantly smaller than the mix-related water-to-cement mass ratio
w/c = 0.42. The evolution of the effective water-to-cement mass fraction of

the cement paste matrix follows from specialization of Eq. (4.10) for « from
(4.25), for w,(0)/a from (4.33), for w/c = 0.42, and for a/c = 2.7, as

Wep (5)

C

= 0.3960 + 0.0317¢ (4.39)

see also Fig. 4.11 (b). Finally, the actual volume fractions of the cement paste
matrix and of quartz follow from Egs. (4.33), (4.38), w/c = 0.42, a/c = 2.7,
(4.11), and (4.13) as:

fop = 04005, fagy = 0.5725. (4.40)
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The satisfactory agreement between between model-predicted and measured
creep functions, as quantified by prediction error £& = 1.30 x 107" MPa™!
(see Table 4.2) further corroborates the developed water migration model, see
Eq. (4.10), evaluated according to Eq. (4.24) the void water-filling extent «
given in Eq. (4.25), and the water uptake capacity w,(0)/a given in Eqgs. (4.33).

Concrete #2 Concrete #2

J
o

e eXD erimentally-determined
model-predicted

60
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50 3t A
-~ £ =0.40 \g
0 S <o
_
=0.6: O Table 6
30 ' ' ' S 0.38 lsflfea? fueilction from

water migration model

20 0.37 : : ‘ ‘ !
0 50 100 150 200 0 02 04 06 08 1

Time since loading, t — 7¢ [s] Hydration degree £ [-]
(a) (b)

Figure 4.11: Application of the water migration model according to Eq. (4.10)

E(t—70)/Spia(€) [107MPa~1]

to Concrete #2, with a mix-related (nominal) composition given through
w/c = 042 and a/c = 2.7, with void water-filling extent according to
Eq. (4.25), with water uptake capacity of quartz according to Eqs. (4.33) and
with entrapped air volume fraction according to Eq. (4.37): (a) Comparison
of experimentally-determined and model-predicted plateau stress-normalized
strains, at the hydration degrees given in Eq. (4.19) and the corresponding load
plateaus according to Eq. (4.20); (b) evolution of effective water-to-cement
mass fraction of the cement paste matrix, as a function of degree of hydration;

for the complete set of material properties of cement paste, see Table 4.6

4.5 Conclusions

We here presented an extension of the classical Powers hydration model with
respect to internal curing, and checked the relevance of the latter through
micromechanical upscaling of effective water-to-cement mass ratio-dependent
cement paste creep functions, up to the levels of mortar/concrete. Remarkably,
internal curing can be considered in terms of only two additional quantities:
an aggregate-specific uptake capacity, and a cement-paste specific void filling
extent. Identifying these quantities herein for two types of oven-dried quartz
aggregates, and for one type of cement, allowed for satisfactory prediction



Chapter-/ 81

Table 4.6: Input quantities for creep homogenization of Concrete #2 with mix-
related (nominal) composition quantified through w/c = 0.42 and a/c = 2.7:
effective water-to-cement mass fractions of the cement paste matrix according
to Eq. (4.10), with void water-filling extent according to Eq. (4.25), with water
uptake capacity of quartz according to Eqs. (4.33), and with entrapped air
volume fraction according to Eq. (4.37), as well as corresponding viscoelastic
properties of the cement paste matrix found by means of interpolation (see
Fig. 4.4), for hydration degrees listed in Eq. (4.19)

| €[ | wep(©)/c) | Eey[GPa] | vey [] | By [GPa] | By [ |

0.33 0.406 8.519 0.211 9.597 0.312
0.35 0.407 9.268 0.213 10.701 0.286
0.40 0.408 10.477 0.217 14.669 0.265
0.45 0.410 11.921 0.221 19.020 0.255
0.50 0.411 12.791 0.224 22.434 0.238
0.55 0.413 13.940 0.228 29.692 0.218
0.60 0.415 15.153 0.231 38.407 0.195
0.62 0.415 15.672 0.233 43.084 0.191

of numerous ultrashort-term creep tests on two mortars and two concretes,
see Figs. 4.8 to 4.11. Such creep tests directly deliver the hydration-dependent
(non-aging) creep properties, also valid for medium-term creep tests on very old
pastes, see (Irfan-ul-Hassan et al. 2016). Neglecting internal curing effects, i.e.
initial water uptake through the aggregates followed by ”back-soaking” of this
water from the aggregates domain to that of the maturing cement paste, would
clearly not allow for satisfactory micromechanical prediction of the creep prop-
erties at the mortar and concrete level, as is quantified in Table 4.2 and illus-
trated in Fig. 4.12, showing predictions based on w,(0)/a = a = fu;, = 0, while
keeping all other input variables as defined earlier in this paper. Obviously,
the creep response predicted by the micromechanical model of Fig. 4.2 would
be too soft under these conditions. It is also illustrative to quantify the degree
of hydration when the “back-suction” of water from aggregates to the cement
paste is finished, simply because no water is left any more in the aggregates. To
this end, w,(§)/c in Eq. (4.10) is set equal to w/c, and the resulting expression
is solved for hydration degree &. This delivers

- w“T(O) (a/c) {20+63 [w/c— w“T(O) (a/c)]}
o {1.051 +3.31 [w/c— wa(0) (a/c)”

(4.41)

Notably, the creep tests which were analyzed herein refer to hydration degrees
smaller than &*, see Figs. 4.8 (b), 4.9 (b), 4.10 (b), and 4.11 (b).
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Figure 4.12: Comparison of experimentally-determined and model-predicted
plateau stress-normalized strains, using nominal compositions as input, see
Table 4.1, at the hydration degrees given in Eq. (4.19) and the corresponding
load plateaus according to Eq. (4.20); For (a) Mortar #1, (b) Mortar #2, (c)
Concrete #1, and (d) Concrete #2: Model predicted strains overestimate the
experimentally measured strains; see also Table 4.2

The method described herein, showing how to integrate internal curing events
into micromechanical modeling of concrete, in particular concerning creep, can
be straightforwardly extended to aging creep behavior, based on earlier con-
tributions such as those of Scheiner and Hellmich (2009) or Sanahuja (2013b).

Another obvious extension concerns the deeper reasons for the dependencies
of the creep properties of cement paste, on the water-to-cement mass ratio
as depicted in Fig. 4.4, which may be deciphered through micromechanical
resolution down to the level of the hydrates (Kénigsberger et al. 2016), or
even, down to the level of lubricating water layers between calcium silicate
sheets, (Pellenq et al. 2009; Sanahuja and Dormieux 2010; Shahidi et al. 2014,
2015a; Vandamme et al. 2015; Shahidi et al. 2016).
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Nomenclature

Symbols:

Azgfglgg LC-transformed volumetric component of Eshelby problem-
related strain concentration tensor of aggregates

A;;g{ggg LC-transformed deviatoric component of Eshelby problem-related

strain concentration tensor of aggregates
*,v0l
00,atr

LC-transformed volumetric component of Eshelby problem-
related strain concentration tensor of air

A;‘fﬂr LC-transformed deviatoric component of Eshelby problem-related
strain concentration tensor of air

a mass of aggregates

a/c aggregate-to-cement mass ratio

« water filling extent of shrinkage induced voids in cement paste

Bep power-law creep exponent for cement paste

& mass of cement paste

d a material constant equal to w,(0)/c

Amaz maximum diameter of aggregates

0ij Kronecker delta

E macroscopic uniaxial strain

E macroscopic strain tensor

Eerp experimentally-determined macroscopic uniaxial strain

Epred model-predicted macroscopic uniaxial strain

E. Young’s elastic modulus of cement paste

E.cp Young’s creep modulus of cement paste

£ prediction error

Foiat plateau force

fep volume fraction of the cement paste

fagg volume fraction of the aggregates

Jair volume fraction of the air

no—air

290 volume fraction of aggregates without entrapped air
no—air

s volume fraction of cement paste without entrapped air

e cement paste-related volume fraction of voids
auxiliary isotropic fourth-order tensor

G, G%v  volumetric and deviatoric components of G

I fourth-order identity tensor

1 second-order identity tensor

oot Jdev volumetric and deviatoric parts of I

Jhom homogenized fourth-order tensorial creep function
k a material constant equal to rate of we,/c

Kagq bulk modulus of aggregates

Kair bulk modulus of air

Eep bulk modulus of cement paste

Khom bulk modulus of mortar or concrete

LC Laplace-Carson
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Fagg
Mair
Hep
Khom
Vep

p
]P *

sph

R*

agg

*
air

*
R7,

*
hom

Pagg
Pclin
PH,0
Phyd
b))
EplaLt

*
sph

S*,Uol S*,dev

sph
t

T

sph

Wep/C
wep(0)/¢
w/e

§

5*

Operators:

()

shear modulus of aggregates

shear modulus of air

shear modulus of cement paste

shear modulus of mortar or concrete

Poisson’s ratio of cement paste

complex variable in the LC domain

LC-transformed Hill tensor of spherical inclusions, embedded in
an infinite cement paste matrix

LC-transformed fourth-order relaxation tensor function of aggre-
gates

LC-transformed fourth-order relaxation tensor function of air
LC-transformed fourth-order relaxation tensor function of cement
paste

LC-transformed fourth-order relaxation tensor function of mortar
or concrete

mass density of aggregates

mass density of cement clinker

mass density of water

mass density of hydrates

macroscopic stress tensor

plateau stress

LC-transformed Eshelby tensor of spherical inclusion, embedded
in an infinite cement paste matrix

*

volumetric and deviatoric components of 53 ,

chronological time

time instant during creep test

time instant at start of the loading ramp

reference time, t,.f=1d=86400s

volume of cement

volume of cement paste

volume of voids

volume of water

total water mass

water absorbed into the aggregates

initial water-to-aggregate mass ratio

water residing inside the cement paste

effective water-to-cement mass ratio

initial value of the effective water-to-cement mass ratio
(nominal) water-to-cement mass ratio

hydration degree

hydration degree at which all aggregates-absorbed water is soaked
to cement paste

Laplace-Carson transform of quantity (.)
inner product
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Laplace transform of quantity (.)
multiplication

second-order tensor contraction
gamma function of real quantity (.)

time derivative of quantity (.)




Chapter

Creep testing database: results
from hourly-repeated
three-minute creep tests on
cement pastes, mortars, and

concretes

This chapter contains the collection of results from all creep tests on cement
pastes, mortars, and concretes, which were carried out according to the test
protocol described in Chapter 2. All tested materials were produced from
the same sources, i.e. from one commercial cement of type CEM 142.5 N, from
distilled water, and — as far as mortars and concretes are concerned — from
quartz, i.e. either from “Normensand” of from “Pannonia Kies”, with max-
imum grain sizes amounting to 2mm and to 8 mm, respectively. Material
compositions were defined in terms of the mixing-related water-to-cement and
aggregate-to-cement mass ratios, see Table 5.1. Cylindrical specimens exhib-
ited a diameter of 70 mm and a central displacement measurement length of
164 mm. Specimens were tested inside a temperature chamber with air tem-
perature controlled to 20°C. In order to study the influence of ambient air
temperature on the evolution of non-aging stiffness and creep properties of
cement pastes, specific specimens were also tested at 30°C and at 10°C, re-
spectively (Table 5.1). In order to underline the very satisfactory repeatability
of the testing approach, every test was repeated, i.e. results from two nominally
identical specimens are available for each type of test, labeled as “S-1"and “S-
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2”. As for illustration of measurement results, the evaluated strain evolution
is normalized with respect to the plateau stress, and this quantity is plotted
over the time since start of loading.

Table 5.1: Mix composition and testing temperature of characterized cement

pastes, mortars, and concretes
Materials Sample ID ‘ w/c ‘ a/c ‘ nom ‘ nom ‘ s ‘ Temp.° C

cp agg
CP-1 042 | - 1.00 - - 20
Cement pastes CP-2 0.45 | - 1.00 - - 20
CP-3 0.50 | - 1.00 - - 20
Cement pastes CP-4 042 | - 1 - - 30
CP-5 042 | - 1 - - 10

M-1 0.42 | 2.7 | 042 | 0.58 | 2mm 20
M-2 0.45| 2.8 | 0.45 | 0.58 | 2mm 20
Mortars M-3 0.50 | 3.0 | 042 | 0.58 | 2mm 20
M-4 0.42 | 1.35| 0.42 | 0.58 | 2mm 20
M-5 0.45 | 1.50 | 0.45 | 0.58 | 2mm 20

Concretes C-1 042 | 2.7 | 0.42 | 0.58 | 8mm 20
C-2 050 | 3.0 | 0.42 | 0.58 | 8mm 20

During three-minute creep testing of cement pastes, specimens were subjected
to uniaxial compressive stress states ranging from 10 to 15 percent of the
uniaxial compressive strength at the time of testing, see Fig. 5.1. Similar load
intensities were used for three-minute creep testing of mortars and concretes,
see Fig. 5.2.
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Figure 5.1: Force and stress values prescribed during loading plateau for creep
testing of cement pastes; (a) CP-1, w/c = 0.42, (b) CP-2, w/c = 0.45, and (c)
CP-3, w/c = 0.50
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Figure 5.2: Force and stress values prescribed during loading plateau for creep

testing of mortars and concretes

5.1 Results from characterization of cement

pastes at different temperatures
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5.1.1 Water-cement ratio = 0.42, Temperature = 20°C
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Figure 5.3: Measured strain evolution normalized with respect to the plateau
stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 20°C; ID = “CP-1 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.4: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 20°C; ID = “CP-1 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.5: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 20°C; ID = “CP-1 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.6: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 20°C; ID = “CP-1 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.7: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 20°C; ID = “CP-1 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(a)



Chapter-5

95

E(t —70)/Sp1a(€) [107° MPa™!] E(t — 70)/Zpiar(€) [10°MPa™]

E(t—10)/2pa(€) [107 MPa™]

130

CP-1 S-2

27h

—

100

80

60

130

51h

——

—

0 50 100 150
Time since loading, t — 7 [s]

()

CP-1 S-2

75h

9230

71h

200

29h

100} -

80

60

130

100

80y

60

53h

7Th

19t fr2sn

73h

s
— ‘

150

0 50 100 200
Time since loading, t — 7 [s]
()
CP-1 S-2

//__———-——‘—‘_ 31h

55h

/—-——i 9h
(ﬁg 18tigern
e ‘ ; ;

200

0 50 100 150
Time since loading, t — 7 [s]

(e)

E(t — T())/E:,)],Lt(f) [ 1046 MPa‘l] E(t — 7-0)/2,,1{”(5) [ 1046 MPa‘l]

E(t - TO)/E[)lu,t(g) [ 1046 MPaAl]

130

CP-1 S-2

/,————————- 28h

100+

80

60

130

100

80

60

130

100

80

60

52h

—

76h
%}Q? 241
0 50 100 150 200
Time since loading, ¢t — 7 [s]
(b)
CP-1 S-2
K’/—_———' 30h
54h
K’——' sh.
K;___——__—__—;—— 193j20n
v ‘ ‘ ‘ ‘
0 50 100 150 200
Time since loading, t — ¢ [s]
(d)
CP-1 S-2

/ 32h

56h
T e 80
gg e
v ‘ ; ; ;
0 50 100 150 200

Time since loading, ¢t — 7 [s]

(f)

Figure 5.8: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 20°C; ID = “CP-1 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.9: Measured strain evolution normalized with respect to the plateau
stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 20°C; ID = “CP-1 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.10: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 20°C; ID = “CP-1 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.11: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.45; ambient air temperature = 20°C; ID = “CP-2 S-17, see Table 5.1;
as for load levels, see Fig. 5.1(b)



Chapter-5 99
T CP-2 S-1 T CP-2 S-1

£ 140 £ 140
E . . . 27h . @2 . 95k .

C 120 // L r/ |
© 100(- “ 100|-

= 51h = 52h

S8 X

Q 80 r—' 7-5]19} a 80 /—_—f 76h
—~ 1 — 00h
To % 2R, ‘E 1240
= 60 : : : ‘ = 60

S 0 50 100 150 200 53 0 50 100 150 200

Time since loading, t — 7 [] Time since loading, t — 79 [s]
(a) (b)

T CP-2 S-1 T CP-2 S-1

£ 140 £ 1407

= ‘ =

L 120 (’____ 20h- L 1201 : o
= - —

100 % 100|-

2 53h g 54h

N — N —

= 80 —_— o 01h = 80 =h 02h
|E % 12 R l‘? 1264070
T 60 ‘ ‘ ‘ = 60 ‘
S 0 50 100 150 200 53] 0 50 100 150 200

Time since loading, t — 7y [s] Time since loading, t — 7 [s]
(c) (d)

T CP-2 S-1 T CP-2 S-1

£ 140 £ 1407

= =

| - . | .

= 120 31h S 120 32h
100 “ 100

3 55 ~ 56
g 80 . 79h g 8() (-——f 80h

¢ Ig ik e Ig bt
= 60 L L L , = 60 L L L ,
) 0 50 100 150 200 Sy 0 50 100 150 200

Time since loading, t — 7y [s]

()

Time since loading, t — 7 [s]

(f)

Figure 5.12: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.45; ambient air temperature = 20°C; ID = “CP-2 S-17, see Table 5.1;
as for load levels, see Fig. 5.1(b)
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Figure 5.13: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.45; ambient air temperature = 20°C; ID = “CP-2 S-17, see Table 5.1;
as for load levels, see Fig. 5.1(b)
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Figure 5.14: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.45; ambient air temperature = 20°C; ID = “CP-2 S-17, see Table 5.1;
as for load levels, see Fig. 5.1(b)
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Figure 5.15: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.45; ambient air temperature = 20°C; ID = “CP-2 S-2”, see Table 5.1;
as for load levels, see Fig. 5.1(b)
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Figure 5.16: Measured strain evolution normalized with respect to the plateau
stress as a function of the time since start of loading: cement paste with
w/c = 0.45; ambient air temperature = 20°C; ID = “CP-2 S-2”, see Table 5.1;
as for load levels, see Fig. 5.1(b)
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Figure 5.17: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.45; ambient air temperature = 20°C; ID = “CP-2 S-2”, see Table 5.1;
as for load levels, see Fig. 5.1(b)
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Figure 5.18: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.45; ambient air temperature = 20°C; ID = “CP-2 S-2”, see Table 5.1;
as for load levels, see Fig. 5.1(b)
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5.1.3 Water-cement ratio = 0.50, Temperature = 20°C
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Figure 5.19: Measured strain evolution normalized with respect to the plateau
stress as a function of the time since start of loading: cement paste with
w/c = 0.50; ambient air temperature = 20°C; ID = “CP-3 S-1”, see Table 5.1;
as for load levels, see Fig. 5.1(c)
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Figure 5.20: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.50; ambient air temperature = 20°C; ID = “CP-3 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(c)
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Figure 5.21: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.50; ambient air temperature = 20°C; ID = “CP-3 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(c)



Chapter-5

109

E(t—70)/Zpiar(€) [107 MPa~1] E(t—70)/Zpiar(§) 107 MPa ]

E(t —70)/Spar(€) [107MPa™]

CP-3 5-1

140~

120 ¢

63h

100 i

87h

111k
141 135k

80

50 100 150 200

Time since loading, t — 7 [s]

(=)

140 -

120 /’/

100

80

50 100 150
Time since loading, t — 7 [s]

()

CP-3 5-1

(=)

200

140~

43h

120 :

\

E(t = 70) /Zpiar(€) [10-°MPa™']

67h

100

91h

115h
141H39h

I

80

50 100 150 200

Time since loading, t — 7 [s]

(e)

o

E(t = 70) /Zpiar(€) [10-°MPa™']

E(t —70)/Epia(§) [107° MPa™!]

CP-3 S-1
140 (- ‘
40h
120 K'/—_’
64h
100 K‘/f 881
(/—— 1125
F:—f 14114360
80 L L L ,
0 50 100 150 200

Time since loading, ¢t — 7 [s]

(b)

CP-3 S-1

140~

42h

120

66 h

100

90 h

114h
141H38h

80 ‘
150

0 50 100 200
Time since loading, t — ¢ [s]
(d)
CP-3 5-1
140 |
120 K’_,_-——— 44n
68h
100 K',
92h
K""—' 16T
141H40h
80 N N N )
0 50 100 150 200

Time since loading, ¢t — 7 [s]

(f)

Figure 5.22: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.50; ambient air temperature = 20°C; ID = “CP-3 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(c)
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Figure 5.23: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.50; ambient air temperature = 20°C; ID = “CP-3 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(c)
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Figure 5.24: Measured strain evolution normalized with respect to the plateau
stress as a function of the time since start of loading: cement paste with
w/c = 0.50; ambient air temperature = 20°C; ID = “CP-3 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(c)
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Figure 5.25: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.50; ambient air temperature = 20°C; ID = “CP-3 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(c)
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Figure 5.26: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.50; ambient air temperature = 20°C; ID = “CP-3 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(c)
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5.1.4 Water-cement ratio = 0.42, Temperature = 30°C
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Figure 5.27: Measured strain evolution normalized with respect to the plateau
stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 30°C; ID = “CP-4 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.28: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 30°C; ID = “CP-4 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(a)



Chapter-5 116
T CP-4 S-1 T CP-4 S-1

£ 10 £ 110
£ 100t S 100t | e
E s

@S 57h @N 58h

N: 80 / 81h '\': 80 p 82}}
4 e 4 i
S S

| \ :

* 60 = 60

= 0 50 100 150 200 Sy 0 50 100 150 200

Time since loading, t — 7 [] Time since loading, t — 79 [s]
(a) (b)

T CP-4 S-1 T CP-4 S-1

£ 10 £ 110
< 100 // B5h = 100} : DR 360
¥ 59h N/ 60h

N:, 80 83h = 80 84h
4 e i
S S

| \ :

x 60 *x 60

= 0 50 100 150 200 Sy 0 50 100 150 200

Time since loading, t — 7y [s] Time since loading, t — 7 [s]
() (d)

T CP-4 S-1 T CP-4 S-1

£ 1o £ 10
< 100+ - ' o ' : < 100t~ :
(a] /___——-_—" 37h o 38h

i —

&é 61h \% 62h

= 80 gah = 80¢ 86h
4 e ji
< <

| ‘ ‘ ‘ ‘ [ ‘ : :
= 60 : : : =60 : : : -
R 0 50 100 150 200 S 0 50 100 150 200

Time since loading, t — 7y [s]

()

Time since loading, t — 7y [s]

(f)

Figure 5.29: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 30°C; ID = “CP-4 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.30: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 30°C; ID = “CP-4 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.31: Measured strain evolution normalized with respect to the plateau
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Figure 5.32: Measured strain evolution normalized with respect to the plateau
stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 30°C; ID = “CP-4 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.33: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 30°C; ID = “CP-4 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.34: Measured strain evolution normalized with respect to the plateau
stress as a function of the time since start of loading: cement paste with
w/c = 0.50; ambient air temperature = 30°C; ID = “CP-4 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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5.1.5 Water-cement ratio = 0.42, Temperature = 10°C
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Figure 5.35: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 10°C; ID = “CP-5 S-17, see Table 5.1;
as for load levels, see Fig. 5.1(a)
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Figure 5.36: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 10°C; ID = “CP-5 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.37: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 10°C; ID = “CP-5 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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w/c = 0.42; ambient air temperature = 10°C; ID = “CP-5 S-17, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.39: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 10°C; ID = “CP-5 S-2”, see Table 5.1;
as for load levels, see Fig. 5.1(a)
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Figure 5.40: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 10°C; ID = “CP-5 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.41: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 10°C; ID = “CP-5 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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Figure 5.42: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 0.42; ambient air temperature = 10°C; ID = “CP-5 S-2”, see Table 5.1;

as for load levels, see Fig. 5.1(a)
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5.2 Identified elastic and creep properties of

cement pastes
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E. ., (c) power-law exponent f,, for cement paste CP-3
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Figure 5.46: Evolution of (a) elastic Young’s modulus E, (b) creep modulus
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5.3 Results from characterization of mortars

and concretes at 20°C
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5.3.1 Mortar: w/c = 0.42, a/c = 2.70
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Figure 5.48: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =

0.42, a/c =

2.70; ambient air temperature
Table 5.1; as for load levels, see Fig. 5.2

= 20°C; ID = “M-1 S-17, see
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Figure 5.49: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =

0.42, a/c

2.70; ambient air temperature
Table 5.1; as for load levels, see Fig. 5.2

20°C; ID = “M-1 S-17, see
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Figure 5.50: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: cement paste with
w/c = 042, a/c = 2.70; ambient air temperature = 20°C; ID = “M-1 S-1”,
see Table 5.1; as for load levels, see Fig. 5.2
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Figure 5.51: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =

0.42, a/c =

2.70; ambient air temperature
Table 5.1; as for load levels, see Fig. 5.2

= 20°C; ID = “M-1 S-17, see
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Figure 5.52: Measured strain evolution normalized with respect to the plateau

100 150 200

stress as a function of the time since start of loading: mortar with w/c =

0.42, a/c

2.70; ambient air temperature
Table 5.1; as for load levels, see Fig. 5.2

20°C; ID = “M-1 S-27, see
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Table 5.1; as for load levels, see Fig. 5.2
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Figure 5.54: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =

0.42, a/c =

2.70; ambient air temperature =
Table 5.1; as for load levels, see Fig. 5.2

20°C; ID = “M-1 S-27, see
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Figure 5.55: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =

0.42, a/c

2.70; ambient air temperature
Table 5.1; as for load levels, see Fig. 5.2

20°C; ID = “M-1 S-27, see
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Figure 5.56: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =

0.45, a/c =

2.80; ambient air temperature =
Table 5.1; as for load levels, see Fig. 5.2

20°C; ID = “M-2 S-17, see
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Figure 5.57: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =

0.45, a/c

Table 5.1; as for load levels, see Fig. 5.2

2.80; ambient air temperature

20°C; ID = “M-2 S-17, see
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Figure 5.58: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =

0.45, a/c =

2.80; ambient air temperature =
Table 5.1; as for load levels, see Fig. 5.2

20°C; ID = “M-2 S-17, see
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Figure 5.59: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =

0.45, a/c

2.80; ambient air temperature
Table 5.1; as for load levels, see Fig. 5.2

20°C; ID = “M-2 S-17, see
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Figure 5.60: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =

0.45, a/c

2.80; ambient air temperature
Table 5.1; as for load levels, see Fig. 5.2

20°C; ID = “M-2 S-27, see



Chapter-5

) [107MPa~!]

E(t - TO)/Ez)lrzt(€

E(t—70)/Spa(§) [10°° MPa™1]

401

35

30

25

35

M-2 S-2
27h
—

- 511199]
r”—f 75h 1
? 1841h

171h
0 50 100 150 200
Time since loading, t — 7¢ [s]
(a)
M-2 S-2
450
o 29h
—
53h
TTh
gl
173 h
0 50 100 150 200
Time since loading, t — 7¢ [s]
()
M-2 S-2
450
40- o B
"
55h
13t
——— 14ff3h
v - 175h
0 50 100 150 200

Time since loading, t — 79 [s]

(e)

E(t—70)/Zpa(€) [10-MPa™1] E(t—70)/Zpia(€) [10- MPa™1]

E(t—70)/Spa(€) [10- MPa™1]

145
M-2 S-2
45
40 o 28h
35
52h
30 /‘——" 76h
172h
25
0 50 100 150 200

Time since loading, t — 7¢ [s]

(b)

M-2 S-2
45
40 30h
35|
54h
78h
30 ot
174h
25
0 50 100 150 200
Time since loading, t — 7y [s]
(d)
M-2 S-2
45
40

32h

56 h

80h

gt
176 h

50
Time since loading, t — 7y [s]

(f)

Figure 5.61: Measured strain evolution normalized with respect to the plateau

100 150 200

stress as a function of the time since start of loading: mortar with w/c =

0.45, a/c

Table 5.1; as for load levels, see Fig. 5.2

2.80; ambient air temperature

20°C; ID = “M-2 S-27, see
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Figure 5.62: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =

0.45, a/c =

2.80; ambient air temperature =
Table 5.1; as for load levels, see Fig. 5.2

20°C; ID = “M-2 S-27, see
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Figure 5.63: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =

0.45, a/c

2.80; ambient air temperature
Table 5.1; as for load levels, see Fig. 5.2

20°C; ID = “M-2 S-27, see
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5.3.3 Mortar: w/c = 0.50, a/c = 3.0
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Figure 5.64: Measured strain evolution normalized with respect to the plateau
stress as a function of the time since start of loading: mortar with w/c =
0.50, a/c = 3.0; ambient air temperature = 20°C; ID = “M-3 S-17, see Ta-
ble 5.1; as for load levels, see Fig. 5.2
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Figure 5.65: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =
0.50, a/c = 3.0; ambient air temperature = 20°C; ID = “M-3 S-17, see Ta-

ble 5.1; as for load levels, see Fig. 5.2
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Figure 5.66: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =
0.50, a/c = 3.0; ambient air temperature = 20°C; ID = “M-3 S-17, see Ta-

ble 5.1; as for load levels, see Fig. 5.2
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Figure 5.67: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =
0.50, a/c = 3.0; ambient air temperature = 20°C; ID = “M-3 S-17, see Ta-

ble 5.1; as for load levels, see Fig. 5.2
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Figure 5.68: Measured strain evolution normalized with respect to the plateau
stress as a function of the time since start of loading: mortar with w/c =
0.50, a/c = 3.0; ambient air temperature = 20°C; ID = “M-3 S-2”, see Ta-
ble 5.1; as for load levels, see Fig. 5.2
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Figure 5.69: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c

0.50, a/c = 3.0; ambient air temperature = 20°C; ID = “M-3 S-2”, see Ta-

ble 5.1; as for load levels, see Fig. 5.2
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Figure 5.70: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =
0.50, a/c = 3.0; ambient air temperature = 20°C; ID = “M-3 S-2”, see Ta-

ble 5.1; as for load levels, see Fig. 5.2
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Figure 5.71: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =
0.50, a/c = 3.0; ambient air temperature = 20°C; ID = “M-3 S-2”, see Ta-

ble 5.1; as for load levels, see Fig. 5.2
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5.3.4 Mortar: w/c = 0.42, a/c = 1.35
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Figure 5.72: Measured strain evolution normalized with respect to the plateau
stress as a function of the time since start of loading: mortar with w/c =
0.42, a/c = 1.35; ambient air temperature = 20°C; ID = “M-4 S-17, see
Table 5.1; as for load levels, see Fig. 5.2
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Figure 5.73: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =
0.42, a/c = 1.35; ambient air temperature = 20°C; ID = “M-4 S-17, see

Table 5.1; as for load levels, see Fig. 5.2
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Figure 5.74: Measured strain evolution normalized with respect to the plateau
stress as a function of the time since start of loading: mortar with w/c =
0.42, a/c = 1.35; ambient air temperature = 20°C; ID = “M-4 S-17, see
Table 5.1; as for load levels, see Fig. 5.2
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Figure 5.75: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c

0.42, a/c

Table 5.1; as for load levels, see Fig. 5.2

1.35; ambient air temperature

20°C; ID = “M-4 S-17, see



Chapter-5 160
T M-4 S-2 T M-4 $-2

g5 ' ' : — 91 e ' '

2 (/’,' 3 o

L 65 — ' ' - 5 65 /”""/

— —

W 55 w55

ﬁ:‘ t5h p;: JR— 6L,
=45 ol 4
S 7t S 1shth
| hgbn | by
* 35 = 35

Sy 0 50 100 150 200 S 0 50 100 150 200

Time since loading, t — 7¢ [s] Time since loading, t — 7¢ [s]
(a) (b)

T M-4 S-2 o M-4 S-2

ch 75 . : ch 75 . :
E : : 2. “’E : ‘ : 241

é 65 K,_’—_——__ IE 65 /_’__,..————————"’— !
w55 | | ‘ | w55 | | ‘ |

H a7h, 3 481,

N P 71h o ;...——————'—"'“__'—'——"'__—_—_—— 72h
=45 o =8 R SRR AR
N Wi, ¥ BE= 20,
> 35 = 35

Sy 0 50 100 150 200 SN 0 50 100 150 200

Time since loading, ¢t — 7¢ [s] Time since loading, t — 7¢ [s]
() (d)

T M-4 8-2 T M-4 S-2

ch 75 : : Qﬂj 75 : :

= =

= 65/,.;r' o 2 65/,,_.__--——26h
W ss | w55 R EERRTERERT FRERTRRE:

2 49 . 3 50 h

[N 73 h [N 74 h
= 45 = : 9;” ~ 45 S : ‘8h
| Pl 1220
* 35 > 35

Y 0 50 100 150 200 SN 0 50 100 150 200

Time since loading, t — 7 [s]

(e)

Time since loading, t — 7y [s]

(f)

Figure 5.76: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c

0.42, a/c

1.35; ambient air temperature
Table 5.1; as for load levels, see Fig. 5.2

20°C; ID = “M-4 S-27, see
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Figure 5.77: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =
0.42, a/c = 1.35; ambient air temperature = 20°C; ID = “M-4 S-27) see

Table 5.1; as for load levels, see Fig. 5.2



Chapter-5 162
T M-4 S-2 T M-4 S-2
D‘f 65 : : ch 65 . .
Z 60 Z 60
| |
E 55 ) ) 33h E 55 . 34h
A‘Q:, 50 i . - 81h t’:f: 50 i - - 82h
= 57h = /"—_‘_—_———_ 58h
Ly 45 : : : : NN ] Peansni : :
= ‘ : 05h X ‘ 06h
< 40 Ié —— =, 40 ? R,
\ I
=35 : : : : = 35 : : : -
S 0 50 100 150 200 S 0 50 100 150 200
Time since loading, t — 7¢ [s] Time since loading, t — 7¢ [s]
(a) (b)
T M-4 S-2 T M-4 $-2
£ 65 : : £ 65 , ,
Z 60 Z 60
| |
=55 : - 351 =55 S6
< 59h < 60h
@45 g 831 @45 . — — 41
e 1314978 = 1394081
S 40% ALk < 40 - : — }{%1}1
\ I
* 35 = 35
S 0 50 100 150 200 S 0 50 100 150 200
Time since loading, t — 7¢ [s] Time since loading, t — 7¢ [s]
(c) (d)
o M-4 S-2 T M-4 S-2
ch 65 : : Qﬂf 65 : :
Z 60 Z 60
| |
e} (e
— 55 ' - 371 =3 38k
Ssopr < 50 :
§4 7 : —61h §45 7 : — 2]
il g— I — )
E 4olg ————wlj), ¢ 40% =y,
\ I
*= 35 = 35
Sy 0 50 100 150 200 S 0 50 100 150 200

Time since loading, t — 7¢ [s]

(e)

Time since loading, t — 7¢ [s]

(f)

Figure 5.78: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =
0.42, a/c = 1.35; ambient air temperature = 20°C; ID = “M-4 S-27) see

Table 5.1; as for load levels, see Fig. 5.2
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Figure 5.79: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c =

0.42, a/c = 1.35; ambient air temperature

Table 5.1; as for load levels, see Fig. 5.2

= 20°C; ID = “M-4 S-27, see
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5.3.5 Mortar: w/c = 0.50, a/c = 1.50
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Figure 5.80: Measured strain evolution normalized with respect to the plateau
stress as a function of the time since start of loading: mortar with w/c =
0.50, a/c = 1.50; ambient air temperature = 20°C; ID = “M-5 S-17, see
Table 5.1; as for load levels, see Fig. 5.2
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Figure 5.81: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c

0.50, a/c = 1.50; ambient air temperature = 20°C; ID = “M-5 S-17, see

Table 5.1; as for load levels, see Fig. 5.2
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Figure 5.82: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c

0.50, a/c = 1.50; ambient air temperature = 20°C; ID = “M-5 S-17, see

Table 5.1; as for load levels, see Fig. 5.2
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Figure 5.83: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c

0.50, a/c = 1.50; ambient air temperature = 20°C; ID = “M-5 S-17, see

Table 5.1; as for load levels, see Fig. 5.2
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stress as a function of the time since start of loading: mortar with w/c =
0.50, a/c = 1.50; ambient air temperature = 20°C; ID = “M-5 S-27, see
Table 5.1; as for load levels, see Fig. 5.2
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Figure 5.85: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c

0.50, a/c = 1.50; ambient air temperature = 20°C; ID = “M-5 S-27, see

Table 5.1; as for load levels, see Fig. 5.2
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Figure 5.86: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c

0.50, a/c = 1.50; ambient air temperature = 20°C; ID = “M-5 S-27, see

Table 5.1; as for load levels, see Fig. 5.2
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Figure 5.87: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: mortar with w/c

0.50, a/c = 1.50; ambient air temperature = 20°C; ID = “M-5 S-27, see

Table 5.1; as for load levels, see Fig. 5.2
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5.3.6 Concrete: w/c = 0.42, a/c = 2.70
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Figure 5.88: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: concrete with w/c =
0.42, a/c = 2.70; ambient air temperature = 20°C; ID = “C-1 S-1”, see Ta-
ble 5.1; as for load levels, see Fig. 5.2
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Figure 5.89: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: concrete with w/c =
0.42, a/c = 2.70; ambient air temperature = 20°C; ID = “C-1 S-1”, see Ta-

ble 5.1; as for load levels, see Fig. 5.2
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Figure 5.90: Measured strain evolution normalized with respect to the plateau

stress as a function of the time since start of loading: concrete with w/c =
0.42, a/c = 2.70; ambient air temperature = 20°C; ID = “C-1 S-1”, see Ta-

ble 5.1; as for load levels, see Fig. 5.2
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Conclusions

As for decoupling the time-dependent phenomena of creep and hydration as
well as for carefully subdividing total deformation measurements into an in-
stantaneous elastic part and a time-dependent creep contribution, the following

conclusions are drawn:

e Decoupling the time-dependent phenomena of creep and hydration is
possible by performing ultra short creep tests. Their duration must be
so short that the ongoing chemical hydration reaction does not make a
significant progress. This implies that the microstructure of the tested
cementitious materials is virtually constant throughout the creep test.

Therefore, ultra short creep experiments qualify as non-aging tests.

e The elastic Young’s modulus is accessible by considering that creep
strains are compressive throughout a compressive creep test — and this

includes also the very initial phase of loading.

e The statically determined elastic Young’s modulus is equal to the dy-
namically determined elastic Young’s modulus, whereby the latter is,
e.g., accessible by means of ultrasound characterization. This implies
that the thermodynamic definition of elasticity applies also to cemen-
titious materials, i.e. that elastic stiffness is independent of the loading

rate.

e Secant Young’s moduli, loading Young’s moduli, and unloading Young’s

moduli shall not be misinterpreted as elastic Young’s moduli, because
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cementitious materials exhibit ultra fast creep. Deformation measure-
ments exhibiting a strain rate-dependency must be expected to contain
also contributions from dissipative phenomena, i.e. they shall not be

treated as being purely elastic.

e The elastic Young’s modulus allows for extracting time-dependent strains

from total strains developing during a creep test.

e Significant creep strains develop already during the loading phase of a
quasi-static test, and they need to be considered when it comes to reliable

identification of creep functions of cementitious materials.

e The initial part of creep functions of hydrating cementitious materials,
covering the first few minutes after sudden loading, can be described

reliably by means of power laws.

e Early-age evolutions of elastic stiffness and of non-aging creep properties
can be characterized by performing ultra short creep experiments once
every hour, e.g. starting 21 hours after production and continuing up to

material ages of eight days.

As for the microscopic origin of macroscopically observed creep, the microstruc-
ture of cementitious materials was resolved down to (sub)micron-sized needle-

shaped hydrates; and this has delivered the following conclusions:

e Universal creep properties of (sub)micron-sized, needle-shaped, and well-
saturated cement hydrates allow for explaining the deformation histories
measured in more than 500 ultra short creep test on cement pastes,

carried out during the first week after their production.

e The same creep properties of cement hydrates also allow for predicting
the creep performance of a cement paste which was cured for 30 years
under water, and which was subjected thereafter to a 30 days long creep
test.

e This underlines that non-aging creep of well-saturated cement pastes can
be predicted as a function of material composition (in terms of the initial
water-to-cement mass ratio) and maturity (in terms of the hydration

degree).
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e It was also found that the macroscopic uniaxial creep functions of cement
pastes are practically independent of the Poisson’s ratio of the creeping

hydrate needles.

As for predicting creep of mortars and concretes, the following conclusions are

drawn:

e Creep prediction of mortars and concretes produced with oven-dried reg-
ular aggregates requires consideration of “internal curing”, reminiscent

of the situation encountered with lightweight aggregates.

e Aggregates with an open surface porosity may take up a significant mass
of water during mixing of raw materials, and this water mass is later

soaked “back” into the hydrating cement paste.

e Suction of water — from the open porosity of aggregates into the sur-
rounding cement paste matrix — is driven by autogeneous shrinkage. 60
percent of shrinkage-induced voids were found to be filled by water com-

ing from the open porosity of aggregates.

e Reliable prediction of creep of mortars and concretes requires the intro-
duction of a new hydration model, envisioning that hydrating cement
paste is a thermodynamically open system to the surface porosity of the
aggregates. This requires introduction of a hydration-effective water-to-
cement mass ratio of the cement paste matrix, and this effective w/c

ratio is linearly increasing with increasing hydration degree.

Future outlook

The achieved research results motivate the following future outlook:

e It will be interesting to compare the herein described creep testing results
with corresponding measurements from creep tests on "microstructurally
designed” cement pastes, such as studied by Termkhajornkit et al. (2015)
and by Di Bella et al. (2015). As for their production, a certain part of
the clinker is replaced by chemically inert particles of similar size and
stiffness. Complete hydration results in a material which is representative
of an early-age microstructure, because the inert particles take over the

role of unhydrated clinker.
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e The identified non-aging creep properties will serve as the logic basis for
developing multiscale aging creep models, because (i) the very first phase
of an aging creep test is clearly of non-aging nature, and (ii) hydrate
needles produced after the time instant of loading do also exhibit the
same universal creep behavior as the hydrate needles which exist already
at the time of loading. Existing non-aging creep formulations represent
an interesting basis for these future developments, see the models by
Scheiner and Hellmich (2009) and by Sanahuja (2013b).

e It will be also interesting to further resolve the microstructure of needle-
shaped cement hydrates down to the even finer scales of calcium-silicate-
hydrates and gel pores, where creep may origin from shear dislocations of
interfaces which are filled by adsorbed water layers (Pellenq et al. 2009;
Sanahuja and Dormieux 2010; Shahidi et al. 2014, 2015a; Vandamme
et al. 2015; Shahidi et al. 2016).

e Finally, it will be interesting to apply the herein developed research
methodologies also to blended cementitious materials, where part of ce-
ment clinker is replaced by locally available replacement materials, i.e.
either by supplementary cementitious materials such as the waste prod-
ucts fly ash and slag, or by very fine-ground inert particles such as quartz

or limestone fillers.
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Appendix-A

Analytical expressions facilitating upscaling in

LC space

Upscaling of the hydrate creep behavior, up to the larger scales of the hydrate
foam and of the cement paste, respectively, is performed in the LC space, ac-
cording to the analytical formulae described next. Thereby, we consider that
an isotropic fourth-order tensor, G, can be decomposed into a volumetric part
and a deviatoric part as G = G + G9*T4 | where G and GV, respec-
tively, are the (scalar) volumetric and deviatoric components of the fourth-
order tensor G, and where I*” and 1% are the volumetric and deviatoric parts
of the symmetric fourth-order identity tensor. They satisfy IV : IV = [,
[dev . dev = Jv and I : [ = [9v : [* = O. In addition, the isotropic
average of a transversally isotropic tensor IF can be written as (Torquato 2013;

Sadowski et al. 2015)

iy sin 3 3 1 1 1
. vol dev
0 O

o 1)

provided that the tensor IF exhibits the symmetries Fjji = Fjin = Fijik-

We start our collection of analytical formulae with the LC-transformed Hill
tensors occurring in concentration and stiffness expressions of Eqs. (54)-(3.26).
Given the organization of cement paste according to Fig. 3.2, the inclusions in
the corresponding Eshelby problems are all embedded in an infinite hydrate
foam matrix with quasi-elastic “stiffness” R} ;. For material phases with spher-
ical shape (j=sph), i.e. for air, water, and cement clinker, and for cylindrical

hydrates (j=cyl) the Hill tensor reads as

Pi(p) = 81 (0) : [Ri, ()] " V5 € {sph, ey} )

whereby S?f " denotes the LC-transformed Eshelby tensor. As for a spherical

-1

inclusion embedded in an infinite hydrate foam matrix, the LC-transformed
Eshelby tensor Sgg,’l* is isotropic, and its volumetric and deviatoric components
read as (Zaoui 2002)

3k2f(p)
3k ¢ (p) + 4 p54(p)

_6 k¢ (p) + 2 ¢ (p)
53k (p) + 45, (p)
(3)

Shf,*,vol (p) _

sph

7 Shf,*,dev (p)

sph
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As for a cylindrical hydrate orientated in es-direction and embedded in an
infinite hydrate foam matrix, the non-zero components of the LC-transformed
Eshelby tensor ngl* read as (Eshelby 1957; Hellmich et al. 2004)

ShIE () = SME ) — 9 Ky ¢ (p) + i (p)

eyl,1111\P eyl,2222\D 43k2f(p) i 4:uhf(p) )
Ghix (p) = Ghtx (p) = 13]@%(?) - 5/thf<p)

eyl,1122\D eyl,2211\P 43/6,’;f(p) T 4“;(”‘(1)) )
Ght (p) = hf,x (p) = 13]5;2]0(}7) - QMZf(p) (4)

cyl, 1133 cyl,2233 2 3k2f<p) + 4//62]0(]’)) 9
S () = 13kl>:f(p) + 7wy (p)

cyl,1212 43k}tf(p) + 4[[;”6(]9) )

1
hf,* hf,*
Scyfz,1313 = Sch;2323 = Z )
whereby Snyl* exhibits symmetries S?yfl;jkl = Zﬁjml = fyfl;dk

Next, we discuss the expressions for the homogenized quasi-elastic “stiffness”
tensor Ry, see Section “Homogenization of cement paste properties”. As
for hydrate foam, insertion of the LC-transformed Eshelby tensor expressions
(57) and (4) into (56), and further insertion of the thus obtained Hill tensors,
together with the vanishing quasi-elastic “stiffnesses” of air and water (see
Table 3.1) and the quasi-elastic “stiffness” of hydrates (50), into the expression
for the quasi-elastic “stiffness” of the homogenized hydrate foam (55), yields

scalar expressions for the LC-transformed bulk and shear moduli, reading as

1
* h *,v0l h h *,V0 h *,v0l
ki (p) = fhgfdkhydAoo,hyd(P) |:<faij; + fHJ;O) Aoo,plor(p) + fhyfdAoo,hyd(p)] :

-1
11 (0) = Frtata D) AL a0) | (Fd 4 Fio) Aen, () + frla A3, 0)]
(5)

: *,00l *,dev *,v0l *,dev :
with A7, ATe A hyas and AT, denoting the LC-transformed volu-

metric and deviatoric components of the Eshelby problem-related strain con-
centration tensors for the pores (air and water) and for the hydrates, reading

as
-1

*,00 hf,*,vol
Aoé),pi)re(p) = [1 - Ssgfh (p)] )

e (p) _ [1 B Shf,*,dev(p)] -1 |

o0, pore sph

(6)
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so that, according to (1), we finally have

3Ky (p) + thya(p) + 3 i s (p)
3knya + Hhya(p) + 3 17,4 (p)

Aot s0) = {9 Knga [11,0(P)])” Ky (p) + 64 [ ()] +
(63 kinga + 84 k51 (p) + 184 p13,0(p)] [t (p)]” +

A*,vol (p) —

o0,hyd ’

[156 Fiya 10hya(P) + 120 K5 £ (D) pinga + 72 [115,a(p)]” + 81 knga khf(p)} (s (0)] +

* 2 * *
36k, (p) :u’hyd(p)} + 21 kpya [Mhyd(P)] + 90 kj, 1 (D) Enyd thya(P) | 1
(5 ks 0" + (7 a(2) + 3Ky (0)] 1y (B) + 3K (0) HiP)

[t (P) + Hiya(D)] [3 Kinya + ttha(P) + 3t ()] >_1 :

H/_/I—J

(7)
As for cement paste, insertion of LC-transformed Eshelby tensor expression
(57) into (56), and further insertion of the thus obtained Hill tensor, to-
gether with the quasi-elastic “stiffnesses” of cement clinker (see Table 3.1)
and of hydrate foam (58), into the expression for the quasi-elastic “stiffness”
of the homogenized cement paste (3.26), yields scalar expressions for the LC-
transformed bulk and shear moduli, reading as

kpl) = [F5580) + kim0 )] [ 557+ T A0 )]

LB
o) = [ )+ hupain A0, [+ SR AR )]

with A;”‘C)llm, A;dizn denoting the LC-transformed volumetric and deviatoric
components of the Eshelby problem-related strain concentration tensor for

clinker inclusions, reading as

—1
kclin — kj (p)
A*’UOZ. D) = 1_|_S;Lf,*,vol D —hf 7

oo,clin
—1
*,dev hf,x,dev Helin — qu (p)
AL (p) = |1+ S0 (p)—f] :

oo,clin sph ILL;’;f (p)

o))
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Appendix-B1

Multiscale material modeling: Elasticity Ho-

mogenization

Consider a representative volume element (RVE) of mortar or concrete
(Fig. 4.2) to be subjected spatially homogeneous (“macroscopic”) stress 3,
imposed at the boundary of the material in terms of “microscopic” traction

vectors T'(z) fulfilling Cauchy’s formula
T(z) =% n(z) (10)

with x as the position vector and n as the unit normal vector to the surface of
the RVE. Boundary condition (10) together with equilibrium of the microscopic

stress field i.e.
dive(z) =0 (11)

implies the so-called stress average rule (Hashin 1983; Zaoui 2002)

1
Y= V/VU@) dv, (12)

with V' as the volume of the RVE. Moreover, stresses o(x) provoke strains
e(x) which are geometrically compatible with micro-displacements &(xz) i.e.

they satisfy the definition of the linearized strain tensor

e(x) = 5| V() + V@) (13)

The external work density done by the traction vectors in (10) along the dis-

placement & in (13) reads as (Germain et al. 1983)

e:(:t_l ) - T
e = [ T g as

== [ @ n@)]-fel@) 2] 45 =% {% /V““@ dV]

ov

(14)

Eq. (14) clarifies that the macroscopic stress 3 does work on the spatial average
over the microscopic strain. Thus, this average qualifies as the macroscopic

strain tensor E related to mortar or concrete (Hashin 1983),

1
E- v/Vg-,-(@ av . (15)
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Considering linear elastic material behavior
o(z) = C(z) : e(z) (16)

and exploiting that the field equations are linear delivered the strain concen-

tration rule

e(z) = Afz) - B (17)

where A(z) denotes the strain concentration tensor field. Introducing the

phase strain average
1
g = v / e(z)dV (18)
v,

and considering the strain concentration rule (17) delivers

1
si:Vi/A(g) EdV
v,

1
:W/A@ﬂME
Vi

where A, is the strain concentration tensor

1
M=o / Alz)dV (20)

Combination of (18) with phase elasticity law o; = C; : g; and the stress

average rule formulated in average phase stresses o;
Y= i fio; (21)
i=1
where f; denotes the phase volume fraction, delivers
E:zn:fi([]i:Ai o
i=1
such that the homogenized elastic stiffness follows as

Chom = Z fl CZ : AZ . (22)
=1

Eq.(22) represents the homogenized stiffness of the microheterogeneous mate-

rial. Clarifying that knowledge of phase strain concentration tensor, allows



Appendiz-B 197

for elasticity upscaling. Also the knowledge of the phase concentration tensors
A; with i =1,2,...,n) allows for the scale transition from the macrostrain to

microstrain as

Consideration of the strain average rule formulated in average phase strains
n
E=) fe (23)
i=1

delivers
E = [Z fZAi] - E (24)
=1

such that I =57, fiA;, with I as a symmetric fourth order identity

tensor, defined as

1
Lijr = 5(5z‘h5jl + 0udn). (25)

To estimate the phase strain concentration tensors, which are functions of
volume fractions of material phases, phase stiffnesses, phase shapes, and inter-
action of material phases, we use here concept of Zaoui (Zaoui 2002) which is
based on matrix-inclusion problems studied by Eshelby (Eshelby 1957). Con-
sider an infinite three dimensional solid with one single ellipsoidal inclusion
with uniform strain boundary conditions { = E, : x. The strain inside the

inclusion is spatially constant
Einc = []I + ]Pinc . (Cznc - Coo]i1 . Eoo (26)
here tensor P;,. accounts for the shape of the inclusion, spherical for aggregates

and air while needle shaped for the hydrates.

Lets us apply this approach to concrete comprised of two material phases,
namely, cement paste and aggregates, in this case the strain average rule read

as
E = fop€ep + fagg€agg (27)

The microstress in the both phases can be written as

Ep=Ay, E
€agg = Nygg 1 E
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where A, and A4, are sought strain concentration tensors. Formation of two

Eshelby problems are for cement pastes, and for aggregates, delivers

Ecp == []I + IPcp : (Ccp - COO]_I N EOO
8‘199 = []I + ﬂ:)agg : (Cagg - Coo]il . EOO
(29)

We assume that ., and €,4, in (29) are estimates for average phase strain in

the real material, we are left with establishing reasonable links between

e C,, and stiffness property of the real material
e £ and F
As for the link between E., to E(t), we rewrite (29) in the form

Ep=A, By

€agg = Aagge * Foo

(30)
and we insert these equations into the strain average rule (27)
E = fop€ep + fagg€agg
This delivers
E = [fopAep + faggAagge| 1 B (31)
Eo = [fopAop. + faggAagg]  E (32)
Insertion of (32) into (30) finally delivers
Agp = Acp, t [fopAepo + /. aggAaggoo}_1
Augg = Aaggee * [fepAepee + 1, aggAaggoorl
(33)

For general n phase composites, the concentration tensors read as (Zaoui 2002)

n -1
A =[T+P;: (Ci—Co) ™ o [ Y fI+P;:(C;—Co] | . (34)
Jj=1

Inserting (34) into the definition of the homogenized stiffness

Chom = zn: [iCi o Ay
i=1
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delivers
1

Chom = Zfz I+ P;: (Ci—Co ™ | D) fi T+ P;: (€ = Cu] ™
- (35)

As for the link between C,, and a stiffness quantity of the material, there are

two possibilities

o Cy = Cp,, in case of a polycrystalline arrangement of material phase,

delivering a self consistent scheme.

e C,, = CEVE in case of a matrix inclusion morphology (like concrete),

delivering Mori-Tanaka scheme (Mori and Tanaka 1973)

In the present work, all considered phases exhibit isotropic elastic properties,
such that their stiffness tensor can be expressed by a superposition of a volu-

metric and deviatoric part

Ci - 3ki]lvol + 2”i]ldev (36>
1 1

O [ 37

! 3]{31 : + 2,“1 d ( )

where L, + [z, = I, and where k; and pu; denote the bulk modulus and

shear modulus of the phase i. Bulk and shear moduli can also be expressed as

functions of elastic Young’s modulus E;: and Poisson’s ratio v;:
E; E;

ki=r—— e N
31-2v) T 21+ wm)

(38)
Finally the Hill tensors P (Hill 1965) for inclusions with spherical shapes reads

as
Popn = Sopn (Vo) 1 CF (39)

where Eshelby tensors S,,, can be expressed as

Ssph = Oésph(l/oo)ﬂvol + 5sph(yoo)]ldev (40)

where agp, and Sy, are functions of Poisson’s ratio v of the infinite matrix:
In (40)
3koo 14+ vy

Blioo + ioe 3(1 — voo)
6(koo + 20100)  2(4 — B1is)

5(3koo +4pise)  15(1 — v4)

Qsph =

Bsph -
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Appendix-B2

Micromechanics involved in creep homogeniza-
tion for upscaling from Cement paste to Con-

crete level

Cement pastes exhibit viscoelastic material behavior (Irfan-ul-Hassan et al.
2016),

t t
oolt) = [ Rot-r): 22D, epy= [ g-r): 22 ar,

(42)
where the creep and relaxation tensor functions, J., and R, fulfill the con-
volution condition (Schwarzl and Struik 1968)

t t
/ Jo(t —7) ¢ Roy(r) dr — / Ro(t—7): Jo(r)dr = 1,  (43)
and where the cement paste creep function has following format

1= 206 1= 20 () (t—T\
— 7') Ecp(f) + Ec,cp{é) ( tref ) ]Ivol

(14059 | 14va(¢) (t - T>ﬁw<® ;
Eg(6)  Beal&) \ tes

(44)

On the other hand, the quartz aggregates and air phases exhibit elastic material

behavior,
o;(t)=C;:¢e;(t) Vje€{qair}, (45)

see Eqs. (4.17) to (4.18), which refer to elastic properties of quartz aggregates
and air, respectively. In Eq. (45) the stiffness tensors C; play the role of time-

invariant (constant) relaxation “functions”,
(Dj = Rj(t — ’7') = 3 kj]Ivol + 2,uj]Idev VJ & {q, CL?:T‘} s (46)

whereby k; and f1; denote the (elastic) bulk and shear modulus of phase j.

Upscaling of this material behavior, up to the level of mortar and concrete, is

particularly easily done in the Laplace-Carson (rather than the time) domain.
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The Laplace-Carson (LC) transform f*(p) of any time-dependent function f(t)

is defined as

F(0) = pf(p) = p / f(tyerdr (47)

where p is the complex variable in the Laplace-Carson domain, and f (p) is
the Laplace transform of f(¢). Applying the transformation rule (47) to the
viscoelastic behavior of the cement paste (42) as well as to the elastic behavior
of quartz aggregates and air (46) yields algebraic constitutive equations in the

LC space, reading as (Gurtin and Sternberg 1962)

e;(p) = J;(p) : o5(p), oj(p) =R;(p):€;(p) Vje€{ep,qair}, (48)

whereby the convolution condition (43) is transformed into a simple inversion

rule,
* * -1
Rj(p) = [V;(p)] (49)
Hence, LC transformation (47) of the cement paste creep function (44), fol-

lowed by insertion of the respective result for J7 (p) into (49), yields the LC-

transformed relaxation function of cement paste as

R:p (p) = 3 k:p<p)ﬂvol +2 ,uZp (p)]ldev
1—-2v, n 1—-2v,

-1

1 ﬁcp
(t ) r(ﬁcp+1)p—ﬁcp] L (50)

Ecp Ec,cp ref
1 1 1\" o
+ Vep + Vep v -8
I' (5. 1 p Lo -
ECP " Ec,cz) (tref) (B a ) g ] ’

Because Egs. (48) are formally identical to the relations encountered with
linear elasticity homogenization, upscaling of viscoelastic properties to mortar
or concrete can be done as quasi-elastic homogenization in the LC space. This
is referred to as the correspondence principle (Read 1950, 1951; Laws and
McLaughlin 1978; Beurthey and Zaoui 2000; Scheiner and Hellmich 2009).
Upscaling is based on the LC-transformed average rules (”the strain average
rule E(t) = fop€op(t) + fi€4(t) 4+ fair €air(t)”) and ("stress average rule as
X(t) = feopOep(t) + fy 04(t) + fair 0air(t) 7 )which takes the form in this case as

E"(p) = fep€5p(p) + fo €4(D) + fair €4;1 (D) (51)

3(p) = fop 05 (P) + f404(P) + Jair 00 (D) (52)
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Linearity of the problem defined by (11), (13), and (48) implies a linear
strain concentration rule from the LC-transformed macrostrains to the LC-

transformed microstrains in phase j, reading as

e;(p) = Aj(p) : E*(p) Vj € {cp,q,air}, (53)
where A} denotes the LC-transformed phase strain concentration tensor, which
can be accessed from classical Eshelby-type matrix inclusion problems (Eshelby
1957; Laws and McLaughlin 1978; Benveniste 1987; Zaoui 2002), while consid-
ering the matrix-inclusion morphology of mortar and concrete by means of the
Mori-Tanaka scheme (Mori and Tanaka 1973; Benveniste 1987). This results

2500 ={1+ PLu0) [R50) ~ B3, 0]
(fcpﬂ+fQ{H+]Psph( ) [Ra(p) = RS, ()] }_1

+ fair{ L+ Po(p) ¢ [Ri(p) = RE,(0)] }‘1> Vj € {cp,q, air}

(54)
denotes the LC transform of the fourth-order Hill tensor which

accounts for the spherical shape of the inclusion phases j embedded in the

In Eq. (54), P*

sph

matrix with “stiffness” R} , see the Appendix for corresponding mathematical

cp?
details. Insertion of the mljacro—to—micro strain concentration relation (53) and
of the constitutive behavior (48)s, into the LC-transformed stress average rule
(52) leads, after comparison to the LC-transformed constitutive law at mortar
and concrete level, ¥*(p) = R;,,.(p) : E*(p), to the following expression for
the LC-transformed homogenized relaxation tensor of mortar and concrete,
R*

hom

IR;kwm Z f] R* * )

reading as

- (fcp RS, + f,R;0) : {14+ Pou0) : [Ry(0) ~ R0 )
+ foirRi () £ {1+ PLa(p) : [Ri(p) — R, () }1> (55)
: (fcpm TP 0)  [Ry) R )] )

-1

 fuir{ T+ PL(0) ¢ [RE (0) = Ry ()] }‘1>
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Back transformation to time domain is done numerically, by means of the
Gaver-Wynn-Rho algorithm (Scheiner and Hellmich 2009; Gaver 1966).

Analytical expressions facilitating upscaling in LC space

Upscaling of the creep behavior, up to the larger scales of mortar or concrete, is
performed in the LC space, according to the analytical formulae described next.
Thereby, we consider that an isotropic fourth-order tensor, G, can be decom-
posed into a volumetric part and a deviatoric part as G = GV 4 Gdev]de,
where G and G4, respectively, are the (scalar) volumetric and deviatoric
components of the tensor. I, and I, are the volumetric and deviatoric parts
of the fourth-order identity tensor I, defined as I;ju = 1/2(dy05 + 0udji),
L, =1/3(1® 1), and Iz, = I — Ly, respectively, whereby 1 denotes the
second-order identity tensor with components equal to the Kronecker delta
8ij, namely §;; = 1 for i =3, and 0 otherwise. They satisfy 1" : [v = [,

]Idev . ]Idev — ]Idev’ and ]Ivol . ]Idev — ]Idev . ]Ivol = 0.

We start our collection of analytical formulae with the LC-transformed Hill
tensors for spherical inclusions embedded in an infinite cement matrix with

quasi-elastic “stiffness” R} | occurring in concentration and stiffness expres-

cp?
sions of (55). The Hill tensor reads as

* * * -1
IPsph(p) = sph(p) : [ch(p)} (56)
In Eq. (56), S, denotes the LC-transformed Eshelby tensor of a spherical
inclusion embedded in an infinite cement paste matrix. The LC-transformed

Eshelby tensor $* , is isotropic, and its volumetric and deviatoric components

sph
read as (Zaoui 2002; Hellmich et al. 2004)
3k, (p) s dew 6 k() +2u5,(p)
So(p) = s L) = - 2 . (57)
3k, (p) +4u5,(p) 5 3 k%, (p) + 4 115, (p)

Next, we discuss the expressions for the homogenized quasi-elastic “stiffness”

*

hom- As for mortar or concrete, insertion of the LC-transformed Es-

tensor R
helby tensor expressions (57) into (56), and further insertion of the obtained
Hill tensor, together with the vanishing quasi-elastic “stiffnesses” of air and
the available quasi-elastic “stiffness” of quartz (50), into the expression for

the quasi-elastic “stiffness” of the homogenized mortar or concrete (55), yields
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scalar expressions for the LC-transformed bulk and shear moduli, reading as

Erom(B) = [Fphty(0) + Fagg Ay (0)] [T+ Fagg A28, 0) - s A (0)]

/[;Lom(p) = [fcplu’:p(p) + fagguaggA;dZZg( )] |:fCP]I + faggA;dZZg( ) + faerZodceLz)r< )]

(58)
with A%eel - Axden AT and AL denoting the LC-transformed volumet-
ric and deviatoric components of the Eshelby problem-related strain concen-
tration tensors for quartz aggregates and air. As for air, the volumetric and

deviatoric components of the strain concentration tensor can be written as

A ) = [1 - s

1 (59)
*,dev *,dev
Aog,air(p) = [1 - Ssggh (p)] )
As for quartz, they read as
*,V0 *,00 Kagg — k'; (p) -
Aooalgg( ) 1+Ssphl( ) = " S )
ke (p)
(60)

Hagg — 15 (P)]
Azodzv {1 4 gridev gg—cp} ‘
gg( ) sph ( ) ,Uzp(p)

)
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PROCEEDINGS OF CONCREEP 10 PUBLISHED BY ASCE:
Mechanics and Physics of Creep, Shrinkage, and Durability of Con-

crete and Concrete Structures

Minutes-long creep tests on young cement
pastes provide access to creep properties rele-

vant for ageing creep with a duration of 2 days

ABSTRACT

Cementitious materials are particularly creep active at early ages. We here
perform an ageing creep test on a cement paste sample exhibiting an initial
water-to-cement mass ratio amounting to w/c = 0.50. The sample is condi-
tioned to 20 °C. The creep test is started 24 hours after production and runs for
48 hours. The loading amounts to 15 % of the uniaxial compressive strength of
the material at the time instant of loading. Inspired by a recently developed
new testing protocol consisting of hourly-repeated three-minutes long creep
tests Irfan-ul Hassan et al. (2015), we exploit force and deformation readings
recorded during the first three minutes of our 2-days creep test, i.e. we identify
Young’s modulus and power-law creep properties. Given that the chemical
hydration process does not progress significantly during the analyzed three
minutes, the identified creep properties refer to non-ageing creep. The iden-
tified properties are combined with measurements of autogenous shrinkage,
in order to predict the strain evolution over the entire 2-days runtime of our
ageing creep test. When fitting of the creep function targets, through an ap-
propriately chosen weight functions, the end of three minutes creep interval,
in terms of both absolute creep strain and creep strain rate, then the resulting

creep function remarkably well predicts creep up to a time period of 2 days.

INTRODUCTION

Cementitious materials are known to be creep active Jones and Grasley (2011);
Tamtsia and Beaudoin (2000); Briffaut et al. (2012); Zhang et al. (2014); Rossi
et al. (1994); Bazant et al. (2011, 2012), in particular at early ages Tamtsia
et al. (2004); Bazant et al. (1976). In order to study early-age basic creep
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of cement pastes, mortars, and concretes, we have developed a new testing
protocol involving nondestructive, hourly repeated, three minutes long creep
tests Irfan-ul Hassan et al. (2015). Three minutes are so short that the ongoing
hydration process does not make a significant progress, i.e. our individual creep
tests provide quantitative insight into the creep properties of specific (non-
ageing) microstructures of cementitious materials. This raises the question,
whether or not it is possible to extrapolate, based on observations carried out
during three-minutes creep tests, the strain evolution of the material in much
longer creep tests, say with a duration of two days. Herein, this question
is exemplary answered based on creep test data obtained from cement paste
testing. At first, we describe the tested material and the used test method.
Then, characteristic results are presented, followed by identification of Young’s
modulus and creep properties, based on the measurements obtained during the
first three minutes, and the assessment of the extrapolation capabilities. The

paper closes with a discussion and conclusions.

MATERIALS AND METHODS

Materials

Raw materials used for production of cement paste are a commercial cement of
type CEM I 42.5 N and distilled water. The investigated cement paste exhibits
an initial water-to-cement mass ratio amounting to w/c = 0.50. We cast
cylindrical specimens with a diameter of 70 mm and a height of 300 mm. Right
after production, the specimens are sealed against the ambient environment,
in order to prevent them from drying. The specimens are stored in a climate
chamber conditioned to 20 °C.

Methods

The compression tests are carried out using an electromechanical universal
testing machine of type Walter and Bai LFM 150. The used test setup is
strongly inspired by the one recently developed for early-age stiffness charac-
terization of cement pastes, see Karte et al. (2015). In more detail, the tested
specimen is covered with several layers of a food preservation foil, in order to
avoid significant drying. The entire test setup is placed inside an insulated

temperature chamber conditioned to 20°C, see Fig. A.1a. The specimen is
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the central part of a serial arrangement described next. Bottlenecked steel
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Figure A.1: (a) Test setup consisting of the cement paste specimen, metal

S

cylinders with bottlenecks, two aluminum rings holding five Linear Variable
Differential Transducers (LVDTs): view into a climate chamber conditioned to
20 degrees Centigrade, and (b) force history prescribed during the 2-days creep
test

cylinders are attached to the top and to the bottom of the specimens, respec-
tively, in order to facilitate a central load application. The force acting on the
serial arrangement is measured by means of a force sensor integrated into the
testing machine. Deformations of the specimen are measured with five Linear
Variable Differential Transducers (LVDTs). To this end, two aluminum rings
are attached to the central part of the specimen, by means of three screws per
ring. The distance between the two rings amounts to 164 mm. The LVDTs
are equally distributed around the specimen, i.e. the spacing amounts to 72°.
This setting allows for realization of virtually purely uniaxial stress states in
the monitored central part of the specimen - as undesired shear stresses which
result from unavoidable friction in the interfaces between steel cylinders and
specimen, have decayed to a negligible amount towards this central part Karte
et al. (2015).

The 2-days creep tests was started 24 hours after the production of the speci-
men. Using a loading speed of 7.697kN /s, corresponding to a specimen-related
stress-rate amounting to 2 MPa/s, the loading of the specimen was increased up
to 7.15 kN, corresponding to a compressive stress of 1.81 MPa. This amounts
to 15% of the uniaxial compressive strength of the material, predicted by a
validated multiscale model for uniaxial compressive strength of cement pastes
Pichler and Hellmich (2011); Pichler et al. (2013) combined with the hydration
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degree evolution determined by quasi-isothermal calorimetry. The force was
held constant for 48 hours, such that the test ended once the specimen had

reached at an age of three days, see Fig. A.1b.

RESULTS

The five individual LVDT readings are averaged in order to compute the
mean change of length between the two aluminum rings. Specimen strains are
computed by dividing the mean change of length between the two aluminum

rings by the distance of the two aluminum rings, amounting to 164 mm, see

Fig. A.2a.
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(a) (b)
Figure A.2: (a) Strains measured during the 2-days creep test on cement paste
with w/c=0.50, subjected at an age of 24h to a force amounting to 7.15kN,

and (b) shrinkage strain evolution, measured on independent specimens

During the second and third day after production, the chemical hydration
reaction progresses significantly, such that significant autogenous shrinkage
strains are expected to develop. They were measured in parallel to the 3-

minutes creep testing activities described in Irfan-ul Hassan et al. (2015), see
Fig. A.2b.
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IDENTIFICATION OF YOUNG’S MODU-

LUS AND CREEP PROPERTIES DURING
THE FIRST 3-MINUTES

Following the procedure for Young’s modulus identification given in Irfan-ul
Hassan et al. (2015), the Young’s modulus is determined from the 3 minutes

creep test as
E =6.3GPa (61)

Based on the identified Young’s modulus, and considering that no significant
shrinkage happens within three minutes, it is straightforward to extract from

the total strain evolution, see Fig. A.2a, the creep strain evolution:

F(t
5creep(t) - 6total(t> - 6elastic(t) - 6total(t> - % (62>

where F'(t) is the measured force history, see Fig. A.1b and A = 3848.50 mm?
stands for the cross-sectional area of the tested specimen, see also Fig. A.3.
— 100
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Figure A.3: Creep strains developing during the first three minutes of the
2-days creep test

Power-law creep model

As for identification of creep properties, we follow Tamtsia and Beaudoin Tamt-

sia et al. (2004) who introduced a power-law model for the creep compliance

dJ(t) e (t—to)”’ (63)

dt tres

Considering a theoretical creep test, where the loading is (i) suddenly in-

rate:

creased, at time tg, to the the stress level oy, and (ii) held constant thereafter,
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the creep strain evolution reads as Irfan-ul Hassan et al. (2015)

B
t—1
w0 =2 (50) ez (69)

where £, = (y+1)/(C't,.s) denotes the creep modulus at time ¢t = ¢y +1t,.r and
f = v+ 1 stands, by analogy to v in Eq. (63), for a dimensionless power-law

exponent.

The creep strain evolution derived from our experiments indicates a signifi-
cant development of creep strains already during the loading phase. This is
the motivation to model the force history as a superposition of many small
load increments, and to consider Eq. (4) in the framework of Boltzmann’s su-

perposition principle Boltzmann (1878).

1 /(t—t\"
— t, <t<t, 65
E(tf)] <t<ta  (6)

mod (t) _ Z F(tl) — F(tl—l)

gcreep A

=1

FITTING OF CREEP EVOLUTION OVER 3-
MINUTES - AND EXTRAPOLATION CAPA-
BILITIES TO 2-DAYS

Creep modulus E. and power-law exponent [ are identified such that the
square root of sum of squares error, Esrgg, attains a minimum. It quanti-
fies the difference between creep strains evolution egeep(t) derived from the

experiments, see Fig. A.3, and modeled creep strains evolution ¢ (t), see
Eq. (65),

N

1 2 .
gSRSS(Em B) = N Z [gcreep(ti) - 8?,32?},(751‘)] — min (66)

=1

where N = 5400 is the total number of experimental readings collected dur-
ing the first three minutes of the creep test. Optimization problem (66) is
solved numerically. At first, intervals are defined for the creep modulus E,
and power-law exponent 3. These intervals are subdivided into 7 equidistant
values. For all 7 x 7 = 49 combinations, error function (66) is evaluated. The
parameter combination associated with the smallest error value is treated as a

close-to-optimum solution and serves as the basis for the definition of refined
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search intervals for the next iteration step Irfan-ul Hassan et al. (2015). This

procedure converges towards the following solution,
E.=9.72GPa and f=0.23 (67)

see also Fig. A.6 for the comparison of measured and model-predicted creep

strain evolutions as well as for a contour plot of error function (66).
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(a) (b)
Figure A.4: Illustration of creep property identification: (a) comparison of
measured and modeled creep strain evolution, and (b) contour plot of error
function (66) as a function of creep modulus and power-law exponent; the

marked point refers to the optimal solution (67)

Young’s modulus, see (61), and creep properties (67), which were identified
from measurements captured during the first three minutes of the 2-days creep
test, together with the measured shrinkage strain evolution e, see Fig. A.2b,

are now used to predict the total strain evolution for a 2-days creep test

- Ft) &F(t)—Fti1) |1 [t—t\"
Etot;ll <t> = EA + Z A ! E t f + €Sh<t)
i:l C re
tn <t <tpi (68)

The predicted strain evolution is of the same order of magnitude as the actu-
ally measured strain evolution. Typical prediction errors amount to 14 %, see

Fig. A.7. The reason for this difference is twofold

1. Non-ageing creep properties, valid for the microstructure formed
24 hours after production, are used for predicting the ageing creep strain

evolution measured during the second and third day after production.
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Figure A.5: Comparison of extrapolated strain evolution, see (68) as well as

(61) and (67), with measured strain evolution, see Fig. A.3b

2. Error function (66) is designed to identify a creep modulus and a power-
law exponent which explain the measured creep strain evolution in an
overall optimal fashion, i.e. emphasis is neither layed on the absolute
strain values nor on the creep strain rate at the end of the 3-minutes

interval.

FITTING OF CREEP EVOLUTION TAR-
GETING THE END OF THE 3-MINUTES
PERIOD - AND EXTRAPOLATION CAPA-
BILITIES TO 2-DAYS

In order to improve the quality of extrapolation, we now re-formulate the error
function (66) such that the optimization process puts emphasis on the absolute
strain values and on the creep strain rate at the end of the 3-minutes interval.
To this end, we introduce a weight function w(t) which monotonously increases

from the beginning to the end of the three minutes time interval

N 2
Z |:€creep<ti) - 52,32?,3(151')} w(t2>
Esrss(Ee, Byw) = | = — min (69)

\ Zw(tz‘)

Herein, we use an exponential for the weight function w(t;)

ti— 11

In — 11

w(ti) = exp [ln(max w) 1 e [1; maxw] (70)
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The optimization problem (69) is solved for increasing values of max w, starting
with maxw = 1. With increasing value of maxw, the optimal value of the
creep modulus is decreasing, and the optimal value of the power-law exponent

is increasing, until maxw amount to one million:
max w = 10° (71)

Further increase of maxw has no influence on the optimal values of creep

modulus and power-law exponent, i.e. a stationary solution is reached:
maxw > 10° : E,=1736GPa and B =0.25 (72)

see also Fig. A.6 for the comparison of measured and model-predicted creep
strain evolutions as well as for a contour plot of error function (69) with weight
function w(¢;) according to (70) and (71).
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Figure A.6: Illustration of creep property identification (a) comparison of mea-
sured and modeled creep strain evolution, and (b) contour plot of error func-
tion (69), see also (70) and (71), as a function of creep modulus and power-law

exponent; the marked point refers to the optimal solution (72)

Young’s modulus, see (61), and creep properties (72), which were identified
from measurements captured during the first three minutes of the 2-days creep
test, together with the measured shrinkage strain evolution, see Fig. A.2b, are
now used to predict the total strain evolution for a 2-days creep test according
to Eq. (68). The predicted strain evolution is closer to the measured strain
evolution than before, as quantified by the typical prediction errors which is
reduced to 4.5 %, see Fig. A.7.
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Figure A.7: Comparison of extrapolated strain evolution, see (68) as well as

(61) and (72), with measured strain evolution, see Fig. A.2a
DISCUSSION AND CONCLUSIONS

Herein, we have identified non-ageing creep properties of cement paste with
w/c=0.50 which cured at 20°C for 24 hours. To this end, we have exploited
measurements taken in the first three minutes of a 2-days creep test. Together
with independent shrinkage measurements, we have used the non-ageing creep
properties for predicting the strain that evolves during the entire duration of
the 2-days ageing creep test. Extrapolation quality is satisfactory, and this is
very remarkable, because three minutes are by a factor of 960 shorter than two

days, i.e. the extrapolation distance is very large.

Contour plots of the here-studied error functions (66) and (69), exhibit a valley-
shaped structure, see Fig. A.4b and and Fig. A.6 b, respectively. Pairs of values
of the creep modulus and the power-law exponent referring to the bottom of
the valleys allow for an overall reliable explanation of the creep strain evolution
measured in the first three minutes. In order to achieve an optimal extrapo-
lation quality, it is of great importance to identify — among all the parameter
combinations referring to the aforementioned valleys — the one parameter com-
bination which explains the absolute strain values and the creep strain rate at

the end of the three-minutes interval as good as possible.

The satisfactory extrapolation quality underlines that the microstructure
formed at the time instant of loading plays an important role for ageing creep
tests. In the future, it will be interesting to confront available multiscale mod-
els for ageing creep of cement paste Scheiner and Hellmich (2009); Sanahuja
(2013b,c) with the experimental data reported herein, and with similar data

stemming from tests on cement pastes with different compositions.
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