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vielfältiger Publikationen.

Mein Dank gilt abermals Prof. Dr. techn. Bernhard Pichler und Prof. Dr.-Ing. habil.

Carsten Könke für die Bereitschaft der Übernahme des Koreferats.
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stetigen Untersützung und des Rückhaltes verlor ich auch in Zeiten mit Rückschlägen nie
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Abstract

Polymer-modified cement concrete (PCC) is a heterogeneous building material whose

macroscopic material behavior is determined by its specific microstructure. The binder

phase consists of both cementitious and polymer components. The microstructural charac-

teristics hamper the applicability of computational models that are originally developed

for conventional concretes to PCC. Such models are often empirical and consider only

material phenomena that can be observed macroscopically. Multiscale models based on

the methods of continuum micromechanics represent a promising complement. By means

of a bottom-up approach, homogenized properties at the macroscopic scale are derived

considering microstructural characteristics. In the literature, the models have already been

successfully used to quantify the elastic stiffness, the compressive strength, and the creep

behavior of conventional cement-based materials as functions of the hydration process.

The extension of an existing semi-analytical multiscale model for the application to

polymer-modified cement-based materials is the main objective of this work. In this

context, two aspects are investigated in more detail. (i) The hierarchical arrangement

and the morphology of the material phases are discussed and partly measured. The

polymer phase as well as the additional entrapped air porosity introduced as a result

of polymer-cement interactions are taken into account. (ii) In addition, the changing

microstructure of cementitious materials due to the progressive hydration process must be

modeled appropriately. The presence of the polymer phase and the entrapped air requires

the adaption of existing hydration models for the representation of the hydration-induced

evolutions of the phase volume fractions.

The analytical approaches are complemented and enriched by cross-scale experimental

studies. Macroscopic mechanical tests are performed to characterize the elastic and

viscoelastic properties of polymer-modified cement pastes, mortars, and concretes. Of

particular interest is the evolution of the mechanical behavior during the first week after

production. The additional experimental determination of the micromechanical properties

of the materials does not only provide model input parameters, but it also allows to

establish relations between the material behavior at the macroscale and the microstructure.



The comparison between experiment and model prediction illustrates that the estimation of

the elastic and viscoelastic behavior of polymer-modified cement-based materials is feasible

by means of the extended multiscale model. The predictive capability is comparable, and

in some cases even better, than of selected empirical models taken from standards and

guidelines, which are applied to polymer-modified concretes.



Kurzfassung

Polymermodifizierter Beton ist ein heterogener Baustoff, dessen makroskopisches Mate-

rialverhalten durch die spezifische Mikrostruktur bestimmt wird. Die Bindemittelphase

besteht aus zementären und polymeren Bestandteilen. Die mikrostrukturellen Besonder-

heiten polymermodifizierter zementgebundener Materialien beeinträchtigen die Anwend-

barkeit von Berechnungsmodellen, die ursprünglich für konventionelle Betone entwickelt

wurden. Diese Modelle sind oftmals empirisch und berücksichtigen nur Materialphänomene,

die makroskopisch erfasst werden können. Multiskalenmodelle, die auf Methoden der Kon-

tinuumsmikromechanik basieren, stellen eine vielversprechende Ergänzung dar. Durch

einen Bottom-up Ansatz werden hierbei homogenisierte Eigenschaften auf der makros-

kopischen Ebene ausgehend von mikrostrukturellen Charakteristika bestimmt. Die Modelle

wurden in der Literatur bereits erfolgreich für die Abschätzung der elastischen Steifigkeit,

der Druckfestigkeit und des Kriechverhaltens von konventionellen zementgebundenen Ma-

terialien in Abhängigkeit vom Hydratationsfortschritt angewendet.

Die Erweiterung eines bestehenden semi-analytischen Multiskalenmodells für die Anwen-

dung auf polymermodifizierte Betone stellt das Hauptziel dieser Arbeit dar. In diesem

Zusammenhang werden zwei Aspekte genauer untersucht. (i) Die hierarchische Anordnung

und die Morphologie der Materialbestandteile werden diskutiert und zum Teil messtech-

nisch erfasst. Dies erfolgt unter Berücksichtigung der Polymerzugabe sowie der infolge

von Polymer-Zement-Interaktionen zusätzlich eingebrachten Porosität. (ii) Darüber hin-

aus muss die sich verändernde Mikrostruktur von Beton aufgrund von fortschreitenden

Hydratationsprozessen adäquat abgebildet werden. Das Vorhandensein der Polymerphase

und der Lufteinschlüsse erfordert die Adaptierung von bestehenden Hydratationsmodellen

zur Beschreibung der zeitabhängigen Volumenanteile der Materialphasen.

Die analytischen Ansätze werden durch skalenübergreifende experimentelle Untersuchungen

ergänzt. Die experimentelle Erfassung von mikromechanischen Eigenschaften

dient nicht nur der Generierung von Modelleingangsparametern, sondern erlaubt es auch,

Korrelationen zwischen dem Materialverhalten auf der Makroskala und der Mikrostruktur

herzustellen. Makroskopische mechanische Tests dienen der Charakterisierung der elastis-



chen und viskoelastischen Eigenschaften polymermodifizierter Zementsteine, Mörtel und

Betone. Von besonderem Interesse ist dabei das Verhalten während der ersten Woche nach

der Herstellung.

Der abschließende Vergleich zwischen Experiment und Modellvorhersage zeigt, dass die

Abschätzung des elastischen und viskoelastischen Verhaltens von polymermodifizierten ze-

mentgebundenen Materialien mit Hilfe des weiterentwickelten Multiskalenmodells möglich

ist. Die Prognosefähigkeit ist vergleichbar und in einigen Fällen sogar besser als die Vorher-

sagequalität ausgewählter empirischer Modelle, die Normen und Richtlinien entnommen

und auf polymermodifizierten Betone angewendet werden.
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1 | Introduction

1.1 Motivation

Civil engineering structures are increasingly required to be economical and resource

friendly. However, more slender and durable constructions call for the development of

new generations of building materials as well as reliable methods for the assessment of the

lifetime, serviceability, and load-bearing capacity.

Much research has been carried out to improve the performance of concrete, which is the

most-used man-made material on Earth. Globally, about 25 billion tons of concrete are

produced every year [1]. This building material is being continuously optimized to improve

its resistance to the conditions to which it is subjected. Thus, more complex mixture

designs are replacing the classical three-component-system consisting of cement, water,

and aggregates.

One approach to optimizing concrete performance is the modification of the binder matrix.

Several admixtures and additives are available that influence the fresh and hardened

concrete properties. Polymer-modified cement mortars and concretes (PCC), in which

cementitious and polymer components together form the binder matrix, are well established

in repair and restoration. The importance of these materials in construction is nowadays

also increased considerably. PCC are mainly applied in conditions that are chemically and

mechanically demanding due to their improved chemical resistance, adhesion to substrates,

and impermeability [2]. Still, these favorable properties go hand in hand with both a

reduced elastic stiffness and a more pronounced creep activity.

For the efficient use of polymer-modified concrete in construction, its mechanical behavior

must be well understood, and, furthermore, it must be predictable. For this, the estab-

lishment of a relation between the microscopic properties and the macroscopic material

behavior is essential. Prediction models that take into account the different length scales

of the material are helpful for providing a more general description of the influences of
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polymers in cement-based materials. The models are also fundamental for the development

of guidelines for new building materials and represent an important step towards the use

of PCC in construction.

First approaches aimed at the prediction of the mechanical properties of PCC have

already been proposed [3, 4, 5]. However, these models are not generally applicable to

different mixture compositions and different polymer types. The models are empirical and

often require model calibration using experimental data. The significantly different creep

behavior of PCC compared with conventional concrete does also not allow for the simple

application of macroscopic creep prediction models, which were originally developed for

conventional concretes [6, 7]. A suitable microstructure-based method for estimating the

mechanical behavior of polymer-modified cement-based materials is not available.

1.2 Objective and approach

Heterogeneous materials, such as concrete, represent multi-phase materials. To characterize

the behavior of these materials, complex constitutive formulations are usually derived.

Corresponding model calibration is often costly and requires several iterative steps. In

contrast, multiscale models represent the material behavior across different length scales

in a detailed way. By means of analytical or numerical homogenization methods, models

defined at the micro-, meso-, or macroscale can be coupled.

Multiscale models based on the principles of continuum micromechanics appear to be

promising for polymer-modified cement-based materials because they explicitly consider

microstructural specifics as well as hydration-induced changes of the volume fractions

of the constituents. Furthermore, a minimum number of material constants having a

physical meaning instead of fitted parameters is employed. The properties of the compound

material on the macroscopic scale are derived from the properties of the microstructural

constituents by means of a bottom-up approach. This work aims to extend existing

multiscale methods, originally developed for conventional cement-based materials, to use

for PCC. The applicability of these models for polymer-modified cement-based materials

needs to be proved. One relevant aspect concerns the implementation of the polymer

phase into the model.

The strength, elasticity, and creep are the major mechanical properties characterizing

cement-based materials. The elastic stiffness and the creep behavior of PCC, particularly

their experimental quantification and microstructure-based prediction, are the main focuses

of this thesis. To this end, continuum micromechanics approaches are applied.
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Chapter 1. Introduction

To obtain a reliable multiscale model for polymer-modified cement-based materials, experi-

mental data for the model calibration and validation are required. The intrinsic elastic and

creep properties of the constituents, particularly of the polymers, were quantified using

the nanoindentation technique. An experimental multiscale study with cement pastes,

mortars, and concretes was conducted to characterize their mechanical behavior. Of par-

ticular importance was the early-age behavior of PCC because long-term durability is only

achievable, if the materials remain undamaged at early ages. An experimental campaign

aimed at the quasi-continuous quantification of the elastic and creep properties of young

cement pastes and concretes was carried out. As regards to the polymer modification,

three different polymers were used: one re-dispersible powder and two dispersions. Varying

polymer contents were considered to provide a broad overview of the properties of PCC.

The experimental data, and correspondingly, the model input parameters exhibit stochas-

tic variations that entail a scattering model response. The influences of the uncertain

parameters on the multiscale model output were evaluated using probabilistic methods.

The concepts of sensitivity and uncertainty analyses were used to identify influential input

parameters across the scales of the model. Sensitivity indices quantified the influences of

the input parameters on the model-predicted Young’s moduli of cement-based materials.

Within the analysis, two aspects deserve particular attention: the mixture composition

and the hydration time. The microstructure of concrete does not remain constant over

time. The hydration process, i.e. the continuous reaction between clinker minerals and

water leading to the precipitation of hydration products, goes along with evolving volume

fractions of the reactants. Different hydration models have been developed to predict the

evolution of the material phases with time. The hydration models are combined with

the semi-analytical multiscale models to account for the time-variant nature of concrete.

However, the influence of the choice of the hydration model within the multiscale modeling

procedure has not yet been investigated. In this thesis, the concept of total uncertainty

was used to rank two hydration models regarding the uncertainty that the model responses

show. The total uncertainty was determined based on the adjustment factor approach.

The responses of different empirical models predicting the elastic modulus of concrete

were compared with the experimental data of different PCC. A comparison between

phenomenological and multiscale model responses was also carried out for the creep

phenomenon. Long-term creep tests of polymer-modified concrete reported in the literature

were used as a reference. With that, the question has to be answered as to whether or

not the multiscale models, which directly account for microstructural specifics, are more

appropriate for predicting the elastic and creep behavior of PCC compared with empirical

models that are solely defined on the macroscopic scale.
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1.3 Outline of the thesis

Chapter 2 presents the state of the art of polymer-modified cement-based materials with

particular emphasis on the influences of polymers on the microstructure, the hydration

kinetics, and the mechanical properties. Furthermore, basic aspects of multiscale modeling

are summarized, covering the introduction of representative volume elements and the

principles of continuum micromechanics, as well as the fundamentals of the creep behavior

of cement-based materials.

In Chapter 3, the evaluation of a semi-analytical multiscale model by means of proba-

bilistic analyses is carried out. In detail, sensitivity and uncertainty analyses are explained

and applied within the context of multiscale modeling based on the principles of continuum

micromechanics. Two different hydration models are compared with respect to their

influences on the uncertainties of the multiscale model responses on the scales of cement

paste, mortar, and concrete.

Chapter 4 presents an experimental multiscale study carried out with polymer-modified

cement pastes, mortars, and concretes. Besides macroscopic quantities, the elastic and

viscoelastic micromechanical properties of solid polymer specimens and cement pastes are

investigated.

The focus of Chapter 5 is the early-age elastic and creep behavior of polymer-modified

cement pastes and concretes. An experimental campaign is presented with the aim of

achieving the quasi-continuous quantification of early-age mechanical properties. The

experimental data are exploited in the form of multiscale modeling based on continuum

micromechanics. Existing multiscale models are extended to the application to PCC.

Experimental data reported in Chapter 4 are used as both input and validation parameters

for the model.

In Chapter 6, the responses of empirical and semi-analytical multiscale models are

compared with respect to the predictive capability for polymer-modified cement-based

materials. Empirical models, which are defined on the macroscopic material scale, are

compared with experimental data concerning the elastic and creep behavior of PCC, and

the goodness-of-fit is evaluated.

Chapter 7 summarizes the results of the thesis.

Chapter 8 provides an outlook regarding further research possibilities in the areas of

semi-analytical multiscale modeling and polymer-modified cement-based materials.
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2 | State of the art

2.1 Polymer-modified cement-based materials

The demand for durable, economic, and stable constructions is growing continuously, which

requires the development of new generations of building materials. Since the 1950s, cement-

based materials modified with polymers have experienced a steady boom. Particularly in

repair and restoration as well as in surface protection systems, polymer-modified mortars

and concretes have been established, e.g. [2, 8, 9]. During the past few years, these

materials have been increasingly applied in construction [10, 11, 12, 13, 14].

2.1.1 Polymers in cement-based systems

In polymer-modified cement mortars and concretes (PCC), cementitious and polymer

components together form the matrix and perform the binder function [15]. Commonly,

the polymer-to-cement mass ratio (p/c) is between 5 % and 20 %, depending on the advice

of the manufacturer and the required material properties [16].

The polymers are macromolecular compounds, produced with a polymerization reaction

between monomers of the same or different compositions. The product of the first reaction

type is a homopolymer, of the latter a copolymer. Typical monomers are vinyl acetate,

styrene, butadiene, and acrylic acid ester1. The most important requirement for the use of

polymers in cement-based materials is the compatibility with the cement. In particular,

the polymers need to be alkali-resistant, stable against saponification, and resistant to the

ions delivered during the hydration reaction. They should not coagulate during mixing,

and they should not impair the cement hydration [17, 18].

1Epoxy-modified cement concretes (ECC), where water-emulsified epoxy resins, hardeners, and / or
curing agents are added to the fresh mortar or concrete, are beyond the scope of this thesis.
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Polymers in the form of aqueous dispersions and redispersible powders are used for

the modification of cement-based systems. The aqueous dispersions (or latices) contain

thermoplastic polymers and have usually a solid content between 35 % and 55 %. The liquid

phase of common polymer dispersions is water. The latices exhibit a high interfacial energy,

entailing a thermodynamic instability. Small dispersed particles tend to coagulate in order

to achieve a state of minimal energy [17]. The phase separation in polymer dispersions is

called demulsification. For the stabilization of the polymer dispersions, protective colloids

(macromolecules) and / or emulsifiers (surfactants) are added. [19, 20, 21]

Redispersible powders are produced by spray drying. The production is a two-step

process: At first, polymer dispersions are obtained from the emulsion polymerization.

This is followed by the spray drying of the dispersion under the addition of water-soluble

protective colloids, spray-drying aids, and anti-blocking agents. In contact with water,

the polymer powder redisperses, and the initial polymer dispersion is obtained ideally.

Effectively, particles of the dispersion partially coagulate during the spray drying so that

the particle size distribution of the powder is slightly larger than that of the dispersion.

Besides, the anti-blocking agents coarsen the particle size distribution in comparison to

the polymer dispersion. Nowadays, redispersible powders are increasingly favored over

dispersions because application errors are minimized. Dimmig et al. [22] observed the

polymer particles in redispersible powders after spray drying and the redispersion due to

water addition with a scanning electron microscope, see Figure 2.1. The powder particles

represent hollow spheres with craters on their surfaces initially. After redispersion, small

dispersed particles are visible, which are partially strongly agglomerated.

(a) (b)

Figure 2.1: Polymer powder particles after spray drying (a) and after redispersion (b) [22].

The removal of water increases the viscosity of the dispersions. Several studies on the film

forming process of polymer dispersions have already been performed, e.g. [23, 24]. With
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the removal of water from the dispersion, arranging and packing of the polymer particles

start. The particles come into contact one another as water evaporation progresses. Due

to particle coalescence, a polymer film might be formed. The minimum temperature at

which the polymer particles are able to coalesce into continuous polymer films is called the

minimum film forming temperature (MFT) [18]. However, the film formation of latices is

not only governed by the curing temperature, but also by the particle size, the relative

humidity, the type of monomers, the rate of drying, and the additives stemming from the

polymerization process [15, 25, 26].

The mechanisms of the film formation of polymer coatings on substrates are not directly

applicable to the processes taking place in mortars and concretes. In such systems,

the polymer film formation is influenced by the alkaline environment, the interactions

between the polymer, the additives, and the cement particles, and by the lower polymer

concentration [21]. The water removal is mainly determined by the cement hydration.

2.1.2 Microstructure of PCC

The polymer modification influences the microstructure of the cementitious matrix, and

it entails changes concerning the hydration process. Both aspects have been intensively

investigated and reported in the literature. However, neither generalized conclusions nor

consistent findings have been revealed due to the complex nature of the polymer systems.

The latter may differ regarding their chemical composition, the degree of polymerization,

and the proportion of monomers in the copolymer. Further interactions between the

constituents of the diverse cements and the additives of the polymer dispersions and

powders, e.g. anti-foaming agents, demulsifiers, preservatives, stabilizers, and surfactants,

may influence the performance of the modified materials. The huge variability of the

polymers in combination with different additives renders the estimation of the mechanical

behavior of polymer-modified mortars and concretes challenging. Thus, the comprehensive

understanding of the processes and interactions taking place between the polymers and

the cement particles is relevant for the durable design of PCC structures. [19, 21]

2.1.2.1 Influences of polymers on the cement hydration

Several macroscopic properties of cement-based materials are strongly related to the

hydration kinetics, particularly so at early ages. The workability, the setting time, and

the strength evolution are determined based on the processes taking place during cement

hydration. It is well accepted that the polymer particles are partially adsorbed by the

cement particles directly after mixing. The degree of adsorption depends on the type and

particle size of the polymers, the admixtures, and the cement type [27, 28, 29]. Detailed
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studies on the chemical and physical interactions between cementitious and polymer

components can be found in the literature, e.g. [20, 30, 31, 32, 33].

Clearly, the polymer modification influences the progress of the hydration reaction between

water and clinker particles. The effects of polymers on the cement hydration have been

explicitly investigated since the late 1980s. Larbi and Bijen [34] determined the chemistry

of the pore solution in polymer-modified cement pastes for a period of 28 days. Polystyrene

acrylate and polyvinylidene chloride were used. It was found that the polymers – more

precisely, their functional groups – interact with ions released during cement hydration.

Su et al. [35, 36] investigated the evolution of the hydration degree, which is a measure

of the progress of the hydration reaction, in plain and polymer-modified cement pastes

comparatively. The hydration degree was determined from the non-evaporable water

content in the cement pastes. It was shown that the hydration rate decreases with

increasing quantity of styrene acrylate copolymer added. The restricted access of water

to the clinker particles, which a “polymer skin” cover, explained the experimental results.

In addition, the higher fineness of the polymers in comparison with the cement and the

adsorption of surfactants onto cement grains were itemized [36]. On the contrary, cement

pastes modified with the copolymers of vinylpropionate and vinylidene chloride tended to

accelerate the cement hydration. The hastening was considered to be due to the presence

of chloride ions in the pore solution because many chloride salts are known to accelerate

the hydration [37]. However, throughout the study, different water-to-cement ratios were

used, prohibiting the sufficient comparability of the results.

Atkins et al. [38] studied the hydration kinetics of six polymer-modified cement pastes by

means of conduction calorimetry, X-ray diffraction, and infrared spectroscopy. The results

revealed that varying types of polymer dispersions interact differently with the cement.

By way of example, polyvinyl alcohol (PVA) increased the hydration rate slightly, whereas

other polymers, such as polyvinyl acetate (PVAc), polystyrene acrylic ester (SA), and

polystyrene butadiene rubber (SBR), retarded the hydration process. The cement pastes

modified with PVAc, SA, and SBR exhibited higher amounts of alite after one week and a

lower heat output at 48 hours after the production compared with the plain paste.

Quasi-isothermal calorimetry is a powerful and widely used technique to get quantitative

access to the reaction kinetics between clinker particles and water. Zeng et al. [39] also

used this method to study the hydration kinetics of SBR-modified cement pastes. It was

found out that the polymer retards the hydration process by increasing the duration of

the induction period, on the one hand, and by restraining the growth of the hydration

products, on the other hand. Furthermore, an influence of the polymer content on the

8



Chapter 2. State of the art

hydration kinetics was revealed. Accordingly, low p/c-ratios up to 0.05 did not change the

intrinsic hydration mechanisms, whereas higher p/c-ratios affected them. For low polymer

contents, the diffusion of ions through a reacted layer is the mechanism controlling the

hydration rate. For high polymer contents, the movement of water to hydration sites is

supposed to be the rate-controlling step.

Silva and Monteiro [40, 41] investigated the influence of polyethylene co-vinyl acetate

(EVA) on the hydration of cement paste using the soft X-ray transmission microscopy.

This technique permits observations of the nucleation and growth of crystals. It was shown

that directly after mixing, the EVA particles tend to concentrate around the hydrating

C3S and C3A grains. The alite dissolution was retarded, and also, the morphology of the

hydration products was affected. The hydrate needles seemed to be thicker in the presence

of EVA. Furthermore, the formation of Portlandite and ettringite crystals was inhibited.

Jansen et al. [42] performed in-situ X-ray diffractometry (XRD) measurements. The focus

was on the crystallography of the ettringite crystals. The investigations revealed that the

crystal structure of the ettringite is influenced by the polymers, though the integration of

polymer particles into the ettringite crystals was excluded.

Wang et al. performed a series of experiments to analyze the influences of polymers on

the cement hydration [43, 44, 45]. Several measurement technologies, such as differential

scanning calorimetry, XRD, and 29Si NMR analysis, were used to characterize the hydration

behavior of SBR- and SA-modified cement pastes. It was observed that the degree of

hydration increased with the polymer-to-cement ratio first, and it decreased for polymer-

to-cement ratios higher than 0.10. The results were explained by the formation of polymer

films around cementitious constituents. In cement pastes modified with less than 10 %
polymers, the polymer accumulation is low, allowing the polymer phase to keep water

that is successively provided for the cement hydration. For higher p/c-ratios, the polymer

films are thicker, hinder a free ion transfer, and retard the hydration [43]. The same trend

was observed for the Ca(OH)2 content. It increased with the p/c-ratio first and decreased

afterward. By means of XRD patterns, it was additionally found out that both SBR latex

and SA powder support the reaction of calcium aluminate with gypsum, leading to more

stable ettringite crystals [43, 44].

Recently, Kong et al. [46, 47] investigated the retardation mechanisms of styrene acrylate

latexes in detail. Calorimetry and adsorption measurements as well as investigations using

confocal laser scanning microscopy and cryo scanning electron microscopy were performed.

As a result, two types of retardation mechanisms were declared: The chemical retardation

involves the calcium complexation by the carboxyl groups of the polymers so that the
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concentration of free calcium ions in the aqueous phase is decreased and the induction

period is prolonged. Thus, the content of R-COO- in the polymer latex mainly determines

the extent of the retardation; a finding that Zeng et al. [39] also reported. The physical

retardation comprises the formation of a polymer layer around hydrating cement surfaces

due to adsorption. The polymer layer inhibits the nucleation and growth processes of

hydration crystals and restricts the accessibility of water and ions at the hydrating cement

surfaces. This reduces the hydration rate during the acceleration period as well as the

total heat. Wang et al. [45] also distinguished physical and chemical retardation aspects.

Schirmer [21] correlated the hydration kinetics of polymer-modified cement pastes with the

adsorption mechanisms of polymer particles and their additives on cementitious phases.

Four different polymer dispersions containing copolymers on the basis of vinyl acetate

ethylene, vinyl chloride ethylene, and styrene-acrylate were investigated. By means of

calorimetry measurements, a delayed acceleration period was observed for all investigated

pastes. This effect was traced back to altered solving and precipitation processes and,

consequently, a retarded nucleation reaction of the hydrates. The retardation is not mainly

caused by the adsorption of dispersed particles, but by the adsorption of protective colloids.

Another aspect is that solved calcium ions form complexes with the protective colloids so

that they are not available for the growth of hydrate phases. The main silicate reaction

starts when the saturation concentration of Ca2+ is reached by further solved ions.

Baueregger et al. [48] investigated the influence of SBR on both the hydration kinetics

of Portland cement and a ternary binder system (TBS) consisting of Portland cement,

calcium alumina cement, and anhydrite using isothermal heat flow calorimetry and in situ

X-ray diffraction. A significant retardation effect of the polymer on the hydration process

of the Portland cement was evidenced. Again, the complexation of Ca2+ of the cement

paste pore solution and the adsorption of the SBR particles onto cementitious phases

explained the results. On the contrary, the SBR latex accelerated the hydration reaction

in the TBS. The ettringite formation and the silicate reaction were promoted.

2.1.2.2 Microstructure formation

Microstructural specifics govern the macroscopic properties of polymer-modified cement

pastes, mortars, and concretes. The binder matrix consists of cementitious and polymer

components, which interpenetrate each other. Thus, the research on the microstructure

and the corresponding macroscopic properties is of interest. Essential contributions to this

topic have been reported since the 1980s. Several models illustrating the microstructural

formation in PCC have already been developed. Among them, the most important models

are chronologically described in the following, showing the increasing understanding of
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the microstructural formation. The improved knowledge about the morphology and the

formation of the polymer phase within the cementitious structure was enabled by enhanced

scanning electron microscopy (SEM) resolution and the integration of the ESEM technique

in the studies [49]. It represents a fundamental basis for the follow-up success of multiscale

modeling activities, see Section 5.3.

Ohama [2, 50] described the formation of a co-matrix phase consisting of cement gel and

polymer films with a three-step process as follows. (i) Immediately after mixing, the

polymers are uniformly dispersed in the cement paste. A cementitious gel is formed, on

which polymer particles deposit. (ii) With ongoing hydration and densification of the

cement gel structure, the polymer particles are increasingly confined in the capillary pores.

Water is withdrawn continuously so that the polymer particles flocculate. They form

continuous films on unhydrated and hydrated cementitious phases as well as on aggregates

due to inter-molecular attraction forces. (iii) A monolithic network is obtained in which

the polymer phase interpenetrates the cementitious hydration products. For p/c-ratios

lower than 0.05, the polymer compounds are isolated, and the films are discontinuous.

Experimental investigations using the SEM and the ESEM techniques by Su and co-

workers [36, 51] revealed similar results. Additionally, the authors quantified the amount

of polymer particles adsorbed onto the cement surface directly after mixing. It amounts

to 50 %. Those polymers act as barriers, delaying the hydration process. The other part

of the polymers remains dispersed in the mixing water. Furthermore, the authors found

out that the polymer particles are not uniformly distributed in the hardened cement paste

matrix. They are mainly deposited on areas with high capillary forces, e.g. in the contact

zones between cementitious particles.

The composite mechanisms in EVA-modified mortars and concretes taking place after

mixing were investigated by means of the cryo-SEM technique by Sakai and Sugita [52]. It

was observed that one part of the spheroidal polymer particles fills the interface between

unhydrated cement grains and hydration products, and the other part forms layers around

aggregates.

Puterman and Malorny [53] improved the three-step-model of Ohama by considering the

minimum film forming temperature as the essential parameter that controls the polymer

film formation. The authors claimed that if the MFT is below the curing temperature,

the closely packed polymers are able to form a continuous film. Otherwise, the polymer

particles remain as stacked droplets on the surface of the cementitious particles. The ideas

were supported by ESEM observations of Schorn and Schiekel [54].
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Afridi [55] investigated the coalescence of polymer particles (SBR and EVA) in mortars

by means of SEM investigations. In contrast to unmodified mortars, where hydration

products and sand grains are loosely joined with each other, polymer-modified mortars

exhibit an improved adhesion among the components. The reinforcing effects of coherent

“interweaving” polymer films on the cementitious network were claimed. The form of the

polymer films was observed to be either mesh-like, dense, fibrous, or rugged, depending

on the type of polymer used. For mortars modified with latices, a better coalescence of

the polymer particles was observed in comparison with powdered polymers. A monolithic

network with continuous polymer films was reported for p/c-ratios higher than 0.10.

Beeldens et al. [56] picked up the idea of incorporating the minimum film forming tem-

perature as a decisive aspect into a model illustrating the microstructure formation in

PCC. The three-step model of Ohama was extended with respect to the consideration

of curing conditions related to a time scale and the formation of an interstitial phase as

follows. (i) The cement and polymer particles are dispersed in water after mixing; cement

hydration starts. (ii) The polymers interact with the clinker grains and the aggregates.

The polymer particles may partly coalesce into continuous films, particularly if a dry

curing period is enabled. The polymer films envelope the cement particles either partly or

completely. (iii) Cement hydration and further polymer flocculation and coalescence take

place. The processes depend on the curing conditions. If a drying period is included, the

polymer film formation takes place, influencing the cement hydration progress. If no drying

period exists, the film formation is retarded. An interstitial phase consisting of organic

and cementitious components is formed. (iv) Further cement hydration and polymer

film formation on and in between the cement hydrates take place. Polymer particles not

deposited yet, concentrate in capillary pores and at the interfacial transition zone. The

authors point out that optimal curing conditions for achieving a high strength evolution

comprise a wet curing period, followed by a dry curing period.

However, most of the proposed theories and models describe the microstructural formation

of PCC generally, neither considering different polymer systems nor the various additives in-

cluded. Therefore, the resulting differences of the microstructures, leading to contradictory

properties of the fresh and hardened mortars and concretes, are not satisfactorily explained.

Dimmig-Osburg [27, 57, 58] claimed that a successful microstructural model should in-

corporate the interactions of all components, considering adsorption, agglomeration, and

the retardation of the cement hydration. She proposed a model including the following

steps. (i) The polymers are adsorbed on cementitious particles directly after mixing. The

occupied surface depends on the size of the dispersed particles. Small polymer particles

deposit on the clinker grains densely. (ii) If the minimum film forming temperature is lower
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than the processing temperature is, the polymers form films, and a monolithic network

together with the cementitious components is built. The films are formed out of the

non-adsorbed polymers in pores and are arranged between the cementitious particles or

inside the pores. For polymers with an MFT higher than the environmental temperature,

the particles are stored to one another, but they are not coalesced. (iii) The microstructure

is continuously densified along with the hydration process. Hydrates grow through polymer

compounds. The organic and inorganic matrix interpenetrate each other. The finer the

polymer particles are, the more homogeneous is the structure. (iv) The microstructural

formation takes mainly place during the first 24 hours. Furthermore, experiments have

shown that the pore solution of a polymer-modified cement paste corresponds to that of

conventional cement paste after three days of hydration.

Tian et al. [59] further improved the microstructural knowledge, integrating the processes

of flocculation and coagulation of polyacrylate polymer in fresh mortars. Accordingly, a

four-step microstructural formation is proposed. (i) The components (polymer particles,

water, cement, sand) are mixed, whereby neither chemical nor physical reactions are

considered. (ii) Cement hydration starts. The polymer particles are partly adsorbed on

clinker phases, hydrates, or sand grains, whereas the other part flocculates due to calcium

complexation. The polymers are concentrated on the mineral surfaces, referred to as

localization. (iii) The hydration products break through the adsorbed polymer layers,

disaggregating the polymer layer. With ongoing hydration process, the hydrates further

grow and embed the flocculated polymers. The polymer particles partially coalesce. (iv)

The hydration reactions slows down, and the microstructural formations finishes. The

polymer particles further coalesce.

Ma and Li [60] investigated the influences of acrylic latexes on the microstructural forma-

tion of mortars by means of experimentally observed and computed microstructures. Based

on the known interaction mechanisms between the polymers and the cementitious com-

ponents, the microstructural evolution of polymer-modified cement pastes was simulated.

Accordingly, the initial cement paste microstructure consists of unhydrated clinker grains,

inner and outer hydrate layers, and capillary pores. For the polymer-modified cement

pastes, capillary water voxels are randomly replaced with polymer voxels. It is assumed

that the addition of polymers does not influence the inner layer of the hydrates but has

significant effects on the outer hydrate layer due to the adsorption of polymer particles

onto the latter. As a result, a cementitious structure interpenetrated by polymer films

is described. With the simulated microstructures, the characteristic mechanical behavior

of polymer-modified cement pastes can be explained realistically, e.g. the increase of the

flexural strength due to the polymer modification is predicted [60].
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The interfacial transition zone (ITZ) between the cement paste and the aggregates is a

critical factor concerning the strength and ductility of concretes. Commonly, the ITZ

is more porous than the surrounding matrix. Thus, it is considered to be a weakening

link [61]. The origin of the ITZ is the so-called wall effect disrupting the packing of cement

grains [61]. Wei et al. [62] investigated the ITZ in steel fiber reinforced polymer cement

concrete and observed a strengthened and thinner interfacial layer between fibers and the

cement matrix compared with mixtures that did not contain polymers. The particle size

and the enrichment of Portlandite crystals in the ITZ were reduced with increasing content

of polyacrylate ethyl ester. Bijen [63] and Xu et al. [64] reported that polymers fill the

interspaces between cement grains in the interfacial transition zone, improving the contact

adhesion between aggregates and matrix. Bode [65] investigated the increase of the specific

adhesion between the cementitious matrix and aggregates in polymer-modified mortars. By

means of SEM-observations, Bode found out that non-adsorbed polymer particles, which

remain in the liquid phase after mixing, fill the interspace between hydrating cement grains

and aggregates. This increases the compactness of the ITZ and improves the mechanical

adhesion, see Figure 2.2. Furthermore, the delayed hydration reaction in PCC inhibits the

formation of preferably oriented Portlandite crystals. Thus, the packing density in the

interfacial transition zone increases [65].

Aggregate

Matrix

(a)

Aggregate

Matrix

(b)

Figure 2.2: SEM images of the ITZ in unmodified (a) and polymer-modified mortar (b) [65].

The pore structure in cementitious materials greatly influences the permeability and

durability. It appears that the pore structure in PCC differs with the type of polymer

and the polymer content. Ohama et al. [66, 67] stated that for PCC having a comparable

workability, the polymers reduce the total porosity and the fraction of large pores, whereas

the volume of smaller pores is increased. Ray et al. [68] performed mercury intrusion
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porosimetry tests with polymer-modified cement pastes and found out that the polymers

do not affect the total porosity significantly; a more homogeneous pore size distribution

was reported instead. The pore size distribution in polymer-modified mortars was also

investigated by Ramli and Tabassi [69], who observed that the maximum pore size is

reduced due to the polymer modification. Barluenga and Hernández-Olivares [70] stated

that the polymer modification increases the total and the closed porosity but decreases

the open porosity. The contradictory results reported in the literature are related to the

variable use of defoamers. Often, the defoamers are additives of the polymer dispersions,

or they are added during the mixing. Therefore, uniform conclusions about the influences

of polymers on the pore size distribution of cementitious materials cannot be drawn.

2.1.3 Fresh concrete properties

Typically, polymers improve the workability of cement-based materials with increasing

p/c-ratio [2, 65, 71]. Reasons for this are the ball-bearing action of the polymer particles, en-

trapped air, and the dispersing effect of surfactants added to the dispersions [2]. Barluenga

and Hernández-Olivares [70] investigated the rheology of SBR-modified mortar, illustrating

the improved consistency along with the polymer quantity added. Similar results were

reported by Kubens and Wallevik [72] who observed that the polymer modification leads

to a reduced viscosity and yield stress of cement mortars.

Setting times are influenced by the polymers differently, depending on the type of cement

and the chemical basis of the polymer. In [70], reduced initial and final setting times were

reported, whereas more commonly a delayed setting of polymer-modified mortars and

concretes is noticed [2, 73]. The delay of the setting times is related to surfactants in the

dispersions and the retarded hydration [36].

Mostly, PCC exhibit higher air void contents in comparison with conventional fresh

mortars and concretes because the admixtures often act as air-entraining agents and

emulsifiers [15, 74]. For polymer dispersions that remarkably increase the viscosity of

a mixture, less entrapped air voids occur because the mixtures are able to deaerate.

The density of fresh polymer-modified mortars and concretes is reduced with increasing

polymer content due to the low density of the polymers and the entrapped air. However,

excessive air entrainment should be prevented by the addition of antifoaming agents in

order to avoid a pronounced loss of strength.

Polymer-modified mortars and concretes show an improved water retention which

increases – depending on the type of the polymer – with the p/c-ratio [75]. Ohama [2]

found the reason for that in the polymers, which inhibit the water evaporation by sealing

15



2.1. Polymer-modified cement-based materials

the cementitious particles. Although the PCC exhibit a larger flowability, bleeding

and segregation are not worse than in conventional mortars and concretes [2, 76, 77].

Su [36] even reported considerably less bleeding and segregation in PCC due to the better

dispersion of the cement particles and the entrained air.

Curing conditions play a significant role for the strength development in polymer-

modified mortars and concretes. They have often been varied within experimental cam-

paigns in order to propose the ideal curing regime, e.g. [15, 65, 78]. Most preferably, PCC

are cured under water during the first few days of hydration to allow for a satisfactory

cementitious hydration reaction. This should be followed by the storage exposed to air to

support the polymer film formation and the water evaporation.

2.1.4 Hardened concrete properties

The variability of polymers, their admixtures, the mixture design, and the curing conditions

entail different influences of the polymers on the engineering properties of mortars and

concretes. To evaluate the influences of polymers on the hardened concrete properties, the

knowledge of the microstructure formation in dependence on the polymer type, polymer

content, temperature, storage conditions, and mixture design is fundamental.

One important differentiating factor of the polymers, which affects the microstructure of

the compound material, is the minimum film forming temperature (MFT). Konietzko [79]

distinguished film-forming polymers and polymers which are not able to form continuous

films in the cement matrix. He proposed that the polymers without the capability to

form films only act as filler materials which do not contribute to the load transfer. This

assumption was disproved by Bode [65]. Bode evidenced an increase of the adhesive bond

between the aggregates and the cement paste matrix as a consequence of the polymer

modification. He showed that also polymers that do not form films in the matrix effectively

increase the tensile strength [65].

Lohaus and Anders [80] described the influence of the polymer modification on the

mechanical properties of high and ultra-high strength concrete. Properties of fresh and

hardened mixtures as well as the stress-strain relationship were investigated. In

dependence on the type of polymer used, the mechanical and fracture behavior significantly

differed from conventional concrete. A decreased fracture energy was noticed. Several

contradictory explanations for the experimental results were given. However, a more

detailed experimental study on the microstructure formation and the interactions between

polymer and cementitious components was recommended to get a more fundamental insight

into the mechanisms affecting the mechanical behavior of PCC.
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The polymers tend to decrease the compressive strength of cement-based mortars and

concretes at given time instants, as it was confirmed by experimental investigations of

e.g. Gierloff [73], Konietzko [79], and Flohr [76]. On the contrary, an increase of the

compressive strength for low polymer-to-cement ratios (up to 0.08) was reported in some

publications [78, 81].

The centrical tensile strength of PCC is commonly characterized by an increase or at

least a constant evolution with increasing p/c-ratio e.g. [65, 74, 79]. Reasons for that

behavior were studied in Flohr [76] by means of the SEM technique. In polymer-modified

mortar specimens subjected to tensile loads, stretched polymers bridging the crack between

matrix and aggregate are visible, see Figure 2.3. Microcrack edges are connected by the

polymer, leading to a higher energy consumption for the generation of macrocracks. The

crack bridging ability depends on the polymer quantity added and the type of polymer,

especially on its MFT. Also, the adhesive bonding of the polymers to the aggregates and

cementitious grains improves the tensile strength [76]. This effect is supported by a film

formation of some polymers [65]. Analogously, the bending tensile strength of PCC is

increased in comparison with conventional concrete, e.g. [81, 82].

Matrix

Stretched polymers

Aggregate

Figure 2.3: Crack between matrix and aggregate, bridged by stretched polymers [76]

The embedment of polymers in the cement matrix entails a flexibilized microstructure

resulting in lower elastic moduli and a more pronounced ductility. In particular, the

polymers coat crystalline cementitious phases and act as “lubricants” that represent sliding

planes inside the material [76]. Bureau et al. [82] investigated the ductility of SBR-modified

concretes. Several p/c-ratios were considered and a continuous decrease of the Young’s

modulus along with the increasing polymer content was shown, whereas the Poisson’s

ratio remained constant. The inelastic behavior of the polymer-modified mortars was

explained with two mechanisms: the development of cracks causing damage and the viscous

dissipation in the polymer phase. Flohr [76] also found out that the addition of polymers
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improves the ductility of concrete. The lower elastic moduli of PCC in comparison with

conventional concrete have already been widely reported, e.g. [15, 81, 83].

The mechanical behavior of polymer-modified mortars and concretes is dependent on the

temperature [84]. The residual compressive strength of PCC subjected to temperatures

between 200 ◦C and 800 ◦C was investigated in [85, 86]. It was found that the strength loss

is slightly more pronounced for the PCC compared with the unmodified reference.

2.1.5 Deformation behavior

Similarly to conventional concretes, PCC exhibit a viscoelastic deformation behavior

(creep). Konietzko [79] investigated the creep behavior of PCC for varying p/c-ratios. With

increasing polymer quantity added, a more pronounced creep deformation was noticed,

which the formation of polymeric sliding planes inside the matrix explained. Experiments

reported in [87, 84] also revealed that the strains that PCC show are commonly larger

than in conventional concretes.

Bokan-Bosiljkov and Saje [88] reported long-term mechanical tests with SA-modified

concrete at ambient and elevated temperatures up to 150 ◦C. At 20 ◦C, the PCC only

exhibited larger strains than the unmodified concrete at sample ages up to five days did.

After that, the deformations of the PCC developed more slowly. Uncoiling processes in

the polymers explained this. However, proof for this theory was not achieved. At elevated

temperatures, the intensifying effect of the polymers on the creep strains was shown, which

the softening of polymers at temperatures higher than 50 ◦C caused [88].

Mangat et al. [3] investigated PCC with a p/c-ratio of 0.25, modified with acrylic, styrene

acrylic, and styrene butadiene polymers. The samples were loaded with 25 % of the

compressive strength at material ages ranging from 28 days to 118 days. An increase of

the creep strain and the creep recovery with the polymer content was found. The higher

creep strains were related to the presence of emulsifiers and stabilizers in the polymer

dispersions that retard the hydration process and thereby lead to lower strength. With

higher polymer contents, more water is retained via the polymer phase [3]. Furthermore,

SA-based polymers cause larger creep strains than polymers based on SBR.

Heidolf [5, 89] investigated the time-variant behavior of PCC under repeated stress

considering damage. Accordingly, the stiffness degradation of PCC was much more

pronounced than that of conventional concrete. The polymer-modified concrete exhibited

remarkably high creep strains. It was observed that the range of linear creep is very small

compared with nonlinear creep. Therefore, the nonlinear creep should not be neglected in

the design and computations of structures. A linear relation between the creep-generating
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stresses and the creep deformation was not recognized. Therewith, the prediction of

the long-term behavior of PCC on the basis of linear creep theories is not sufficient [89].

Furthermore, it was found that preloadings can anticipate structural changes so that during

a reloading below the preloading level, an almost linear stress-strain relation is observed.

Flohr [90] also investigated the long-term creep behavior of PCC. Two SA-modified

concretes with a p/c-ratio of 0.15 were tested. The first test started at a sample age of

75 days, and the loading duration was 28 days. The second test series was conducted with

a 265-day-old concrete and a loading duration of 154 days. A differing creep behavior of

the PCC in comparison with conventional concrete was found; significantly larger creep

strains were measured.

The shrinkage behavior of polymer-modified mortars and concretes was also investigated

experimentally. Several contradictory effects of the polymers on the shrinkage behavior of

mortars and concretes were published in the literature. Wang et al. [75] observed that the

addition of 10 % SA latex decreases the shrinkage rate of mortars remarkably. In contrast,

the experimental results of Bishara et al. [87] showed that SBR-modified mortars exhibit

significantly higher shrinkage strains than unmodified mortars do. Bode [65] investigated

mortars modified with styrene acrylate dispersions. He found out that the shrinkage strains

of PCC were much more pronounced compared with those of the reference mortar without

polymer addition. The higher the polymer content, the larger the load-independent length

changes are. Bode claimed that the extended length changes do not result from an increased

drying shrinkage but from the retarded hydration process. Therewith, shrinkage strains are

not released within plastic but within already hardened stages, thus worsening the cohesion

within the mortar. An extension of the shrinkage measurement duration according to

codes up to 90 days was recommended because shrinkage measurements up to 28 days are

not sufficient [65]. Furthermore, the importance of the storage conditions for the shrinkage

strains was illustrated. Particularly air-dried polymer-modified mortars exhibited large

shrinkage strains, which experiments that Dimmig [15] reported also confirmed. She found

out that polymer-modified mortars with a p/c-ratio of 0.15 exhibit larger shrinkage strains

than mortars with a p/c-ratio of 0.05 do.
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2.1.6 Modeling the mechanical behavior of PCC

The model-based prediction of the mechanical properties of polymer-modified mortars and

concretes has been rarely investigated so far. Some empirical models based on experimental

data have been developed. Bishara et al. [87] proposed empirical equations for predicting

the shrinkage and creep strains. Accordingly, the creep coefficient C depending on the

time t was described by C = d · t0.60/(10 + t0.60) with the constant d to be determined

based on experimental data.

Mangat [3] proposed a hyperbolic creep expression of the form c = t/(a+ bt), linking creep

strains c and time t via two fitted parameters, a and b. The comparison of model-predicted

and experimentally determined creep strains revealed the validity of the approach for one

certain type of PCC. However, for both models, the generation of experimental data is

required to identify the fitted parameters. Also, the applicability to different mixture

designs was not proven.

Heidolf [5] developed a rheological model describing the creep behavior of polymer-modified

concrete subjected to cyclic loading. A time-invariant material model is combined with

a time-variant creep model consisting of Kelvin and Bingham elements, see Figure 2.4.

The Kelvin elements represent the reversible visco-elastic strains, whereas the Bingham

elements characterize the irreversible visco-plastic strains. In this approach, nonlinear

creep, stiffness degradation, the strength reduction due to the creep process, and the post-

hardening of concrete are considered. Nevertheless, this model requires the back-calculation

of experimental tests to identify model input parameters.

σ σ

Kelvin elements Bingham elements

εc,elastic εc,visco-elastic εc,visco-plastic

Figure 2.4: Rheological model of Heidolf [5].

Keitel and Dimmig-Osburg [6, 7, 91] studied the applicability of existing phenomenological

creep models, which were originally developed for conventional concrete, to PCC. The

comparison of six different creep models with experimental creep strains determined by

Flohr [76] revealed significant deviations. Mostly, the models underestimated the creep

strains that the SA-modified concrete exhibited. By means of parameter optimization, the

input parameters of the creep models were adapted for the application to PCC. With this

procedure, the differences between model-predicted and experimental creep strains were
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reduced. However, a general applicability of the chosen creep models for polymer-modified

concrete was not proved because the optimized parameters depend on the test boundary

conditions and the duration of the loading.

Eden et al. [92] developed a model for the tensile strength of Portland cement paste with

and without polymer modification. The model is based upon the idea that tensile failure

occurs by pulling fibrills made of calcium silicate hydrates (C-S-H). The model is of the

form

σy ≈ πldτsN (2.1)

with σy tensile strength

l, d length and diameter of C-S-H fibrill

τs shear strength

N number of fibrils per unit area of failure surface.

By means of this model, Eden et al. [92] explained the origin of mechanical features of

PCC. In particular, the principal effect of the polymers as an adhesive between fibrils

made of calcium silicate hydrate was shown.

The prediction of the stress-strain relation in polymer-modified concretes was the focus of

studies by Çolak [4]. Several mathematical formulations based on a stress-strain relation

of the form σ = aε/(1 + bε)n were proposed in which the parameters a, b, n are to be

determined. σ and ε denote the stress and strain respectively. A satisfactory approximation

of experimental data was obtained [4]. Still, within this investigation only polymer-to-

cement ratios up to 3 % were considered. Thus, the model is not approved for practical

applications in which higher p/c-ratios are applied commonly.

Göbel et al. [93] investigated if existing analytical models for the quantification of the elastic

modulus, which were originally developed for conventional concretes and are commonly

used in design codes, are also valid for PCC. By means of an extended database comprising

experimental data of more than 25 publications, it was shown that the models are applicable

to polymer-modified concretes, although the predictions exhibit slightly worse performance

compared with conventional concretes.
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2.2. Multiscale modeling of cement-based materials

2.2 Multiscale modeling of cement-based materials

Both cementitious and polymer components govern the macroscopic properties of polymer-

modified cement-based materials. The polymer modification causes microstructural

changes in the binder matrix where polymers are intermingled with the cementitious

constituents [15, 36]. Thus, quantifying the influences of the microstructural modifications

on the macroscopic effective properties is of particular importance. Multiscale models

considering microstructural specifics are promising methods for predicting the mechanical

behavior of polymer-modified cement-based materials.

In the sequel, fundamentals of multiscale models and different multiscale approaches

are presented. Afterward, the multiscale modeling based on the principles of continuum

micromechanics is introduced with particular emphasis on the upscaling of elasticity and

creep properties from microscopic scales up to the concrete level.

2.2.1 Fundamentals of multiscale modeling

From the design perspective, concrete is considered as homogeneous [94]. However, a closer

look reveals that it is a heterogeneous material spanning several length scales of observation.

Concrete can be seen as a hierarchically organized material incorporating material phases

that are significantly smaller than the structural dimensions, see Figure 2.5. On the length

scale of a few centimeters, aggregates embedded in a matrix (cement paste) are visible. On

the smaller length scale of a few micrometers or nanometers, the microstructure appears

more complex, which renders the modeling of cementitious materials difficult.

2 cm

(a)

2 mm

(b)

2 μm

(c)

Figure 2.5: Hierarchical multiscale nature of concrete: aggregates embedded in a matrix of

cement paste (a), cement paste distinguishing clinker grains inside a dense matrix (b),

hydrates on the scale of a few microns observed with an environmental scanning electron

microscope (XL30 ESEM, Philipps) (c), [own figure].
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Several macroscopic phenomena of concrete can be traced back to processes taking place

at microscopic scales. By way of example, the creep behavior of concrete is most likely

determined via sliding processes at viscous interfaces within the C-S-H phases [95]. In

addition, the stress-strain relationship of concrete and the elastic limit refer to microcracks

between the aggregates and the cement paste matrix as well as to cracking within the

matrix.

Thus, understanding and predicting the macroscopic material behavior requires the con-

sideration of smaller observation scales. A model that solely takes into account concrete

as a macro-homogeneous material will not be able to sufficiently describe and capture

all complex material phenomena; it only provides the prediction of a homogenized re-

sponse. Along with the increasing quantity of macroscopically observable phenomena,

the complexity of such empirical models increases. The phenomenological formulation

of constitutive models describing the overall material behavior is challenging and often

requires the implementation of a large number of input parameters. Mostly, the input

parameters do not rely on a physical meaning and need to be determined experimentally,

which might be a difficult and time-consuming task. Also, the material properties may

vary between the stages of production and application, rendering integrated measurements

prohibitive. [94]

On the contrary, in microscale models, which explicitly consider micro-heterogeneous

components, rather simple constitutive equations can be assigned to single material phases.

However, these models are too computationally expensive for the modeling of whole

structures.

Multiscale models combine features of several observation scales. Information of different

scales are used to provide the macroscopic material behavior considering structure-property

relationships. Macroscopic material properties are related to chemical and physical pro-

cesses at the scale of their origin [96]. Multiscale models also allow for the probabilistic

prediction of material properties because random heterogeneous and varying microstruc-

tures can be considered [94].

2.2.2 Multiscale modeling approaches

Two types of multiscale modeling approaches are commonly distinguished. The key

difference is the methodology for bridging the scales [97]. Within the first approach,

referred to as concurrent or integrated multiscale modeling, the structure is subdivided into

subdomains. These subdomains are local zones of particular interest such as connections

between concrete and the reinforcement or regions in which microcracks evolve. The
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local zones are modeled at a lower scale resolving the heterogeneous microstructure of the

material. Thus, the discretization must be adapted taking the internal material structure

into account, see Figure 2.6 (a). The nature of the bridging methodology is numerical [97].

The hierarchical or sequential multiscale modeling requires the definition of representative

volume elements (RVE) on the scales of interest. The structural response of the RVE at the

lower scale is transmitted to a higher scale. Constitutive equations on the macroscale are

derived using homogenization techniques, see Figure 2.6 (b). The material properties are

determined independently of the actual stress and deformation state in the structure [96].

(a) (b)

Macroscale

Exemplary
structure

MicrostructureMicroscale

Macroscale

M
ic
ro
sc
al
e

Homoge-
nization

Legend:

Figure 2.6: Approaches for the multiscale modeling of structures: concurrent (a) and

hierarchical (b) multiscale modeling, [own figure].

The development of homogenization techniques providing relations between microstructural

specifics and the effective macroscopic behavior is still a field of ongoing research [98].

For materials characterized by spatial fluctuations of physical quantities, homogenization

methods within the periodic media theory may be employed [99, 100]. The response of a

composite material, which incorporates randomly distributed heterogeneities, is commonly

determined within the context of the effective media theory [101]. Homogenization

is performed using mean-field methods, which are characterized by the application of

displacements (forces) in terms of strains (stresses) at the boundary of an RVE [96].

Two different approaches for the homogenization of composite materials are commonly

distinguished:

� Numerical techniques using the finite element method (FEM), the discrete element

method (DEM) and others, e.g. [102, 103, 104].

� Analytical techniques based on continuum micromechanics, which are derived from

the solution for ellipsoidal inclusions from Eshelby [105].
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The numerical methods require the generation of detailed microstructures, which renders

them computationally demanding. Within this thesis, semi-analytical multiscale methods

based on the principles of continuum micromechanics are applied due to their ease of use

and their low computational costs. These approaches have been applied successfully to

the prediction of macroscopic properties of conventional cement-based materials, such

as strength [106, 107, 108, 109, 110], elasticity [111, 112, 113, 114], and creep [95, 115,

116, 117, 118, 119, 120, 121]. Continuum micromechanics accounts for key features of the

individual constituents, i.e. for their elastic stiffness properties, their characteristic shapes,

their volume fractions, and the characteristic mode of their mutual interaction.

2.2.3 Multiscale modeling based on the principles of continuum

micromechanics

Multiscale modeling within the context of continuum micromechanics comprises three

elements, namely [111, 122]:

� Representation: Geometrical description of the heterogeneous material, including

the identification of material phases in the RVE and the morphology.

� Localization: Mechanical modeling of the interactions between the material phases

linking the local strain (or stress) fields within the RVE and the macroscopic quantities

of strain and stress.

� Homogenization: Volume averaging of the constitutive formulations defined on the

scales of interest over the RVE so that macroscopic properties are obtained.

2.2.3.1 Concept of representative volume elements

Theoretical fundamentals on micromechanics and the homogenization theory in linear

elasticity were reported in [105, 122, 123, 124, 125, 126]. In continuum micromechanics,

the concept of representative volume elements [127] is considered because the complex

microstructure of concrete cannot be resolved in every detail. Each RVE consists of

quasi-homogeneous subdomains referred to as material phases. This entails the validity

of the principle of scale separation. On the one hand, the structural dimensions and the

dimensions of external loading L should be significantly larger than the characteristic size

of the RVE l. On the other hand, the characteristic size of the RVE l is supposed to be

considerably larger than the characteristic dimensions of heterogeneities d within the RVE,

see Figure 2.7. It holds that L� l� d.
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Structure

L

RVE

l

d

Figure 2.7: Scale of separation principle: The size of the RVE l is considerably larger than

the dimensions of heterogeneities d, and also significantly smaller when compared with

the structure with dimension L that the RVE has built up, adapted from [113].

2.2.3.2 Micromechanical representation of cement-based materials

Continuum micromechanics provides a powerful framework for the homogenization of

cement-based materials, provided that their hierarchical organization is appropriately

considered. The quest for the most realistic representation of cement pastes dates back to

the early 2000s, see also [128] for a short overview about the most important models. The

first three types of models were developed for estimating the stiffness properties of cement

pastes as functions of the progressing hydration reaction.

� Bernard et al. [111] considered cement paste consisting of five spherical phases,

which are highly disordered: unhydrated clinker grains, capillary pores, C-S-H gel,

Portlandite crystals, and aluminate. The C-S-H gel is resolved at the next smaller

scale. This RVE exhibits a matrix-inclusion morphology with a matrix made of outer

low-density C-S-H gel and spherical inner high-density C-S-H gel.

� Constantinides and Ulm [112] improved the morphological representation by con-

sidering a matrix-inclusion composite at the scale of cement paste with a C-S-H

gel matrix, in which spherical inclusions of unhydrated cement particles, pores, and

Portlandite are embedded. At the next smaller scale of the C-S-H gel, they followed

the representation of Bernard et al.

� Sanahuja et al. [113] modeled cement paste as a matrix-inclusion composite with

an outer low-density C-S-H gel matrix. Therein, spherical composite inclusions

consisting of an unhydrated clinker core and inner high-density C-S-H are considered.

Sanahuja et al. improved the next smaller scale by introducing oblate solid C-S-

H particles in direct mutual interaction with gel and capillary pores. The newly

considered non-spherical shape of the C-S-H phases allowed for estimating the

percolation threshold, i.e. hydration degrees at which nonzero elastic stiffness evolves.
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The percolation threshold represents the hydration degree at which a connected

network of solid particles is formed.

For modeling the hydration-induced stiffness evolution and the uniaxial compressive

strength, the following two types of models were developed.

� Pichler et al. [106, 129] considered that the cement paste scale consists of highly

disordered spherical unhydrated clinker particles, spherical water and air pores,

and needle-shaped hydrates that are isotropically oriented in all spatial directions.

The needle shape was essential for successfully predicting the strength. The stress

concentration into a hydrate needle is more realistic for quantifying strength-related

stress peaks compared to the stress concentration into spherical hydrates.

� Pichler and Hellmich [107] considered that the unhydrated cement particles are

significantly larger than the capillary pores and the needle-shaped hydrates. Cement

paste is modeled as a matrix-inclusion composite with spherical clinker grains

embedded in a matrix referred to as “hydrate foam”. This matrix consists of spherical

capillary pores und hydrate gel needles, which are highly disordered and isotropically

orientied in all space directions, see Figure 2.8. The scale separation between the

hydrates and the pores on the on hand and the clinker grains on the other hand also

allowed to predict a stiffness evolution that starts with upward concavity.

For the sake of completeness, aggregate inclusions inside a cement paste matrix represent

mortar and concrete. Within this thesis, the particle size of the aggregates distinguishes

the scales of mortar and concrete. For aggregates with particle sizes smaller than 2 mm,

the RVE refers to mortar. In case of concrete, also larger aggregates are considered.

AirHydrate
needle

< 20 μm < 0.7 mm < 10 cm

Cement pasteHydrate foam Mortar (dmax < 2 mm)
Concrete (dmax > 2 mm)

AggregateCement paste
matrix

Water Clinker Hydrate foam
matrix

Figure 2.8: Micromechanical representation of cement-based materials, resolving three

scales of observation [107]. Two-dimensional sketches refer to three-dimensional RVEs.
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2.2.3.3 Influence of the shape of the hydrates on the elastic stiffness properties

The discussion about the shape of the hydration products was controversial.

Sanahuja et al. [113] modeled the hydrates as flat spheroids (oblates) with an aspect

ratio smaller than 1. The predictive capability of the model can be improved by adjusting

the aspect ratio of the hydrates [113]. In this context, the question was addressed of

how relevant the morphology of the hydrates for cement-based materials is [130]. It was

claimed that the particle shape affects the percolation threshold. On the contrary, it has

a less important influence on the mechanical properties, particularly at later hydration

stages [130]. However, Sanahuja et al. [131] replied and showed that the particle shape

can have a notable influence, in particular for modeling the setting of cement pastes.

Stora et al. [132] investigated the influence of the inclusion shapes on the linear elastic

properties of cement pastes. For the modeling of the inclusions, the authors introduced

a factor quantifying the asphericity of a particle. Accordingly, the hydration products

were modeled as spheroids, whose shapes are needle-like or disk-like, see Figure 2.9. The

appropriate modeling of the inclusion shape was found to be of particular importance for

explaining leaching processes in cement pastes.

Portlandite

Ettringite

Clinker

Prolate spheroid

Oblate spheroid

50 % Oblate spheroid

50 % Prolate spheroid

Figure 2.9: Approximation of realistic particle shapes in cement pastes by spheroids

according to [132].
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From ESEM investigations, it is known that the C-S-H phases exhibit a needle-shaped

form [133]. The C-S-H phases do not have a preferred growth direction; instead, they are

isotropically oriented. Therefore, Pichler et al. [106, 107, 129] and Termkhajornkit et al. [134]

modeled the hydrates as cylindrical inclusions with an infinite aspect ratio. Figure 2.10

illustrates the significant role of modeling the hydrates. By means of the micromechanical

model that Pichler et al. [106, 107, 129] proposed, the stiffness evolution in cement pastes

is shown under the consideration of hydrates as spherical and as needle-shaped inclusions.

Apparently, the modeling of spherical hydrates yields a smaller elastic stiffness of cement

pastes than the modeling of needle-shaped hydrates does. Also, the onset of the stiffness

evolution is remarkably different. The effect is more pronounced for low hydration degrees

because needle-shaped hydrates build up a connected network more effectively than solely

spherical hydrates. At higher hydration degrees, the differences between the curves for

different shapes of the hydrates diminish. This result indicates that the effect of the

morphological representation on the elasticity is less pronounced when the remaining space

for the ongoing growth of the hydrates becomes limited [135]. The higher the w/c-ratio,

the larger is the difference between the model response using needle-shaped and spherical

hydrates. This observation is related to the smaller volume fraction of solid particles with

increasing w/c-ratio.
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Figure 2.10: Stiffness evolution of cement pastes as a function of the degree of hydration

under drained (a) and sealed (b) conditions compared for three different w/c-ratios and

for two inclusion shapes of the hydrates, [own figure].

Furthermore, the model of Pichler et al. [106, 129] is able to capture two limit cases of

macroscopic poromechanical boundary conditions of the RVE. The first case refers to

drained conditions, which means that water can freely flow through the porous network.
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Significant pore pressures are not activated due to loading, which requires the modeling

of water as a phase with a vanishing elastic stiffness [136]. The second case refers to

sealed conditions, which means that water cannot leave the RVE, causing pore pressures

as a consequence of macroscopic loading. Then, water is introduced as a phase with

vanishing shear stiffness but a bulk modulus of 2.3 GPa [137]. The consideration of drained

conditions yields a slightly smaller stiffness than for sealed conditions. In the latter case,

the stiffness of water contributes to the overall stiffness of cement paste, whereas under

drained conditions water acts like air pores with a vanishing stiffness.

2.2.3.4 Field equations and boundary conditions

The underlying equations and boundary conditions required for multiscale modeling in the

framework of continuum micromechanics are described next. Within the RVE of volume Ω,

field equations of linear elasticity are considered. The generalized Hooke’s law reads as

σ(x) = C(x) : ε(x). (2.2)

The static equilibrium conditions disregarding volume forces are given as

divσ(x) = 0. (2.3)

Linear strain-displacement relations are considered as

ε(x) = 1
2

[
∇ξ +

(
∇ξ
)T ]

(2.4)

with σ second-order stress tensor

x location vector comprising positions within and on the boundary

of the RVE

C fourth-order elastic stiffness tensor

ε second-order strain tensor

ξ displacement vector

∇ξ gradient of displacement vector.

In continuum micromechanics, each scale is considered to be subjected to a macroscopic

strainE prescribed at the boundary ∂Ω of the RVE (Hashin-type boundary condition) [138].

The macroscopic strains are applied in terms of microscopic displacements ξ as

ξ(x) = E · x ∀x ∈ ∂Ω. (2.5)
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2.2.3.5 Homogenization of elasticity

The macroscopic strain tensor E is related to the kinematically admissible microscopic

strain ε(x) by means of a volume-averaging relation [122, 138, 139]

E = 1
Ω

∫
Ω
ε(x) dV =

∑
j

fjεj. (2.6)

The index j runs over all phases defined within the RVE. The volume fraction fj is equal

to the subvolume Ωj occupied by phase j, divided by the total RVE volume as fj = Ωj/Ω.

The tensor of average phase strains εj reads as

εj = 1
Ωj

∫
Ωj
ε(x) dV. (2.7)

Analogously, the spatial average of the microstresses σ(x) is equal to the macroscopic

stresses Σ defined as

Σ = 1
Ω

∫
Ω
σ(x) dV =

∑
j

fjσj. (2.8)

The second-order tensor of average phase stresses σj is defined in analogy to Eq. (2.7). Mi-

croscopic and macroscopic quantities are linearly linked due to the linearity of

Eqs. (2.2) – (2.4) and the geometric compatibility of the microscopic strain field with the

boundary condition. Accordingly, the linear strain concentration rule reads as [140]

ε(x) = A(x) : E. (2.9)

A denotes the fourth-order strain concentration tensor, which quantifies the concentration

of macrostrains into microstrains [141]. The strain concentration tensor provides access

to the stiffness homogenization, i.e. the upscaling of the local phase stiffness Cj to the

homogenized elasticity tensor of the RVE Chom. To this end, Eq. (2.9) is inserted into the

elastic constitutive law, Eq. (2.2), and the resulting formulation is further inserted into

the stress average rule, Eq. (2.8), deriving the following expression

Σ = 1
Ω

∫
Ω
C(x) : A(x) dV : E. (2.10)

Comparing Eq. (2.10) with the macroscopic elastic law

Σ = Chom : E (2.11)
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yields an expression for the homogenized elasticity tensor as [122]

Chom = 1
Ω

∫
Ω
C(x) : A(x) dV. (2.12)

Specification of Eq. (2.9) and the elastic constitutive law for phase j reads as

εj = Aj : E, (2.13)

σj = Cj : εj. (2.14)

By analogy to the aforementioned steps, Eq. (2.13) is inserted into Eq. (2.14). The

resulting expression is inserted into Eq. (2.6) and compared with Eq. (2.11), which yields

the formulation of the homogenized elasticity tensor of a micro-heterogeneous material

as [124]

Chom =
∑
j

fjCj : Aj. (2.15)

Microstructures of cementitious materials are commonly so complex that analytical access

to the strain concentration tensors is out of reach. Estimations for strain concentration

tensors were derived based on matrix inclusion problems of Eshelby [105] and Laws [142].

Accordingly, a single ellipsoidal inclusion having the phase stiffness Cj is embedded in an

infinite matrix of the stiffness C0 whose boundary is subjected to homogeneous strains,

see Figure 2.11. The strain localization tensors Aj are derived as [107]

Aj = [I + Pj : (Cj − C∞)]−1 :

∑
j

fj [I + Pj : (Cj − C∞)]−1


−1

. (2.16)

In Eq. (2.16), I denotes the fourth-order identity tensor with the components

Iijkl = 1
2 δik δjl + δil δkj. The Kronecker delta δij is 1 for i = j and 0, other-

wise. Pj is the fourth-order Hill tensor which depends on the shape of the inclusion

embedded in a matrix with stiffness C∞. The choice for C∞ characterizes the interactions

between the material phases inside the RVE.

Insertion of Eq. (2.16) into Eq. (2.15) delivers an estimate for the homogenized elasticity

tensor as

Chom =
∑
j

fjCj [I + Pj : (Cj − C∞)]−1 :

∑
j

fj [I + Pj : (Cj − C∞)]−1


−1

. (2.17)
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Ellipsoidal (3D) inclusion

Infinite boundary

Infinite (3D) matrix
stiffness C0

stiffness Cj

Homogeneous strains

Figure 2.11: Ellipsoidal inclusion embedded in an infinite matrix according to the Eshelby

problem, adapted from [141].

Depending on the morphology of the considered RVE, C∞ is chosen according to the

characteristic mode of interaction between the material phases. As for homogenization of

matrix-inclusion composites, see Figure 2.12 (a), C∞ is set equal to the stiffness of the

matrix of the composite. This results in the so-called Mori-Tanaka scheme [143, 144]. For

a RVE which exhibits a polycrystalline, highly disordered microstructure, i.e. the material

phases are equally dispersed, see Figure 2.12 (b), C∞ is set equal to the homogenized

stiffness of the composite Chom. This procedure results in the so-called self-consistent

scheme [123, 125], which requires the iterative computation of the homogenized stiffness.

(a) (b)

Figure 2.12: Types of microstructures in RVEs: matrix-inclusion-type morphology (a) and

polycrystalline morphology (b), [own figure].

2.2.3.6 Homogenization of isotropic elastic stiffness properties

Based on the micromechanical representation of cement-based materials, shown in

Figure 2.8, Pichler et al. [106, 107, 129] provided the formulations required for the upscaling

of the elastic stiffness tensor from the hydrate foam scale up to the scales of mortar and

concrete, respectively. On the scale of hydrate foam, the self-consistent scheme is employed,
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yielding the homogenized stiffness tensor for hydrate foam, Chom
hf , as follows

Chom
hf =

∑
j

fhfj Cj :
[
I + Phfsph :

(
Cj − Chom

hf

)]−1
+ fhfhydChyd

:
∫ 2π

0

∫ π

0

[
I + Phfcyl(ϕ, ϑ) :

(
Chyd − Chom

hf

)]−1 sinϑdϑdϕ

4π


:

∑
j

fhfj :
[
I + Phfsph :

(
Cj − Chom

hf

)]−1
+ fhfhyd

:
∫ 2π

0

∫ π

0

[
I + Phfcyl(ϕ, ϑ) :

(
Chyd − Chom

hf

)]−1 sinϑdϑdϕ

4π


−1

.

(2.18)

In Eq. (2.18), j comprises the phases air and water with the hydrate foam-related volume

fractions fhfj . For the computation of the latter, see Section 3.3.1. The Hill tensor Phfsph

takes into account the spherical shapes of the air and water inclusions. On the contrary,

the Hill tensor Phfcyl refers to the needle-shaped hydration products with the stiffness Chyd

and the spatial orientations described by the angles ϕ and ϑ. For computational details of

the Hill tensors as well as the numerical evaluation of Eq. (2.18), see [106, 129] and the

Appendix A.1.

The RVEs of cement paste, mortar, and concrete exhibit a matrix-inclusion-type morphol-

ogy, rendering the application of the Mori-Tanaka scheme appropriate [143, 144]. On the

scale of cement paste, C∞ is set to be equal to the homogenized stiffness of the hydrate

foam. Therefore, the homogenized stiffness of cement paste, Chom
cp , reads as

Chom
cp =

 (1− f cpclin)Chom
hf + f cpclinCclin :

[
I + Phfsph :

(
Cclin − Chom

hf

)]−1


:

 (1− f cpclin) I + f cpclin :
[
I + Phfsph :

(
Cclin − Chom

hf

)]−1

−1

,

(2.19)

with the cement paste-related volume fractions of clinker f cpclin and of the hydrate foam

matrix (1− f cpclin), see Section 3.3.1. For deriving the homogenized stiffness tensors of

mortar, Chom
mortar, and concrete, Chom

concrete, C∞ is set equal to the homogenized stiffness of

cement paste, which reveals the following expressions

Chom
mortar =

{(
1− fmortarsan

)
Chom
cp + fmortarsan Csan :

[
I + Pcpsph :

(
Csan − Chom

cp

)]−1
}

:{(
1− fmortarsan

)
I + fmortarsan :

[
I + Pcpsph :

(
Csan − Chom

cp

)]−1
}−1

,
(2.20)
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Chom
concrete =

{(
1− f concreteagg

)
Chom
cp + f concreteagg Cagg :

[
I + Pcpsph :

(
Cagg − Chom

cp

)]−1
}

:{(
1− f concreteagg

)
I + f concreteagg :

[
I + Pcpsph :

(
Cagg − Chom

cp

)]−1
}−1

.
(2.21)

fmortarsan denotes the volume fraction of sand at the mortar scale. Correspondingly, f concreteagg

is the volume fraction of the aggregates on the scale of concrete.

2.2.4 Experimental calibration and validation

The fundament for successful multiscale modeling is the interaction between theoretical and

experimental investigations. Two types of experimental studies need to be performed in

the context of multiscale modeling: calibration and validation experiments, see Figure 2.13.

For the characterization of the material phases, particularly for their elastic properties

and their morphology, experimental microscale investigations are required. Techniques

such as microscopy or nanoindentation are commonly employed. Additionally, validation

experiments need to be performed to evaluate the homogenization approach across the

scales. Such experiments may be mechanical testing methods.

In exceptional cases, experimental techniques are not feasible or inadequate so that the

identification of required (input) parameters fails. Then, the properties of the material

phases can be identified by means of validation experiments via inverse analysis. A

top-down approach is applied instead of bottom-up modeling, see e.g. [120, 145]. That

means, a finer-scale model is iteratively adapted aimed at the correct representation of

macroscopic test data.
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Figure 2.13: Experiments required in the context of multiscale modeling, adapted from [116].

Since the beginning of the 20th century, the indentation method has been used to measure

mechanical properties of materials. By way of example, Brinell and Rockwell [146] employed

metal balls as indenters. During the past few decades, advances in experimental microme-

chanics extended the scope of indentation testing down to the nanometer range [147].
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Nanoindentation turned out to be a powerful and reliable experimental technique for the

determination of mechanical properties such as elastic modulus, hardness, and viscous

parameters within the nano- and micrometer range. The quantities are obtained from

information about the loading, introduced via a small tip that is pushed into a sample, and

the corresponding response of the tip in terms of the penetration depth, see Figure 2.14.
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Figure 2.14: Principle of nanoindentation testing (a) and exemplary corresponding force–

penetration diagram (b) according to [148].

Since 2001, several efforts have been directed towards characterizing the intrinsic elastic

properties of the cement constituents. Velez et al. [149] determined the elastic modulus

and hardness of the clinker phases in Portland cement. It was found that the elastic moduli

of C3S, C2S, C3A, and C4AF are in the range between 125 and 145 GPa. Furthermore,

statistical methods to evaluate a large number of indentations have been applied [150, 151].

Indents are performed over a large area of the sample to capture the heterogeneity of

the material, see Figure 2.15 (a). Information about the mechanical properties and

the volume fractions of the phases are obtained by means of property histograms and

deconvolution techniques [112, 150, 151, 152], see Figure 2.15 (b). The concept of statistical

grid nanoindentation has been refined and applied to hydrated cement pastes successfully,

e.g. [153, 154].

In several studies, the existence of two types of C-S-H phases, often referred to as low-density

C-S-H and high-density C-S-H, exhibiting different elastic properties has been observed

due to the bimodal response in the frequency plots of the elastic modulus [112, 155, 136]. A

third phase, the so-called ultra-high density (UHD) phase, exists, with an elastic modulus

larger than the other two C-S-H phases [153, 156]. The UHD phase was observed for
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cement pastes with water-to-cement ratios lower than 0.40. However, Chen et al. [157]

recognized that the UHD phase is rather a mix of Portlandite and C-S-H phases, referred

to as C-S-H/CH nanocomposites.

Legend:

Indent

Material
phase

(a)

Mechanical property

F
re
qu
en
cy
of
oc
cu
re
nc
e

Phase 3

Phase 2

Phase 1

(b)

Figure 2.15: Statistical nanoindentation (a) and corresponding data evaluation using the

deconvolution technique (b) according to [148].

The accuracy of the nanoindentation results significantly depends on the surface rough-

ness of the cement paste specimens as well as on the size of the individual homogeneous

phases [158, 159]. For a high surface roughness, an increased scatter and reduced indenta-

tion moduli have been reported [160, 161]. According to Trtik et al. [158], the homogeneous

domains of the single phases should be at least three times larger than the size of the

nanoindentation interaction volume; otherwise, the measured responses correspond to

the average moduli of different phases. Miller et al. [159] suggest a surface roughness

criterion of hmax ≥ 5Rq, where hmax denotes the maximum penetration depth and Rq the

root-mean-squared (RMS) roughness.

Recent activities aimed at coupling the mechanical nanoindentation tests with chemical

measurements to obtain improved information on the phase identity, e.g. [157, 162, 163].

By way of example, scanning electron microscope/energy dispersive X-ray spectra (SEM-

EDS) were combined with grid nanoindentation. One further important capability of

nanoindentation testing is the measurement of basic creep properties. It was observed that

the logarithmic kinetics of the long-term creep of concrete can be quantitatively estimated

based on minutes-long microindentations on cement paste [164, 165, 166].

Hitherto, the focus has been mainly on Portland cement pastes. However, admixtures may

significantly influence the (micromechanical) properties of cement-based materials, rquiring

nanoindentation tests on blended and modified cements. The technique was applied
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to alkali-activated cementitious materials [167, 168] as well as to blended cement pastes

containing fly ash [169, 170], slag [169, 171], and silica fume [170, 172]. The nanoindentation

investigations revealed morphological changes of the hydration products and significant

influences of the additives on the micromechanical properties of the cementitious phases.

A comprehensive study of the micromechanical properties of polymer-modified cement

pastes is missing, although a few attempts can be found. Wang et al. [173] investigated

SBR-modified cement pastes with varying polymer-to-cement ratios within the range of

0 % to 20 %. They determined the mean indentation modulus, i.e. the average value of

225 indents per sample, of the cement pastes as a function of the polymer content in order

to identify the finer-scale origin of the macroscopic properties. It was observed that the

average indentation modulus of the cement pastes decreases with increasing p/c-ratio.

Nanoindentation has also employed to characterize the viscoelastic properties of polymers,

see e.g. [174, 175, 176, 177, 178]. For polymers having a large modulus (≈ 1 GPa), a

good agreement between results from dynamic nanoindentation and standard dynamical

mechanical analyses was found [176, 177], although a perfect match between macroscopic

techniques and nanoindentation testing cannot be expected [174]. Reasons for that are

differences in the stress and strain levels, the probed volume, and modes of deformation

during the testing. Odegard et al. [176] presented a study on the influences of test

parameters on the measured quantities and revealed that varying the frequency of the

oscillation in nanoindentation testing does not have a significant effect on the measured

viscoelastic properties of the polymers. In contrast, it was found that the amplitude may

significantly influence the storage and loss moduli.

2.3 Creep behavior of cement-based materials

2.3.1 Long-term deformations in cement-based materials

Cement-based materials exhibit several deformations due to their aging and hygroscopic

nature, see Figure 2.16. Three types of deformations are commonly distinguished: the

instantaneous elastic response upon loading, shrinkage, and creep. Shrinkage is the volume

change of concrete without external mechanical loading and comprises two categories,

autogenous and drying shrinkage. There are many influences governing the shrinkage

behavior of concrete such as the w/c-ratio, the type of aggregates and the shape of the

structure. This renders the prediction of shrinkage strains difficult. Several prediction

models were proposed, e.g. [179, 180, 181, 182, 183]. Still, huge discrepancies between the

model predictions and experimental shrinkage measurements are reported [184].
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2.3.2 Definition and origin of creep in cement-based materials

Viscous materials are characterized by an increase of deformations during constant loading,

commonly referred to as creep, and a decrease of stress during constant deformation, the

so-called relaxation. Also concrete exhibits creep and relaxation. In the past, concrete

creep phenomena caused severe damage, for example at the Koror-Babeldaob Bridge in

Palau [185]. Creep effects on reinforced concrete structures are rather complex. Often,

a reduced stiffness of concrete is registered, which causes larger displacements and crack

widths. For slender structures, creep has major influences on the load-bearing capacity.

The time-dependent creep deformations cause a redistribution of stress within the cross-

section, which decreases the compressive stress in concrete and increases the stresses

in steel bars [91]. On the contrary, creep deformations may also reduce undesirable

stresses [186, 187]. It has also been widely reported that creep deformations cause a loss

of prestress [188]. Therefore, besides the short-term mechanical properties such as the

compressive strength and the elastic modulus, the long-term time-dependent deformations

of concrete should be evaluated and considered during the design process.
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Figure 2.16: Time-dependent deformations in concrete according to [189].

Commonly, two different parts of occurring creep strains are distinguished: basic and

drying creep. The basic creep occurs under conditions where moisture movement to or

from the environment is prohibited. Drying creep, also known as Pickett-effect, is the

additional creep deformation that concrete undergoes when it is exposed to drying during

sustained loading [190]. Another categorization classifies the creep with respect to the

load level into linear and nonlinear creep. Within the linear creep, the creep deformations

and the applied stress are proportional. This is valid for stresses up to 25 % . . . 40 % of the

concrete compressive strength [191]. Beyond this range, the creep deformations increase

overlinearly with increasing stress due to the growth of microcracks (nonlinear creep).
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Until recently, numerous theories have been developed to explain the physical origins

of creep in concrete. Therein, it was suggested that the creep of concrete stems from

crystalline flow, just as in metals [192], or that creep is caused by the loss of physically

adsorbed water from the C-S-H gel into capillary pores [193]. Other theories such as the

solidification theory [194] and the microprestress-solidification theory [190] are capable to

explain the aging behavior of creep as well as the role of water. Still, the creep of concrete

is a field of ongoing research [195]. Reasons for this are manifold: (i) Creep is observed

on different length scales bridging phenomena inside the hydration products up to the

concrete scale. (ii) The creep phenomenon in cement-based materials is coupled with the

hydration process, which lasts months to years. Thus, the creep properties are dependent

on the maturity of the material. (iii) Several factors determine the creep of concrete,

rendering the experimental determination difficult. The material age, water and cement

content, curing and storage conditions, types and amount of aggregates, temperature,

concrete strength, and humidity influence the creep.

However, nowadays, it is accepted that the delayed deformations under time-invariant

stresses stem from the hydrates; most aggregates and the unhydrated clinker particles do not

exhibit creep [194, 196]. Thus, creep is almost completely related to the cementitious matrix.

The aging (time-variant) creep properties of cement-based materials are related to the

continuous formation of larger amounts of hydration products as a consequence of ongoing

hydration. The hydrates exhibit nonaging (time-invariant) creep properties [118, 120].

2.3.3 Short-term creep testing

The creep of concrete has already been the focus of research for more than 100 years

[197, 198]. The duration of classical creep tests on concretes as summarized in the database

of laboratory creep and shrinkage experiments by Baẑant and Li [199] typically ranges

from several days to even years. One limitation of such long-term creep testing is that

the creep response of the material might be influenced by environmental parameters, such

as the humidity and the temperature, which may vary during the tests. Furthermore,

long-lasting creep tests entail that the hydration and the creep response of the material

are closely coupled. That means, such “aging” creep tests refer to material microstructures

that undergo changes during the loading.

For practical civil engineering, the material behavior at early ages is of high relevance.

The cracking in concrete, which represents a decisive control parameter for the design of

structures, is considerably dependent on the age of the material [200, 201]. The effects

of loading on young concrete are also significant for estimating the deformations that

particularly occur in high-rise buildings and bridge towers [202]. Rather recently, short-
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term early-age creep testing protocols were developed [203, 204, 205, 206, 207, 208]. They

include regularly-repeated sequences of loading and unloading steps with a duration of

a few minutes only, so that the hydration reaction does not progress significantly within

one single test. Therefore, such short-term creep testing regimes provide insight into the

hydration-induced evolutions of the elastic stiffness and the non-aging creep properties

of cement-based materials. It was also elaborated that creep strains do not only develop

during constant loads; instead, time-dependent deformations occur already during the

loading process [207, 208]. This observation extends traditional definitions of concrete

creep, which rather consider creep deformations starting at the onset of the loading plateau,

e.g. [209, 210]

2.3.4 Fundamental formulations of creep

Within the range of linear creep, the creep strains of concrete εc,creep(t, τ) can be described

by means of the dimensionless creep coefficient ϕc. The creep coefficient is popular in

design codes for quantifying creep deformations and links the elastic and creep strains as

εc,creep(t, τ) = ϕc(t, τ) · εc,elastic(τ) (2.22)

with εc,creep creep strain

t time instant of observation (age of concrete)

τ time instant of loading

εc,elastic elastic strain.

Accordingly, the creep displacement depends on the time at which it is determined and

the time at which the stress is applied. The reference elastic strain εc,elastic can either be

determined at a concrete age of 28 days, as it is defined in Eurocode 2 [211], or more

commonly at the time instant of loading τ . The latter definition is considered in the sequel,

reading as

εc,elastic(τ) = σc(τ)
E(τ) (2.23)

with σc applied constant stress

E(τ) elastic modulus at time τ .

The load-dependent total strain εc is obtained as the sum of the elastic and the creep

deformations and reads as

εc(t, τ) = εc,elastic(τ) + εc,creep(t, τ) = σc(τ)
[

1
E(τ) + ϕc(t, τ)

E(τ)

]
. (2.24)
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Eq. (2.24) provides access to the creep compliance C(t, τ) and the creep compliance

function J(t, τ) as follows

εc(t, τ) = σc(τ)
[

1
E(τ) + C(t, τ)

]
= σc(τ)J(t, τ). (2.25)

In the case of nonlinear creep, the creep coefficient ϕc is also dependent on the con-

crete stress so that the variables ϕc(t, τ), C(t, τ), and J(t, τ) should be replaced with

ϕc(σc, t, τ), C(σc, t, τ), and J(σc, t, τ), respectively [212].

Relaxation is a conjugate property of the creep phenomenon. Equivalent to the creep

coefficient ϕc, the dimensionless relaxation coefficient ψc describes the time-dependent

decrease of stresses ∆σc(t, τ) under constant deformation:

∆σc(t, τ) = ψc(t, τ) · σc(τ). (2.26)

Between the creep coefficient and the relaxation coefficient, the following relation holds.

ψc(t, τ) = ϕc(t, τ)
1 + ρc · ϕc(t, τ) . (2.27)

ρc is the aging coefficient taking into account the influence of aging concrete on the creep.

The previous equations hold for creep under constant stress and relaxation under constant

deformation. However, commonly time-variant stresses occur in reinforced and prestressed

concrete stemming from the bond between concrete and steel. This requires the modification

and extension of the creep formulations by integral or differential equations to consider

variable stresses and displacements.

Within the range of linear creep, the superposition principle of Boltzmann [213] for linear

viscous-elastic materials can be applied. The explicit loading history, including different

loading durations and onsets, is taken into account. The stress history is divided into

n stress increments ∆σc (Figure 2.17 (a)), providing access to the total displacement at

time t:

εc(t, τ) = σc(τ)J(t, τ) +
n∑
i=1

∆σc(τi)J(t, τi). (2.28)

For a continuous and differentiable stress history, Eq. (2.28) turns into

εc(t, τ) = σc(τ)J(t, τ) +
∫ τ

t

∂σc(τ)
∂τ

J(t, τ) dτ. (2.29)
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Partial integration of Eq. (2.29) delivers

εc(t, τ) = σc(τ)
Ec(τ) −

∫ τ

t
σc(τ)∂J(t, τ)

∂τ
dτ. (2.30)

Eq. (2.30) can also be obtained by dividing the time-dependent stress history into vertical

intervals (impulse-type stress) and superposing the resulting strain changes. The stresses

are discretized into stress impulses, see Figure 2.17 (b). Both formulations are equivalent.

Time

S
tr
es
s

(a)

Time

S
tr
es
s

(b)

Figure 2.17: Discretization of the stress history into stress increments (a) and into stress

impulses (b).

In the context of determining the long-term deformations at varying stresses, several

definitions of the creep compliance C(t, τ) and the creep compliance function J(t, τ) exist,

such as the theory of elastic creep, the theory of aging, and the theory of delayed creep

recovery. For a detailed description of the theories, the reader is referred to [212].

The formulations mentioned above are only applicable for linear creep, where the stresses

and the creep strains are proportional. If the stresses exceed a threshold of approximately

40 % of the short-term compressive strength of concrete, microcracks are formed increasingly

and the creep strains increase overlinearly with the stresses. The nonlinear creep should

not be neglected; otherwise, the creep deformation might be considerably underestimated.

The assessment of the nonlinear creep has been the focus of research during the past few

years. Diener [212] summarized the approaches for considering the nonlinearity of creep

during large stresses as follows, see [91, 212] for more details.

� Developing nonlinear spring–damper–models, which are formulated in terms of

nonlinear differential equations.
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� Assuming proportionality between creep deformations and short-term deformations

considering inelastic deformations; the linear creep coefficient is coupled with strains

of the nonlinear stress-strain relation of concrete subjected to short-term loading.

� Splitting the creep function into a linear (stress-independent) and a nonlinear (stress-

dependent) part.

� Increasing the linear creep coefficient with an empirically determined over-proportiona-

lity factor.

2.3.5 Multiscale prediction models for creep

Several phenomenological models predicting the creep compliance have been developed,

e.g. [179, 181, 182]. Besides, the microscopic origin of shrinkage and creep in concrete

motivated also the development of multiscale approaches. Hua et al. [214, 215] proposed

the first approaches taking the macroscopic and the microscopic scales separately into

account. Havlásek and Jirásek [216] performed numerical multiscale simulations. By means

of finite element simulations at the mesoscale of concrete, sources for the nonlinear behavior

of the drying shrinkage were investigated. Honorio et al. [217] combined analytical and

numerical multiscale approaches to predict the aging viscoelastic behavior of cement-based

materials at early age.

Within the framework of continuum micromechanics, several approaches to predict the ce-

mentitious creep properties have been developed. One common approach follows Laws and

McLaughlin [218]. The homogenized material properties across the scales of cement-based

materials are obtained based on the viscoelastic correspondence principle. Accordingly, the

viscoelastic constitutive laws from the time domain are transferred to the Laplace-Carson

(LC) domain, which yields mathematical formulations that are identical to the elastic

equations used in the time domain. This allows the application of the same mathematical

procedure for the homogenization of the LC-transformed viscoelastic properties as for the

homogenization of elastic properties. The material properties in the time domain are ob-

tained via analytical or numerical back-transformation of the LC-transformed homogenized

material properties.

However, one cannot apply the Laplace-Carson transform in case of local aging linear

viscoelastic behavior, where time is considered in both morphological evolutions and the

mechanical behavior of the material phases [119]. Commonly, it is then assumed that

the microstructure does not evolve anymore once it is subjected to macroscopic loading,

e.g. [219, 220], which restricts this approach to fully hydrated concrete. Furthermore,

innovative homogenization methods operate in the time domain and therefore avoid the
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back-transformation of the Laplace-Carson transform. Several techniques to upscale non-

aging linear viscoelastic behavior were derived [221, 222] and extended towards aging

linear viscoelasticity [119, 223, 224]. Another approach has been proposed by Scheiner and

Hellmich [118]. Accordingly, non-aging linear viscoelastic material phases are homogenized

considering volume fractions that evolve with the time.

Shahidi et al. [95, 115] applied a continuum micromechanics-based approach to justify

viscous surfaces as a source of material creep. Matrix-interface composites, including a

linear elastic solid matrix and parallel viscous interfaces, were proposed. It was found out

that the creep behavior of such composites is a result of micro-sliding processes within

adsorbed fluid layers that fill the interfaces [115]. The fluids may be lubricating thin layers

of adsorbed water. As regards cement-based materials, creep was related to the nanoscale

of cement hydrates [225], see Figure 2.18.
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interface
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Figure 2.18: Morphological representation of concrete illustrating the microstructure of

the hydrates as isotropically oriented matrix-interface composites according to [225].

The viscoelastic behavior of the hydrates can also be identified by means of a top-down

approach using experimental data obtained at the cement paste scale. Königsberger et

al. [120] identified two creep constants of the hydrate needles by means of a top-down

analysis considering more than 500 non-aging creep functions of cement paste [207]. In

particular, the cement paste microstructure was resolved down to the scale of hydrate foam.

The universal, i.e. age- und composition-independent, creep properties of the hydrates,

were shown to be the origin of the age- and composition-dependent macroscopic material

behavior of cement-based materials. The significance of the newly identified quantities was

illustrated by comparing model-predicted creep functions with results from independent

creep tests of Tamtsia and Beaudoin [226], who performed 30-days-long creep tests on

30-years-old Portland cement pastes.
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Irfan-ul-Hassan et al. [227] extended the homogenization of creep properties up to the

scales of mortar and concrete. The computations revealed that two internal effects need to

be integrated, namely the initial water uptake through the water-absorbing aggregates

and the subsequent backsuction of this water from the aggregates to the hydrating cement

paste. An improved hydration model based on that of Powers was developed, introducing

two new quantities: the water uptake capacity of the aggregates and the water-filling

extent of the cement paste voids. The water uptake capacity reveals how much water (in

gram per kilogram) is taken up by the aggregates during mixing the raw materials. The

water-filling extent implies the extent to which the shrinkage-induced voids of the cement

pastes are filled by water that is sucked back from the open porosity of the aggregates.

The newly computed volume fractions were used for upscaling the cement paste creep

behavior up to the levels of mortar and concrete.
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2.4 Summary and scientific questions

Polymer-modified cement mortars and concretes have been mainly used in the repair

and restoration. With the increasing application of PCC in construction, methods to

estimate their mechanical behavior are required. One further aspect is that there is a

large variability of polymers used to modify mortars and concretes. The experimental

investigation of different combinations of cementitious systems and the polymers with

varying technical additives and polymer contents is time-consuming. In order to provide a

more general description of the influence of polymers in cement-based materials and to

establish guidelines for the practical application in constructions, the reliable computer-

based prediction of the elastic and creep behavior of polymer-modified mortars and concrete

is necessary.

The basis for the development of prediction models is the knowledge about the hydration

kinetics and the microstructure formation in polymer-modified cement-based materials.

Both aspects have already been investigated intensively. In the literature, it was found out

that the polymers slow down the hydration process. Reasons for the delayed hydration

reaction are the adsorption of polymer layers on hydrating clinker particles and the

complexation of calcium ions via functional groups of the polymers.

The properties of fresh and hardened PCC have been another field of research. Experimental

tests revealed a lower elastic stiffness and a more pronounced creep activity in comparison

with conventional concretes. However, the experiments have mainly been performed with

mature materials. Much less is known about the mechanical behavior of polymer-modified

cement-based materials at early ages. The properties of young concrete change continuously

due to the ongoing hydration. In laboratories, the experimental determination of the

strength and the Young’s modulus is commonly performed with unstressed specimens. On

the contrary, the concrete is often subjected to continuous preloadings since very early

ages in constructions. Thus, the assessment of possible influences of such loadings on

the material properties of young concrete is of importance for the precise prediction of

the stress and strain development inside the hardening material as well as for further

consequences such as the formation of cracks. The early-age elastic and creep behavior

of polymer-modified cement-based materials is one focus of this work. Experimental and

modeling approaches are pursued.

A few approaches have already been proposed to predict mechanical quantities that

polymer-modified cement-based materials exhibit. However, the models are empirical and

require the experimental identification of input parameters. Furthermore, the models have

in most cases been developed for only one specific mixture of a PCC. Every other mixture
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design requires another calibration of the model using experimental data. The general

applicability of the prediction models to PCC containing different polymer modifications has

not been proven yet. The empirical models do not consider microstructural characteristics

of the material. Particularly for polymer-modified cement-based materials, where the

polymers are effective at the microscale, this is unfavorable. Multiscale models overcome

this limitation since they relate macroscopic material properties to chemical and physical

processes at their scale of origin.

Multiscale models based on the principles of continuum micromechanics are able to predict

mechanical properties of conventional concretes such as elasticity, strength, and creep.

These models are also promising to be applied for polymer-modified cement-based materials.

Still, the correct transferability of such models to PCC requires research. It has to be

answered on which scale and with which inclusion shape the polymers need to be introduced

into the micromechanical model. It is also of interest if the extended multiscale model is

able to reliably predict mechanical quantities of PCC with differing polymer modifications.

The extension of existing multiscale models in the context of continuum micromechanics

to include polymer-modified cement-based materials requires additional experimental

investigations. On the one hand, the micromechanical properties of the polymers are

essential input parameters for the model. On the other hand, validation experiments are

needed to evaluate the homogenization procedure across the scales. The multiscale model

developed within this thesis aims at predicting the mechanical properties on the scales of

cement paste, mortar, and concrete. Thus, experimental data at each observation scale

are demanded. Experimental results that allow the comparison of mechanical properties

between several scales are not sufficiently given in the literature. For this purpose, an

experimental multiscale study is performed with polymer-modified cement pastes, mortars,

and concretes having a comparable mixture design. Different polymer modifications are used

to show that the application of the multiscale model is not restricted to one specific PCC.

The macroscopic mechanical properties are compared with the micromechanical properties

of polymer-modified cement pastes, which also have not been thoroughly investigated

yet. This allows the accentuation of structure-property relationships of polymer-modified

cement-based materials.

The input parameters for the multiscale model need to be determined experimentally.

Experimental data exhibit a stochastic scatter stemming from variations in the measure-

ments and the material resources. This motivates the extension of common deterministic

multiscale approaches via probabilistic analyses, which is one further focus of this thesis.
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multiscale models

The evaluation of models in the field of structural engineering has gained much attention

during the past few years. A lot of research on this topic has been performed within

the framework of the Training Research Group “Evaluation of Coupled Numerical and

Experimental Partial Models in Structural Engineering”. Generic methods aimed at

the quantitative evaluation of models considering different aspects of uncertainty within

models and input parameters as well as coupling effects between partial models have been

developed (see e.g. [228, 229, 230, 231, 232]). The proposed assessment methodologies

have been applied to models in various fields of structural engineering, e.g. in wind

engineering [233, 234] and in geotechnics [235]. Also, experimental models [236] and

concrete material models [91, 237, 238] have been investigated. The evaluation of the

model performance, i.e. the assessment of how closely a model describes the actual behavior,

is not only a matter of comparing the model response and empirical data [239]. Rather, it

is necessary to identify and evaluate the uncertainties inherent in the modeling process

and to further incorporate them in the simulation and design process [240].

In Section 3.1, basics of probabilistic analyses are explained. Section 3.2 presents a review

of uncertainty and sensitivity analyses applied to material models. In Section 3.3, a

multiscale model for cement-based materials is evaluated using the probabilistic methods.

3.1 Fundamentals of probabilistic evaluation analyses

3.1.1 Introduction

There are several reasons to evaluate models by means of probabilistic analyses. One

important factor is the heterogeneity of materials. Irregularities concerning the resources as

well as the randomness of the microstructure can be taken into account using these methods.

Additionally, uncertainties exhibited by the model input parameters and the model itself
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can be studied. In this context, evaluation methods based on sensitivity and uncertainty

analyses have been widely accepted because they are generic in their applications. The

approaches are employed to study the effects of uncertain input parameters on the model

response, to investigate the uncertainty propagation through a model, and to rank input

parameters according to their contributions to the uncertainty of the model.

The evaluation of models with probabilistic analyses requires four consecutive steps, which

are shown in Figure 3.1 and explained in the following.

1. For every input parameter xi with i = 1, . . . , k of a model M, the probability

distributions, including all stochastic parameters, are defined to characterize the

uncertainties inherent in the input parameters. The probability distributions have

to be chosen carefully since the selection may introduce bias to the results of the

evaluation analysis.

2. Input parameter samples X = X1, X2, . . . , Xk are generated using the predefined dis-

tributions and probabilistic parameters. A matrix X comprising k input parameters

and N sample sets is obtained as

X =



x11 x12 . . . x1k

x21 x12 . . . x2k
...

...
. . .

...

xN1 xN2 . . . xNk


3. For each sample set, the model is evaluated. The model response Y is produced as

follows: Y =M(X1, X2, . . . , Xk).

4. Probabilistic analyses of the model response are performed. Sensitivity and un-

certainty analyses are carried out to study the influences of the uncertain input

parameters on the model output.

Determination of the
distributions and
parameters for all xi

Model evaluation
for each input
parameter set

Analysis of Y
with sensitivity and
uncertainty measures

Random sampling
of X

Figure 3.1: Workflow of the probabilistic model evaluation.
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3.1.2 Sampling techniques

Sampling techniques aimed at the generation of large numbers of input parameter sets

are fundamental for probabilistic analyses. A large amount of samples is required to

represent the engineering problems with sufficient accuracy. The necessary number of

samples depends on the parameter space; with increasing number of input parameters,

more samples are demanded. The model behavior also plays an important role, particularly

whether it behaves linearly or not with respect to the input parameters. Nonlinear models

commonly require a larger amount of samples.

There is a variety of sampling techniques. The simple and robust Monte Carlo Simulation

(MCS) is used frequently to perform probabilistic analyses. The MCS assumes a uniform

distribution of the parameters, having lower and upper bounds given. The input parameters

are sampled independently with their attributed probability density functions (PDF). One

drawback of this method is that a large number of samples is required to ensure unbiased

results. Otherwise, clusters and gaps might occur when only a low number of parameter

sets is sampled, see Figure 3.2. Depending on the complexity of the respective model, the

probabilistic analyses might become time-consuming.

In the present study, Latin Hypercube Sampling (LHS) is used. With this technique,

less sample sets need to be generated to ensure sufficient accuracy of the approximated

stochastic properties. The underlying idea is the subdivision of the parameter space into

N intervals with equal marginal probabilities [241]. Each subdivision is only used once

over all samples. LHS is independent of the dimension of the parameter space.
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Figure 3.2: Comparison of a parameter set (N = 10) sampled by means of the Monte Carlo

Simulation (MCS) and the Latin Hypercube Sampling (LHS).
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3.1.3 Sensitivity analysis

Sensitivity analysis is the study of how the (uncertain) input parameters influence the

model output qualitatively and quantitatively. It is investigated how the uncertainty

in the model response can be traced back to the uncertainties inherent in the model

input parameters [242]. The main objective of performing a sensitivity analysis is the

identification of key contributors with respect to the variance of the model output. Changes

in the model output resulting from changes in the model input parameters are quantified.

Insignificant input parameters can be considered as fixed in subsequent analyses, which

simplifies the model evaluation process. In contrast, the precise determination of input

parameters which substantially influence the model output may reduce the uncertainty of

the model response and increase the model accuracy eventually.

There are several approaches for sensitivity analyses, such as local methods using partial

derivatives, scatter plots, and global sensitivity analyses. For a review on these methods,

the reader is referred to [243]. Local sensitivity analyses focus on the local influence of

input parameters on the model response. The model is run for a few times with different

parameter combinations varying one parameter at a time. In contrast, global sensitivity

analyses consider the simultaneous variation of all stochastic input parameters.

Among the global approaches, variance-based sensitivity analyses have gained much

attention. These methods are based on the decomposition of the variance of the model

output as a sum of contributions from single and combinations of input parameters [244].

In the present study, the variance-based global sensitivity analysis of Sobol [245] and

Homma and Saltelli [242], who introduced the total order sensitivity indices, is employed.

The main idea of the variance-based methods is to quantify the variance that would

vanish if the true value of the input parameter Xi is known [246]. However, in structural

engineering the exact value of Xi is mostly unknown. This can be represented by the

conditional variance of the scalar model output Y fixing Xi at a certain value, V (Y | Xi),
and by varying over all parameters except Xi. The direct measure of the sensitivity for a

factor Xi, the first order sensitivity index Si, is defined as [245, 247]

Si = VXi (EX∼i(Y | Xi))
V (Y ) = 1− EXi (VX∼i(Y | Xi))

V (Y ) ,
k∑
i=1

Si ≤ 1 (3.1)

with VXi unconditional variance of argument (·) over Xi

X∼i matrix of all factors but Xi

EX∼i mean of argument (·) over all factors but Xi.
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VXi (EX∼i(Y | Xi)) is called the variance of conditional expectation and measures the first

order effect of Xi. The larger the sensitivity index Si, the larger is the influence of the input

parameter Xi on the uncertainty of the model response. The sum over all Si indicates the

degree of correlation between the input parameters. For a sum that amounts to 1, the

input parameters are uncorrelated. Then, the model is supposed to be non-additive.

The first order sensitivity indices measure the first order effects of Xi on the model response,

i.e. the influence of every single variable in a decoupled sense. In order to take into account

interaction effects of Xi with all other parameters X∼i, higher order terms are introduced,

referred to as total order sensitivity indices STi [248] as

STi = EX∼i(VXi(Y | X∼i))
V (Y ) = 1− VX∼i (EXi(Y | X∼i))

V (Y ) ,
k∑
i=1

STi ≥ 1. (3.2)

V (Y | X∼i) describes the variance of the conditioned model response Y over all parameters

except Xi. EXi(Y | X∼i) is the average of the variances over the Xi.

For the computation of the full sets of the first and total order sensitivity indices, a

more economical implementation based on a matrix combination approach was proposed

by Saltelli [242, 249]. Accordingly, the sensitivity indices are estimated as correlation

coefficients, which requires the following steps:

� For k probabilistic input parameter, two matrices are generated, including N sample

sets. The matrices XA and XB are called base matrices.

XA =



x11
A x12

A . . . x1i
A . . . x1k

A

x21
A x22

A . . . x2i
A . . . x2k

A

...
...

. . .
...

. . .
...

xN1
A xN2

A . . . xNiA . . . xNkA



XB =



x11
B x12

B . . . x1i
B . . . x1k

B

x21
B x22

B . . . x2i
B . . . x2k

B

...
...

. . .
...

. . .
...

xN1
B xN2

B . . . xNiB . . . xNkB


� A matrix XC is built from the base matrices such that all columns are kept from

XA except the i-th column, which is retrieved from XB as follows
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XCi =



x11
A x12

A . . . x1i
B . . . x1k

A

x21
A x22

A . . . x2i
B . . . x2k

A

...
...

. . .
...

. . .
...

xN1
A xN2

A . . . xNiB . . . xNkA


� The model output vectors YA, YB, and YCi are obtained by evaluating the model

with the input parameters collected in XA, XB, and XCi respectively.

� Finally, the first order sensitivity indices Si and the total order sensitivity indices

STi are computed as

Si = YT
AYCi −N(ȲAȲCi)
YT
AYA −N(ȲA)2

,

STi = 1− YT
BYCi −N(ȲBȲCi)
YT
BYB −N(ȲB)2

(3.3)

with Ȳx mean value of the output Yx with x ∈ {A,B,Ci}
Yx output vectors obtained by evaluating the model for the

sample matrices Xx with x ∈ {A,B,Ci}
N number of sample sets.

Recently, the approach was improved by Marzban et al. [232] who introduced subdivisions

of the parameter space with equal probability, requiring even less model evaluations.

3.1.4 Uncertainty analysis

Uncertainty analysis is used to study the propagation of the variations in the input para-

meters through the model, quantifying the uncertainty in the model response resulting from

the uncertain input parameters. The model response and its stochastic properties can be

evaluated. The uncertainties inherent in models can be classified into two categories [239]:

� parameter uncertainty (or model input uncertainty), which results from measurement

inaccuracies or natural variations in the data.

� model uncertainty (or model framework uncertainty), which is caused by incomplete

scientific background, lack of knowledge about mechanisms affecting the modeled

system or modeling simplifications.
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Uncertainty and complexity of a model are closely correlated [239], see Figure 3.3. A

sophisticated model description can reduce the model uncertainty because most likely more

physical phenomena are taken into account accurately. Therewith, the number of input

parameters increases, which leads to a larger parameter uncertainty. The most adequate

model is the one with the best trade-off between model uncertainty and parameter

uncertainty. For the evaluation of the model response, both types of uncertainty are

combined into the total uncertainty. With the parameter, model, and total uncertainty at

hand, the model quality can be quantified [91, 250]. The model with the largest quality of

the prediction and the lowest total uncertainty should be used for further analyses.

Complexity
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uncertainty

Parameter
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Total
uncertainty
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Figure 3.3: Relation between model complexity and uncertainty, hypothesis based on [239].

In the present study, the parameter uncertainty σX is investigated by propagating the

variations in the uncertain input parameters through a multiscale model of concrete. If

the input parameters are independent of each other, the parameter uncertainty σX might

be determined as follows [234]

σX =

√√√√ N∑
i=1

S2
i σ

2
Xi

(3.4)

with N number of input parameters

Si first order sensitivity indices

σXi standard uncertainty of input parameter Xi.

The model uncertainty describes the difference between the “true value”, i.e. the physical

phenomenon for which the model has been developed, and the model prediction. Thus,

the assessment of the model uncertainty requires the comparison between the model

response and experimental data or a more complex model. For determining the model

uncertainty, the adjustment factor approach is appropriate. It was developed by Zio and

Apostolakis [251] and adapted by Riley [252].
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The evaluation of the model uncertainty is performed by assigning model probabilities to

each model based on expert judgment. For Nm considered models it holds that

Nm∑
i=1

P (Mi) = 1, 0 ≤ P (Mi) ≤ 1, (3.5)

where P (Mi) denotes the probability of modelMi. Fundamental for estimating the model

uncertainty is the choice of an appropriate reference model. Experimental data could be

used for this purpose; however, in early design stages often no specific measurements are

feasible. A common approach is to set the most complex model as a benchmark, which

ensures that the physical phenomena are most accurately represented [228]. If no model is

favored over the others or if there are no information about the model accuracy available,

the model probabilities may be divided equally. Then, any model can be seen as the best

model.

The adjustment factor approach is used to propagate the model uncertainty into the model

prediction. Therein, an adjustment factor is assigned to the best model from a set of

considered models so that an adjusted system response is obtained as

Yp = Y ∗ + E∗a (3.6)

with Yp response of an adjusted model

Y ∗ prediction of the best model

E∗a adjustment factor.

The adjustment factor is used for taking the uncertainty concerning the best model into

account. E∗a is presumed to be a random normal variable. The expected value E (Yp) and

the variance V (Yp) of the adjusted model are given in [251] as:

E (Yp) = Y ∗ + E (E∗a) = Y ∗ +
Nm∑
i=1

PMi

(
YMi − Y ∗

)
,

V (Yp) = V (E∗a) =
Nm∑
i=1

PMi

(
YMi − E (Yp)

)2
.

(3.7)

YMi represents the prediction of model Mi, which is deterministic as the parameter

uncertainty is neglected.

According to Eq. (3.5), the model probabilities sum up to one. Thus, the following relations

hold:

E(Yp) =
Nm∑
i=1

PMi
YMi and V (Yp) =

Nm∑
i=1

PMi

(
YMi − E(Yp)

)2
. (3.8)
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If the parameter uncertainty is considered, the expected value and the variance read as

E(Yp) =
Nm∑
i=1

PMi
E
(
YMi

)
and V (Yp) =

Nm∑
i=1

PMi
E
(
YMi − E(Yp)

)2
. (3.9)

The contribution of a single model to the total variance reads as

VMi
(Yp) = E

[(
YMi − E (Yp)

)2
]

= V
(
YMi

)
+
[
E
(
YMi

)
− E (Yp)

]2
. (3.10)

V (YMi) is the variation of a single model resulting from the parameter uncertainty.[
E(YMi)− E(Yp)

]2
is the additive model framework uncertainty, that is the difference

between the averaged response of model Mi and the averaged response of the adjusted

model. In complex problems of structural engineering, E(Yp) might be unknown. Instead,

the best model YMref is used to compute the total variance of a single model within the

concept of additive model framework uncertainty [228], where both parameter and model

uncertainty are combined. Accordingly, the additive total uncertainty of a model, VMi(Y ),
expressed in terms of variances, is given by

VMi(Y ) ≈ V (YMi) + V (εMi
∆ ) + V (εMref). (3.11)

The term V (YMi) accounts for the parameter uncertainty that is computed using Eq. (3.4).

V (εMi
∆ ) denotes the model uncertainty with respect to the reference model as follows

V (εMi
∆ ) =

[
E(YMi)− E(YMref)

]2
. (3.12)

V (εMref) is the uncertainty considering the shortcomings and uncertainties of the reference

model itself. The values of V (εMref) are unknown; they are assumed to be a constant term

for each model [228]. The tested values of V (εMref) influence the quantitative evaluations

of VMi(Y ); however, they do not change the ranking of the single models.

3.2 Uncertainty and sensitivity analysis in material

models

3.2.1 Uncertainty and sensitivity analysis in concrete creep models

Uncertainty and sensitivity analyses have already been employed to quantify the stochastic

variations in concrete creep models. Madsen and Bažant [253] were the first who investi-

gated the influence of input parameters exhibiting a scatter and the effect of the model
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uncertainty for the creep model BP by Bažant, Kim and Panula [254]. Howells et al. [255]

studied the influences of input parameters on the responses of common creep models by

means of deterministic parameter studies. The authors found that the compressive strength

of concrete and the relative humidity of the environment are significant factors for the

concrete shrinkage and creep, whereas other parameters have an insignificant influence on

the model output [255]. Several further approaches were proposed for considering material

and external uncertainties in the context of time-dependent deformations of reinforced con-

crete structures [256, 257, 258]. Teplý et al. [259] analyzed the uncertainties of the outputs

of the creep models BP-KX [260] and B3 [182, 261, 262] with respect to the influences of

the input parameters. The approach was extended to the models ACI209 [179] and MC90

according to CEB-FIP Model Code 1990 [180] by Yang [263]. Yang also illustrated the

influences of uncertainties in shrinkage and creep predictions on the loss of pretension force

exemplary for a girder bridge [264]. Keitel et al. investigated the sources of uncertainties

in creep models for correlated and uncorrelated parameters [265, 266] and elaborated the

importance of the appropriate creep model selection [267]. In particular, the uncertainties

of creep predictions under varying stresses were studied [266].

3.2.2 Uncertainty and sensitivity analysis in multiscale models

Commonly, multiscale analyses are performed in a deterministic manner with fixed input

parameters. Still, the input parameters include uncertainties inherently, which influence

the predicted model responses. Computations considering uncertain input parameters

result in probabilistic multiscale analyses where the model output represents a probabilistic

variable as a function of the parameter variation. This motivates the investigation of the

uncertainty propagation through the scales of the multiscale model.

Clément et al. [268] investigated the uncertain nature of hyperelastic heterogeneous

materials at the microscopic scale and proposed a methodology for the uncertainty

quantification based on polynomial chaos representation. A stochastic multiscale ap-

proach was also used to characterize the uncertainty propagation across the length

scales of polycrystalline alloys [269] and of nanocrystalline membranes in metals [270].

Vu-Bac et al. proposed stochastic multiscale methods for amorphous polyethylene [271] as

well as for polymer nanocomposites [272], aiming at the identification of key parameters

influencing the macroscopic Young’s modulus and Poisson’s ratio. The uncertainty propa-

gation across four length scales under consideration of correlated input parameters was

studied [272]. Reisinger et al. [273] performed parametric studies and sensitivity analyses

for a multiscale model of bone using mean field methods. Important parameters for the

stiffness were identified.

58



Chapter 3. Evaluation of semi-analytical multiscale models

Uncertainties in the multiscale modeling of concrete have been rarely investigated so far.

The stochastic sensitivity of input parameters for a numerical model of cement paste was

studied by Šmilauer et al. [274]. The focus was on the model-predicted hydration heat

and the Young’s modulus. Contradictory effects of the input parameters on the hydration

heat and the governing role of the water-to-cement ratio for the Young’s modulus were

reported.

Unger [275] introduced the stochastic scatter of experiments into a mesoscale model of

concrete. For that, spatially variable material parameters were considered. Also, a random

character of the aggregate particle distribution was assumed [275].

Venkovic et al. [276] investigated the uncertainty propagation of a multiscale poromechanics-

hydration model for concrete by means of stochastic meta-models (polynomial chaos

expansion). The sensitivity indices of the input parameters were computed as functions

of the time. The dominant roles of the apparent activation energy of calcium aluminate

and the elastic modulus of the low-density calcium silicate hydrate (C-S-H) phase for the

percolation threshold and the poroelastic properties in early-age stages at the cement

paste scale were revealed. Berveiller et al. [277] discussed the influences of uncertain input

parameters on the variability of the Young’s modulus and the Poisson’s ratio of cement

paste. By means of a multiscale sensitivity analysis based on polynomial chaos expansions,

the importance of the volume fraction of the high-density C-S-H phase was reported.

3.3 Evaluation of a semi-analytical multiscale model for

cement-based materials

A detailed study on the uncertainty propagation across the length scales of cement-based

materials (cement paste, mortar, and concrete) is presented in the following, based on own

previous investigations [278, 238]. Hitherto, it has not been thoroughly answered if and

how the uncertainty in the model is magnified during the upscaling process. It also of

interest to investigate which input parameters entail the largest uncertainties in the model

response considering different scales of observation.

The following section is devoted to a comprehensive probabilistic study of a semi-analytical

multiscale model, investigating the uncertainties throughout the upscaling process. Un-

certainty and sensitivity analyses are performed at varying hydration stages and for two

different water-to-cement ratios. The aims are twofold: (i) By means of sensitivity analy-

ses, the input parameters contributing most to the uncertainties of the model responses

on the scales of cement paste, mortar and concrete are identified. (ii) The question is
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addressed if the choice of the hydration model also influences the uncertainties of the

model responses. With the total uncertainty at hand, the hydration model that entails

the lowest uncertainties in the model response can be identified.

3.3.1 Hydration models

In multiscale models based on the principles of continuum micromechanics (see Sec-

tion 2.2.3), two consecutive steps are performed. First, the time-dependent evolutions of

the phase volume fractions are computed, followed by an upscaling procedure. Hydration

models allow for the quantitative description of the hydration-driven evolution of the

microstructure. In particular, the volume fractions of the evolving material phases during

the hydration reaction between clinker phases and water are determined. During the

past decades, various hydration models have been developed with different theories and

concepts behind, e.g. [279, 280, 281]. A novel hydration model based on data from nuclear

magnetic resonance measurements was proposed by Königsberger et al. [282]. The model

provides unprecedented access to the processes taking place in the C-S-H gel during the

hydration reaction.

In the present study, two different hydration models were chosen for the probabilistic study

of semi-analytical multiscale models, namely:

� the Powers-Acker hydration model [283, 284], Powers model.

� the hydration model proposed by Bernard et al. [111] and refined by Pichler et al. [116],

Bernard model.

According to the literature, the Powers model and the Bernard model are the most

frequently used hydration models for multiscale modeling based on the principles of

continuum micromechanics.

3.3.1.1 The Powers model

The Powers model, often denoted as the “engineering model”, provides the volume fractions

of unhydrated clinker fclin, water fwater, hydration products fhyd, and air pores fair in

cement pastes; individual hydration products are not explicitly distinguished. The phase

volume fractions are linear functions of the initial water-to-cement mass ratio w/c and the

degree of hydration ξ, which accounts for the material maturity. Accordingly, the cement
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paste-related volume fractions f cpj of the material phases j are determined as

f cpclin = 1− ξ
1 + ρclin

ρwater

(w/c)
= 20(1− ξ)

20 + 63(w/c) ≥ 0,

f cpwater = ρclin [(w/c)− 0.42ξ]

ρwater

[
1 + ρclin

ρwater

(w/c)
] = 63 [(w/c)− 0.42ξ]

20 + 63(w/c) ≥ 0,

f cphyd = 1.42ρclinξ

ρhyd

[
1 + ρclin

ρwater

(w/c)
] = 43.15ξ

20 + 63(w/c) ≥ 0,

f cpair = 1− f cpwater − f cphyd − f
cp
clin = 3.31ξ

20ξ + 63(w/c) ≥ 0.

(3.13)

In Eq. (3.13), ρclin, ρwater, and ρhyd are the mass densities of clinker, water, and the combined

hydration products respectively. Figure 3.4 shows the evolution of the cement paste-related

phase volume fractions for two different w/c-ratios, relying on the morphological model

presented in Figure 2.8. On the scale of hydrate foam, the volume fractions fhfj follow

from the phase volume fractions at the cement paste scale [107]

fhfj =
f cpj

1− f cpclin

, j ∈ {hyd, water, air} . (3.14)
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Figure 3.4: Evolution of the cement paste-related phase volume fractions using the Powers

model for w/c = 0.40 (a) and w/c = 0.60 (b) as functions of the degree of hydration.

The vertical dashed line in (a) refers to the maximum possible degree of hydration,

which can be estimated with ξmax = min

{
w/c

0.42; 1
}

.
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The mortar-related and concrete-related phase volume fractions, fmortarj and f concretej ,

mainly depend on the mix design and read as

fmortarsan =

s/c

ρsan

1
ρclin

+ w/c

ρwater

+ s/c

ρsan

, fmortarcp = 1− fmortarsan ,

f concreteagg =

a/c

ρagg

1
ρclin

+ w/c

ρwater

+ a/c

ρagg

, f concretecp = 1− f concreteagg .

(3.15)

In Eq. (3.15), s/c and a/c denote the sand-to-cement mass ratio and the aggregate-to-

cement mass ratio respectively.

3.3.1.2 The Bernard model

The Bernard model comprises stoichiometric and kinetic equations for computing the

time-dependent volume fractions of the clinker phases and the hydration products. For

the reactions between the unhydrated components (C3S, C2S, C3A, C4AF) and water, the

stoichiometric relations according to Tennis and Jennings [285] are employed

2 C3S + 10.6 H −→ C3.4S2H8 + 2.6 CH,

2 C2S + 8.6 H −→ C3.4S2H8 + 0.6 CH,

C3A + 3 CS̄H2 + 26 H −→ C6AS̄3H32,

2 C3A + C6AS̄3H32 + 4 H −→ 3 C4AS̄H12,

C3A + CH + 12 H −→ C4AH13,

C4AF + 2 CH + 10 H −→ 2 C3(A,F)H6.

(3.16)

In the Bernard model, the degree of hydration ξx for each clinker phase is determined as

the relative amount of the reactant consumed mx at a particular time t compared with

the initial amount of anhydrous components mx,i, see Eq. (3.17). The overall degree of

hydration ξ is the sum of the individual hydration degrees of the clinker phases weighted

by their corresponding initial weight fractions

ξx(t) = 1− mx(t)
mx,i

,

ξ(t) =
∑
xmx,iξx(t)∑

xmx,i

.

(3.17)
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The kinetics of the hydration are described by kinetic laws linking the reaction rate dξ/dt

to the affinity A(ξx). The affinity is the driving force of the reaction. The normalized

affinity Ã(ξx) reads as

Ã(ξx) = τx,0exp
[
Ea,x
R

( 1
T0
− 1
T

)]
dξx
dt

(3.18)

with τx,0 characteristic time, depends on the hydration process

Ea,x apparent activation energy for the hydration of phase x

R universal gas constant

T0 reference temperature, typically T0 = 273 K.

Three hydration stages are distinguished: dissolution, growth and nucleation, and diffusion.

The hydration kinetic laws underlying the Bernard model are summarized in Appendix A.2.

For a detailed explanation of all governing equations, see [111, 116]. The dissolution of the

clinker particles is characterized by a normal affinity amounting to 1 and the characteristic

time being equal to τx,0 = tx,0/ξx,0, where tx,0 and ξx,0 are the duration of the induction

period and the hydration degree threshold at the end of the induction period respectively.

During the growth and nucleation, the characteristic time is equal to τx,0 = 1/(kxκx) and

the Avrami law [286] is employed:

− ln[1− (ξ − ξ0)] = [k(t− t0)]κ (3.19)

with k rate constant

κ exponent defining the reaction order

ξ0, t0 degree of hydration and time at which the nucleation and growth

reactions begin.

Afterward, the diffusion limited kinetics start, in which the Fuji and Kondo model is

employed [287]. The characteristic time is described as τx,0 = R2/(3Dx) where R is the

average initial radius of the unhydrated clinker grains and D is the coefficient of diffusion

of dissolved ions through formed hydration products.

The chemical and kinetic equations are fundamental for the computation of the phase

volumes present in the cement pastes at given time instants. The evolving volumes of the

hydration products Vhyd can be computed as functions of the time [276]:
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Vhyd(t) = Mhyd

Mx

ρx
ρhyd

mxnhyd/xξx(t) (3.20)

with M molar mass

ρ density

mx mass fraction of the clinker phase x in the cement

nhyd/x number of moles of hydration product, which are formed out of

one mole of the reactant x, obtained from Eq. (3.16).

The hydration degrees ξx(t) are obtained solving Eq. (3.18) for the corresponding kinetic

process. The molar masses Mx and the densities ρx are given in [285].

The volume fractions of both reactants fx(t) and hydration products fhyd(t) are obtained by

normalization of the respective volumes at the specific stage of hydration. The evolutions of

the volume fractions at the cement paste using the Bernard model are shown in Figure 3.5.

For the mortar- and concrete-related volume fractions, Eq. (3.15) can be employed.
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Figure 3.5: Evolution of the cement paste-related phase volume fractions using the Bernard

model for w/c = 0.40 (a) and w/c = 0.60 (b) as functions of the degree of hydration.

The vertical dashed line in (a) refers to the maximum possible degree of hydration,

which can be estimated with ξmax = min

{
w/c

0.42; 1
}

.

In comparison with the model of Powers, the Bernard model explicitly distinguishes different

hydration products, such as C-S-H and Portlandite. It also acts on the assumption of two

types of C-S-H phases that differ according to their elastic properties. The two types are

called high-density C-S-H (C-S-H HD) and low-density C-S-H (C-S-H LD), following well

established proposals reported in the literature [284, 285]. It is assumed that the C-S-H
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LD is mainly formed during the first hydration stages of nucleation and growth, and the

C-S-H HD is formed during the stages controlled by diffusion [111]. This induces a RVE

having a matrix-inclusion-type morphology, which is one scale lower than the hydrate foam

depicted in Figure 2.8. The micromechanical model adapted for the use of the Bernard

model is given in Figure 3.6.
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Figure 3.6: Adapted morphological model of concrete, including the scales of hydrate foam,

cement paste and mortar or concrete as well as two types of C-S-H phases.

3.3.2 Probabilistic input parameters

The probabilistic evaluation methodology requires the specification of input parameters and

their probabilistic properties. Within this thesis, it is assumed that the input parameters

are not correlated with each other. The input parameters for the multiscale homogenization

using the two hydration models are summarized in Table 3.1. The probability distributions

are detailed given in Appendix A.3, sorted regarding each hydration model. For the

Powers model, 14 stochastic input parameters are used. In total, 32 variables are used for

implementing the Bernard model into the multiscale approach.
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Table 3.1: Number of input parameters required for the multiscale modeling incorporating

two different hydration models.

Category Powers model Bernard model

Elastic parameters 8 11

Mixture composition 2 2

Mass densities 4 3

Hydration kinetics 0 12

Clinker phase composition 0 4

Values for the input parameters and the corresponding probabilistic properties are reported

in the literature. For some parameters, probabilistic data are not available. In these

cases, missing parameters are selected by the author. A log-normal distribution is assigned

to all elastic parameters, considering a coefficient of variation of 10 % around the mean

value, as it was also reported in [276]. For the mass densities, a log-normal distribution

with a coefficient of variation of 5 % is assumed. For the volume fractions of sand and

aggregates, a uniform distribution is defined. The choice of the probabilistic properties may

introduce bias into the results of both the uncertainty and the sensitivity analyses [276].

Two w/c-ratios are considered, which are handled as deterministic values.

3.3.3 Probabilistic model predictions

The multiscale model described in Section 2.2.3 provides predictions for the Young’s

moduli of cement paste, mortar, and concrete as functions of the hydration degree and

the water-to-cement ratio. The probabilistic model predictions of the multiscale model

incorporating both hydration models are analyzed by means of the probabilistic evaluation

methodology. To this end, the model is evaluated using 5000 sample sets, which are

generated by means of the LHS.

The homogenized probabilistic model predictions in terms of the Young’s moduli on the

scales of cement paste, mortar, and concrete, including the mean values and the standard

deviations, are shown in Figure 3.7 for the use of the Powers model and the Bernard

model. The curves illustrate differences in the aging elasticity at different length scales.

The Young’s modulus of cement paste shows an almost linear dependence on the degree

of hydration. This behavior deviates on the scales of mortar and concrete. The Young’s

moduli of mortar and concrete increase more rapidly at early hydration stages whereas

the slope of the curve diminishes with ongoing hydration. This effect is related to the

development of microcracks predominantly in the interfacial transition zone of mortars and
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concretes [61]. Thus, cement pastes without aggregate inclusions exhibit a more brittle

elastic behavior than mortars and concretes. The elastic stiffening of mortars and concretes

is more pronounced for lower w/c-ratios.

A magnification of the variability of the model responses across the scales is observed.

The Young’s modulus at the concrete scale exhibits a higher uncertainty than the Young’s

modulus at the cement paste scale, which is reasonable due to the larger number of

uncertain input parameters considered at the concrete scale. The model responses for a

water-to-cement ratio of 0.40 exhibit a larger variability than for a water-to-cement ratio of

0.60 at a given hydration degree. This is most likely related to the larger volume fraction

of solid particles for lower water-to-cement ratios. The cementitious phases exhibit larger

uncertainties than water.

Comparing the standard deviations for the multiscale model responses using the Powers

model and the Bernard model does not reveal significant differences. This is surprising

because the Bernard model requires a larger number of input parameters than the Powers

model and a rather large scatter of the model response is expected. A more detailed

investigation concerning the uncertainties within the Powers and the Bernard model is

presented in Section 3.3.5.

Figure 3.7 also illustrates that the predicted Young’s moduli of the cement pastes, mortars,

and concretes are almost identical at final hydration stages for the multiscale model using

the Powers model and the Bernard model. In contrast, at early hydration stages the

stiffness of the multiscale model incorporating the Powers model increases faster. This

is related to the larger volume fraction of hydrate needles in the approach using the

Powers model (compare Figures 3.4 and 3.5). For the use of the Bernard model, the

hydration products comprise both cylindrical hydrate needles and spherical Portlandite.

With hydrate needles, a connected network of solid particles exhibiting a non-vanishing

stiffness is reached at earlier hydration stages than with spherical hydrates (see Figure 2.10

and [129, 132]).
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(a) (b)

(c) (d)

Figure 3.7: Stochastic model outputs (Young’s moduli) of a multiscale model using the

Powers model (a) and (b) and the Bernard model (c) and (d) as functions of the

degree of hydration. The mean values and the standard deviations are shown. Two

water-to-cement ratios are compared: w/c = 0.4 [(a), (c)] and w/c = 0.6 [(b), (d)].
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3.3.4 Results of the sensitivity analysis

The results of the global sensitivity analyses with respect to the Young’s moduli of cement

paste, mortar, and concrete are presented in Figures 3.8 and 3.9, separately for both

hydration models. The total order sensitivity indices STi are shown as functions of the

degree of hydration. For phases where both the bulk and shear moduli are given, the

uncertainties are combined and only one parameter, the Young’s modulus E, is specified.

The other input parameters are abbreviated as f for the volume fractions and ρ for the

mass densities. On each scale, the total order sensitivity indices sum up to one, which

indicates that interaction effects between the input parameters are negligible.

First, the results of the multiscale model combined with the Powers model are discussed.

At the cement paste scale, the greatest contributor to the uncertainty of the model

response is the Young’s modulus of the hydrates, which agrees well with the results of

Venkovic et al. [276]. With ongoing hydration process and the corresponding densification

of the microstructure, the densities of the hydrates and the clinker phases become more

important. This is explained by the direct influence of the densities on the volume fractions

according to Eq. (3.13). In contrast, the influence of the elastic properties of the clinker

phases is negligible. At the mortar scale, the parameters related to sand influence the

model results most visibly. Up to a degree of hydration of about 0.60, the volume fraction

of sand is the largest contributor to the model output uncertainty. Opposed to the loss of

influence of the sand volume fractions, the significance of the elastic parameters of sand

increases. Analogously, the aggregates contribute most to the uncertainty of the predicted

Young’s modulus of concrete. With increasing degree of hydration, the influence of the

Young’s modulus of the aggregates grows, whereas the influence of the aggregate volume

fraction decreases. For a w/c-ratio of 0.40, the role of the elastic properties of the sand

and aggregates inclusions is more pronounced than for a w/c ratio of 0.60.

The results of the sensitivity analysis reveal an important feature of the multiscale model,

as it was also reported by Bernard et al. [111], who described a counteracting effect of

the stiffnesses of sand and aggregate inclusions as well as of their volume fractions. At

early hydration stages, the volume fractions of sand and the aggregates have a stronger

influence on the stiffness evolution of mortars and concretes than the Young’s moduli of the

inclusions. For higher degrees of hydration, the effects are inverse. At the concrete scale,

the phenomenon is more pronounced because of the larger total amount of inclusions.
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Figure 3.8: Evolution of total order sensitivity indices of the Powers model as functions

of the degree of hydration for two different water-to-cement ratios, compared at three

length scales: cement paste [(a),(b)], mortar [(c),(d)] and concrete [(e),(f)]. f – Volume

fraction, E– Young’s modulus, ρ – mass density.
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Figure 3.9: Evolution of total order sensitivity indices of the Bernard model as functions

of the degree of hydration for two different water-to-cement ratios, compared at three

length scales: cement paste [(a),(b)], mortar [(c),(d)], concrete [(e),(f)]. f – Volume

fraction, E – Young’s modulus, ρ – mass density.

71



3.3. Evaluation of a semi-analytical multiscale model for cement-based materials

The total order sensitivity indices related to the use of the Bernard model illustrate the

importance of the kinetic factors, which are summarized into one category (“kinetics”).

At early hydration stages, the kinetic parameters determine the uncertainty of the model

response most dominantly. Particularly, the activation energies of the clinker particles play

an important role, which agrees well with the results published by Venkovic et al. [276]. The

mass composition of the clinker phases is of minor importance. With ongoing hydration

and the corresponding decrease of the hydration rate, the elastic properties of the main

components govern the uncertainties of the model-predicted Young’s modulus on the scales

of cement paste, mortar, and concrete. The kinetic parameters are less important for later

hydration stages. Again, the contradictory evolutions of the volume fractions and elastic

properties of the sand and aggregate inclusions are observed.

The sand and aggregate inclusions most dominantly determine the uncertainties of the

model responses on the scales of mortar and concrete respectively. However, the stochastic

properties concerning their elastic moduli and their volume fractions are assumptions,

chosen by the author. In reality, different scenarios might be possible. In laboratories,

concretes are usually mixed with aggregates whose properties are known precisely. In

contrast, the volume fraction and the Young’s modulus of the aggregates might exhibit

larger uncertainties at construction sites. Thus, a study about the influences of the

chosen uncertainties apportioned to the elastic parameters and the volume fractions of the

aggregates is of interest.

To this end, the total order sensitivity indices are re-computed at the concrete scale using

the multiscale model combined with the Powers model. Due to the similarities observed

between Figures 3.8 and 3.9, the results can also be transferred to the multiscale model in

combination with the Bernard model. The study is carried out as follows: One parameter

at a time concerning the uncertainties of the aggregate inclusions is changed, whereas the

other parameters remain fixed and take the values prescribed before (see Appendix A.3).

The variations of all uncertainties related to the aggregates are summarized in Table 3.2.

First, the stochastic parameters of the probability distribution assigned to the volume

fraction are varied. On the one hand, a uniform PDF with the bounds of unif(3,7) is

assigned so that a large scatter of the volume fraction is assumed. On the other hand, a

PDF with more narrow bounds of unif(4.5,5.5) is chosen. Previously, the bounds were

unif(4,6). Also, the stochastic properties of the elastic parameters kagg and µagg are

varied. Log-normal probability distributions with standard deviations of 5 and 20 GPa are

attributed to the elastic properties of the aggregates to model low and high uncertainties,

respectively. In the previous section, the standard deviation was set to equal to 10 GPa.
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Table 3.2: Variations of the stochastic parameters assigned to the volume fraction and the

elastic parameters of the aggregates (SD - standard deviation, PDF - probability density

function, unif(·) - uniformly distributed).

Parameter to be varied Mean SD PDF

Volume fractions (low uncertainty) 5 – unif(4.5, 5.5)

Volume fractions (high uncertainty) 5 – unif(3, 7)

Elastic parameters (low uncertainty) kagg = 37.8 5 logn

µagg = 44.3 5 logn

Elastic parameters (high uncertainty) kagg = 37.8 20 logn

µagg = 44.3 20 logn

Figures 3.10 and 3.11 show the influences of the chosen uncertainties related to the

aggregates on the total order sensitivity indices at the concrete scale, obtained with a

multiscale model in combination with the Powers model.

The large influence of the aggregate uncertainties can be observed. The higher the

uncertainty of the volume fraction or the elastic properties, the larger are the total order

sensitivity indices and the more sensitive is the model to changes of that parameter. This

can be particularly well observed for the aggregate volume fractions. In Figures 3.10 (a)

and (b), fagg is of minor importance for the model response uncertainty because the

volume fraction is afflicted with a low uncertainty. On the contrary, the volume fractions

are governing for the model response when they are considered with a wider probability

distribution, see Figures 3.10 (c) and (d). For the elastic properties of the aggregates, the

same trends are observed. The elastic properties entail large total order sensitivity indices

when they exhibit high uncertainties, and vice versa.

Hence, in dependence on where the concrete is prepared, either in the laboratory or at

construction site, appropriate probabilistic parameters should be considered in probabilistic

computations.
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Figure 3.10: Total order sensitivity indices at the concrete scale resulting from varying

uncertainties exhibited by the volume fraction of the aggregates for two different w/c-

ratios: (a) and (b) show the total order sensitivities with a low uncertainty of the volume

fraction, (c) and (d) with high uncertainties in the volume fraction, see Table 3.2 for

details.
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Figure 3.11: Total order sensitivity indices at the concrete scale resulting from varying

uncertainties exhibited by the elastic properties of the aggregates for two different

w/c-ratios: (a) and (b) show the total order sensitivities with a low uncertainty of the

elastic parameters, (c) and (d) with high uncertainties of the elastic parameters, see

Table 3.2 for details.

3.3.5 Results of the uncertainty analysis

3.3.5.1 Parameter uncertainty

The effects of the input parameter uncertainties on the variability of the multiscale

model response are investigated according to Eq. (3.4), see Figure 3.12. As expected,

the parameter uncertainty is magnified during the upscaling process. The cement paste

scale exhibits the lowest uncertainties and the concrete scale the largest. With ongoing

hydration process, the parameter uncertainty increases significantly at the scales of mortar

and concrete. This is related to the increasing sensitivity of the model response with

respect to the elastic parameters of sand and the aggregates, which exhibit large variations.

The parameter uncertainties of the predicted Young’s moduli across the scales are larger
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in case of a w/c-ratio of 0.4 than for a w/c-ratio of 0.6. There are also differences between

the Powers model and the Bernard model. Up to hydration stages of about 0.6, the

Powers model exhibits larger uncertainties. This is related to the faster stiffening at lower

hydration degrees of the cement pastes, mortars, and concretes predicted using the Powers

model, as discussed before. At later degrees of hydration, the model responses using the

Bernard model exhibit larger uncertainties than for the Powers model.
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Figure 3.12: Evolution of the parameter uncertainty for the Powers model (a) and for the

Bernard model (b) as functions of the degree of hydration for two different w/c-ratios.

3.3.5.2 Total uncertainty

With the evaluation methodology presented in Section 3.1, the two hydration models can

be directly compared concerning the uncertainties of their model responses taking the

parameter and the model uncertainty into account. To determine the latter, the average

of the two model responses is taken as the reference response. The uncertainty of the

reference model V (εMref) is assumed to take a range of values whose influences on the

total uncertainties are investigated, see Figure 3.13. The values of V (εMref) affect the total

uncertainties quantitatively but not the ranking of the models.

The previous findings, revealed from the sensitivity analysis and the parameter uncertainty,

are confirmed by the study of the total uncertainty. An uncertainty magnification across

the scales is observed, illustrating a larger uncertainty of the Young’s modulus of concrete

than of cement paste. Furthermore, the uncertainty increases during the hydration process

due to the formation of hydration products and the densification of the microstructure. The

model responses for the water-to-cement ratio of 0.40 are afflicted with larger uncertainties

than for w/c-ratios of 0.60. As it has already been observed in Figure 3.12, the uncertainty

of the multiscale model using the Powers model is larger for hydration degrees up to

0.6, which is also reflected in the total uncertainty. For higher degrees of hydration, the
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Chapter 3. Evaluation of semi-analytical multiscale models

uncertainty related to the Bernard model is larger than that of the Powers model is,

particularly so at the concrete scale.
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Figure 3.13: Total uncertainties for the Powers model (—) and the Bernard model (– –)

at given degrees of hydration: Cement paste (upper row), mortar (middle row), and

concrete (lower row) at two different water-to-cement ratios.
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4 | Experimental multiscale study of

polymer-modified cement-based

materials

For the development of multiscale models, experimental investigations aimed at the

determination of input parameters, on the one hand, and the validation of modeling

results, on the other hand, are prerequisite. The objective of the experimental study

presented herein is the characterization of the mechanical behavior of polymer-modified

cement-based materials across the scales. Special emphasis is placed on the influences

of polymer modifications on the microstructure formation and the elastic properties of

cement-based materials. The experiments were performed with polymer-modified cement

pastes, mortars, and concretes in fresh and hardened states. Also, the polymers used for the

modification were investigated separately. Table 4.1 shows an overview of the experimental

investigations performed in this thesis. In the table, also information regarding the mixture

design are given, in which w/c denotes the initial water-to-cement mass ratio, p/c the

initial polymer-to-cement mass ratio, s/c the initial sand-to-cement mass ratio, and a/c

the initial aggregate-to-cement mass ratio. The experiments are described in more detail

in the sequel.

The experiments were mainly conducted at the F.A. Finger-Institute of Building Material

Engineering in Weimar. Clémence Bos and Dr. Ruth Schwaiger performed and partially

evaluated the investigations related to the micromechanical properties of the polymers and

cement pastes, namely the nanoindentation tests, at the Karlsruhe Institute of Technology,

Institute for Applied Materials.

The early-age short-term creep tests, see Section 5, were performed at the Vienna University

of Technology, Institute for Mechanics of Materials and Structures, supported by the

technical staff.
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Table 4.1: Overview of the experimental multiscale study.

Polymers Macroscopic solid polymer specimens; three polymers

Mechanical behavior
� Micromechanical properties

Cement
paste

Portland cement; three polymers; p/c = 0, 0.05, 0.10, 0.20;
w/c = 0.40

Hydration kinetics
� Hydration heat

release and
hydration heat rate

� Degree of hydration

Microstructure

Fresh cement paste
� Consistency

Hardened cement
paste
� Bulk and particle

density, porosity
� Compressive

strength
� Dynamic modulus
� Length changes
� Micromechanical

properties
� Early-age elastic

and creep behavior
(Section 5)

Mortar Portland cement; sand; three polymers; p/c = 0, 0.05, 0.20; w/c = 0.40;

s/c = 3.0

Fresh mortar
� Consistency
� Air void content
� Fresh mortar

density

Hardened mortar
� Compressive

strength
� Static modulus
� Dynamic modulus

Concrete Portland cement; aggregates; three polymers; p/c = 0, 0.05, 0.10, 0.20;

w/c = 0.40; a/c = 5.3, 5.6, 5.8

Fresh concrete
� Consistency
� Air void content
� Fresh concrete

density
� Fresh concrete

temperature

Hardened concrete
� Compressive

strength
� Static modulus
� Dynamic modulus
� Early-age elastic

and creep behavior
(Section 5)
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Chapter 4. Experimental multiscale study of PCC

4.1 Materials

4.1.1 Cement

The experimental program was conducted in laboratories at three different locations. Due

to logistics reasons, three different Portland cements were used. However, all cements

exhibit a clinker amount of at least 95 % so that the amount of minor components and ad-

ditives, which influence the cement hydration process, is low. All specimens devoted to the

macroscopic mechanical tests were produced with Portland cement (CEM I 42.5 R) from

Dyckerhoff (Germany). For the nanoindentation tests, a Portland cement (CEM I 52.5 R)

from HeidelbergCement (Germany) was used. The early-age creep tests were performed

with Portland cement (CEM I 42.5 N) from Lafarge (Austria). The chemical and miner-

alogical compositions of the cements are given in Table 4.2 and Table 4.3, respectively.

The used cements mainly differ regarding their specific surface, which influences their

mechanical properties at early ages. However, the different specimens of one experiment

were produced with the same cement so that comparability is ensured.

Table 4.2: Mass percentage of the chemical components of the used Portland cements [%].

Cement CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Na2O LOI

CEM I 42.5 R 63.2 20.3 4.8 2.4 3.3 1.4 1.3 0.2 2.7

CEM I 52.5 R 65.8 23.2 4.2 1.2 2.8 0.9 0.6 0.4 1.0

CEM I 42.5 N 64.1 20.3 3.2 4.6 2.3 1.2 0.6 0.2 3.3

Table 4.3: Mass percentage of the mineralogical compositions according to Bogue and

specific surfaces (Blaine) of the used Portland cements.

Cement C3S C2S C3A C4AF Specific surface

[%] [%] [%] [%] [cm2 g−1]

CEM I 42.5 R 52.6 18.5 8.7 7.3 4,600

CEM I 52.5 R 53.2 26.4 9.1 3.7 5,900

CEM I 42.5 N 51.4 21.2 7.9 7.1 3,900

4.1.2 Polymers

Three different polymers were used: a styrene/acrylate copolymer in form of both a

redispersible powder (P1) and a dispersion (P2) as well as a dispersion on the basis of a

styrene/butadiene copolymer (P3), see Table 4.4. Polymer P1, produced by Wacker Chemie
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AG (Germany), contains a fine mineral filler as an antiblocking agent and polyvinyl alcohol

as a protective colloid. The dispersions P2, produced by Ha-Be Betonchemie (Germany),

and P3, produced by BASF (Germany), are stabilized with ionic and anionic surfactants,

respectively, and anti-foaming agents. All three polymers are commercially available and

explicitly appropriate for the application in cement-based materials.

The comparison of the minimum film forming temperatures shows that the polymers

P1 and P3 are able to form films in hardening cement pastes under given process-

ing and storage conditions (20 ◦C and 65 % RH). On the contrary, the MFT of P2 is

higher than the curing temperature, such that film formation is not expected. Still,

the polymer particles exhibit adhesive bonds to the cementitious matrix [65]. Further-

more, it is worth mentioning that film formation has also been observed for polymers

with an MFT slightly higher than the curing temperature [56], see Section 2.1.1. Two

polymer-to-cement mass ratios (p/c) were chosen, amounting to 0.05 and 0.20, because

these values represent the minimum and maximum polymer quantities to be added, as

proposed by the manufacturers. Notably, the p/c-ratio refers to the solid polymer con-

tent. In the following, the specimens are denominated according to the nomenclature

‘polymer type – p/c-ratio’.

Table 4.4: Characteristics of the polymers, given by the manufacturers.

Attribute P1 P2 P3

Delivery form powder dispersion dipersion

Main constituents styrene, acrylic
acid ester

styrene, acrylic
acid ester

styrene, butadi-
ene, acrylonitrile

Solid particle content [%] 99 ± 1 50 ± 1 51 ± 1

pH value approx. 8 7 – 9 8 – 10

MFT [◦C] 5 30 16

Density [g cm−3] approx. 1.04 approx. 1.03 approx. 1.04

Particle size [µm] max. 400 (powder),
0.5-10 (dispersion)

0.20 (mean) 0.19 (mean)

To explicitly evaluate the effects of polymers on the properties of fresh and hardened

cement-based materials, no further admixtures and additives were added to the mixtures.

For concretes and mortars modified with the redispersible powder P1, the anti-foaming

agent “Foammaster PD 1” was used to reduce the air void content of the mixtures.
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4.1.3 Sand and aggregates

In this work, mortars and concretes are distinguished according to the maximum particle

size of the aggregates. Mortars contain aggregates with particles sizes smaller than

2 mm. The concretes also contain larger aggregates. For the mortars, sand, according to

DIN EN 196-1 [288], with a maximum particle size of 2 mm was used. For the concretes,

unfractured quartz gravel with a maximum particle size of 16 mm with the three fractions

0/2, 2/8, and 8/16 was utilized.

4.1.4 Mixture design

The experimental study is based on the mixture designs described in the following section.

For all mixtures, the w/c-ratio was kept constant at 0.40 to ensure comparability. The

w/c-ratio considers both the amount of deionized water and the liquid phase (water) of

the aqueous polymer dispersions.

Cement pastes: The cement pastes were mixed with cement, deionized (DI) water, and

where required polymer powder or polymer latex respectively.

Mortars: The mix design of the mortars was partially based on DIN EN 196-1 [288], see

Table 4.5. A constant sand-to-cement mass ratio (s/c) of 3.0 was defined so that 450 g

cement and 1350 g sand were used in every mixture.

Table 4.5: Mix design of polymer-modified mortars.

Sample w/c s/c p/c Water Polymer PD 1

[g] [g] [g]

Reference 0.40 3.0 0.00 180.0 0.0 0.0

P1-0.05 0.40 3.0 0.05 180.0 22.5 0.5

P1-0.20 0.40 3.0 0.20 180.0 90.0 2.0

P2-0.05 0.40 3.0 0.05 157.5 45.0 0.0

P2-0.20 0.40 3.0 0.20 90.0 180.0 0.0

P3-0.05 0.40 3.0 0.05 157.5 45.0 0.0

P3-0.20 0.40 3.0 0.20 90.0 180.0 0.0

Concretes: For the concretes, the aggregate-to-cement mass ratio (a/c) varied between

5.3 and 5.8, depending on the p/c-ratio, see Table 4.6. The solid contents of the polymer

modifications were considered in the volume calculation of the mix designs. The cement
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content was chosen to be 340 kg m−3 for all mixtures. Concerning the aggregates, a grading

curve between A and B was sought.

Table 4.6: Mix design of polymer-modified concretes.

Sample w/c p/c a/c Water Polymer Aggregates

0/2 2/8 8/16

[kg m−3] [kg m−3] [kg m−3] [kg m−3] [kg m−3]

Reference 0.40 0.0 5.8 136 0 725 686 549

P1-0.05 0.40 0.05 5.6 136 17 709 671 536

P1-0.20 0.40 0.20 5.3 136 68 661 625 500

P2-0.05 0.40 0.05 5.6 119 34 719 672 537

P2-0.20 0.40 0.20 5.3 68 136 664 628 503

P3-0.05 0.40 0.05 5.6 119 34 719 672 537

P3-0.20 0.40 0.20 5.3 68 136 664 628 503

4.2 Experimental investigations with polymers

Both cementitious and polymer components govern the mechanical properties of polymer-

modified cement-based materials. For instance, the age-dependent creep behavior does

not only result from the creep activity of the cementitious hydration products but also

from the viscoelastic behavior of the polymers [289]. In addition, the elastic behavior of

cement-based materials is modified by adding polymers. The micromechanical properties

of the polymers are of particular interest because they represent essential input parameters

for the continuum micromechanics-based multiscale model presented in Section 5.3.

4.2.1 Sample preparation

The micromechanical properties of the polymers were determined on solid polymer films

prepared of the polymer dispersions and the polymer powder, which was re-dispersed

previously. The polymer dispersions were poured into 1 cm× 1 cm× 0.1 cm silicone molds

(ADDV-42, R&G Faserverbundwerkstoffe GmbH, Germany), reproducing a glass surface

on one face so that a low surface roughness of the specimens was ensured. The molds

were stored for three days at ambient temperature of 20 ◦C to enable water evaporation.

For the polymers P1 and P3, polymer films were obtained. The storage temperature

was lower than the MFT of polymer P2 was. Though, a compact polymer specimen was

formed. Before the nanoindentation testing, the specimens were glued onto aluminum

sample holders using a two-component adhesive on the basis of epoxy resins.
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4.2.2 Nanoindentation testing

For polymers, dynamic nanoindentation testing is appropriate because of the time-

dependent nature of polymers; the polymers do not solely exhibit linear elasticity. The

viscoelastic properties of the polymers are described by the complex modulus E∗, which is

defined as

E∗ = E ′ + iE ′′ (4.1)

with E ′ storage modulus [GPa]

E ′′ loss modulus [GPa]

i complex number.

The storage modulus E ′ represents the capacity to store energy. E ′′ is a measure for the

energy amount dissipated in the material. It describes internal damping.

During dynamic nanoindentation testing, an oscillating, sinusoidal force is superimposed

on the quasi-static loading, which allows the direct measurement of the contact stiffness

as a continuous function of the indentation depth [174]. The nanoindentation testing

was performed at ambient temperature of 20 ◦C using a Nanoindenter G200 (Keysight

Technologies, Inc., CA, USA) equipped with the continuous stiffness measurement (CSM)

option and a conical flat punch with a tip diameter of 100µm and an angle of 60°. A

flat-ended indenter tip was chosen because it causes deformation that is consistent with

the assumption of linear viscoelasticity [290], according to which the material structure is

intact. Furthermore, the contact area is known and, in case of a conical shape, almost

independent of the penetration depth.

The samples were loaded at a constant displacement rate of 30 nm s−1 to a displacement

of 2 µm. A low magnitude oscillating force with a frequency of 45 Hz and an amplitude

of 20 nm was superimposed on the quasi-static force. Then, the load was adjusted to

maintain the initial displacement within a predefined range of ± 10 nm allowing the sample

to exhaust intrinsic relaxation mechanisms, see Table 4.7. After stabilization, the actual

measurement started at harmonic amplitude of 20 nm and frequency of 45 Hz. The average

indentation depth was 3.1 µm. The frequency of 45 Hz was chosen to ensure comparability

with Berkovich tests (see Section 4.3.4.5). Between 10 and 14 tests were performed on

each polymer specimen. The results for each specimen were averaged.
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Table 4.7: Nanoindentation parameters for the viscoelastic analysis of polymer specimens.

Polymer Number of tests Depth during pre-loading

[µm]

P1 12 2

P2 14 3

P3 10 3

4.3 Experimental investigations with cement pastes

The hydration kinetics of the cement reaction and the formation of the microstructure in

polymer-modified cement pastes were investigated first. Then, characteristic properties of

fresh and hardened cement pastes were determined.

4.3.1 Hydration kinetics

To determine the influences of the polymers on the hydration reaction of the cement, the

hydration kinetics of polymer-modified cement pastes were investigated and compared with

a conventional cement paste using isothermal calorimetry (TA Instruments DSC Q200,

USA). The heat rate and the cumulative heat release were recorded for 80 hours at a

temperature of 20 ◦C. For each measurement, a test tube was filled with 10 g of cement.

The cement was thoroughly mixed with the respective amount of water and, if required,

with the polymer dispersions or the polymer powder.

Additionally, the degree of hydration was determined via the non-evaporable (chemically

bounded) water content mw,chem according to the procedure that Copeland and Hayes [291]

described. The quantity mw,chem is defined as the mass loss per gram cement paste in the

temperature range between 105 ◦C and 1000 ◦C. At each predefined time step (1, 2, 7, 28,

and 56 days after the production), the specimens were ground using a porcelain mortar.

Isopropyl alcohol was added to stop the hydration reaction. The specimens were dried at

40 ◦C and ground to powders with particle sizes smaller than 63 µm afterward. Then, the

powders were dried in an oven at 105 ◦C for at least 24 hours until a constant mass was

reached. Subsequently, the samples were stored in a furnace at a temperature of 1000 ◦C
to determine the loss on ignition. In polymer-modified cement pastes, the weight loss on

ignition results from the volatilization of the non-evaporable water and constituents of the
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polymers. Accordingly, the degree of hydration ξ is computed as [76]

ξ = mw,chem

mw,max

· 100 =
mi −mo −

LOIpol · p/c ·mo

1 + p/c− p/c · LOIpol

mw,max

· 100 (4.2)

with mw,max maximum water content that can be bound at age t −→∞ [g];

depends on the cement composition

mi initial weight of the sample [g]

mo output weight of the ignited sample [g]

LOIpol loss on ignition of the polymer [-]

p/c polymer-to-cement ratio.

The polymer dispersions P2 and P3 exhibit a loss on ignition of 99.5 % and of 99.0 %
respectively. The LOI of P1 amounts to 86.0 %. The remaining mass after the ignition of

the powder P1 refers to heat-resisting anti-caking agents (e.g. clay), which are commonly

added during the manufacturing process (spray drying).

4.3.2 Microstructure

Information about the microstructure are fundamental for the successful development

of multiscale prediction models. For polymer-modified cement-based materials, it is of

particular importance to collect knowledge about the incorporation of the polymers inside

the matrix.

The environmental scanning electron microscopy (ESEM) was applied to observe the effects

of the polymers on the microstructural formation of the cement pastes. The plain reference

sample as well as the cement pastes with a p/c-ratio of 0.20 were investigated at material

ages of 21 hours, which refers to the onset of loading of the early-age creep tests, see

Section 5.1. A XL30 ESEM (Philipps, USA) with FEG source was used. The fracture areas,

obtained by manually breaking small samples of the dimensions 1 cm× 1 cm× 2 cm into

pieces, were investigated. The pea-sized specimens were locked in the specimen chamber.

By means of the ESEM technique, a coating of the specimens with conductible films is

not required. The physically and chemically bounded water remains in the structure,

which enables the visualization of the original microstructure. However, influences on the

specimens due to preparation processes cannot be excluded.
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4.3.3 Fresh cement paste properties

The consistencies of the fresh cement pastes were determined with the slump test

according to DIN EN 1015-3:2007-05 [292]. For two mixtures (P2-0.20 and P3-0.20), whose

consistencies were too fluid for the slump test, the slump flow was determined instead [293].

4.3.4 Hardened cement paste properties

4.3.4.1 Density and total porosity

The bulk density of the hardened cement pastes was directly determined from the

prisms via the determination of the dimensions and the corresponding weights. For the

determination of the particle density, the cement pastes were ground to powders with

particles sizes smaller than 63µm. The measurement of the particle density was conducted

using the helium pycnometer AccuPyc 1330 (Micromeritics, USA). The quantities were

determined at 2, 7, and 28 days after the production of the pastes. Besides the degree

of hydration, the porosity of the specimens governs mechanical properties, such as the

compressive strength. With the bulk and the particle density, the total porosity can be

calculated as follows:

P =
(

1− ρbulk

ρ

)
· 100 (4.3)

with P total porosity [%]

ρbulk bulk density [g cm−3]

ρ particle density [g cm−3].

4.3.4.2 Compressive strength

For the determination of the compressive strength, prism specimens of the dimensions

4 cm × 4 cm × 16 cm were produced. The specimens were first cured for 24 hours at

20 ◦C and 95 % RH and then stripped from the formwork. Until the testing (2, 7, and

28 days after the production), the specimens were stored immersed under water. The

determination of the compressive strength followed DIN EN 1015-11 [294].

4.3.4.3 Dynamic modulus

Ultrasonic measurements provide information about the stiffness of cement pastes. The

dynamic modulus was determined using a vibration severity meter (digital vibrometer

OFV-505, Polytec GmbH, Germany) with an ultrasound measurement frequency amounting

to 500 kHz. For that, cement paste prisms of the dimensions 1 cm × 1 cm × 6 cm were

tested. The resonance frequency of an expansion wave fD was measured. The dynamic
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modulus Edyn is computed as [295]

Edyn = 4 · l2 · f 2
D · ρbulk (4.4)

with Edyn dynamic modulus [N mm−2]

l length of the specimen [mm]

fD resonance frequency of the expansion wave [kHz]

ρbulk bulk density of the specimen [kg m−3].

4.3.4.4 Length changes

The load-independent length changes that the cement pastes exhibit were determined ac-

cording to DIN EN 12617-4 [296]. Prism specimens of the dimensions 4 cm× 4 cm× 16 cm
equipped with measuring pegs were produced. The specimens were demolded at 24 hours

after the production and stored at 20 ◦C and 65 % RH. The samples were tested at ages of

2, 7, 14, 21, and 28 days. The length changes in terms of strains read as

Strains = ∆L× 1000
Lg

[mm/m] (4.5)

with ∆L length changes related to the initial measurement at 24 hours [mm]

Lg measurement length, amounts to 160 mm herein.

4.3.4.5 Micromechanical properties

Several studies have already focused on the macroscopic properties and the durability of

polymer-modified cement-based materials (see Section 2.1). In contrast, less is known

about the fundamental mechanisms underlying the microstructure and their influences

on the macroscopic behavior. The knowledge of micromechanical properties is not only

essential for the improvement of the material performance at the macroscopic scale but it

is also required for the development of prediction models that incorporate microstructural

information. Thus, the micromechanical properties of polymer-modified cement pastes

were quantified by means of nanoindentation tests. First, the micromechanical elastic

properties were determined. Then, nanoindentation creep tests were performed.

Sample preparation The cement pastes were prepared by first mixing the water with

the polymer dispersions (P2 and P3) and by adding the Portland cement to the liquids.

The polymer powder P1 was first mixed with the cement and then added to the water.

The specimens were cast in silicone molds of the dimensions 1 cm× 1 cm× 0.1 cm. After

demolding, the surface preparation included grinding with water lubrication up to P4000
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grit size and three polishing steps with alcohol-based diamond paste up to a particle size

of 0.25µm, with the goal being to achieve a flat surface. After each polishing step, the

specimens were cleaned with isopropyl alcohol and put into an ultrasonic bath (deionized

water) to remove dust. It is worth mentioning that surface Portlandite crystals could have

been removed during the preparation steps. However, all specimens were prepared in the

same way so that the influence is similar for all cement pastes. The nanoindentation tests

were carried out at room temperature and ambient air, i.e. 25 ◦C and 50 % RH.

The surfaces of the specimens were observed using a scanning electron microscope (TM3000,

HITACHI, Bruker, USA). The surface images (see Figure 4.1) illustrate an increased

porosity of the cement pastes modified with polymers. The higher the p/c-ratio, the larger

the inhomogeneity of the surface is. Particularly, on the specimens P1-0.20 and P3-0.20

pores of diameters up to 25µm are found. The high porosity is the result of entrapped air

generated during the mixing process, as well as chemical reactions between the cement

constituents and the additives of the polymers, particularly of surfactants, see Section 2.1.1.

Nanoindentation testing - Micromechanical elastic properties The cement pastes

were investigated using a Nanoindenter G200 (Keysight Technologies, Inc., CA, USA).

A Berkovich tip was used, for which the nanoindenter frame stiffness and the tip area

function were calibrated testing on fused quartz with known mechanical properties. The

nanoindentation tests were carried out 28 days after the production of the specimens. Two

different types of nanoindentation tests were performed: standard continuous stiffness

measurements (CSM) [147, 297] and high speed grid indentation (Express Test, ET)

tests [298]. The ET indents were repeated at a material age of 56 days to observe

hydration-induced changes of the phase volume fractions.

The CSM tests were conducted with a small oscillation having an amplitude of 20 nm
and a frequency of 45 Hz superimposed on the loading. The samples were indented at a

constant indentation strain rate of 0.05 s-1 up to a depth of 1000 nm using a Berkovich tip.

With the CSM measurement, micromechanical properties are determined as a function

of the indentation depth [297]. The measurement of the contact stiffness can be carried

out at any point of the loading curve [147]. In this work, the indentation moduli were

evaluated at indentation depths of 200 and 900 nm. At least 17 tests were performed on

each sample, lasting ten minutes each.

In contrast, up to 5000 indents can be performed within one hour using the ET method,

a novel statistical high-speed indentation approach [298]. Herein, 2000–4000 indents

were conducted on each specimen to account for the heterogeneity of the surfaces. The

indentation depth was 1000 nm, varying for every cement paste within 100 nm. The array
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size was 2 mm× 1 mm. The distance between the individual indents was 20 µm. Not all

of the performed indents could be evaluated because in some cases the machine did not

record data or it was not able to maintain the preset parameters, most likely because of

the high surface roughness of the specimens. By way of example, paste P3-0.20 exhibited

a rather high porosity, which reduced the number of successful indents to 475 and 812 for

material ages of 28 days and 56 days, respectively.

The elastic properties of the samples were evaluated based on the relation

Eeff = 1
βg

√
π

2
S√
Ac
, (4.6)

with Eeff effective modulus, which accounts for the deformation of both the

indenter tip and the sample [299]

βg geometrical constant

S contact stiffness

Ac contact area.

The effective modulus is defined as

1
Eeff

=

(
1− ν2

tip

)
Etip

+

(
1− ν2

sample

)
Esample

. (4.7)

Etip, νtip, Esample, and νsample are the Young’s modulus and Poisson’s ratio of the tip and

the sample, respectively. Etip is assumed as 1141 GPa and νtip as 0.07.

Since the Poisson’s ratio is not always known, the indentation modulus M was determined

as

M =
 1
Eeff

−

(
1− ν2

tip

)
Etip

−1

. (4.8)

The sample modulus Esample = M ·
(
1− ν2

sample

)
can then be estimated assuming an

appropriate value for the Poisson’s ratio. The latter was assumed as 0.3 in this study.
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Figure 4.1: Surface images of cement pastes, observed using SEM (magnification 50 ×):

Reference (a), P1-0.05 (b), P1-0.20 (c), P2-0.05 (d), P2-0.20 (e), P3-0.05 (f), P3-0.20 (g).

92



Chapter 4. Experimental multiscale study of PCC

Statistical analysis of the indentation modulus of polymer-modified cement pastes

From the nanoindentation measurements (both ET and CSM), empirical distributions of

the mechanical properties are obtained. Statistical analysis and a subsequent deconvolu-

tion of the indentation results are required to identify the mechanical phases and their

corresponding properties, see Section 2.2.4. A mechanical phase represents a (virtual)

part of the material with a homogeneous elastic response. The chemical composition of

the material, the microstructure, and the volume tested under the indenter influence the

properties of the mechanical phases [148].

Every mechanical phase is described by a modulus with its standard deviation and a

phase (volume) fraction. From the cumulative distribution function (CDF), the sought

parameters such as the indentation modulus of each phase, are obtained by fitting the CDF

with a sum of weighted Gaussian distributions [152]. The procedure is called deconvolution.

In this work, a Levenberg-Marquardt fitting algorithm (Peak Fit Analyzer, OriginLab)

was used to fit the empirical CDF of the indentation modulus. It was found that a phase

number of three allows for an accurate description of the experimental CDF. In addition,

a good reproducibility of the deconvolution results over a large set of initial parameters

was ensured using three material phases.

Nanoindentation testing - Micromechanical creep properties With the nanoindenta-

tion technique, creep tests were performed on the paste specimens to explore the creep

behavior at the micrometer scale. During the tests, the creep responses of the specimens

were measured by keeping the indentation load constant and recording the change of the

indentation depth over time. For each indent, the load was increased linearly at a rate

of 1 mN s−1 until an indentation depth of 1 µm was reached. Then, the load was kept

constant for 220 seconds and the displacement of the Berkovich indenter tip was measured.

Finally, the specimen was unloaded. Between seven and eight indents were performed on

each sample. One averaged curve for each cement paste was evaluated. At the time instant

of testing, the specimens were three months old so that autogeneous shrinkage strains

during the creep test can be neglected with respect to the strains induced by the loading.

The indentation moduli M of the cement pastes can be obtained either from the CSM

or the ET measurements. Indents with a holding duration of 200 seconds additionally

enable the determination of time-dependent properties of the cement pastes. A contact

creep compliance L(t) is introduced to characterize the creep behavior of a material under

an indented load. This quantity is neither dependent on the probe geometry nor the

load magnitude [156, 166]. For a material that undergoes time-dependent plasticity upon

conical indentation testing, the contact creep function L(t) − L(0), linking the applied

93



4.3. Experimental investigations with cement pastes

load and the measured indentation depth, is defined as [164, 166]

L(t)− L(0) = L(t)− 1
M

= 2au∆h(t)
Pmax

(4.9)

with L(t) contact creep compliance [10−6/ MPa]

L(0) contact creep compliance at time t = 0 [10−6/ MPa]

au contact radius of the projected area between indenter and indented

material at the onset of unloading [nm]

∆h(t) increment of indentation depth response [nm]

Pmax applied load during the holding phase [mN].

The radius au was estimated with the method by Oliver and Pharr [300]. In Eq. (4.9), the

time instant t = 0 corresponds to the beginning of the holding period. The equation is

based on the assumption that plastic deformations only appear during the loading period

and not during the holding and unloading phase [164].

Furthermore, it was found out that the creep of cement pastes exhibited during indentation

creep tests can be modeled using a logarithmic function of the time [166]. Thus, with

minutes-long indentation creep experiments on cement pastes, a quantitative measurement

of the long-term creep kinetics of cement pastes is provided. For describing the creep

behavior of the cement pastes quantitatively, the measured contact creep compliance

function is fitted as follows [166]:

L(t)− 1
M

= ln(t/τi + 1)
Ci

(4.10)

with τi characteristic time [s]

Ci contact creep modulus [GPa].

Eq. (4.10) yields two fitting parameters, namely the contact creep modulus Ci and the

characteristic time τi. The contact creep modulus is a measure of the creep rate. The

higher Ci, the lower is the rate of the creep. The characteristic time describes the time

at which the creep starts to exhibit logarithmic kinetics. The optimization problem in

Eq. (4.10) is solved using the Nelder-Mead Simplex algorithm, which is implemented in

the software Matlab (MathWorks, USA).
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4.4 Experimental investigations with mortars

4.4.1 Fresh mortar properties

Analogously to the fresh cement pastes, the consistency of the fresh mortars was deter-

mined with the slump test according to DIN EN 1015-3:2007-05 [292].

The air void content was determined directly after mixing, following

DIN EN 1015-7:1998 [301].

The determination of the fresh bulk density of the mortars was performed according to

DIN EN 1015-6:2007-05 [302].

4.4.2 Hardened mortar properties

The compressive strength was determined with prism specimens (4 cm × 4 cm × 16 cm)

according to DIN EN 1015-11:1999+A1:2006 [294] at 2, 7, and 28 days after the production.

The static (elastic) modulus was determined as the secant modulus of prism specimens

(4 cm × 4 cm × 16 cm) following DIN EN 12390-13:2014-06 [303]. The rate of loading was

0.5 N mm−1. The maximum load level amounted to one third of the compressive strength

of the mortar at the time of testing (at 2, 7, and 28 days).

The dynamic (elastic) modulus was determined with the resonant frequency measure-

ment on prism specimens (4 cm × 4 cm × 16 cm) at 2, 7, and 28 days. The testing was

performed according to DIN EN 12504-4:2004 [304].

4.5 Experimental investigations with concretes

4.5.1 Fresh concrete properties

The fresh bulk density and the air void content of the fresh concretes were determined

directly after mixing according to DIN EN 12350-5:2009 [305] and

DIN EN 12350-6:2009 [306] respectively.

The consistency of the fresh concrete mixtures was determined with the slump test, ten

minutes after water addition, according to DIN EN 12350-5:2009 [305].
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4.5.2 Hardened concrete properties

For the determination of the compressive strength of the concretes, cubic specimens

with an edge length of 10 cm were produced. At sample ages of 2, 7, and 28 days, the

compressive strength was determined according to DIN EN 12390-3:2009 [307].

The static (elastic) modulus was determined with cylindrical specimens (height = 30 cm,

diameter = 15 cm) at 2, 7, and 28 days after the production following

DIN EN 12390-13:2014 [303].

For the determination of the dynamic (elastic) modulus, also cylindrical specimens

were tested at 2, 7, and 28 days after the production. The testing was performed according

to DIN EN 12504-4:2004 [304].

4.6 Results

The results of the experimental investigations with the polymer specimens as well as with

polymer-modified cement pastes, mortars, and concretes are described in the following.

Where applicable, averaged experimental data are presented with error bars spanning one

standard deviation about the mean.

4.6.1 Micromechanical properties of the polymers

The Young’s moduli E of the polymer specimens are calculated using the storage E ′

and the loss moduli E ′′ according to E =
√
E ′2 + E ′′2. The flat punch nanoindentation

tests (CSM measurements) on polymer samples reveal that the elastic stiffness of the

polymers is by one magnitude lower than those of the cementitious constituents are, which

are given in the literature [149, 150]. Polymer P1 has both the largest Young’s modulus

and the largest storage modulus, which is most likely related to the low minimum film

forming temperature of this polymer, see Figure 4.2. For polymer P2, the MFT was not

reached throughout the production and testing. Indeed, a compact specimen was obtained

that could not support any tension. This probably explains the difference between P1

and P2, which have the same chemical composition. The viscoelastic behavior of P3 is

more pronounced than for the other polymers. It exhibits the largest loss modulus and

the lowest storage modulus. The low stiffness of P3 is related to the large amount of

soft butadiene. Due to their specific micromechanical properties, the three polymers are

expected to modify the mechanical behavior of cement-based materials differently.
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Figure 4.2: Storage, loss and Young’s moduli of compact specimens made of polymer

dispersions and powders, determined by means of flat punch nanoindentation tests with

the continuous stiffness measurement.

4.6.2 Cement pastes

4.6.2.1 Hydration kinetics

The addition of polymers influences the hydration kinetics of cement pastes remarkably.

The polymers retard the hydration process, as it can be quantified from the isothermal

calorimetry tests, see Figure 4.3. The polymer-modified cement pastes exhibit an extended

time length of the dormant period. This is particularly well visible for the sample P2-0.20.

The heat rate during the acceleration period is slowed down and delayed in comparison

with the reference cement paste, as e.g. Kong et al. [46] and Schirmer [21] also reported,

see Section 2.1.2.1. The accumulated heat quantity is reduced with increasing polymer

content. For a given time instant, the heat quantity of the unmodified cement paste is

larger than those of the polymer-modified cement pastes are. Differences concerning the

accumulated heat quantity between varying cement pastes having the same p/c-ratio are

rather small, showing that the chemical composition has a minor effect on the hydration

kinetics. The polymer quantity added is of greater importance. The larger the p/c-ratio,

the more pronounced is the retardation of the hydration heat development.

The degree of hydration is a major factor governing the mechanical properties of cementi-

tious materials. As expected from the literature review in Section 2.1.2.1, the decreased

heat rates and heat quantities entail a slower temporal evolution of the degree of hydration

in polymer-modified cement pastes, see Figure 4.4. For a given time instant, the unmodified

reference sample exhibits a larger hydration degree than the polymer-modified cement

pastes do. The cement pastes with a p/c-ratio of 0.20 have a remarkably lower hydration
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degree than the cement pastes with a p/c-ratio of 0.05. Again, the chemical composition

of the polymers has a minor influence on the hydration degree than the polymer content

does. Only slight differences between the different polymer types are visible. At two days

after the production, specimen P2-0.05 shows larger degrees of hydration than cement

pastes P1-0.05 and P3-0.05 do.

0 20 40 60 80
0

10

20

30

40

50

Time [h]

H
ea

t r
at

e 
[J

/g
h]

 

 
Ref.
P1−0.05
P1−0.20
P2−0.05
P2−0.20
P3−0.05
P3−0.20

(a)

0 20 40 60 80
0

100

200

300

400

Time [h]

H
ea

t q
ua

nt
ity

 [
J/

g]

(b)

Figure 4.3: Time-dependent heat rate (a) and cumulative heat quantity (b) of one plain

cement paste and six polymer-modified cement pastes with w/c = 0.40.
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Figure 4.4: Temporal evolution of the degree of hydration of plain and polymer-modified

cement pastes with w/c = 0.40.
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4.6.2.2 Microstructure formation

The microstructures of the cement pastes were investigated using the environmental

scanning electron microscopy (ESEM), at material ages of 21 hours after production. This

time instant refers to the start of the early-age short-term creep tests on cement pastes

described in Section 5. According to Dimmig [15], the microstructure in polymer-modified

cement pastes is mainly formed during the first 24 hours of the hydration process. Afterward,

no significant changes are expected. The elucidation of the microstructural formation

provides fundamental information for the development of a realistic micromechanical model

of polymer-modified cement pastes, see Section 5.3.

The microstructure of the unmodified cement paste is characterized by a dense arrangement

of hydration products. The C-S-H gel structure, rod-like ettringite, and bar-like portlandite

crystals can be distinguished, see Figure 4.5.

Ettringite

Portlandite

C-S-H
phases

Figure 4.5: Microstructure of the plain cement paste with w/c = 0.40 at a material age of

21 hours after production.

In comparison with the reference, the polymer-modified cement pastes exhibit microstruc-

tural changes, see Figures 4.6, 4.7, and 4.8. In cement paste P1, polymer films partially

cover the cementitious matrix, including the hydration products. The polymer particles are

mostly coalesced and filmed but some spherical particles with diameters of a few hundred

nanometers are still visible. It seems as if the polymer spheres are glued against each

other.
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The retarded film formation of some polymers has been also observed by Gretz and

Plank [24], who showed that anionic stabilized polymer particles exhibit a hampered

coalesce at high pH-values due to the adsorption of calcium ions. The complexation of

functional groups of the polymers by calcium ions retards the film formation. Polymer P2

contains polyvinyl alcohol as a protective colloid. Schirmer [21] recently elaborated that

the protective colloid also forms complexes with the calcium ions of the cement paste pore

solution. She investigated the microstructure formation of vinyl acetate-modified cement

pastes by means of cryo-SEM and observed an incomplete film formation caused by the

alkaline environment and the presence of complexing ions, as it is confirmed herein.

Polymerdomain

Polymer particles

Figure 4.6: Microstructure of the polymer-modified cement paste P1 with w/c = 0.40 and

p/c = 0.20 at a material age of 21 hours after production.

The polymer particles in cement paste P2 appear to be finer. This is most probably related

to the smaller particle sizes of the polymer in the dispersion (see Table 4.4). In comparison

with sample P1, smaller polymer domains are visible. The polymer particles are not filmed

because the MFT (30 ◦C) was not reached during the processing. The polymers are well

distributed between the cementitious structure, which was also reported by Bode [65], who

investigated the same polymer dispersion (P2) as it was used in this thesis.
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Polymerdomain

Polymer particles

Polymer particles

Figure 4.7: Microstructure of the polymer-modified cement paste P2 with w/c = 0.40 and

p/c = 0.20 at a material age of 21 hours after production.

In cement paste P3, the polymers seem to be even finer distributed than in the other cement

pastes. Polymer domains covering the cementitious hydration products are observed. The

polymers are partially filmed but also single particles are visible. In all polymer-modified

cement pastes, only a low amount of ettringite crystals is observed, which might refer to

the reduced degree of hydration in comparison with the reference. Dimmig [15] and Silva

et al. [41] also reported a delayed growth of ettringite in polymer-modified cement pastes.

Polymerdomain

Polymer particles

Polymer particles

Polymerdomain

Polymerdomain

Polymer
particles

Figure 4.8: Microstructure of the polymer-modified cement paste P3 with w/c = 0.40 and

p/c = 0.20 at a material age of 21 hours after production.
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4.6.2.3 Fresh cement paste properties

For a constant water-to-cement ratio of 0.40, the polymer-modified cement pastes show an

improved workability in comparison with the conventional cement paste, see Figure 4.9.

With increasing p/c-ratio, the slump is increased. This mainly stems from the ball-bearing

effect of the polymer particles, the entrained air, and surfactants in the polymer dispersions,

which support the dispersing, e.g. [18]. The polymer dispersions P2 and P3 increase the

slump more considerably than the polymer powder does, most probably due to the smaller

particle sizes of the polymer and due to their surfactants.
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Figure 4.9: Consistencies of unmodified and polymer-modified cement pastes with

w/c = 0.40.

4.6.2.4 Hardened cement paste properties

Density and porosity The particle density of the cement pastes decreases as a conse-

quence of the polymer modification, see Table 4.8. The higher the polymer content, the

lower the particle density is. The reason for that is the low density of the polymers (see

Table 4.4) in comparison with that of cement, which amounts to 3.15 g cm−3 [308].

Bode [65] investigated the bulk density of polymer-modified mortars for varying storage

conditions but no clear tendencies concerning the influences of the polymers were revealed.

Herein, the bulk densities of the polymer-modified cement pastes are lower than those of

the plain paste. This is, besides the addition of polymers, due to the increased air void

content, as quantified from the total porosity. The polymers contain surfactants or other

additives that can entrap air in the mixtures. Sample P3-0.20 shows a significantly higher

porosity than the reference does. About 8 % additional pores are formed in comparison

with the unmodified cement paste. On the contrary, the porosity of sample P2-0.20 is
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within the range of the reference, which is related to its pronounced slump flow. The low

viscosity allows the cement paste to deaerate and to form a denser microstructure.

However, the exact composition of the polymer dispersions and powders is not given. They

might contain further technical additives, such as anti-foaming agents, which can influence

the amount of entrapped air. Thus, generalized conclusions about the influences of polymer

additions on the porosity, and properties of fresh and hardened cement-based mixes in

general, cannot be drawn. Polymer dispersions having the same chemical composition can

have different effects of cement-based materials due to their varying additives.
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Table 4.8: Density and porosity of the cement pastes (w/c=0.40).

Specimen Time Particle density Bulk density Total porosity

[d] [g cm−3] [g cm−3] [%]

Ref. 2 2.20 1.93 12.1

7 2.21 1.95 11.6

28 2.19 1.98 9.8

P1 - 0.05 2 2.18 1.77 18.8

7 2.19 1.81 17.5

28 2.17 1.85 14.5

P1 - 0.20 2 2.02 1.67 17.3

7 2.03 1.68 17.3

28 2.02 1.72 14.7

P2 - 0.05 2 2.19 1.88 14.3

7 2.17 1.87 14.0

28 2.17 1.92 10.7

P2 - 0.20 2 2.02 1.77 12.1

7 1.99 1.76 11.4

28 1.99 1.77 10.9

P3 - 0.05 2 2.17 1.81 16.5

7 2.17 1.84 15.3

28 2.15 1.87 13.2

P3 - 0.20 2 2.01 1.60 20.3

7 2.01 1.61 19.8

28 1.99 1.64 17.5

Compressive strength and dynamic modulus The entrapped air and the polymer

inclusions cause discontinuities in the microstructural network [66], which reduce the

compressive strength of the cement pastes, see Figure 4.10. The specimens modified

with a polymer-to-cement ratio of 0.20 exhibit lower compressive strengths compared

with specimens with a polymer-to-cement ratio of 0.05. Sample P3-0.20 exhibits lower

104



Chapter 4. Experimental multiscale study of PCC

strength values than the cement pastes P1-0.20 and P2-0.20 do, which refers to the

increased porosity, see Table 4.8. The modification with polymer P2 entails slightly larger

compressive strengths than it does with polymer P1. This stems from the low porosity in

the specimens modified with polymer P2.

The experimental results partly coincide with the compressive strengths of PCC reported

by Flohr [76], who used the same polymer modifications. He claimed that the polymers

lead to reduced compressive strengths, but a clear influence of the polymer quantity added

was not observed. One reason for the diverging results might by that besides the polymer

modification, the compressive strength of polymer-modified cement-based materials is

determined based on several factors, such as the curing conditions, the mix proportion,

the nature of the raw materials, and the testing procedures [18]. Furthermore, Flohr

investigated concretes instead of cement pastes and varied the w/c-ratio for different

mixtures, which does not allow for a generic comparison.
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Figure 4.10: Compressive strengths of the unmodified and polymer-modified cement pastes

with w/c = 0.40, determined 2 days, 7 days, and 28 days after the production.

The same trends as for the compressive strength can be observed for the dynamic modulus.

Polymer-modified cement pastes provide a lower elasticity than conventional cement pastes

do (Figure 4.11). This stems from the low elastic modulus of the polymers, which is

considerably smaller than that of the cementitious components is, see Section 4.6.1. Further

reasons are the retarded hydration reaction and the large porosity in the polymer-modified

samples. For a given time, the unmodified cement paste exhibits the largest dynamic

modulus. With increasing polymer content, the dynamic moduli are reduced. On average,

an increase of the p/c-ratio from 0.05 up to 0.20 leads to a reduction of the dynamic

modulus of 30 %. The specimen P3-0.20 exhibits the lowest dynamic modulus, which is
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related to the increased porosity, on the one hand, and the soft butadiene, on the other

hand. According to Flohr [76], the polymers additionally act as sliding planes inside

the material, which entails a more ductile behavior and increased plastic and viscous

deformations. The polymer particles are embedded between the C-S-H phases and other

hydration products and therefore hinder the interdigitation of the crystalline structures,

see also Section 4.6.2.2.

Ref. P1−0.05 P1−0.20 P2−0.05 P2−0.20 P3−0.05 P3−0.20
0

5

10

15

20

25

Sample

D
yn

am
ic

 m
od

ul
us

 [G
P

a]

 

 
2d
7d
28d

Figure 4.11: Dynamic moduli of unmodified and polymer-modified cement pastes with

w/c = 0.40, determined 2 days, 7 days, and 28 days after the production.

Length changes In the literature, no consensus exists as to whether or not the polymer

modification provokes extended shrinkage strains (see Section 2.1.5). Herein, the experi-

mental results of Bode [65] and Dimmig [15], who reported an increased shrinkage behavior,

are confirmed. The authors partially used the same polymer dispersions, as in the present

study. The polymer-modified cement pastes exhibit larger length changes than the plain

reference paste. The total length changes are depicted in Figure 4.12. Individual shrinkage

parts, such as drying or autogeneous shrinkage, are not differentiated. Apparently, the

lengths of the polymer-modified cement paste specimens change more considerably than

those of the unmodified paste. The length change of the unmodified cement paste amounts

to only 0.2 mm m−1 after 28 days, whereas it amounts to 0.6 mm m−1 for specimen P1-0.20

and to 1.1 mm m−1 for P2-0.20, respectively. Sample P3-0.20 exhibits a length change of

1.6 mm m−1, which goes along with its low stiffness. Similar trends are observed for the

cement pastes with a p/c-ratio of 0.05. The specimen P3-0.05 shows the most pronounced

shrinkage activity, followed by the pastes P2-0.05 and P1-0.05. Notably, although the

pastes modified with polymer P2 exhibit a larger stiffness than the samples modified with

polymer P1, the latter exhibit smaller length changes.
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Figure 4.12: Length changes of plain and polymer-modified cement pastes with w/c = 0.40

during the first 28 days after production.

Micromechanical (elastic) properties The results of the nanoindentation tests obtained

using the Express Test option on cement pastes at 28 days after the production are

presented in Figure 4.13. The indentation moduli of the cement pastes are shown, including

the standard deviations of the measurements. Three different phases are distinguished.

However, all samples exhibited a high surface roughness, see Section 4.3.4.5, rendering the

test evaluation difficult. The high surface roughness is likely due to the difficulty to polish

heterogeneous surfaces with hard inclusions, as it might be the case for hardened cement

pastes. Usually, a high surface roughness entails an increased scatter and a reduction of

the measured indentation moduli [160, 161]. Therefore, the presented results should be

interpreted against the background of a high surface roughness; only trends are discussed

in the following.

The indentation moduli of the phases identified in the unmodified reference paste agree

remarkably well with experimental results published in the literature [149, 165]. Accord-

ingly, the three phases identified using the deconvolution technique most likely refer to

low-density C-S-H (≈ 22 GPa), high-density C-S-H (≈ 35 GPa), and a mix of C-S-H

with portlandite (≈ 48 GPa), as Vandamme and Ulm [165] reported previously. In this

thesis, only substoichiometric cement pastes with w/c-ratios lower than 0.42, containing

a small amount of unhydrated clinker, were investigated. However, unhydrated clinker

grains could not be differentiated using the statistical nanoindentation technique, which

was also observed by Sebastiani et al. [298]. This may also be related to the limitations of

the method, as discussed in Section 2.2.4.
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Figure 4.13: Indentation moduli derived from nanoindentation tests using the Express

Test (ET) option for unmodified and polymer-modified cement pastes with w/c = 0.40,

measured 28 days after the production.

For the polymer-modified cement pastes, also three different phases were identified. The

absence of a further phase, which could be assigned to a new hydration product type,

indicates that the polymer modification rather influences the microstructural morphology

than the intrinsic nature of the hydration products. Furthermore, pure polymer compounds

might be too small to be identified separately through nanoindentation testing with the ET

method. However, Wilson et al. [162] investigated cement pastes with natural pozzolan and

found that morphological changes of the hydration products and the chemical modifications

compensated each other. A similar coupled SEM study could not be performed in the

present study, such that the existence of polymer-cement compounds or modified hydration

products could neither be confirmed nor excluded.

The mix proportion, particularly the p/c-ratio, mainly influences the indentation moduli

of the material phases present in the hardened cement pastes. This agrees well with the

experimental observations of Wang et al. [173]. The higher the p/c-ratio, the smaller are

the indentation moduli. The lower indentation moduli are related to three different effects:

(i) the more porous microstructure of the polymer-modified cement pastes compared

with the reference, (ii) the retarded hydration reaction due to the adsorption of polymer

particles on cementitious constituents and the complexation of calcium ions, as described

in Section 2.1.2.2, and (iii) the low stiffness of the polymers.

The size of the indenter is larger than the characteristic scale of the cementitious microstruc-

ture is, such that the nanoindentation tests cannot provide information about individual

phases of the cement pastes, see Figure 4.14. Thus, the micromechanical phases identified
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herein represent compounds consisting of both cementitious and polymer components. The

indentation moduli of all three phases are reduced in the presence of polymers, indicating

that the polymer particles are evenly adsorbed on all of the cementitious constituents. For

detailed information about the adsorption behavior of the polymers on the cementitious

phases, adsorption measurements as described by Schirmer [21] should be performed.

Figure 4.14: Indents in the reference cement paste, observed using a scanning electron

microscope (TM3000, HITACHI, Bruker, USA).

The corresponding phase volume fractions determined at material ages of 28 days and

56 days are presented in Figure 4.15. The evolutions of the volume fractions reveal that

the amounts of Phase 2, identified as high-density C-S-H, and Phase 3, identified as a

composite of Portlandite and C-S-H phases, increase with the time whereas the amount

of Phase 1, identified as low-density C-S-H, decreases. This refers to the formation of

denser hydration products as a consequence of the ongoing hydration process. The higher

the hydration degree, the larger the amount of high-density C-S-H [111, 155]. The phase

volume fractions of Phase 1 at 28 days are larger for the polymer-modified cement pastes

than for the reference specimen. This is related to the high porosity and the lower hydration

degrees in polymer-modified cement pastes.

At the hydration age of 28 days, nanoindentation tests with the continuous stiffness

measurement (CSM) method were also performed. Two indentation depths were evaluated:

200 nm and 900 nm. In Figure 4.16, the results of the lower indentation depth are presented.

With only 17 to 20 indents on each sample, no statistically sufficient number of data points

was achieved. Furthermore, the high roughness of the specimens influences the results

from the CSM method at very low indentation depths; still, three different mechanical

phases could be identified.
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Figure 4.15: Phase volume fractions derived from nanoindentation tests using the Express

Test (ET) option for unmodified and polymer-modified cement pastes with w/c = 0.40,

measured 28 and 56 days after the production.

In contrast to the ET method, the CSM tests revealed a phase with an indentation modulus

of up to 120 GPa in the reference paste and in the samples P1-0.05 and P3-0.05 at an

indentation depth of 200 nm. This phase most likely refers to unhydrated clinker in the

substoichiometric cement pastes. For cement pastes with a p/c-ratio of 0.20, the unhydrated

clinker grains are probably covered by polymer layers that reduce the indentation moduli

significantly. The differences between the results obtained with the ET and the CSM

method are discussed in the following.
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Figure 4.16: Indentation moduli derived from nanoindentation tests using the CSM option

for unmodified and polymer-modified cement pastes with w/c = 0.40, measured at an

indentation depth of 200 nm on 28-days-old-samples.
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The mean indentation moduli enable a direct quantitative comparison between the results

of the ET and the CSM method. For this purpose, the mean values of the empirical

distributions obtained from the nanoindentation tests are computed. The results of the

CSM investigations are presented for indentation depths of 200 nm and 900 nm; the latter

is close to the indentation depth chosen for the ET method.

The nanoindentation measurements indicate reduced mean indentation moduli as a con-

sequence of the polymer modification, see Figure 4.17. The higher the polymer content,

the lower are the mean indentation moduli. These trends coincide with the elastic moduli

determined with macroscopic cement paste specimens, compare Figures 4.13 and 4.11. On

both microscopic and macroscopic length scales it is shown that the elastic moduli of the

mixes modified with the polymers P1 and P2 are similar. The elastic moduli of the pastes

modified with polymer P3 are lower, whereas the plain reference exhibits the largest moduli.

The indentation moduli obtained with the CSM measurement at an indentation depth of

200 nm are larger than for the other measurements. This probably stems from the detection

of the unhydrated clinker phase as described above and likely from carbonation processes,

which densify the surfaces of the specimens. The results obtained with the CSM method

at an indentation depth of 900 nm and the ET method are close to each other for low

polymer contents because the indentation depths are comparable. For polymer-modified

cement pastes with a p/c-ratio of 0.20, the indentation moduli identified from the CSM

method are lower than those from the ET method. As polymers tend to be stiffer at

higher strain rates [309], the large strain rate difference between the ET and CSM testing

methods may influence the nanoindentation results.
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Figure 4.17: Mean indentation moduli of the cement pastes with w/c = 0.40 obtained

from nanoindentation investigations using the ET method (indentation depth: 1000 nm)

and the CSM method at two indentation depths (200 nm and 900 nm).
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Micromechanical (creep) properties The displacements that the cement pastes exhib-

ited during the nanoindentation creep tests increase nonlinearly over time, see Figure 4.18.

The reference paste without polymers shows the smallest displacements. For the cement

pastes with a p/c-ratio of 0.20, larger displacements are observed than for the cement

pastes with a p/c-ratio of 0.05. This is related to possible sliding effects of the polymers

within the cementitious matrix and their low stiffness. Cement pastes modified with

polymer P3 exhibit larger displacements than cement pastes with P1 and P2 do.

The trends observed for the micromechanical creep tests agree well with the previously

described measurements of the load-independent length changes, compare Figures 4.18

and 4.12. The results of both experiments clearly reveal a more pronounced deformation

behavior of the polymer-modified cement pastes compared with the reference paste. Both

the microscopic and the macroscopic tests illustrate that the cement pastes modified with

polymer P3 exhibit larger strains than the polymer-modified pastes P1 and P2 for a given

p/c-ratio. Though the elastic moduli of the latter two pastes are close to each other, paste

P2 exhibits a more pronounced deformation behavior than paste P1 does.
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Figure 4.18: Displacements of the cement pastes during the nanoindentation creep tests.

Averaged curves are shown; on each sample, 7 to 9 single tests were performed.

The contact creep functions computed with Eq. (4.9) illustrate the more pronounced

creep activity of polymer-modified cement pastes even more clearly, see Figure 4.19 (a).

Particularly, cement pastes having a p/c-ratio of 0.20 exhibit a faster gain of the contact

creep function compared with cement pastes having a p/c-ratio of 0.05. For a given

p/c-ratio, the cement pastes modified with polymer P3 show the largest creep activity. The

more pronounced viscoelastic behavior of the cement pastes with P3 agrees well with the

micromechanical viscoelastic properties of the polymer specimens (see Subsection 4.6.1),

which revealed that polymer P3 exhibits the largest loss modulus of the three polymers.
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Figure 4.19: Contact creep functions L(t)− 1/M of cement pastes obtained by nanoinden-

tation creep tests (a). The creep parameters are identified by fitting the contact creep

function with a logarithmic function, shown exemplary for sample P1-0.05 (b).

The creep parameters obtained by fitting the contact creep function with the logarithmic

function according to Eq. (4.10) are shown in Table 4.9. The plain reference paste exhibits

the largest creep modulus, which reveals that the rate of logarithmic creep is lower than

that of the polymer-modified cement pastes is. Again, the cement pastes with a p/c-ratio

of 0.20 exhibit the lowest contact creep moduli indicating a more pronounced creep activity.

The characteristic time provides information about the creep kinetics. It characterizes the

time at which creep starts exhibiting logarithmic kinetics. For the reference, the creep

starts to exhibit logarithmic kinetics after a transient period of about four seconds, which

is in accordance with results reported in the literature [166]. The characteristic times

of the polymer-modified cement pastes are much larger, showing that logarithmic creep

starts at later time instants. However, the identified quantities exhibit large scatter, which

was also observed by Wei et al. [310]. The authors conducted nanoindentation creep tests

on cement pastes and reported large stochastic deviations of up to 115 % for the creep

modulus and 84 % for the characteristic time for different experimental repetitions. Albeit,

the obtained values for Ci and τi are indicators for the creep behavior of cement pastes,

and first trends about the creep activity can be deduced from the nanoindentation creep

tests.

Notably, Vandamme et al. [165] and Zhang et al. [166] showed that the results derived

from the nanoindentation creep tests are proportional to creep properties determined with

years-long macroscopic creep tests on concrete samples. Therefore, the nanoindentation

creep tests provide valuable quantitative statements about the long-term creep kinetics
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of concrete, without the need to perform long-lasting macroscopic creep tests. Different

cement paste mixes can be categorized with respect to their creep behavior within a few

minutes.

Table 4.9: Contact creep modulus Ci and characteristic time τi obtained from nanoinden-

tation tests on unmodified and polymer-modified cement pastes with w/c = 0.40.

Sample Contact creep

modulus

Characteristic

time

[GPa] [s]

Ref. 218 ± 66 3.8 ± 0.8

P1-0.05 199 ± 56 4.1 ± 0.9

P1-0.20 60 ± 20 12.6 ± 2.1

P2-0.05 94 ± 45 19.6 ± 3.4

P2-0.20 41 ± 23 23.4 ± 5.7

P3-0.05 82 ± 34 16.6 ± 3.6

P3-0.20 32 ± 12 22.5 ± 6.2

4.6.3 Mortars

4.6.3.1 Fresh mortar properties

The measurement results characterizing the fresh mortars are summarized in Table 4.10.

With increasing polymer-to-cement ratio, the slump of the mortars is higher, as it has

also been observed for the cement pastes (see Section 4.6.2.3). Reasons are the entrapped

air porosity and the polymer particles supporting the ball-bearing effect as well as the

surfactants in the polymer dispersions.

The air void content of the fresh mixtures is increased due to the polymer modification,

particularly for the mortars modified with polymer P3. The sample P2-0.20 shows the

lowest air void content, which refers to its high slump. The low viscosity allows the fresh

mortar to deaerate.

With the polymer modification, the fresh mortar density is lowered, depending on the

p/c-ratio. This is a consequence of the low density of the polymers and the increased air

void contents in the specimens.
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Table 4.10: Properties of fresh plain and polymer-modified mortars with w/c = 0.40.

Sample Slump Air void

content

Fresh mortar

density

[mm] [Vol.-%] [g cm−3]

Ref. 115 3.6 2.27

P1-0.05 115 4.9 2.25

P1-0.20 140 6.0 2.18

P2-0.05 130 4.4 2.27

P2-0.20 210 1.8 2.19

P3-0.05 150 18.0 1.92

P3-0.20 180 25.0 1.73

4.6.3.2 Hardened mortar properties

The compressive strength of the mortars decreases with an increasing dosage of polymer.

The same trends can be observed for the static modulus and the dynamic modulus. The

unmodified reference exhibits the largest moduli of all mortars after 2, 7, and 28 days. The

lowest moduli exhibits sample P3-0.20, which is mainly the result of the high porosity, see

Table 4.8, and the addition of soft butadiene. Reasons for the lower mechanical quantities

are (i) the retarded cement hydration in comparison to conventional cementitious materials,

(ii) the increased porosity, as inferred from the bulk density, and (iii) the low stiffness

of the polymers. Flohr [76] also observed that the polymers form sliding planes in the

microstructure that act as lubricants when the material is subjected to compressive loads.
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Table 4.11: Properties of hardened plain and polymer-modified mortars with w/c = 0.40.

Sample Time Bulk

density

Compressive

strength

Static

modulus

Dynamic

modulus

[d] [g cm−3] [N mm−2] [N mm−2] [N mm−2]

Ref. 2 2.24 53.8 ± 2.3 36,100 ± 400 43,100 ± 600

7 2.24 65.7 ± 4.9 37,700 ± 700 45,700 ± 600

28 2.24 72.1 ± 2.0 42,000 ± 900 47,800 ± 700

P1-0.05 2 2.18 51.3 ± 1.4 30,800 ± 800 39,200 ± 700

7 2.19 65.4 ± 1.0 34,600 ± 400 41,800 ± 500

28 2.18 67.8 ± 4.1 34,200 ± 800 43,900 ± 400

P1-0.20 2 2.11 37.6 ± 1.3 19,500 ± 1,000 28,500 ± 500

7 2.10 50.3 ± 0.9 23,600 ± 500 31,600 ± 600

28 2.09 59.7 ± 2.9 26,900 ± 400 33,300 ± 600

P2-0.05 2 2.17 54.2 ± 2.4 29,900 ± 300 38,200 ± 300

7 2.17 60.1 ± 2.8 33,400 ± 200 40,900 ± 400

28 2.15 73.1 ± 4.1 35,200 ± 400 42,900 ± 400

P2-0.20 2 2.20 44.8 ± 0.8 23,300 ± 600 31,700 ± 100

7 2.18 57.7 ± 1.4 24,600 ± 300 34,300 ± 200

28 2.11 63.9 ± 2.1 27,600 ± 400 36,100 ± 200

P3-0.05 2 1.86 18.0 ± 0.8 19,600 ± 800 27,800 ± 300

7 1.87 31.0 ± 1.8 21,200 ± 800 29,400 ± 200

28 1.84 37.4 ± 2.7 23,000 ± 200 30,800 ± 200

P3-0.20 2 1.72 11.0 ± 0.1 10,000 ± 500 13,800 ± 100

7 1.76 19.8 ± 0.3 11,800 ± 200 15,100 ± 100

28 1.67 29.2 ± 0.5 12,500 ± 300 16,100 ± 100
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4.6.4 Concretes

4.6.4.1 Fresh concrete properties

The polymers also affect the properties of fresh concrete. The slump of the unmodified

reference is very low and below the intended measurement range. The slumps of the

concrete mixtures with polymers added are significantly higher. The increase of the slump

due to the polymer modification is even more pronounced at the concrete scale than for

the mortars. This is the result of the larger maximum particle size of the aggregates in

concrete. The surface at which polymer particles can adsorb is reduced in comparison

with the mortars and more polymer particles remain in the mixing water and boost the

ball-bearing effect. The fresh concrete density of the PCC with high polymer contents is

also reduced due to the low density of the polymers and the high air void contents. The air

void content is particularly increased for the samples P1-0.20 and P3-0.20. The polymer

modification does not affect the fresh concrete temperature.

Table 4.12: Properties of fresh unmodified and polymer-modified concretes with w/c = 0.40.

Sample Slump Air void

content

Fresh concrete

density

Fresh concrete

temperature

[mm] [Vol.-%] [g cm−3] [◦C]

Ref. <340 2.3 2.37 22

P1-0.05 350 3.3 2.37 21

P1-0.20 410 6.0 2.26 20

P2-0.05 390 2.7 2.37 20

P2-0.20 500 2.8 2.30 21

P3-0.05 360 2.9 2.36 20

P3-0.20 480 13.0 2.07 20

4.6.4.2 Hardened concrete properties

On the scale of concrete, the same trends as for the cement pastes and the mortars are

observed (see Table 4.13). With the polymer addition, the compressive strength, the

static moduli, and the dynamic moduli are reduced in comparison with the reference. For

the concretes, the influence of the polymers is lower than on the scales of mortar and

cement paste because the type and amount of the aggregates, rather than the polymer

admixtures, affect the elastic modulus of concrete [311]. Still, sample P3-0.20 exhibits the
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lowest mechanical quantities of all mixtures, which coincides with the previously obtained

results.

Table 4.13: Properties of hardened plain and polymer-modified concretes with w/c = 0.40.

Sample Time Bulk

density

Compressive

strength

Static

modulus

Dynamic

modulus

[d] [g cm−3] [N mm−2] [N mm−2] [N mm−2]

Ref. 2 2.37 48.4 ± 1.6 34,800 41,100

7 2.40 57.6 ± 4.2 37,600 43,500

28 2.38 75.3 ± 2.1 38,400 45,400

P1-0.05 2 2.37 42.5 ± 0.4 31,900 39,300

7 2.36 50.2 ± 2.1 33,400 41,700

28 2.36 62.4 ± 2.7 33,900 43,800

P1-0.20 2 2.29 27.9 ± 0.3 23,300 34,100

7 2.28 37.4 ± 0.3 24,700 35,800

28 2.28 53.2 ± 1.3 27,800 37,800

P2-0.05 2 2.37 44.1 ± 1.2 31,900 39,500

7 2.37 53.5 ± 2.1 36,700 41,400

28 2.36 66.9 ± 0.5 38,000 42,500

P2-0.20 2 2.34 36.9 ± 1.5 23,600 36,700

7 2.34 47.5 ± 0.4 26,600 38,600

28 2.32 56.2 ± 1.3 30,300 40,600

P3-0.05 2 2.39 42.6 ± 0.1 35,600 41,600

7 2.40 49.0 ± 0.7 35,600 42,100

28 2.38 59.3 ± 1.3 39,000 44,500

P3-0.20 2 2.09 16.4 ± 0.8 12,000 24,800

7 2.08 22.6 ± 0.4 15,200 25,800

28 2.08 32.7 ± 0.9 16,700 28,600
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4.7 Summary

An experimental multiscale study with polymer-modified cement pastes, mortars, and

concretes was conducted. The water-to-cement ratio was kept constant for all mixes to

ensure comparability. Three different polymers were used for the modification: one redis-

persible powder (P1) and two dispersions (P2 and P3) with varying chemical compositions.

Two polymer-to-cement ratios were considered. On each scale, a plain reference mix was

investigated as well.

The polymer modification improves the workability of cement-based materials. With

increasing polymer content, the slump of the fresh mixtures is increased. The lower

viscosity is caused by the interaction between the polymers, their additives, and the

cementitious constituents, which could introduce entrapped air during the mixing process.

The ball-bearing effect of the air voids and the polymer particles eventually improves the

workability of the mixes. Particularly, the polymers P2 and P3 influence the consistency

considerably, which might be related to the smaller particle sizes of the polymers in the

dispersions compared with the powder.

The determination of the compressive strengths and the elastic moduli across the scales

reveals the following observations. At a given time, the unmodified mixes exhibit the

largest strength and stiffness. The polymer modification leads to reduced compressive

strengths and elastic moduli. The more polymers are added, the lower are those mechanical

quantities. On the one hand, this is related to the retarded hydration process in polymer-

modified cement-based materials. With increasing polymer content, the hydration reaction

between clinker and water is slowed down, and lower degrees of hydration are measured in

comparison with the plain reference. On the other hand, polymer-modified cement-based

materials exhibit a higher porosity, which also decreases the strength and stiffness. One

further reason is the low stiffness of the polymers, as it was quantified by means of

nanoindentation tests.

The results obtained by means of macroscopic mechanical (standard) tests are confirmed

by nanoindentation investigations. Both, the micromechanical elastic and creep properties

of the cement pastes were determined experimentally. The comparison between the results

obtained on the microscopic and the macroscopic scales reveals that the influences of

the polymers on the elastic moduli and on the deformation behavior can be estimated

by means of nanoindentation tests. By way of example, the reference mix exhibits the

highest elastic modulus, independent of the experimental length scale at which it is

determined. The specimens modified with a p/c-ratio of 0.05 show lower indentation

moduli and macroscopic elastic moduli. The elastic moduli of the cement pastes, mortars,
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and concretes modified with the polymers P1 and P2 are similar, whereas the moduli of

the mixtures modified with polymer P3 are slightly lower. This is related to the chemical

composition of P3, which contains soft butadiene. Furthermore, the mixes with P3 exhibit

high amounts of entrapped air, caused by interaction processes between the polymer, its

additives, and cementitious constituents during mixing. Similar relations hold between the

nanoindentation creep tests and shrinkage measurements on macroscopic cement paste

specimens. Both experiments reveal that the polymer-modified cement pastes exhibit a

more pronounced deformation behavior than the plain paste. With increasing p/c-ratio,

larger deformations are measured.

Cement-based materials containing the polymer P2 exhibit slightly larger compressive

strengths and elastic moduli compared with cement pastes, mortars, and concretes modified

with polymer P1. Notably, both polymers P1 and P2 consist of styrene acrylate copolymers.

On the contrary, the pastes with polymer P2 exhibit larger deformations than the pastes

with P1 do. Specimens modified with polymer P3 exhibit lower strengths and moduli,

which refers to the increased air void content compared with the other mixtures and the

low stiffness of polymer P3 consisting of styrene butadiene.
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5 | Experimental characterization

and semi-analytical modeling of

polymer-modified cement pastes

and concretes at early ages

The increasing use of polymer-modified cement-based materials in construction requires not

only information about the long-term behavior of the material, but also about the early-age

properties. Remarkably, building materials only exhibit a satisfactory long-term durability,

if they are not damaged at early ages. Effects of early loading on young concrete as well

as the resulting creep strains are significant for the design of structures [200, 201]. Thus,

research regarding the early-age behavior of cement-based materials is of fundamental

importance.

In the following, the elastic and viscoelastic properties of polymer-modified cement pastes

and concretes are investigated. Both experimental and computational approaches have

been applied, as they have proven to be successful in the context of conventional cement-

based materials. The experimental campaign, which was carried out at the Institute for

Mechanics of Materials and Structures at the Technical University of Vienna, and the

corresponding results are presented (Sections 5.1 and 5.2). In Section 5.3, the experimental

database is exploited in form of multiscale modeling based on continuum micromechanics.

The focus is on the prediction of the elastic stiffness as well as of the creep strains.

5.1 Experimental campaign

As regards the experimental characterization of the early-age evolutions of the elastic

stiffness and the creep properties of conventional cement-based materials, novel short-

term creep tests were developed recently, see Section 2.3.3. They include regularly-
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5.1. Experimental campaign

repeated sequences of loading and unloading steps with a duration of a few minutes

only. During such short periods, the hydration reaction between the cement clinker and

water does not progress significantly. Irfan-ul-Hassan et al. [207] developed a creep testing

protocol, which is applied to polymer-modified cement pastes and concretes in the following.

Karte et al. [312] reported on a preliminary test setup for characterizing the early-age

stiffness evolution of cement pastes.

5.1.1 Mixture design

Three different mixtures of cement pastes and concretes were investigated, among them

one reference mix without polymers and two different polymer-modified mixes. For all

of them, the initial w/c-ratio was set constant at 0.40. The specimens were produced

with Portland cement (CEM I 42.5 N, Austria, see Section 4.1.1), distilled water, and

where required polymers. The concretes additionally contained oven-dried aggregates

(“Pannonia Kies”, Austria) consisting of quartz gravel with a maximum diameter of 8 mm.

The initial aggregate-to-cement mass ratio was 3.0. The polymer-modified cement pastes

and concretes were prepared with the polymers P2 and P3 because they induce larger

strains than polymer P1. For the early-age testing, the p/c-ratio was restricted to 0.10

(and not to 0.20, as in Section 4) to ensure a sufficiently large stiffness and to avoid damage

in the specimens, which were subjected to loads since very early ages. For the sake of

convenience, the cement pastes and concretes are solely denominated as ’P2’ and and ’P3’

in the following.

The investigations allow for an improved estimation of the influences of the polymers on

the behavior of cement-based materials. The comprehensive mechanical characterization

of the polymers at early ages is fundamental for the development of a multiscale model for

polymer-modified cement-based materials, which is described in Section 5.3.

5.1.2 Quasi-isothermal differential calorimetry

Quasi-isothermal differential calorimetry is used for quantifying the temporal evolution of

the hydration degree. This way, a specific value of the hydration degree can be assigned to

each microstructure tested during the sequential short-term creep tests. The hydration

kinetics of the cement pastes were investigated using a quasi-isothermal calorimeter

(ToniCAL Trio 7339, Toni Technik GmbH, Germany), which was employed to monitor the

heat evolution during the first eight days after production at a temperature of 20 ◦C. For

each measurement, a test tube was filled with 10 g of cement. The liquids (water and, if

required, polymer dispersion) were injected via a syringe and thoroughly mixed with the

solid binder after sealing the calorimeter and waiting for stationary conditions.
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Chapter 5. Early-age characterization of polymer-modified cement-based materials

From the measurements, the evolution of the degree of hydration ξ is derived as the ratio

of the accumulated specific heat release Q(t) at a certain time t and the latent heat of

Portland cement, which amounts to 500 J/g:

ξ = Q(t)
500J/g

. (5.1)

The results confirm the observations reported in Section 4.6.2.1. The polymers slow

down the hydration reaction between clinker particles and water, see Figure 5.1 (a). This

is particularly clearly visible during the acceleration period in which the heat rates of

the polymer-modified cement pastes are slightly reduced compared with the reference.

Furthermore, the heat quantities of the polymer-modified cement pastes are lowered in

comparison with the unmodified cement paste. This entails a reduced hydration degree at

given time instants, see Figure 5.1 (b). After a time period of 190 hours, the accumulated

heat release of the reference paste amounts to 310 J g−1, while 270 J g−1 were measured for

the polymer-modified pastes. The hydration degrees of the cement pastes P2 and P3 are

by 15 % lower than that of the reference. Differences concerning the hydration degrees of

the two different polymer-modified cement pastes are insignificant.
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Figure 5.1: Time-dependent evolution of the heat rate (a) and the degree of hydration (b)

for an unmodified cement paste with w/c = 0.40 and for polymer-modified cement

pastes with w/c = 0.40 and p/c = 0.10, derived from quasi-isothermal calorimetry

measurements.
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5.1. Experimental campaign

5.1.3 Experimental setup of the short-term creep tests

The production, storage, and preparation of the specimens followed the protocol reported

in [207]. For the creep tests, cylindrical specimens with a diameter of 70 mm and a height

of 300 mm were used. After production, the sealed specimens were stored in a temperature

controlled chamber at 20 ◦C. At an age of 20 h, the specimens were demolded and the end

faces were flattened [313]. To avoid water evaporation, the specimens were wrapped with

several layers of food preservation foil after demolding.

The whole test setup comprising the specimen and the measurement equipment was placed

inside a temperature controlled chamber at constant temperature of 20 ◦C throughout the

entire testing period, see Figure 5.2 (a). For the creep tests, a universal testing machine

of type Zwick Roell Z050 (Ulm, Germany) was used. A central and homogeneous load

introduction through uniform uniaxial tractions was achieved via two metal cylinders

including bottlenecks attached at the two end faces of the specimen, see Figure 5.2 (b).

With the chosen test arrangement, shear-free stress states in the central measurement zone

were achieved [312]. Undesired shear stresses might result from friction in the interfaces

between specimen and metal cylinders.
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Figure 5.2: The experimental setup of the short-term creep tests: the whole test setup

inside a climate chamber (a) and schematic representation, including the specimen,

metal cylinders with bottlenecks, and the LVDTs (b).
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Chapter 5. Early-age characterization of polymer-modified cement-based materials

Five linear variable differential transducers (LVDTs) of type Solartron were used for

quantifying the deformations in the central regions of the specimens. The evenly distributed

LVDTs were fixed between two aluminium rings, which were screwed on the specimen in a

distance of 164 mm. Before the first load application, the correct position of the specimen

was checked and eccentricity was eliminated. As for the further analyses, the average of

the five LVDT readings was taken.

5.1.4 Test regime

The creep testing protocol comprised quasi-instantaneous compressive loading and unload-

ing steps. Once per hour, a compressive load was applied to the specimen for a duration

of three minutes. Between two subsequent creep tests, the specimen was subjected to a

permanent compressive force of 0.2 kN to avoid a shift of the whole test setup. Creep

strains resulting from this small loading are negligible [207]. The test was performed under

force control. The specimens were loaded with a force rate amounting to 7.697 kN s−1 and

unloaded with a force rate of 3.849 kN s−1, which refer to specimen-related stress rates of

2 MPa s−1 and 1 MPa s−1 respectively.

The load levels had to be selected carefully to avoid possible damage of the samples. In

order to stay within the elastic limit of the materials, e.g. [314, 315], load levels being

smaller or equal to 15 % of the expected compressive strength at the time of testing were

employed [207]. The strength evolution of the reference mixes was obtained by combining

(i) the temporal evolution of the hydration degree derived from quasi-isothermal calorimetry,

see Figure 5.1 (b), with (ii) a validated multiscale model for the compressive strength

of hydrating cement pastes, see [107, 316] for modeling details. Afterward, computed

strength values were multiplied by 15 % and by the cross-sectional area of the specimens,

see Figure 5.3 (a) for the age-dependent loading plateaus. During the weekend and over

night, the load levels remained constant and were not updated due to safety reasons.

The polymer-modified specimens are expected to exhibit lower compressive strengths

than unmodified cement pastes and concretes [2, 90], see Section 2.1.4. In particular,

their compressive strength was estimated to amount to only 50 % of the strength of their

unmodified analogue at the same hydration degree. Based on the hydration degrees of

the polymer-modified cement pastes obtained from calorimetry testing, the compressive

strengths were computed using the multiscale model [107, 316]. These values were multi-

plied by 7.5 % and by the cross-sectional area to obtain the loads, see Figures 5.3 (b) and

(c). However, the results obtained for both plain and polymer-modified cement pastes are

comparable because the load levels stay within the elastic limit of the material.
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5.1. Experimental campaign

In total, 168 hourly repeated three-minutes-long uniaxial compressive creep tests were

carried out on each specimen, spanning material ages from 21 hours to approximately

eight days. With that, the time-dependent deformations under load are separated from the

microstructural evolution due to the hydration process. The duration of each individual

creep test is so short that the microstructure remains in very good approximation unaltered

during every single creep test. In contrast, subsequents creep tests refer to different

microstructures, implying that the tested materials are less than eight days old. [207]
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Figure 5.3: Loading regimes defined for the creep tests on unmodified (a) and polymer-

modified cement pastes and concretes containing polymer P2 (b) and polymer P3 (c).

5.1.5 Test evaluation

From each individual creep test, the elastic and creep properties can be identified quasi-

continuously, following the test evaluation that Irfan-ul-Hassan et al. [207] proposed. The

strain evolution is quantified based on the LVDT readings as follows

εtotal(t) = 1
5`0

5∑
i=1

∆`i(t) (5.2)

with `0 measurement length amounting to 164 mm
`i readings of the i-th LVDT.

The stress evolution is obtained as

σ(t) = F (t)
A

(5.3)

with F applied compressive force

A cross-sectional area of the specimens, A = 3848.5 mm2.
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Chapter 5. Early-age characterization of polymer-modified cement-based materials

Point-wisely defined stress-strain diagrams provide access to the unloading modulus Eu,

which is derived from the unloading path [312]. The unloading modulus serves as a first

estimate for the Young’s modulus E. The creep strains, εcreep, are derived as the difference

between the total strains, εtotal, measured by the LVDT, and the instantaneous elastic

strains, εelastic, as follows:

εexp
creep(t) = εexp

total(t)− ε
exp
elastic(t) = εexp

total(t)−
σ(t)
E

. (5.4)

Based on the assumption that the Young’s modulus would be equal to the unloading

modulus as E = Eu, Eq. (5.4) yields a creep strain evolution that exhibits a so-called

tensile undershooting [207], see Fig. 5.4 (a). At the beginning of the loading process,

“nonphysical”tensile creep strains are observed, indicating that the unloading modulus is not

a satisfactory estimate for the Young’s modulus and that the latter is still underestimated.

This also illustrates that significant creep strains develop already during the loading phase

of each early-age creep test. An improved estimate of E is sought, which is obtained by

progressively increasing its values in Eq. (5.4) until the tensile undershooting disappears.

Then, the creep strains are compressive throughout the whole test, see Figure 5.4 (b).

With this procedure, the Young’s modulus reaches values that are approximately 3 % to

4 % higher than the unloading modulus. The Young’s modulus derived from the ultra-short

non-aging creep test agrees remarkably well with dynamic elastic moduli of the same

cement pastes (having identical composition in terms of the mixture design and the raw

materials) as measured by means of ultrasonic experiments [207].
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Figure 5.4: Creep strain evolution according to Eq. (5.4) for polymer-modified cement

paste (P2) with w/c=0.40 and p/c=0.10 at an age of 100 hours under a load of 10.66 kN

before (a) and after (b) adapting the Young’s modulus.
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The short-term creep tests also allow for a quasi-continuous quantification of the creep

modulus Ec and the power-law exponent β. The quantities are derived using a power-law

type creep function which was proposed by Tamtsia and Beaudoin [317]. Accordingly, the

creep compliance rate is defined as

dJ(t)
dt

= C
(
t− τ
tref

)γ
(5.5)

with tref reference time amount to 1 d = 86,400 s

τ time instant of sudden loading

C creep compliance rate at time t = τ + tref

γ dimensionless power-law exponent.

The solution of Eq. (5.5) for sudden loading at time instant τ up to stress level σ0 reads

as [207]

εmodel
total (t) = σ0

E
+ σ0

Ec

(
t− τ
tref

)β
t ≥ τ (5.6)

with σ0/E elastic answer of material at time τ

Ec creep modulus at time t = τ + tref; Ec = (γ + 1)/(Ctref)
β dimensionless power-law exponent; β = γ + 1.

Determining the strains with Eq. (5.6) requires the knowledge of two quantities, namely

the creep modulus and the power-law exponent. For their identification, it is considered

that creep strains develop already during the loading phase. To this end, the creep strain

evolution is computed by means of the superposition principle according to Boltzmann [213],

at which the stress history is subdivided into n consecutive small loading steps as

εmodel
creep (t) =

n∑
i=1

[
σ(ti)− σ(ti−1)

] 1
Ec

(
t− ti
tref

)β
. (5.7)

Ec and β are identified simultaneously for every single creep test by minimizing the root

of the sum of squared errors between the experimental and the modeled creep strain

evolutions as follows

Eerror(Ec, β) =

√√√√ 1
N

N∑
i=1

[
εexp

creep(ti)− εmodel
creep (ti)

]2
→ min. (5.8)

N is the number of measurement readings that are used for the test evaluation, including

the loading and the holding phase. Due to the computational costs, only every fifth

measurement reading is considered. Eq. (5.8) yields an optimization problem that is solved

iteratively according to the procedure described in [207].
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Chapter 5. Early-age characterization of polymer-modified cement-based materials

5.2 Experimental results

5.2.1 Evolution of the elastic properties

The Young’s modulus of cement-based materials increases monotonously with the material

age due to the ongoing hydration process, see Figure 5.5 (a). In comparison with the

reference, the polymer-modified cement pastes exhibit a lower Young’s modulus. At

150 hours after production of the specimens, it is about 30 to 40 % lower than the Young’s

modulus of the plain paste. The stiffness of the cement paste modified with P2 is larger

than that of the specimen made with P3, as it is also reported in Section 4.
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Figure 5.5: Evolutions of the Young’s moduli of the plain cement paste with w/c = 0.40 and

of the two polymer-modified cement pastes P2 and P3 with w/c = 0.40 and p/c = 0.10

as functions of the material age (a) and the degree of hydration (b).

The evolution the Young’s modulus of cement pastes is in very good approximation linear

with respect to the degree of hydration, see Figure 5.5 (b). For a specific degree of

hydration, the Young’s modulus of the polymer-modified cement pastes is smaller than

that of the reference is. This implies that the delayed hydration reaction is not the only

reason for the lower stiffness of the polymer-modified cement pastes. Rather, the polymers

themselves result in reduced elastic moduli of the pastes due to their low stiffness, see

Section 4.6.1. The chemical basis of the polymers also plays an important role. The

Young’s modulus of cement pastes modified with polymer P2 is larger than that of cement

pastes with P3 is, although both cement pastes contain the same polymer quantity. First,

this is related to the lower stiffness of polymer P3, which contains soft butadiene, compared

to P2 consisting of a styrene-acrylate copolymer, see Section 4.6.1. Second, the differences
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between the stiffness evolutions might be explained by entrapped air, which could have

been introduced during the mixing process, e.g. [69]. In order to estimate the volume

fraction of entrapped air, the macroscopic bulk densities of the specimens were determined

experimentally, directly after demolding. Also, the particle density was measured using the

helium pycnometer AccuPyc 1330. Both the bulk density and the particle density provide

access to the total porosity of the cement paste specimens, see Table 5.1. The difference

between the bulk density of the reference paste and that of paste P2 can be explained by

the addition of the polymer, which has a smaller density compared to the cementitious

components. The difference between the bulk densities of pastes P2 and P3 indicates that

air voids were entrapped into the latter. Paste P2 is assumed to contain no entrapped

air. The volume fraction of the additional air voids in paste P3 is derived as the difference

between the porosities of paste P2 and of paste P3 as 3.9 %, compare also Section 4.6.2.4.

Table 5.1: Bulk and particle density and porosity of the cement pastes.

Specimen Bulk density
[g cm−3]

Particle density
[g cm−3]

Porosity
[%]

Reference 1.99 2.21 9.9

P2 1.88 2.12 11.3

P3 1.79 2.11 15.2

For the concretes, the same trends can be observed, see Figure 5.6. The concrete without

polymers exhibits the largest Young’s modulus, followed by the sample modified with

P2. The concrete modified with polymer P3 shows a significantly lower Young’s modulus

than the concrete P2 does. This indicates that the interactions between polymer P3

and the cementitious components or aggregates lead to higher air void contents than for

polymer P2. The observation is confirmed by comparing the total porosities of the concrete

specimens, see Table 5.2. The porosity of the concrete modified with P3 is considerably

larger compared with the concretes P2 and P3. The volume fraction of the entrapped air

of the latter paste is estimated as 9.8 %.
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Figure 5.6: Evolutions of the Young’s moduli of unmodified concrete with w/c = 0.40 and

of the two polymer-modified concretes with w/c = 0.40 and p/c = 0.10 as functions of

the material age (a) and the degree of hydration (b).

Table 5.2: Bulk density, particle density, and total porosity of the concretes.

Concrete Bulk density
[g cm−3]

Particle density
[g cm−3]

Porosity
[%]

Reference 2.30 2.57 10.5

P2 2.21 2.52 12.3

P3 1.97 2.53 22.1

5.2.2 Evolution of the creep properties

The creep modulus is a measure for the creep activity of the material. A large creep

modulus indicates a low creep rate. The creep compliance, which is the inverse of the creep

modulus, 1/Ec, decreases monotonously with increasing material age in cement pastes, see

Figure 5.7. The decay of the creep compliance over the material age refers a progressively

decreasing creep activity of the specimens, which is in accordance with the literature.

There, it also has been reported that the creep rate of concrete subjected to a constant

load decreases with the time in the range below the creep strength [318, 319].

The creep compliances of the polymer-modified cement pastes are larger than those of

the reference paste, particularly at sample ages up to 75 hours. At later ages, the creep

compliances of the pastes P2 and P3 decrease more rapidly than those of the reference
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paste. Also, the creep compliance of paste P3 is larger than that of paste P2. This

agrees with the already discussed differences concerning the elastic stiffness. These results

illustrate the more pronounced creep activity of the polymer-modified cement pastes, which

might be explained by (i) possible sliding effects of the polymers in the microstructure

disconnecting the cementitious network, and (ii) by the increased stress concentration into

cement hydrates resulting from the entrapped air.
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Figure 5.7: Evolutions of the creep compliances of unmodified cement paste with w/c = 0.40

and of the two polymer-modified cement pastes with w/c = 0.40 and p/c = 0.10 as

functions of the material age (a) and the degree of hydration (b).

The creep compliance that the concrete specimens exhibit is smaller than for the cement

pastes due to the addition of non-creeping aggregates, see Figure 5.8. However, an increased

creep activity due to the polymer modification is also illustrated. The concrete modified

with polymer P3 exhibits the largest creep compliance.

The power-law exponent β decreases slightly and monotonously with increasing material

age, see Figure 5.9 (a). No remarkable differences between the three cement pastes are

visible, indicating that the power-law exponent is less sensitive to the mixture composition

than the creep compliance and the Young’s modulus are. Irfan-ul-Hassan et al. [207]

also observed that β is virtually the same for cement pastes varying according to their

w/c-ratio. For a material age of about 70 h, the power-law exponent is almost constant

and reaches values around 0.25 The relation between the power-law exponent and the

degree of hydration is almost linear, see Figure 5.9 (b).
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Figure 5.8: Evolutions of the creep compliances of unmodified concrete with w/c = 0.40

and of the two polymer-modified concretes with w/c = 0.40 and p/c = 0.10 as functions

of the material age (a) and the degree of hydration (b).
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Figure 5.9: Evolutions of the power-law exponents of unmodified cement paste with

w/c = 0.40 and of the two polymer-modified cement pastes with w/c = 0.40 and

p/c = 0.10 as functions of the material age (a) and the degree of hydration (b).

The power-law exponent obtained from creep tests on concrete specimens is within the

same range as the power-law exponent obtained with cement pastes, see Figure 5.10. Again,

no significant differences among the three concrete mixtures are observed.
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Figure 5.10: Evolutions of the power-law exponents of unmodified concrete with w/c = 0.40

and of the teo polymer-modified concretes with w/c = 0.40 and p/c = 0.10 as functions

of the material age (a) and the degree of hydration (b).

5.2.3 Evolution of the creep strains

To evaluate the creep behavior of the cement pastes and concretes in more detail, the creep

strains that the specimens exhibited during the creep tests are compared for specific time

instants and for different hydration degrees. To this end, the experimentally determined

creep strains evolutions are divided by the plateau stress, i.e. the stress subjected to the

tested specimen during the holding phase. The experimental creep strain evolution is

also compared with the modeled creep strains according to the power-law creep function

prescribed in Eq. (5.7), underlining that the modeled creep strains allow for an almost

perfect fit of the measurements.

The normalized creep strains of the three cement pastes at given material ages are shown

in Figure 5.11 at material ages amounting to 30, 50, and 150 hours. Apparently, the

polymer-modified cement pastes exhibit larger creep strains than the reference paste

does. At a material age of 30 hours, the viscous creep strains of the polymer-modified

cement pastes are approximately four times larger than the corresponding creep strains of

the reference are. The differences between the creep strains in unmodified and polymer-

modified cement pastes decline with increasing material age. Still, after 150 hours of

hydration, the creep strains of the polymer-modified cement pastes are twice as large as

the strains of the reference. For a given degree of hydration, the creep strains exhibited by

the two polymer-modified cement pastes are almost similar to each other, see Figure 5.12.
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Figure 5.11: Experimentally determined creep strain evolutions and corresponding power-

law fits at material ages of 30 hours (a), 50 hours (b), and 150 hours (c) for unmodified

cement paste with w/c=0.40 and two polymer-modified cement pastes with w/c=0.40

and p/c=0.10.
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Figure 5.12: Experimentally determined creep strain evolutions and corresponding power-

law fits at given hydration degrees amounting to 0.30 (a), 0.40 (b), and 0.50 (c) for

unmodified cement paste with w/c=0.40 and two polymer-modified cement pastes with

p/c=0.10.

At the concrete scale, the differences between the two polymer-modified specimens are more

pronounced, see Figures 5.13 and 5.14. For a given material age as well as for a specific

hydration degree, the creep strains of concrete P3 are larger than those of concrete P2 are.

This is related to the larger porosity in concrete P3 and the significantly lower stiffness

of concrete P3 than of concrete P2. Furthermore, polymer P3 is more elasticising than

polymer P2 is, and thus supports the formation of sliding planes within the hardened matrix

more considerably. The differences between the strains of polymer-modified concretes and

the reference mix are smaller compared with the results obtained at the cement paste scale.

This is a consequence of the dominant role of the non-creeping aggregates [311].
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Figure 5.13: Experimentally determined temporal creep strain evolutions and corresponding

power-law fits after 30 hours (a), 50 hours (b), and 150 hours (c) for unmodified concrete

with w/c=0.40 and two polymer-modified concretes with w/c=0.40 and p/c=0.10.
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Figure 5.14: Experimentally determined creep strain evolutions and corresponding power-

law fits at given hydration degrees amounting to 0.30 (a), 0.40 (b), and 0.50 (c) for

plain concrete with w/c=0.40 and two polymer-modified concretes with p/c=0.10.

5.2.4 Assumption of a constant power-law exponent

From a material age of about 70 hours on, the evolution of β becomes almost constant

and reaches values around 0.25, see Figure 5.9. The introduction of a constant power-law

exponent is further motivated by research results of Königsberger et al. [120]. The authors

identified the power-law creep exponent of the hydrate needles by means of a top-down

identification approach. It amounts to 0.25. Remarkably, when predicting the macroscopic

creep properties of hydrating cement pastes, the micromechanics-based multiscale model

suggests that the power-law exponent of cement paste is practically constant and equal to

0.25 [120].
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Thus, it is tested whether or not the assumption of a constant power-law exponent

amounting to 0.25 yields a similar evolution of the creep compliance as obtained by means

of a varying power-law exponent, as described previously. To this end, the creep compliance

is identified considering a constant β of 0.25 for the two polymer-modified cement pastes.

The optimization problem according to Eq. (5.8) is re-written to include one variable only

as follows

Eerror(Ec) =

√√√√ 1
N

N∑
i=1

[
εexp

creep(ti)− εmodel
creep (ti)

]2
→ min . (5.9)

The evolutions of the creep compliances, obtained for the cement pastes P2 and P3 with

the modified data evaluation strategy considering a constant power-law exponent of 0.25,

are shown in Figure 5.15. They are only slightly smaller than the corresponding results

referring to varying values of β. In addition, the residual values of the error functions in

Eqs. (5.8) and (5.9) are very similar, underlining that the individual creep tests can be

well approximated by means of a constant β. For the two polymer-modified cement pastes

and both cases of the power-law exponent, the relative error amounts to approximately

1 %, which is more or less equal to the measurement noise [207]. The introduction of a

pre-defined constant value of the power-law exponent saves computational time for the

evaluation of the creep properties.
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Figure 5.15: Creep compliances of the polymer-modified cement pastes P2 (a) and P3 (b)

derived assuming both a constant and a varying power-law exponent over the material

age.
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5.3 Semi-analytical multiscale modeling of

polymer-modified cement-based materials

The elaborated experimental database motivates the exploitation in form of multiscale

modeling. Multiscale models based on continuum micromechanics are promising approaches

to predict the mechanical behavior of polymer-modified cement-based materials because

these models incorporate microstructural specifics.

In the sequel, the micromechanical representation of polymer-modified cement-based

materials is discussed. Furthermore, an existing multiscale model for the homogenization

of the elastic stiffness and creep properties, which has been proven to be successful for

the application to conventional cement-based materials, is extended towards the use for

polymer-modified cement pastes, mortars, and concretes.

5.3.1 Micromechanical representation of polymer-modified

cement-based materials

As regards the multiscale modeling within the framework of continuum micromechanics,

appropriate micromechanical representations of the materials are required. Herein, the

state-of-the-art representation of conventional cement pastes [107], see Section 2.2.3.2, is

extended towards polymer-modified cement-based materials, see Figure 5.16. A polymer

phase is introduced at the same scale as the hydration products and the water- and

air-filled capillary pores, i.e. at the hydrate foam scale, one scale below the RVE of cement

paste. The polymers are modeled as spherical inclusions, which is motivated by ESEM

investigations of the microstructure, see Sections 2.1.2.2 and 4.6.2.2, as well as by the

spherical shape of the polymer particles in the dispersions and powders, see Figure 2.1.

The introduction of the polymers at the hydrate foam scale is further corroborated by

their small particle sizes, see Table 4.4.

At the scale of cement paste, entrapped air voids are additionally considered in order

to account for the increased porosity resulting from interaction processes between the

polymers, their technical additives, and the cementitious constituents, as discussed in

Section 5.2.
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Figure 5.16: Micromechanical representation of polymer-modified cement-based materials,

separating the scales of hydrate foam, cement paste, and mortar / concrete. The

two-dimensional sketches refer to three-dimensional representative volume elements.

5.3.2 Model input parameters

Besides the micromechanical representation, two further categories of model input parame-

ters need to be adapted for the multiscale modeling of polymer-modified cement-based

materials: the phase volume fractions and the elastic parameters.

The evolving volume fractions of the material phases in cement pastes can be described by

means of the Powers-Acker hydration model [283, 284], see Section 3.3.1. This hydration

model needs to be extended to incorporate the polymer phase and the entrapped air porosity

additionally. The phase volume fractions are functions of the mix design, expressed by

means of the w/c-ratio and the p/c-ratio, as well as of the maturity state of the material,

expressed by means of the hydration degree ξ. The hydration process in the presence

of polymers has already been studied intensively, see Sections 2.1.2.1 and 4.6.2.1. The

experimental results revealed that the polymers do not alter the nature of the hydration

process, they rather change its kinetics, due to adsorption and complexation mechanisms.

Therefore, hydration products consisting of both organic and inorganic components, as

claimed by Beeldens et al. [56], are not considered in the following.

The volume fraction of the polymers is assumed to remain constant throughout the

hydration reaction. The “cement paste”-related volume fraction of the polymer may be

quantified based on the mix design as

f cppol = Vpol

Vclin + Vwater + Vpol

=
p
ρp

c
ρc

+ w
ρw

+ p
ρp

=
(p/c) ρw

ρp
ρw
ρc

+ (w/c) + (p/c)ρw
ρp

(5.10)
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with c, w, p initial masses of cement, water, and the polymer

ρc, ρw, ρp mass densities of cement, water, and the polymer.

The “cement paste”-related volume fractions of the other four phases (clinker, water,

hydrates, and air) may be adapted from Powers’ hydration model, reading as

f cpclin = 20(1− ξ)
20 + 63(w/c) (1− f cppol) ≥ 0 ,

f cpwater = 63 [(w/c)− 0.42ξ]
20 + 63(w/c) (1− f cppol) ≥ 0 ,

f cphyd = 43.15ξ
20 + 63(w/c) (1− f cppol) ,

f cpair = 3.31ξ
20 + 63(w/c) (1− f cppol) .

(5.11)

The phase volume fractions at the hydrate foam scale follow as [107]

fhfj =
f cpj

1− f cpclin

, j ∈ {hyd, water, air, pol}. (5.12)

Further extension of the Powers’ model accounts for the entrapped air voids, which have

to be particularly considered for the cement pastes, mortars, and concretes modified

with polymer P3. The entrapped air Φ is introduced at the scale of cement paste, see

Figure 5.16. Then, the “cement paste”-related volume fractions of unhydrated clinker and

of the hydrate foam are re-formulated, such that

f cpclin + f cphf + Φ = 1 . (5.13)

The adapted expressions for the unhydrated clinker f cpclin and the hydrate foam f cphf read as

f cpclin = 20(1− ξ)
20 + 63(w/c) (1− f cppol) (1− Φ) ≥ 0 , (5.14)

f cphf = 1− Φ− f cpclin . (5.15)

The evolutions of the “cement paste”-related volume fractions as functions of the degree of

hydration are shown in Figure 5.17, for both unmodified (a) and polymer-modified cement

pastes, without (b) and with consideration of entrapped air (c).
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Figure 5.17: Evolution of the“cement paste’-related volume fractions for unmodified cement

paste with w/c = 0.40 (a) and for polymer-modified cement paste with w/c = 0.40

and p/c = 0.10 (b) and w/c = 0.40, p/c = 0.10, and Φ = 0.048 (c), as functions of the

degree of hydration.

The random microstructure of cement pastes allows for assigning a linear elastic, isotropic

behavior to the material phases within the RVE depicted in Figure 5.16. The stiffness

tensor Cj of a material phase j can be expressed as:

Cj = 3kjIvol + 2µjIdev. (5.16)

The bulk moduli kj and the shear moduli µj characterize the intrinsic elastic properties

of the material phases, see Table 5.3. Ivol and Idev denote the volumetric and deviatoric

parts of the fourth-order identity tensor I with the components Irstu = 1
2(δrtδsu + δruδst)

and Idev = I− Ivol with Ivol = 1
3(1⊗ 1). 1 denotes the symmetric second-order identity

tensor. The Kronecker delta δrs has the components δrs = 1 for r = s and 0, otherwise.

The elastic constants of the cementitious constituents are intrinsic, and they are reported

in the literature. For the polymers, the micromechanical elastic properties were determined

by means of nanoindentation tests, see Section 4.6.1. Water is a fluid; therefore, its solid

stiffness is equal to zero. The elastic properties of the aggregates might vary, according to

the specific type. The bulk and shear moduli reported in Table 5.3 refer to aggregates

consisting of quartz, following the recommendation of Irfan-ul-Hassan et al. [227]. For

the early-age creep tests presented herein, the same type of aggregates as in the study by

Irfan-ul-Hassan et al. was used.
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Table 5.3: Elastic properties of the material phases in polymer-modified cement-based

materials.

Phase Bulk modulus k Shear modulus µ Source

[GPa] [GPa]

Air kair = 0 µair = 0

Water kwater = 0 µwater = 0

Hydrates khyd = 18.69 µhyd = 11.76 [107, 111, 120]

Clinker kclin = 116.70 µclin = 53.80 [120, 149]

Aggregates kagg = 37.80 µagg = 44.30 [320]

Polymer P1 kP1 = 1.72 µP1 = 0.37 see Section 4.2.1

Polymer P2 kP2 = 1.02 µP2 = 0.22 see Section 4.2.1

Polymer P3 kP3 = 0.92 µP3 = 0.20 see Section 4.2.1

5.3.3 Homogenization of isotropic elastic stiffness properties of

polymer-modified cement pastes

The homogenization and upscaling of the elastic stiffness properties from the hydrate foam

scale up to the cement paste scale is performed adapting Eqs. (2.18) and (2.19). Then,

the homogenized stiffness of the hydrate foam reads as [107]

Chom
hf =

∑
j

fhfj Cj :
[
I + Phfsph :

(
Cj − Chom

hf

)]−1
+ fhfhydChyd

:
∫ 2π

0

∫ π

0

[
I + Phfcyl(ϕ, ϑ) :

(
Chyd − Chom

hf

)]−1 sinϑdϑdϕ

4π


:

∑
j

fhfj :
[
I + Phfsph :

(
Cj − Chom

hf

)]−1
+ fhfhyd

:
∫ 2π

0

∫ π

0

[
I + Phfcyl(ϕ, ϑ) :

(
Chyd − Chom

hf

)]−1 sinϑdϑdϕ

4π


−1

.

(5.17)

In Eq. (5.17), j comprises the phases air, water, and polymer.

The matrix-inclusion composite cement paste consists of the hydrate foam matrix, spherical

clinker inclusions, and potentially entrapped air pores. Therefore, the homogenized stiffness
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of cement paste reads as

Ccp =

f cphf Chf + f cpclinCclin : [I + Psph : (Cclin − Chf )]−1


:

f cphf I + f cpclin : [I + Psph : (Cclin − Chf )]−1 + Φ : [I− Psph : Chf ]−1


−1

.

(5.18)

For upscaling the elastic stiffness properties up to the scales of mortar and concrete,

Eqs. (2.20) and (2.21) can be applied.

5.3.3.1 Validation

The multiscale modeling of polymer-modified cement-based materials requires a lot of

flexibility, given that numerous types of polymers and technical additives are available and

that different polymer quantities can be added to the mixes. As shown experimentally, the

polymer modification considerably influences the early-age elastic and creep behavior of

cementitious materials. This is the result of the delayed hydration kinetics as well as of the

small elastic stiffness and the pronounced viscoelastic behavior of the polymers. Cement-

polymer-interactions may further influence the mechanical properties of polymer-modified

cement-based materials.

In the sequel, the predictive capability of the proposed homogenization approach for

polymer-modified cement-based materials is evaluated. To test the universality of the

multiscale model, the model responses are compared with two different types of experi-

ments: the early-age creep tests, presented in Section 5.2, and the dynamic elastic moduli

determined for polymer-modified cement pastes, mortars, and concretes, see Section 4.

Table 5.4 delivers an overview of the mixture characteristics that the experiments provide.

They are required as input parameters for the multiscale homogenization.

It is also desirable to compare the model predictions with independent experimental data

reported in the literature. However, only one literature source was found that provides the

necessary information regarding the mixture composition, elastic stiffness, and maturity of

the material. In most publications, the hydration degrees corresponding to the measured

elastic moduli are not given. However, in the PhD thesis of Flohr [76] all required data are

summarized for different polymer-modified concretes, modified with four different polymer

types and two p/c-ratios. Notably, three of the four polymers investigated by Flohr were

also used for the experiments presented in this thesis. These experimental data are also

compared with the response of the extended multiscale model.
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Table 5.4: Validation experiments and corresponding mixture characteristics.

Experiment Scale of interest Polymer type p/c-ratio w/c-ratio

Early-age creep
test

Cement paste,
Concrete

P2, P3 0.10 0.40

Dynamic (elas-
tic) modulus

Cement paste,
Mortar, Concrete

P1, P2, P3 0.05, 0.20 0.40

Dynamic (elas-
tic) modulus
Flohr [76]

Concrete P1, P2, P3, one
further styrene
acrylate

0.07, 0.10 0.33 . . . 0.59

Comparison with experimental data from ultra-short creep tests

The predictive capability of the presented homogenization approach is assessed by com-

paring the model-predicted stiffness evolutions with the experimental results derived

from the ultra-short creep tests. For conventional cement-based materials, the multiscale

model was already validated elsewhere [107]. Therefore, the model reliably estimates the

experimentally determined stiffness of the plain cement paste and of the plain concrete,

see Figure 5.18.
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Figure 5.18: Comparison of the model-predicted and the experimentally determined

Young’s moduli derived from the ultra-short creep tests for the plain cement paste (a)

and the plain concrete (b) with w/c = 0.40.

The model responses also agree satisfactory well with the experimental stiffness evolutions

of both polymer-modified cement pastes, see Figure 5.19. With a few modifications

regarding the morphological representation of the material and the hydration model, the
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multiscale model was successfully extended to polymer-modified cement-based materials.

Notably, the model is therewith applicable to cement pastes that are modified by polymers

having a varying chemical composition.

For very early hydration stages below a degree of hydration of 0.3, the model overestimates

the stiffness of cement paste P3 with a difference of less than 1 GPa. This might be

related to the retarded growth of hydrate needles, as reported in the literature [40], see also

Section 2.1.2.2. This observation could be incorporated into the model by varying the shape

of the hydrates for very early hydration states. As described in Section 2.2.3, the onset

of the stiffness increase is delayed in the case when spherical hydration products instead

of needle-shaped hydrates are modeled. Thus, a maturity-dependent variation of the

aspect ratio of the hydration products might improve the model capability for very young

cement pastes modified with polymer P3. A variety of shapes of the hydration products

with progressing hydration reaction has also been considered by Königsberger et al. [141],

who derived the solid C-S-H aspect ratio as a function of the specific precipitation space.

However, comparing the difference between model and experiment with the probabilistic

model responses shown in Figure 3.7 reveals that the deviation is within the range of the

stochastic scatter of the model output resulting from the uncertainties inherent in the

input parameters. Therefore, the difference is not considered as being significantly large.
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Figure 5.19: Comparison of the model-predicted and the experimentally determined Young’s

moduli derived from the ultra-short non-aging creep tests for the polymer-modified

cement pastes P2 (a) and P3 (b) with w/c =0.40 and p/c = 0.10.

The comparison between model responses and experiments is also carried out on the

scale of concrete. A good agreement is derived, see Figure 5.20. Notably, for concrete P3

entrapped air with a volume fraction of 9.8 % is considered.
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Figure 5.20: Comparison of the model-predicted and the experimentally determined Young’s

moduli derived from the ultra-short non-aging creep tests for the polymer-modified

concretes P2 (a) and P3 (b) with w/c = 0.40 and p/c = 0.10.

Comparison with experimental data from multiscale study of Section 4

The model responses are also compared with the experimental dynamic elastic moduli of

polymer-modified cement pastes, mortars, and concretes, determined at 2, 7, and 28 days

after production, see Section 4. It is worth mentioning that only experimental mean values

are shown, and that the experimental data actually exhibit a stochastic scatter. As regards

the modeling, entrapped air according to the Tables 4.8, 4.11, and 4.13 is considered. At

the scales of mortar and concrete, the volume fractions of entrapped air were derived by

comparing the macroscopic bulk densities of the specimens, using fractional arithmetics.
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Figure 5.21: Experimentally determined versus model-predicted Young’s moduli of polymer-

modified cement pastes. The straight line represents the perfect agreement between

model and experiment (Exp.).
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The comparison between the model-predicted Young’s moduli and the experimental results

of the macroscopic cement paste, mortar, and concrete specimens are shown in Figures 5.21,

5.22, and ??, respectively. Across the scales, a good agreement between the modeled and

experimentally determined Young’s moduli is obtained. However, the elastic moduli of

the mixes P2-0.20 and P3-0.20 are considerably underestimated by the model. For these

two mixes, the difference between model output and experiment is even larger than the

expected scatter of the model output due to the uncertain input parameters is, compare

Figure 5.22 with Figure 3.7. The predictive capability of the model may be improved by

investigating the microstructural specifics of the mixes in the future. The other mixes are

well represented by the model.
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Figure 5.22: Experimentally determined versus model-predicted Young’s moduli of polymer-

modified mortars (a) and concretes (b). The straight line represents the perfect agreement

between model and experiment (Exp.).

147



5.3. Semi-analytical multiscale modeling of polymer-modified cement-based materials

Comparison with experimental data of Flohr

Furthermore, the model predictions are compared with the experimentally determined

dynamic elastic moduli of different PCC that Flohr [76] reported, see Figure 5.23. The

predictive capability of the model is sufficiently good, given that different mixture compo-

sitions with several water-to-cement ratios and four types of polymers were investigated.

Notably, three of the four polymers correspond to the polymers used in the present study.

Therefore, the micromechanical properties were given. For the fourth polymer, a dispersion

consisting of a styrene acrylate copolymer, the elastic properties of polymer P1 were

considered because their MFT are similar.
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Figure 5.23: Comparison of model-predicted Young’s moduli with experimental data of

Flohr [76].

The coefficient of determination R2 amounts to 0.79. Thus, the multiscale model is able to

also provide reliable estimates for the Young’s moduli of polymer-modified cement-based

materials, where only the mixture design and and the type of polymer are known. Detailed

information concerning the exact composition of the cement or the polymers are not

required. However, one major limitation of the multiscale approach presented herein is

that it is limited to mixes produced with Portland cements. Current modeling activities

aim at extending the homogenization methods to blended cements, e.g. [141, 321, 322].

5.3.3.2 Sensitivity of the model responses w.r.t. the elastic properties of the

polymers

The elastic properties of the polymers were determined experimentally by means of

nanoindentation tests and, therefore, they exhibit uncertainties due to experimental

dispersion. Furthermore, the varying water content in the solid polymer specimens might

influence the measured elastic properties. Another source of uncertainty is the volume
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fraction of the polymers in the mixture that might vary due to imprecise weighing. This

was the motivation to quantify the sensitivity of the model responses with respect to the

uncertainties concerning the elastic properties and the volume fraction of the polymers.

The influences of these uncertainties on the model-predicted Young’s moduli of polymer-

modified cement pastes, mortars, and concretes are investigated by means of the sensitivity

analysis presented in Section 3.1.

Based on Figure 4.2 and in analogy to Section 3.3.2, a log-normal distribution is assigned to

the elastic modulus of the polymer, with a mean value of 0.6 GPa and a standard deviation

amounting to 0.5. The standard deviation is chosen to be larger than the experimentally

determined scatter in order to cover a wide range of possible values. The mean value of

the log-normally distributed Poisson’s ratio is set equal to 0.40, which is confirmed by

ultrasonic measurements on solid specimens made of the same polymers used in the present

thesis [128]. The corresponding standard deviation amounts to 10 %. The polymer volume

fractions are considered to be uniformly distributed, spanning a range between 0.08 and

0.12. The results of the sensitivity analysis – more precisely the total order sensitivity

indices on the scales of cement paste, mortar, and concrete – are shown in Figure 5.24,

exemplary for the mixes modified with the polymer P2 for an initial p/c-ratio of 0.10.

Only the parameters that influence the model responses are shown.

Apparently, the elastic stiffness of the polymers plays a minor role for the model-predicted

stiffness evolutions of polymer-modified mortars and concretes. The influence is slightly

larger at the scale of cement paste. The low stiffness of the polymers in comparison with

the cementitious components can explain their low sensitivity indices. The polymers rather

act as pores than as stiffening elements in the matrix. Therefore, their exact stiffness

value is of minor importance because it is low in any case. In comparison with the results

of the sensitivity analysis for conventional cement-based materials (see Figure 3.8), the

influence of the Young’s modulus of the hydrates is lowered. This is reasonable because in

PCC cementitious and polymer constituents together form the matrix, and not only the

hydrates. The total order sensitivity index of the polymer volume fraction reaches values

up to 0.15. Therefore, this parameter is less important for the model response than the

parameters referring to the main constituents, such as the hydrates and aggregates.
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Figure 5.24: Evolution of total order sensitivity indices for the input parameters in the

multiscale model for polymer-modified cement-based materials as functions of the degree

of hydration, compared on three length scales: cement paste (a), mortar (b), and

concrete (c). f – Volume fraction, E – Young’s modulus, ρ – mass density.
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5.3.4 Homogenization of creep properties of polymer-modified

cement pastes

For some applications, such as the use of sprayable polymer cement concretes (SPCC) for

tunnel linings [323, 324], the pronounced creep activity of PCC can be beneficial, because

creep decreases compressive stresses in the tunnel lining, which result from inward moving

ground mass [186, 325]. However, in most other cases the large creep strains of PCC are

not desirable. Therefore, the quantitative estimation regarding the viscoelastic early-age

behavior of polymer-modified cement-based materials is of significant importance. The

following section aims at understanding and quantifying the micromechanical origin of the

pronounced creep activity of polymer-modified cement-based materials.

5.3.4.1 Elastic and viscoelastic phase properties

For conventional cement pastes, the macroscopic creep behavior has been attributed to

the hydrates only [118, 194, 196]. The other material phases, namely the capillary pores,

the unhydrated clinker, and the entrapped air, are considered to exhibit purely elastic

behavior, expressed as

σj(t) = Cj : εj(t), j ∈ {pore, clin, entrapped air} . (5.19)

However, in polymer-modified cement pastes, not only the hydration products, but also

the polymers are considered to exhibit viscoelastic behavior, reading as [284]

σj(t) =
∫ t

−∞
Rj(t− τ) : ∂εj(τ)

∂τ
dτ,

εj(t) =
∫ t

−∞
Jj(t− τ) : ∂σj(τ)

∂τ
dτ,

j ∈ {hyd, pol} (5.20)

with σ stresses of phase j

ε strains of phase j

Rj relaxation tensor function of phase j

Jj creep tensor function of phase j.

The creep and relaxation tensor functions of any phase j are linked by means of the

following convolution condition [326]

∫ t

−∞
Jj(t− τ) : Rj(τ)dτ =

∫ t

−∞
Rj(t− τ) : Jj(τ)dτ = tI . (5.21)

151



5.3. Semi-analytical multiscale modeling of polymer-modified cement-based materials

The relaxation tensor functions of the elastic phases are time-invariant according to

Eq. (5.19) and read as

Rj = Cj = 3kjIvol + 2µjIdev, j ∈ {pore, clin, entrapped air} . (5.22)

kj and µj are the bulk and shear moduli of the phases, as summarized in Table 5.3.

As described in Section 2.3.5, Königsberger et al. [120] performed a top-down analysis of

more than 500 short-term early-age creep tests of conventional cement pastes, differing

regarding the water-to-cement ratio. The authors found out that one universal isochoric

creep tensor function for the microscopic hydrates is capable of explaining the experimental

results. It has the following form

Jhyd(t− τ) = 1
3khyd

Ivol + 1
2

[
1

µhyd

+ 1
µc,hyd

(
t− τ
tref

)βhyd]
Idev. (5.23)

In Eq. (5.23), µc,hyd and βhyd denote the universal shear creep modulus and the power-law

creep exponent of the hydrates. They were identified by Königsberger et al. [120] and

amount to

µc,hyd = 20.93 GPa, βhyd = 0.251. (5.24)

As for the polymers, an isochoric creep behavior is also considered. Motivated by the

literature, according to which the creep behavior of solid polymer specimens during

macroscopic creep tests can be modeled by means of a power-law [327, 328, 329], a creep

tensor function in analogy to the hydrates is introduced as

Jpol(t− τ) = 1
3kpol

Ivol + 1
2

[
1
µpol

+ 1
µc,pol

(
t− τ
tref

)βpol]
Idev. (5.25)

µc,pol and βpol denote the shear creep modulus and the power-law creep exponent of

the polymers. Their direct experimental characterization is not feasible. Therefore,

they are identified by means of a top-down analysis within the framework of continuum

micromechanics.

5.3.4.2 Homogenization of the viscoelastic properties of polymer-modified cement

pastes

The homogenization of the viscoelastic properties is performed in the theoretical framework

of non-aging viscoelasticity applying the correspondence principle [218]. Accordingly, the

viscoelastic phase behavior is transformed from the time domain to the Laplace-Carson
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(LC) domain. The LC transform f ∗(p) of a time-dependent function f(t) is given as

f ∗(p) = p
∫ ∞

0
f(t)e−ptdt (5.26)

p is the complex variable in the Laplace Carson domain. LC transforms of a time-dependent

quantity (..) are indicated by the symbol (..)∗.

Applying the LC transform (5.26) to the viscoelastic phase behavior according to Eqs. (5.20)

and considering Eq. (5.19) results in the following algebraic relations between LC trans-

formed phase stresses σ∗j and strains ε∗j , reading as

σ∗j (p) = R∗j(p) : ε∗j(p) , ε∗j(p) = J∗j(p) : σ∗j (p) , (5.27)

where interestingly

J∗j(p) =
[
R∗j(p)

]−1
. (5.28)

Thereby, Eq. (5.27) becomes formally identical to a linear elastic law. Thus, homogenization

schemes can be applied, in analogy to elasticity, to the homogenization of the viscoelastic

properties in the LC domain.

As for the purely elastic phases according to Eq. (5.22), the LC transformed relaxation

tensor functions are equal to the stiffness tensors:

R∗j = Cj = 3kjIvol + 2µjIdev j ∈ {pore, clin, entrapped air} . (5.29)

The transformation of the creep tensor functions of the hydrates, given in Eq. (5.23),

and of the polymers, given in Eq. (5.25), considering the transformation rule (5.26) and

Eq. (5.28), yields relaxation tensor functions in the LC domain as [120]:

R∗j(p) = 3kjIvol + 2µ∗j(p)Idev

= 3kjIvol + 2
[

1
µj

+ 1
µc,j

( 1
tref

)βj
Γ (βj + 1) p−βj

]−1

Idev, j ∈ {hyd, pol} .

(5.30)

Γ denotes the gamma function.

The homogenization of the viscoelastic properties is performed in analogy to Eqs. (2.18)

and (2.19), such that the homogenized relaxation tensor functions of the hydrate foam,
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R∗hf , and of the cement paste, R∗cp, read as [120]

R∗hf (p) =

∑
j

fhfj R∗j(p) :
[
I + Phf,∗sph (p) :

(
R∗j(p)− R∗hf (p)

)]−1
+ fhfhydR∗hyd(p)

:
∫ 2π

0

∫ π

0

[
I + Phf,∗cyl (p, ϕ, ϑ) :

(
R∗hyd(p)− R∗hf (p)

)]−1 sinϑdϑdϕ

4π


:

∑
j

fhfj :
[
I + Phf,∗sph (p) :

(
R∗j(p)− R∗hf (p)

)]−1
+ fhfhyd

:
∫ 2π

0

∫ π

0

[
I + Phf,∗cyl (p, ϕ, ϑ) :

(
R∗hyd(p)− R∗hf (p)

)]−1 sinϑdϑdϕ

4π


−1

,

j ∈ {pol, pore} .

(5.31)

R∗cp(p) =

f cphf R∗hf (p) +
∑
k

f cpk R∗k(p) :
[
I + Phf,∗sph (p) :

(
R∗k(p)− R∗hf (p)

)]−1


:

f cphf I +
∑
k

f cpk :
[
I + Phf,∗sph (p) :

(
R∗k(p)− R∗hf (p)

)]−1

−1

,

k ∈ {clin, entrapped air} .

(5.32)

The “hydrate foam”-related and the “cement paste”-related volume fractions are computed

with Eqs. (5.10) – (5.15). The creep tensor functions in the LC domain, J∗hf and J∗cp, follow

from inversion of the relaxation tensor functions according to Eq. (5.28).

The “cement paste”-related creep tensor function is finally back-transformed numerically

from the LC-domain to the time domain in order to obtain the modeled creep tensor function

as Jmod
cp (t− τ). Scheiner and Hellmich [118] applied the Gaver-Wynn-Rho algorithm [330,

331] and performed the computations in a multi-precision number format. This procedure

is also applied herein, see Appendix A.4.

In the following, the viscous part of the modeled creep function in the time domain as

Jmodel
v,cp (t− τ) = Jmodel

cp (t− τ)− Jmodel
cp (t=0) (5.33)

is of interest and provides the basis for the comparison between modeling results and

experimental data. This will allow for the sought quantification of the polymer creep

function. The characteristic creep properties of the polymers are identified based on the

modeled creep function according to Eq. (5.33) and the experimental counterpart obtained

from the ultra-short creep tests on polymer-modified cement pastes, see Section 5.2.3.
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5.3.4.3 Identification of the polymer creep properties

The creep properties of the polymer particles, µc,pol and βpol, are identified based on the

experimentally determined creep functions, see Section 5.2.3. To this end, three different

approaches are followed. In particular, it is first assumed that the polymers exhibit

universal creep parameters. Then, it is investigated if the creep properties of the polymer

phases are indeed age-dependent. In this context, two cases are distinguished: (i) only

the shear creep modulus is considered to be age-dependent, and (ii) both the shear creep

modulus and the power-law creep exponent are considered to be age-dependent.

Universal polymer creep properties

First, it is considered that the polymer particles exhibit universal, i.e. age-independent,

creep parameters. The two constants, µc,pol and βpol, are identified by minimizing the error

between experimental and model-predicted uniaxial viscous creep function, defined as

E = 1
nξnt

nξ∑
i=1

nt∑
j=1
|Jmodel
v,cp (tj)− Jexp

v,cp(tj)|. (5.34)

The sum over nξ refers to varying hydration degrees of the material and amounts to 168

per specimen. The sum over nt accounts for 180 time steps, with tk ∈ [1, 180]. The

model-predicted viscous creep function Jmodel
v,cp is obtained as the 1111-component of the

creep tensor function defined in Eq. (5.33). The experimental viscous creep function Jexp
v,cp

refers to the viscous part of Eq. (5.6) and reads as

Jexp
v,cp(t− τ) = 1

Eexp
c,cp

(
t− τ
tref

)βexp
cp

. (5.35)

The optimization problem formulated in Eq. (5.35) is solved using the Nelder-Mead

algorithm, independently for the two polymer-modified cement pastes P2 and P3. The

obtained optimal universal creep parameters read as

µc,P2 = 0.609 GPa, βP2 = 0.143,

µc,P3 = 0.616 GPa, βP2 = 0.216.
(5.36)

The mean errors amount to 1.7× 10−6 /MPa and 1.9× 10−6 /MP for the pastes P2 and

P3, respectively. The identified shear creep moduli of the polymers are by two orders of

magnitude lower than those of the hydration products, compare Eqs. (5.36) and (5.24). The
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universal polymer creep properties allow for a reliable representation of the experimentally

determined creep strains, see Figure 5.25. This underlines the microscopic origin of the

larger creep activity of polymer-modified cement pastes, stemming from the viscoelastic

behavior of the polymer particles. However, the agreement between model and experiment

is clearly not perfect, motivating the quest for an improved identification strategy.
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Figure 5.25: Comparison of experimentally determined and model-predicted viscous strains

of polymer-modified cement pastes P2 (a) and P3 (b) at material ages of 40 h, 70 h,

and 150 h, considering constant (universal) polymer creep properties.

Age-dependent polymer creep properties

Creep tests on macroscopic solid polymer specimens revealed that the creep activity

of polymers decreases with decreasing relative humidity to which the polymers are ex-

posed [332, 333, 334]. The polymer phase within the cement pastes is also subjected to

considerable decreases of the internal relative humidity, resulting from self-desiccation, i.e.

from the water-consuming hydration process. Lura et al. [335] showed that the internal

relative humidity in a cement paste sample with w/c = 0.37 decreased from 98 % to 92 %,

within the first few days after mixing. Notably, the resulting capillary pressure increased

virtually linearly with the hydration degree ξ, in the regime ξ > 30 %, see [227]. As for

mortars and concretes, the self-dessication-induced capillary underpressure was shown to

result in water migration from the open porosity of the aggregates into the cement paste

matrix [227]. A similar mechanism is assumed to reduce the water content of the polymers.

This was the motivation to consider age-dependent creep properties of the polymer phase.

In this context, two different identification strategies are investigated: (i) only the shear

creep modulus is considered to be age-dependent, and (ii) both the shear creep modulus

and the power-law creep exponent are assumed to be age-dependent.
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As for the first approach, different values for the power-law creep exponent are selected,

such that βpol ∈ {0.1, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.1, 1.3}. For each one of these βpol, the

creep tests are individually analyzed in order to identify the optimal shear creep moduli.

Remarkably, the mean errors obtained according to Eq. (5.34) are virtually constant for

power-law creep exponents having values within the interval βpol ∈ [0.4, 0.8], see Figure 5.26.

Thus, for the further steps, the central value is chosen: βP2 =βP3 =0.6. The corresponding

modeled creep strains agree very well with the experimental data, see Figure 5.27. The

respective mean errors amount to 2.7×10−7 /MPa for paste P2 and to 2.9×10−7 /MPa for

paste P3, and they are by one order of magnitude smaller than the mean errors obtained

for consideration of universal (constant) polymer creep properties, see Table 5.5. This

illustrates that the creep properties of the polymer particles in hydrating cement pastes

undergo changes.
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Figure 5.26: Mean errors according to Eq. (5.34) for age-independent power-law creep

exponents and for age-dependent shear creep moduli for paste P2 (a) and paste P3 (b).

Table 5.5: Mean errors E according to Eq. (5.34) for universal and age-dependent polymer

creep properties.

Shear creep modulus Power-law creep exponent Polymer Mean error E

universal universal P2 1.709× 10−6

universal universal P3 1.927× 10−6

age-dependent universal P2 2.665× 10−7

age-dependent universal P3 2.857× 10−7

age-dependent age-dependent P2 1.975× 10−7

age-dependent age-dependent P3 2.227× 10−7
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Figure 5.27: Comparison of experimental and computed creep strains of polymer-modified

cement pastes P2 (a) and P3 (b) at ages of 40 h, 70 h, and 150 h, considering age-

dependent shear creep moduli and constant power-law creep exponents.

The optimal shear creep moduli, obtained considering a constant power-law creep exponent,

increase bilinearly with increasing material age. For material ages up to 40 h, the shear

creep moduli first increase up to µc,P2 ≈ 0.10 GPa and µc,P3 ≈ 0.14 GPa, respectively.

Thereafter, the hourly increase is significantly smaller. After one week of hydration, the

identified values amount to µc,P2 ≈ 0.23 GPa and µc,P3 ≈ 0.26 GPa, respectively. On the

one hand, the increasing shear creep modulus, and the concomitant decrease of the creep

activity of the polymers can be explained by the progressive decrease of the internal relative

humidity. On the other hand, it does not satisfactorily account for the bilinear evolution of

the shear creep moduli. Therefore, a second microstructural effect appears to be involved.

Tian et al. [59] claimed that the polymer particles are not uniformly distributed within

the hydrating cementitious microstructure. Instead, the polymer particles flocculate,

referred to as localization. Probably, these agglomerates exhibit a larger creep activity

than the individual polymer particles. Tian et al. [59] further observed by means of

ESEM investigations, among others, such as Bijen and Su [51], Dimmig-Osburg [58], and

Schirmer [21], that the cementitious hydrates grow through the adsorbed polymer layers.

The first branch of the bilinear evolution of the shear creep modulus with the material age

might refer to the progressive destruction of the polymer agglomerates. However, there

is a need of more experimental evidence in order to support this explanation. It would

be beneficial to measure the evolution of the internal relative humidity of the hydrating

polymer-modified cement pastes, as the measurement data would provide the necessary

physical background to evaluate the self-desiccation-induced changes of the creep behavior

of the polymers.
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Figure 5.28: Evolutions of the shear creep modulus as functions of the material age,

considering time-independent power-law creep exponents βP2 = βP3 = 0.6, for paste

P2 (a) and paste P3 (b).

Within the second identification approach, all 168 tests per specimen are reanalyzed. The

optimal values of both the creep shear modulus and the power-law creep exponent are

identified simultaneously, such as to minimize the mean error according to Eq. (5.34).

Therefore, both the creep shear modulus and the power-law creep exponent are considered

to be age-dependent, evolving with the maturity of the material. The identified shear creep

moduli and the identified power-law creep exponents increase nonlinearly with increasing

material age, see Fig. 5.29. In comparison with Fig. 5.28, the evolutions of the shear creep

modulus as well as of the power-law creep exponent exhibit a larger scatter. Most likely, this

is related to the more complex optimization problem of the second identification strategy,

which involves the determination of two variables. Therewith, the two variables may span

an area with several minimal values close to each other, rendering the identification of the

optima more challenging.

The shear creep modulus increases rapidly up to material ages of about 40 hours. Be-

tween ages of 40 and 110 hours, it is almost constant at values of µc,P2 ≈ 0.08 GPa

and µc,P3 ≈ 0.11 GPa, respectively. Then, the shear creep modulus increases again

more rapidly and reaches, one week after production, values of µc,P2 ≈ 0.60 MPa and

µc,P3 ≈ 0.40 MPa, respectively. The power-law creep exponents, in turn, are virtually

constant, βP2 ≈ βP3≈0.95, at material ages of less than 100 h. Afterwards, they decrease

and finally stabilize around βP2 ≈ 0.3 or βP3≈0.4, respectively. The corresponding mean

errors, according to (5.34), amount to 2.0× 10−7 for paste P2 and to 2.2× 10−7 for paste

P3. These values are by approximately 25 % smaller compared to those obtained with a
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5.3. Semi-analytical multiscale modeling of polymer-modified cement-based materials

constant power-law exponent, see Table 5.5. The experimentally measured creep strains are

reproduced even more accurately, see Fig. 5.30. This goes along with larger computational

costs, compared to the first approach.
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Figure 5.29: Evolutions of the shear creep modulus and the power-law creep exponent as

functions of the material age, for paste P2 (a), (c) and paste P3 (b), (d), respectively.
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Figure 5.30: Comparison of experimental and computed creep strains of polymer-modified

cement pastes P2 (a) and P3 (b) at ages of 40 h, 70 h, and 150 h, considering both

age-dependent shear creep moduli and age-dependent power-law creep exponents.

5.3.5 Creep homogenization of polymer-modified concretes

In the following, it is investigated if the experimental results of the short-term creep tests on

polymer-modified concretes, see Figure 5.13, can also be predicted by the micromechanics-

based multiscale model. To this end, the upscaling procedure is extended to the scale of

concrete, considering the morphological representation depicted in Figure 5.16.

The homogenized relaxation tensor at the concrete scale, R∗concrete, reads as

R∗concrete(p) =

f concretecp R∗cp(p) + f concreteagg R∗agg :
[
I + Pcp,∗sph (p) :

(
R∗agg − R∗cp(p)

)]−1


:

f concretecp I + f concreteagg :
[
I + Pcp,∗sph (p) :

(
R∗agg − R∗cp(p)

)]−1

−1

.

(5.37)

In Eq. (5.37), it is considered that the aggregates exhibit elastic properties according to

Eq. (5.19). The “concrete”-related volume fractions of the aggregates and the cement paste

matrix can be computed using Eq. (3.15). For the upscaling, the polymer creep properties

according to the three identification strategies presented in Section 5.3.4.3 are applied. The

comparison of experimental and computed creep strains of the polymer-modified concretes

is shown in Figure 5.31, separately for the three approaches. The corresponding mean

errors are summarized in Table 5.6.
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Figure 5.31: Comparison of experimental and computed creep strains of polymer-modified

concretes P2 and P3 at material ages of 40 h, 70 h, and 150 h, considering constant

(universal) polymer creep properties (a) and (b), age-dependent shear creep moduli and

constant power-law creep exponents (c) und (d), and age-dependent shear creep moduli

and power-law creep exponents (e) and (f).
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The multiscale model allows for quite reliable estimations of the creep strains that the

polymer-modified concretes exhibit during the short-term creep tests. Considering universal,

i.e. age-independent, polymer creep properties entails underestimated model predictions.

Similarly to the cement paste scale, the predictive quality improves when age-dependent

polymer creep properties are applied. The means errors for concrete P2 are slightly lower

than for concrete P3.

Further studies could investigate if the model predictions are improved when the water

migration model of Irfan-ul-Hassan et al. [227], see Section 2.3.5, is applied. To this end, it

has to be tested if the water uptake capacity and the paste void-filling extend identified by

the authors are still valid for the polymer-modified concretes. Notably, in this thesis the

same type of aggregates (quartz gravel) as in [227] was used. Irfan-ul-Hassan et al. [227]

showed that the mean predictions errors could be reduced by one order of magnitude when

the water-migration model is considered.

Table 5.6: Creep homogenization of polymer-modified concretes: Mean errors E according

to Eq. (5.34) for universal and age-dependent polymer creep properties.

Shear creep modulus Power-law creep exponent Polymer Mean error E

universal universal P2 2.373× 10−6

universal universal P3 2.547× 10−6

age-dependent universal P2 5.461× 10−7

age-dependent universal P3 6.857× 10−7

age-dependent age-dependent P2 3.068× 10−7

age-dependent age-dependent P3 4.953× 10−7

163



5.4. Summary

5.4 Summary

The early-age elastic and creep behavior of polymer-modified cement pastes and con-

cretes was investigated by means of both experimental and semi-analytical approaches.

Hourly-repeated short-term creep tests provide insight into the early-age evolutions of

the elastic stiffness and the creep properties of the materials. The elastic modulus, the

creep modulus, and the power-law exponent of the macroscopic specimens were quanti-

fied quasi-continuously from the first day after production up to material ages of eight

days. The experimental results revealed that the stiffness of cement-based materials is

reduced as a consequence of the polymer modification, comparing specimens with the same

water-to-cement mass ratio, geometrically identical shapes, and identical curing conditions.

Polymer P3 entails a lower Young’s modulus of the cement pastes and concretes than

polymer P2 does. This is related to the higher entrapped air void porosity in the samples

modified with polymer P3, as it was also observed in Section 4. The smaller stiffness of

the polymer-modified cement-based materials goes along with a more pronounced creep

activity than the unmodified reference specimens exhibit. The cement pastes and concretes

modified with the polymers P2 and P3 exhibit larger creep compliances and creep strains

than the unmodified materials at given time instants. The power-law exponent is less

sensitive to the mixture design than the other quantities are.

Multiscale models based on the principles of continuum micromechanics are able to reliably

predict the elastic and creep properties of polymer-modified cement-based materials. An

existing micromechanics-based model for the quantification of the stiffness, creep, and

strength of conventional hydrating cement pastes [107] is extended towards consideration of

polymer particles and of entrapped air porosity. The polymers are introduced at the scale

of hydrate foam, while the entrapped air pores are considered at the significantly larger

scale of cement paste. Furthermore, a constant volume fraction of the polymers during the

hydration process is assumed. The elastic properties of the polymers were obtained by

means of nanoindentation tests on polymer films. The extended multiscale model is able

to satisfactorily estimate the Young’s moduli derived from the ultra-short creep tests and

from the mechanical tests reported in Section 4. The considered mixture designs comprise

three different types of polymers as well as polymer-to-cement mass ratios ranging from

0.05 to 0.20. The sensitivity of the model responses with respect to uncertainties regarding

the elastic stiffness properties of the polymers is low. Thus, the multiscale model can be

applied to cement-based materials modified with different polymers. It may furthermore

help to reduce the number of time-consuming experiments because it reliably describes

the elastic properties of polymer-modified cement-based materials with different mixture

compositions.
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The model was further extended for the creep homogenization of polymer-modified cement-

based materials. By means of a top-down analysis, the experimental data of the early-age

creep tests were exploited in order to investigate the micromechanical origin of the

pronounced creep activity of the materials. It was found out that an isochoric power-

law-type creep behavior of the polymers might describe the large creep strains of the

cement pastes. In contrast to the hydrates, the polymers do not exhibit a universal creep

behavior. The creep activity of the polymer particles decreases with ongoing hydration

process. This very likely refers to the self-desiccation resulting from the hydration reaction

and the associated decrease of the internal relative humidity in hydrating cement pastes.

Further microscopic aspects, such as the increased film formation of the polymers and the

penetration of growing hydrates through polymer agglomerates, appear to be involved.

The macroscopic creep behavior of polymer-modified cement pastes can be satisfactorily

represented when the power-law creep exponent is considered to be age-independent

(constant). In that case, the shear creep modulus of the polymer particles was found to

follow a bilinear trend during the first week after production. The agreement between

model-predicted and experimentally-determined results can be further improved when

considering that both the shear creep modulus and the creep exponent of the polymers

are age-dependent and, thus, evolving functions. This entails considerable additional

computational efforts.
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6 | Comparison of empirical and mul-

tiscale modeling approaches

It is a vital issue to evaluate if the assumptions and hypotheses used to design structures

made of conventional concretes are also valid for PCC. Present models in codes and

standards may not take into account the complexity of polymer-modified cement-based

materials and, therefore, may lead to inaccurate estimations of fundamental mechanical

properties. Thus, it needs to be investigated if models that are commonly used in design

can be applied to PCC.

Standard models are mostly empirical. That means, they rely on quantitative relations

between variables without considering intrinsic mechanisms and theories behind the

phenomena for which the models are developed. Empirical models are often based on

experimental data from which fitted parameters without a physical meaning are derived.

On the contrary, multiscale models within the framework of continuum micromechanics

are based on material constants; no fitted parameters are used preferably.

In Section 6.1, it is investigated if analytical models prescribed in codes and norms are

able to reliably predict the elastic modulus of polymer-modified concrete. Experimental

data reported in Section 4.6.4.2 are used for the comparison with the model responses.

Section 6.2 focuses on the creep of concrete. Empirical creep models and the multiscale

approach are compared with experimental long-term creep tests reported in the literature.

6.1 Prediction of elasticity

6.1.1 Empirical models for the prediction of the elastic modulus

During the past few decades, several analytical models for the estimation of the elastic

Young’s modulus of conventional concrete have been developed and incorporated into

standards and guidelines. Most formulas relate the initial or secant modulus at a given time
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6.1. Prediction of elasticity

to the compressive strength of concrete, as the sole indicator of the mechanical concrete

performance. In some models, the density of concrete is also taken into account. Due to

the dominant role of the aggregates, selected models consider the type of the aggregates

via correction factors. Notably, the empirical formulas require a priori knowledge of

these composition-dependent quantities. However, many different factors influence the

elastic modulus of concrete so that the computed quantity always differs from the actual

value [336, 337].

An overview about the analytical models considered within this thesis is given in Table 6.1.

Therein, formulations proposed by national institutions such as the American Concrete

Institute (ACI), the Spanish ministry of development, who reported the Spanish Code

on Structural Concrete (EHE), the Brazilian Association of technical standards (NBR),

the International Federation for Structural Concrete (CEB-FIP), and the American Asso-

ciation of Highway and Transportation Officials (AASHTO) are summarized. Based on

experimental data collected in comprehensive databases or based on their own experimental

studies, several further authors, such as Hueste et al. [338], Gutierrez and Canova [339],

and Lim et al. [340] proposed formulations for the assessment of the concrete Young’s

modulus.

The responses of the models for a normal-weight concrete (ρ = 2400 kg m−3) containing

aggregates of type quartzite are shown in Figure 6.1. Expectedly, the predicted elastic

modulus increases with the compressive strength. For a given compressive strength, the

responses of the different formulas vary in their predictions between 8 GPa and 15 GPa.

The scatter results from the different formulations of the models.
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Figure 6.1: Estimations of the Young’s modulus of concrete as functions of the compressive

strength using the formulations summarized in Table 6.1.
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Table 6.1: Empirical models for the determination of the elastic modulus. fc – concrete

compressive strength [MPa], ρ – concrete density [kg m−3], α – correction factor [–].

Model [MPa] Remark Source

E = 4730(fc)0.5 ACI 318 [341]

E = 3320(fc)0.5 + 6890 ACI 363 R [342]

E = 22, 000(fc)0.3 EC 2 [211]

E = 10, 000(fc)1/3 EHE [343]

E = 5230(fc)0.5 Hueste et al. [338]

E = 5600(fc)0.5 NBR 6118 [344]

E = 21, 500α(fc/10)1/3 α = 1.2 for basalt, dense limestone;

α = 1.0 for quartzite; α = 0.9 for

limestone; α = 0.7 sandstone

CEB-FIP [345]

E = 8340α(fc)1/3 α = 1.2 for basalt, dense limestone;

α = 1.15 for quartzite; α = 0.9 for

limestone; α = 0.6 sandstone

Gutierrez and

Canova [339]

E = 0.043αρ1.5(fc)0.5 α: correction factor for type of

aggregate; no specific value

recommended; should be taken as

1.00;

AASHTO [346]

E = 4400
√
fc

(
ρ

2400

)1.4
Lim et al. [340]

6.1.2 Predictive capabilities of the empirical models applied to PCC

In the following, it is tested if the empirical models are able to reliably estimate the

Young’s modulus of polymer-modified concrete. To this end, the formulations are fed

with the experimentally determined compressive strengths of PCC, see Section 4.6.4.2.

The empirical models require the cylinder compressive strength of concrete. Thus, the

experimental compressive strengths obtained for cubic specimens with an edge length of

100 mm (Table 4.13) are converted into the cylinder compressive strength of concrete [347].

Also, the storage conditions following DIN EN 12390-2 [348] are taken into account as

fc,dry, 150 mm = 0.97 · fc,dry, 100 mm,

fc,cube = 0.92 · fc,dry, 150 mm,

fc,cyl = 0.80 · fc,cube.

(6.1)
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The densities of the PCC, which some models require, are summarized in Table 4.13.

The responses of the models given in Table 6.1 are compared with the experimentally

determined static elastic moduli of polymer-modified concretes at a material age of 28 days,

as the models aim at the assessment of the secant moduli. The comparison between the

experimental data, i.e. the static elastic moduli of the six different PCC investigated in

Section 4.6.4.2 at 28 days, and the predictions of the ten analytical models are shown

in Figure 6.2. Notably, There is no clear tendency about the predictive capabilities of

the models. Some models, such as the EHE, NBR 6116 and the CEB-FIP, overestimate

the Young’s modulus of PCC. Others, such as the ACI 363 and the model by Lim et al.,

underestimate the stiffness. Therefore, the prognosis qualities of the models have to be

individually evaluated.
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Figure 6.2: Comparison between experimentally determined and model-predicted elastic

moduli of polymer-modified concretes.

The goodness-of-fit between experiment and prediction for the different models warrants

further evaluation. A quantitative measure of the differences between model response Y

and experiment Ŷ is the mean absolute percentage error EMAPE, which is given as

EMAPE = 100
n

n∑
i=1

∣∣∣∣∣ Ŷ − YŶ

∣∣∣∣∣ . (6.2)

For each model, the mean absolute percentage error is computed, separately for the

concrete mixtures having a p/c-ratio of 0.05 and of 0.20, see Table 6.2. The experimental

elastic moduli of the PCC obtained at material ages of 28 days and the corresponding

model responses are compared.

For the lower p/c-ratio, most of the empirical models estimate the Young’s modulus of

PCC satisfactorily well, i.e. the mean error amounts to less than 10 %. Particularly, the
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models CEB-FIP, EHE, and Hueste show a good agreement with the experiments. The

predictions of the models ACI 363 and Lim are worse compared with the other models. For

a p/c-ratio of 0.20, the differences between experiments and model responses are larger for

most of the models. The model responses of EHE, NBR 6118, and CEB-FIP differ from

the actual elastic moduli by more than 30 %. The models ACI 318, ACI 363, EC 2, and

Lim reveal the best predictions. The predictive capability of the multiscale model is better

than that of the phenomenological models for a p/c-ratio of 0.05. For a p/c-ratio of 0.20,

the prediction error for the multiscale model is only slightly worse than the best empirical

models. One drawback of applying the empirical models is that there is no model that

reliably predicts the elastic moduli of both PCC with p/c = 0.05 and with p/c = 0.20.

Some of the models are appropriate for the concretes with a low polymer content. However,

their predictive capability is worse for the concretes with a high polymer content. Thus,

they are not generally applicable for estimating the elastic moduli of PCC.

Table 6.2: Goodness-of-fit, represented by the mean absolute percentage error EMAPE [%].

The values are averaged for all investigated PCC.

Model p/c = 0.05 p/c = 0.20

ACI 318 10.2 13.0

ACI 363 18.0 11.6

EC 2 12.1 14.1

EHE 6.0 31.6

Hueste 6.5 25.0

NBR 6118 9.0 33.4

CEB-FIP 5.9 31.3

Gutierrez 6.8 26.2

AASHTO 7.0 19.3

Lim 17.4 9.4

Multiscale 3.5 15.2
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6.2 Prediction of creep

6.2.1 Empirical creep compliance functions

The creep behavior of concrete is also incorporated in standards and guidelines. Several

different approaches were proposed to determine the creep coefficient and the creep

compliance of concrete. Among these proposals, the five most widely used creep prediction

models are considered within this thesis:

� ACI209 by the American Concrete Institute [179]

� Model Code 2010 [180] by the International Federation for Structural Concrete,

originally published in the Model Code 90-99 [349]

� B3 by Baẑant and Bajewa [261, 350, 262]

� B4 by Baẑant, Wendner and Hubler [351]

� GL2000 by Gardner and Lockman [181]

6.2.1.1 Model according to ACI209

The creep model according to the American Concrete Institute is based on a product

ansatz, which combines an aging function and a hyperbolic time function. Basic and

drying creep are not distinguished. The compliance function reads as

J(t, τ) = 1
Eτ

+

(t− τ)ψ
d+ (t− τ)ψϕc,∞

Eτ
(6.3)

with Eτ elastic modulus at beginning of loading

ψ, d constants depending on the shape and size of the specimen;

for conventional concrete : ψ = 0.60 and d = 10 d

ϕc,∞ ultimate creep coefficient.

The ultimate creep coefficient ϕc,∞ can be estimated as follows

ϕc,∞ = 2.35γlaγRHγaγv/sγslγf−a (6.4)

with γla concrete age at beginning of loading

γRH relative humidity

γa air void volume

γv/s volume/surface ratio
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γsl slump

γf−a fine-aggregate ratio.

6.2.1.2 Model MC90

Analogously to the model ACI209, the model MC90 uses a product formulation. An

ultimate creep coefficient is combined with a hyperbolic time function. The creep coefficient

is defined as

ϕc(t, τ) = ϕc,∞βc(t, τ) = ϕc,∞

[
t− τ

βH + (t− τ)

]0.3

. (6.5)

The factor βH considers the influence of the drying creep on the creep rate and reads as

βH = 1.5h
[
1 + (1.2RH)18

]
+ 250α3 ≤ 1500α3 (6.6)

with h effective width

RH relative humidity

α3 correction factor, refers to the concrete strength.

The ultimate creep coefficient ϕc,∞ is computed considering the concrete strength fc, the

humidity, and the hydration speed as follows

ϕc,∞ = ϕRHβ(fc)β(τ) (6.7)

with

ϕRH =
[
1 + 1−RH

0.1h1/3 α1

]
α2, (6.8)

β(fc) = 16.8√
fc
, (6.9)

β(τ) = 1
0.1 + (τeff )0.2 . (6.10)

τeff is the effective age of the concrete at time instant τ . It depends on the type of

the cement and the temperature and, thus, takes into account the cement hydration

progress. α1 and α2 are further correction factors, depending on the concrete strength.

The compliance function is calculated as follows

J(t, τ) = 1
Eτ

+ ϕc(t, τ)
E28

. (6.11)

In Eq. (6.11), the Young’s moduli of the concrete at 28 days, E28, and at the time instant

of loading, τ , are considered.
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6.2.1.3 Model B3

The model B3 is based on the summation ansatz. Accordingly, the creep compliance is

the sum of the instantaneous compliance q1, the basic creep compliance C0(t, τ), and the

drying creep compliance Cd(t, τ, td). The latter takes into account the age of concrete at

the beginning of drying td.

J(t, τ) = q1 + C0(t, τ) + Cd(t, τ, td). (6.12)

The basic creep compliance explicitly considers a visco-elastic part via the parameters

q2, q3 as well as a visco-plastic part via the parameter q4. To each of them, a specific time

function is assigned as

C0(t, τ) = q2Q(t, τ) + q3ln [1 + (t− τ)n] + q4ln
(
t

τ

)
. (6.13)

Q(t, τ) is an approximate binomial integral; for the computation of Q(t, τ), the reader is

referred to [194, 352]. The drying creep compliance is defined as

Cd(t, τ, t0) = q5

√
e−8H(t,t0) − e−8H(τ,t0), (6.14)

in which H(t) and H(τ) denote the mean pore moisture content of the concrete at the

time instants t and τ . The parameters q1 . . . q5 depend on the water-to-cement ratio w/c,

the aggregate-to-cement ratio a/c, the compressive strength at 28 days fc,28, the cement

content c, and the ultimate shrinkage strain εsh,∞ as

q1 = 0.6
Ec,28

,

q2 = 2.33 · 10−5c0.5f−0.9
c,28 ,

q3 = 0.29 (w/c)4 · q2,

q4 = 2.03 · 10−5 (a/c)−0.7 ,

q5 = 1.90 · 10−4

fc,28ε0.6
sh,∞

.

(6.15)

6.2.1.4 Model B4

The model B4 is the successor of the model B3. With several improvements, the range of

applicability is extended to modern concretes including admixtures.

The compliance function has the same form as presented in Eq. (6.12). The compliance

functions for the basic creep and the creep due to simultaneous drying are defined similarly

174



Chapter 6. Comparison of empirical and multiscale modeling approaches

to Eqs. (6.13) and (6.14). The parameters q1 . . . q5 are defined as follows:

q1 = p1

E28
,

q2 = p2

1GPa

(
w/c

0.38

)p2w

,

q3 = p3q2

(
a/c

6

)p3a (w/c
0.38

)p3w

,

q4 = p4

1GPa

(
a/c

6

)p4a (w/c
0.38

)p4w

,

q5 = p5

1GPa

(
a/c

6

)p5a (w/c
0.38

)p5w

|khεsh∞(T̃τ )|p5ε .

(6.16)

The factors p2...5a and p2...5w as well as p5ε depend on the type of the cement. kh is a factor

that takes into account the humidity. εsh∞(T̃τ ) is the shrinkage correction for the effect of

aging on the elastic stiffness.

6.2.1.5 Model GL2000

This model is purely based on empirical data. In particular, it was developed using the

experimental creep data of the RILEM database [199]. The model only requires a few

input parameters, namely the relative humidity, the cement type, the geometry, and the

elastic modulus of the concrete. According to the model G2000, the creep compliance

increases steadily, even for a large loading duration. The creep coefficient refers to the

28-day value of the elastic modulus and reads as follows:

ϕc,28(t, τ) = Φ(t, td)
[
2
(

(t− τ)0.3)
(t− τ)0.3 + 14

)
+
(7
τ

)0.5 ( t− τ
t− τ + 7

)0.5]

+ Φ(t, td)

2.5(1− 1.086RH2)

 t− τ

t− τ + 0.15
(
V

S

)2


0.5 .

(6.17)

The parameter Φ(t, td) takes into account the drying of concrete before loading and is

given by

Φ(t, td) =

1−

 τ − td

τ − td + 0.15
(
V

S

)2


0.5

0.5

. (6.18)

The creep compliance function is calculated similarly to Eq. (6.11).
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A detailed overview about the input parameters for each creep model is given in Ap-

pendix A.5.

6.2.2 Application of the empirical creep models to PCC

Flohr [76, 353] conducted two long-term uniaxial compressive creep tests with polymer-

modified concrete. Concrete cylinders with a diameter of 10 cm and a height of 30 cm were

investigated. For the polymer modification, a redispersible powder (corresponds to polymer

P1 used in the present thesis, see Table 4.4 for more details about the characteristics)

was used. The p/c-ratio was 0.15. The experimental parameters, including the boundary

conditions of the tests, are given in Table 6.3. The main differences between the two tests

refer to the concrete age at which the tests started, the duration of the loading, the applied

stress, and the w/c-ratio of the concretes.

In the following, it is investigated if the macroscopic creep models given in codes and

guidelines are able to estimate the creep behavior of the PCC during the long-term

creep tests reliably. Furthermore, both the experimentally determined and the computed

strains, obtained with the empirical creep models, are compared with the response from

the multiscale approach. It is evaluated if the multiscale model, which incorporates

microstructural characteristics (see Section 5.3), is better able to predict the creep behavior

of PCC than the models solely defined at the macroscopic material scale can.

The input parameters as given in Table 6.3 are employed; no further parameters are

adapted. In contrast, Keitel et al. [6, 91] optimized the model input parameters using

a quasi-Newton algorithm [7] as well as a Particle swarm optimizer [6] to minimize

the coefficient of variation between experiment and model predictions. They showed

that the parameter identification significantly improves the predictive capabilities of the

creep models for PCC, particularly of the models B3 and ACI209. Still, such parameter

calibration requires experimental data and the parameters need to be re-identified for the

predictions of further experiments and of PCC with varying mixture designs. In this thesis,

the formulations proposed for standard concrete were applied to the PCC, avoiding the

inverse identification of model input parameters.
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Table 6.3: Experimental parameters and boundary conditions of the long-term creep tests

with PCC by Flohr [76, 353].

Parameter Test 1 Test 2

Testing conditions

Concrete age at loading τ [d] 75 265

Concrete age when drying starts td [d] 7 7

Duration d [d] 28 154

Applied stress σ [N mm−2] 16.4 24.8

Ambient conditions

Relative humidity RH [-] 0.65 0.65

Temperature T [◦C] 20 20

Specimen

Volume-surface ratio V/S [-] 2.14 2.14

Concrete mixture

Cement type CEM I 32.5 R CEM I 32.5 R

Maximum aggregate size [mm] 16 16

Cement content c [kg m−3] 350 350

Water content c [kg m−3] 175 143.5

Water-to-cement ratio w/c 0.50 0.41

Aggregate-to-cement ratio a/c 4.85 4.85

Fine aggregate percentage f − a [%] 32 32

Concrete properties

Air content αa [%] 5.90 4.90

Slump s [cm] 60 42

Unit weight of concrete γc [kg m−3] 2250 2350

Compressive strength at 28 days fc,28,cyl [N mm−2] 28.9 36.2

Hydration degree at time τ 0.78 0.80

Porosity at 90 d [%] 14.4 10.7
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The creep predictions from the multiscale model presented in this thesis follow a power-

law-type creep function, as it was observed during the minutes-long creep tests. On the

contrary, for loading durations of several months to several years, the creep strains evolve

logarithmically [166, 354]. Logarithmic creep is expressed by a linear relation between the

deformations and the logarithm of the time. The power-law-type creep, in turn, is expressed

by on overlinear relation between the creep deformations and the logarithm of time [207].

According to Irfan-ul-Hassan et al. [207], the creep of cement pastes first exhibits power-law

creep rates and, after an intermediate transition phase, it exhibits logarithmic creep rates.

Therewith, the first part of the creep functions can be represented by means of the power

law introduced in Section 5.1.5. The final part of the creep functions can be represented

by means of the logarithmic function shown in Eq. (4.10) with the fitting parameters C

and τ . However, the micromechanical creep tests presented in Section 4.6.2.4 revealed

that the polymer-modified cement pastes start exhibiting power-law type creep behavior

at significantly later time instants than the plain reference paste. Furthermore, it is of

interest to evaluate the predictive capability of the multiscale model without introducing

fitted parameters. Thus, the multiscale model is employed to estimate the creep strains

that the PCC exhibit during the long-term creep tests, being aware that the actual creep

behavior transforms into logarithmic creep after a few weeks. As regards the polymer creep

properties, the age-independent shear creep modulus and the age-independent power-law

exponent according to Eq. (5.36)1 are applied for the sake of convenience. The creep

properties of polymer P2 are considered because it consists of the same copolymers like

polymer P1.

The comparison between the experimentally determined strains and the model predictions

is shown in Figure 6.3 for Test 1 and in Figure 6.4 for Test 2. As Keitel et al. [6, 91]

already observed, the macroscopic creep models mostly underestimate the experimental

creep strains of both Test 1 and Test 2 considerably. For Test 1, the models ACI209 and

MC90 perform better than the models B3, B4, and GL2000, which predict almost no

increase of the creep strains after an initial period. The models ACI209 and MC90 also

provide better predictions for Test 2 than the models GL2000 and B3 do. The main reason

for the unsatisfactory predictions of the macroscopic models is that the creep-magnifying

effect of the polymers is not considered. Furthermore, the low stiffness of the polymer

phase is not taken into account.

The multiscale approach provides predictions that are within the range of the best empirical

models. For Test 1, the multiscale model response is slightly lower than for the models

ACI209 and MC90. For Test 2, the multiscale prediction is very similar to those of the

models ACI209 and MC90. Still, the experimental strains are also underestimated by the
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multiscale model. This is related to the previously described effect that the multiscale model

only covers a power-law type creep behavior. Thus, the creep estimations might be improved

by introducing a logarithmic formulation. One further aspect is that the multiscale approach

was originally developed for explaining non-aging short-term tests where the microstructure

of the material remains constant and drying is minimized. Within the long-term creep tests,

the PCC are subjected to loads for several days weeks such that the hydration process is

not constant; hydration-induced microstructure changes are possible and so-called aging

creep might occur. Thus, the model needs to be further extended for such cases. Recently,

the Eshelby problem was extended for aging viscoelasticity [355]. Furthermore, the applied

load levels were equal to 56 % of the compressive strength for Test 1 and 68 % for Test 2.

Therefore, they might cause creep strains which are beyond the range of linear creep, for

which the multiscale model is intended to use.
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Figure 6.3: Experimentally determined creep strains by Flohr (Test 1) compared with the

responses of empirical models and of a multiscale approach.
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Figure 6.4: Experimentally determined creep strains by Flohr (Test 2) compared with the

responses of empirical models and of a multiscale approach.
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7 | Summary and conclusions

In construction, the decision for the building material concrete is increasingly dependent

on its durability, sustainability, and economy. In order to fulfill the specific demands, it is

required to improve the resistance capability of concrete. In this context, the modification

of the binder matrix with polymers is already well established. However, the procedures to

optimize the concrete performance partially entail considerable changes of the mechanical

properties. Furthermore, the increasing use of new generations of concrete calls for

improved prognosis models that satisfactorily estimate the mechanical behavior. Common

prediction models according to guidelines and standards often only take into account the

compressive strength as a decisive parameter; further material parameters, such as the

elastic stiffness and the tensile strength, are not considered.

Multiscale models based on the principles of continuum micromechanics rely on the

philosophy that the modeling of the macroscopic material behavior requires taking into

account the underlying physical mechanisms at the microscopic scale. The aim of this

thesis was to extend existing semi-analytical multiscale models to the application for

polymer-modified cement-based materials. Thereupon, it was of further interest to answer

whether or not the adapted multiscale model is better able to predict the mechanical

behavior of such materials than macroscopic empirical models can.

As a first step, the characteristics of a semi-analytical multiscale model, which was

originally developed for conventional concrete, were investigated. A probabilistic evaluation

methodology comprising sensitivity and uncertainty analyses was described. On the one

hand, the influences of the uncertain input parameters on the uncertainty of the model

output were quantified. On the other hand, the effect of the choice concerning the hydration

model was evaluated. Two hydration models were considered for the analysis: the Powers-

Acker hydration model [283, 284] and the hydration model that Bernard et al. [111]

proposed and Pichler et al. [116] refined. The following conclusions can be drawn:

� The uncertainty of the model response is magnified across the scales. The Young’s

modulus at the cement paste scale exhibits a lower uncertainty than the Young’s

181



modulus at the concrete scale. This is related to the smaller number of input

parameters at the lower scale. The uncertainty of the model output also increases

with the maturity of the material due to ongoing hydration processes.

� The elastic parameters as well as the volume fractions of the main constituents of

mortar and concrete, namely sand and aggregates, are mostly responsible for the

model output uncertainty, which is underlined by their large total sensitivity indices.

Besides, the chosen probabilistic parameters of the aggregates at the concrete scale

affect the total order sensitivity indices considerably. In the case of applying the

Bernard model, the kinetic parameters also play an important role for the Young’s

moduli across the scales, particularly so during early hydration stages.

� The choice of the hydration model is of rather minor importance for the uncertainty

of the model output, though both hydration models require a different amount of

model input parameters. The total uncertainty with respect to the Bernard model

is slightly higher than that w.r.t. the Powers model, particularly for hydration

degrees larger than 0.6. Thus, the Powers model, which requires a significantly

smaller number of input parameters than the Bernard model, was considered for the

subsequent investigations.

An experimental multiscale study was carried out to investigate the influences of the

polymer modification on the mechanical behavior of cement-based materials. Besides, the

experiments provided data for both model calibration and validation. Three polymers

were used, differing according to the delivery form and the chemical composition. The

cement pastes, mortars, and concretes were prepared with two different polymer-to-cement

ratios. The study combined microstructural characterization with macroscopic (standard)

testing and revealed the following results:

� First, the properties of the fresh mixtures were measured, illustrating that the

polymer modification improves the workability of cement-based materials. The

polymer dispersions increase the consistency more considerably than the redispersible

powder. The lower viscosity of the fresh mixes is caused by the ball-bearing effect

of polymer particles and of air voids, most likely entrapped during mixing due

to the interaction processes between the polymers, their technical additives, and

cementitious constituents. The particle sizes of the polymers are slightly lower in

the dispersions than in the powder, which increases the viscosity more considerably.

Surfactants further support the dispersing of the polymers in the mixtures.

� The polymer modification entails a delayed hydration process. For a given time, the

degree of hydration of polymer-modified cement pastes is lowered compared with the
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unmodified cement paste. Furthermore, an extended dormant period and lowered

heat rates during the acceleration period are observed. The higher the p/c-ratio,

the more pronounced the retardation of the hydration process is. In the literature,

chemical and physical retardation mechanisms are discussed frequently.

� The microstructure of polymer-modified cement pastes is determined by both polymer

and cementitious components. For a sufficiently large polymer-to-cement ratio,

polymer domains embedded in between the cementitious matrix are visible. In

dependence on the minimum film forming temperature, the polymers are coalesced

and might form films. It was also found that the same dosage of different polymers

may cause different amounts of entrapped air in the hardened cement-based materials.

This is caused by polymer-cement interactions, particularly by the technical additives

that the polymers contain. Usually, they are not known explicitly, rendering general

statements on the influences of polymers on cement-based materials difficult.

� The polymer-modified materials exhibit lower compressive strengths and elastic

moduli than the plain mixtures for a given water-to-cement ratio do. The higher

the polymer content, the lower are those mechanical quantities. This is the result

of (i) the delayed hydration process, (ii) the small stiffness of the polymers and, for

some polymer types, (iii) the increased porosity resulting from interactions between

the polymers, their additives, and the cement or the aggregates. The increased

creep activity might result from (i) possible sliding effects of the polymers within

the binder matrix and (ii) the increased stress concentration into cement hydrates

due to entrapped air.

� The experimental results obtained with macroscopic mechanical tests are confirmed

via nanoindentation investigations. The mean indentation moduli of the polymer-

modified cement pastes decrease with increasing p/c-ratio. Nanoindentation creep

tests also underline that the polymer modification leads to a more pronounced creep

behavior. The more polymers added, the larger are the displacements that the

specimens subjected to a sustained load exhibited. These trends were also observed

in mechanical tests with macroscopic specimens. Therefore, the nanoindentation tests

provide reliable estimations of the mechanical behavior of macroscopic specimens

of cement-based materials for different polymer modifications and p/c-ratios. One

further advantageous aspect is that the nanoindentation tests are less time-consuming

than standard mechanical tests and require only millimeter- or centimeter-sized

samples, such that a smaller amount of raw materials is needed.
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Particular attention was paid to the early-age elastic and creep behavior of PCC. A recently

developed experimental campaign [207] was carried out and extended to PCC. The focus

was set on the linear creep of undamaged specimens so that load levels being equal or

smaller than 7.5 % of the estimated compressive strength at time instant of testing were

applied. The elastic and creep properties were quantified quasi-continuously from material

ages of 21 hours up to eight days, revealing the following results:

� The polymer-modified cement pastes and concretes exhibit smaller Young’s moduli

than the unmodified reference mixtures do.

� The creep behavior of the polymer-modified cement pastes and concretes is more

pronounced relative to the plain mixtures, which is shown by the smaller creep

moduli and the larger creep compliance compared with the reference. At very early

sample ages (up to 30 hours), the creep strains of the polymer-modified cement

pastes are up to four times higher than those of the reference. At 150 hours, they

are still two times higher.

� The power-law exponent is less sensitive to the mixture design than the elastic

modulus and the creep modulus; it is virtually the same for all three investigated

mixes.

The experimental data were exploited for the extension of an existing semi-analytical

multiscale model to polymer-modified cement-based materials. Different aspects of the

multiscale modeling of PCC are discussed in this thesis:

� A standard multiscale model for the representation of the elastic stiffness, strength,

and creep properties of hydrating cement pastes was extended towards consideration

of polymer particles and entrapped air. The polymers are introduced as spheres at

the scale of hydrate foam. The spherical air voids enter the larger scale of cement

paste.

� The evolutions of the volume fractions in polymer-modified cement pastes can be

estimated based on the Powers model, which is extended towards the consideration

of a constant polymer volume fraction and of entrapped air porosity.

� The elastic stiffness of the polymers, which was determined by means of nanoinden-

tation tests on polymer films, is by one magnitude lower than of the cementitious

constituents. Thus, the polymers - micromechanically - more or less act as a pore

phase within the cementitious network.
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� Homogenization methods of continuum micromechanics were shown to be useful

when it comes to the estimation of the early-age evolution of the elastic stiffness of

PCC. Special attention deserves the interaction of the polymers and their additives

with the other raw materials, which may result in entrapping a significant amount of

air during the production. This porosity needs to be appropriately considered in the

multiscale model.

� The semi-analytical multiscale approach also allows to explain the micromechanical

origin of the pronounced creep activity of polymer-modified cement-based materials.

An isochoric power-law-type creep function for the polymers was applied to identify

the polymer creep properties. Based on the experimentally obtained creep functions,

a top-down identification was performed. It was observed that the shear creep

modulus of the polymers is by two orders of magnitude smaller than that of the

hydration products is. In contrast to the hydrates that exhibit universal creep

properties, the polymer creep properties are age-dependent and evolve with the

hydration process. The creep activity of the polymers decreases with the time which

is most likely related to the self-desiccation of the cement paste due to the water-

consuming hydration reaction and the continuous decrease of the internal relative

humidity in hydrating cement pastes. Further microstructural affects, such as the

polymer film formation and the growth of the hydrates into polymer agglomerates,

appear to be involved.

� Notably, the experimentally determined macroscopic creep behavior of hydrating

polymer-modified cement-based materials can be satisfactorily reproduced when

considering that the power-law creep exponent of the polymer particles is age-

independent and, thus, constant. In that case, the shear creep modulus of the

polymer particles was found to follow a bilinear trend during the first week after

production. Considering that both the shear creep modulus and the creep exponent

of the polymers are age-dependent and, thus, evolving functions, improves the

agreement between modeling results and experiments, but at the cost of considerable

additional computational efforts.

The predictive capability of the proposed semi-analytical multiscale model for polymer-

modified cement-based materials was compared with empirical macroscopic models aimed

at the prediction of the elastic stiffness and of concrete creep strains. The following

observations were made:

� The empirical models satisfactorily predict the Young’s modulus of PCC with a

p/c-ratio of 0.05. The predictive capability of the models is worse for PCC with a
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p/c-ratio of 0.20. The multiscale model performs slightly better than the empirical

models and exhibits a smaller mean absolute percentage error for PCC with a p/c-

ratio of 0.05. Its predictive capability is almost as good as the empirical models with

the smallest prediction errors for PCC with a p/c-ratio of 0.20.

� Regarding creep, the empirical models according to guidelines and standards clearly

underestimate the creep strains of polymer-modified concrete during long-term creep

tests.

� The multiscale approach provides predictions that are within the range of the best

empirical models. The multiscale model might be improved by considering the

water-migration model of Irfan-ul-Hassan et al. [227], by extending its applicability

to nonlinear creep, and by taking into account aging viscoelasticity.

In summary, a significant amount of knowledge has been gained. The multiscale model

based on continuum micromechanics turned out to be a valuable method in predicting

elastic and creep properties of polymer-modified cement-based materials across the scales.

Very remarkably, the multiscale model can be applied to PCC with differing polymer

modifications and polymer contents. Thus, the model may help to reduce the number of

tests characterizing the elastic and viscoelastic behavior of polymer-modified cement-based

materials in the future. Estimations for the influences of different polymers on the elastic

moduli and the creep behavior of cement pastes, mortars, and concretes can be obtained

based on the model. The development of reliable prognosis models for PCC represents an

important step towards the use in construction and accelerates their implementation in

guidelines.
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8 | Outlook

There is still a lot of motivation for future research on polymer-modified cement-based

materials and their modeling and simulation.

Besides the elasticity and creep, the uniaxial compressive strength is the main mechanical

property for the design of structures, and it is commonly used in codes and guidelines. Thus,

the multiscale model for polymer-modified cement-based materials should be extended for

the prediction of the compressive strength. Several approaches that relate the microscopic

failure mode to the macroscopic strength of conventional cement-based materials have

already been proposed [108, 109, 134, 110].

The knowledge about the microstructural formation of polymer-modified cement-based

materials is prerequisite for the development of multiscale prediction models. By means

of advanced microscopic or tomography methods, the microstructure of PCC could be

investigated in more detail. It could be answered if and which types of organic-inorganic

compounds, as mentioned in the literature, e.g. [56], are formed. Their existence could

be also studied by means of nanoindentation testing coupled with SEM-EDS analyses.

Such experimental setups already proved the existence of C-S-H / Portlandite compos-

ites. Furthermore, the shape of the hydration products during the hydration process in

the presence of polymers could be investigated using ESEM, cryo-SEM, or soft X-ray

transmission microscopy. Therewith, the nucleation and the growth of the cementitious

crystals could be observed. The information could be used to improve the morphological

representation of polymer-modified cement pastes in the context of multiscale modeling.

Instead of solely modeling the hydrates as needles, an maturity-dependent shape of the

hydrates could be introduced to account for the inhibited formation of the hydrates in the

presence of polymers, as claimed by Silva et al. [40]. Similar approaches have already been

proposed by Königsberger et al. [141] for conventional cement pastes, referred to as C-S-H

densification model.

The data obtained from high resolution X-ray micro-computed tomography measurements

with polymer-modified cement pastes could be used to generate a three-dimensional
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(3D) digital microstructure of the material, consisting of unhydrated clinker particles,

hydration products, pore space, and a polymer phase. With that, a representative volume

element could be defined and mechanical properties, such as the elastic modulus, could

be predicted using 3D finite element analysis. This microstructure-based modeling of

the effective mechanical properties turned out to be successful for conventional cement

pastes [356, 357, 358]. The applicability of this approach to polymer-modified cement-based

materials needs to be proven. FEM simulations also open the door for predictions of

construction components made of PCC.

The focus of the experimental creep campaign presented herein was the linear creep.

Still, the nonlinear creep is of great importance for PCC and thus, deserves a deeper

investigation. The creep tests could be repeated at load levels higher than 30 % of the

concrete compressive strength. Furthermore, the multiscale prediction model could be

extended for the range of nonlinear creep, including material failure at microscopic scales.

The mechanical properties of polymer-modified cement-based materials are dependent

on the temperature because of the strong temperature dependency of the polymers. To

encourage the application of PCC in construction, the mechanical behavior at different

environmental conditions should be known. Thus, the mechanical properties of PCC could

be determined at elevated temperatures. In particular, the microstructural formation at

different temperatures could be studied. Within this context, the behavior of PCC exposed

to fire is of further interest. The semi-analytical multiscale model could be extended for

the consideration of temperature effects.
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Druckbelastung (Sekantenmodul); Deutsche Fassung EN 12390-13:2013.
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[305] DIN EN. Prüfung von Frischbeton - Teil 5: Ausbreitmaß; Deutsche Fassung EN

12350-5:2009.
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and shrinkage prediction. In Franz-Josef Ulm, H. M. Jennings, and R. Pellenq,

editors, Mechanics and physics of creep, shrinkage, and durability of concrete, pages

429–436, 2013.
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[358] V. Šmilauer and Z. Bittnar. Microstructure-based micromechanical prediction

of elastic properties in hydrating cement paste. Cement and Concrete Research,

36(9):1708–1718, 2006.

[359] S. Torquato. Random Heterogeneous Materials: Microstructure and Macroscopic

Properties. Springer Science & Business Media, New York, 16 edition, 2013.

[360] P. Acker. Swelling, shrinkage and creep: a mechanical approach to cement hydration.

Materials and Structures / Concrete Science and Engineering, 37(4):237–243, 2004.

[361] D. P. Gaver. Observing stochastic processes, and approximate transform inversion.

Operations Research, 14(3):444–459, 1966.

221



A | Appendix

A.1 Computation of Hill tensors

The Hill tensors account for the shape of material phases within the RVE. For a spherical

phase p, the Hill tensor reads as

Psph = Ssph : C−1
∞ , (A.1)

where Ssph represents the Eshelby tensor of a spherical phase. Decomposing Ssph into its

volumetric and deviatoric parts yields

Ssph = αIvol + βIdev (A.2)

with

α = 3k∞
3k∞ + 4µ∞

and β = 6(k∞ + 2µ∞)
5(3k∞ + 4µ∞) . (A.3)

For a cylindrical inclusion, with axis pointing in e3-direction, the Hill tensors read as

Pcyl = Scyl : C−1
∞ . (A.4)
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The non-zero components of the corresponding Eshelby tensors Scyl are obtained as

Scyl,1111 = Scyl,2222 = 9
4
k∞ + µ∞

3k∞ + 4µ∞
,

Scyl,1122 = Scyl,2211 = 1
4

3k∞ − 5µ∞
3k∞ + 4µ∞

,

Scyl,1133 = Scyl,2233 = 1
2

3k∞ − 2µ∞
3k∞ + 4µ∞

,

Scyl,1212 = 1
4

3k∞ + 7µ∞
3k∞ + 4µ∞

,

Scyl,1313 = Scyl,2323 = 1
4 .

(A.5)

The tensor Scyl exhibits the following symmetries Scyl,ijkl = Scyl,jikl = Scyl,ijlk = Scyl,jilk.

In addition, the isotropic average of a transversally isotropic tensor T can be written

as [359]

∫ 2π

0

∫ π

0
T(ϕ, ϑ)sinϑ

4π dϑdϕ =
3∑
i=1

3∑
j=1

[1
3TiijjI

vol + 1
5

(
Tijij −

1
3Tiijj

)
Idev

]
. (A.6)
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A.2 Hydration kinetic laws of the Bernard model

This appendix summarizes the kinetic laws reported in [111]. Three stages are distinguished.

1. Dissolution of the clinker phases during the first few hours. This stage is expressed by a

constant reaction rate (i.e. Ã = 1). When a threshold degree of hydration ξx0 is reached,

the dissolution process is finished.

τx(T, φ) = tx0

ξx0

φ0

φ
exp

[
Eax
R

( 1
T
− 1
T0

)]
. (A.7)

2. Nucleation and growth kinetic according to the Avrami phase evolution model [286]:

− ln [1− (ξx − ξx0)] =
{
k
φ0

φ
exp

[
−Eax
R

( 1
T
− 1
T0

)]
(t− tx0

}κ
, (A.8)

where k is the rate constant, κ the reaction order and

Ã = 1− (ξx − ξx0)
{−ln[1− (ξx − ξx0)]}1/κ−1 , τx(T, φ) = 1

κk

φ0

φ
exp

[
Eax
R

( 1
T
− 1
T0

)]
. (A.9)

3. Restriction of the hydration kinetics by diffusion of dissolved ions through a thickening

layer of hydration products that are formed around the unhydrated clinker grains [287].

(1− ξx)1/3 = −(2D)1/2

R
(t− t̄x)1/2 + (1− ξ̄x)1/3, (A.10)

where D is the diffusion coefficient, R is the average initial radius of the clinker particles

of the cement and

Ã = (1− ξx)2/3

(1− ξ̄x)1/3 − (1− ξx)1/3
, τx(T, φ) = R2

3D
φ0

φ
exp

[
Eax
R

( 1
T
− 1
T0

)]
. (A.11)
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A.3 Model input parameters and their stochastic

properties

A.3.1 Input parameters for the Powers model

Table A.1: Input parameters and their stochastic properties (mean, standard deviation

- SD, probability density function - PDF) for the Powers model (** - assumptions).

logn - lognormal distribution, unif - uniform distribution.

Parameter Mean SD PDF Reference

Densities - ρ [kg dm−3]

Clinker 3.15 0.15 logn Weschke [308], **

Hydrates 2.073 0.10 logn Constantinides [112], **

Sand 2.648 0.15 logn Bass [320], **

Aggregates 2.648 0.15 logn Bass [320], **

Elastic parameters - k [GPa]

Clinker 116.7 15.0 logn Königsberger [120], **

Hydrates 18.7 2.5 logn Königsberger [120], **

Sand 37.8 10.0 logn Königsberger [120], **

Aggregate 37.8 10.0 logn Königsberger [120], **

Elastic parameters - µ [GPa]

Clinker 53.8 7.0 logn Königsberger [120], **

Hydrates 11.8 2.0 logn Irfan-ul-Hassan [227], **

Aggregate 44.3 10.0 logn Irfan-ul-Hassan [227], **

Mixture parameters - f

Sand content 3 – unif (2, 4) **

Aggregate content 5 – unif (4, 6) **
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A.3.2 Input parameters for the Bernard model

Table A.2: Input parameters and their stochastic properties (mean, standard deviation

- SD, probability density function - PDF) for the Bernard model (** - assumptions).

logn - lognormal distribution, unif - uniform distribution.

Parameter Mean SD PDF Reference

Elastic parameters - E [GPa]

C3S 135 7.0 logn Acker [360], Velez [149]

C2S 140 20.0 logn Acker [360], Velez [149]

C3A 145 10.0 logn Acker [360], Velez [149]

C3S 125 25.0 logn Acker [360], Velez [149]

Portlandite 38 5.0 logn Constantinides and Ulm [112]

C-S-H LD 21.7 2.2 logn Constantinides and Ulm [112]

C-S-H HD 29.4 2.4 logn Constantinides and Ulm [112]

Elastic parameters - k [GPa]

Sand 37.8 10.0 logn Königsberger [120], **

Aggregate 37.8 10.0 logn Königsberger [120], **

Elastic parameters - µ [GPa]

Sand 44.3 10.0 logn Königsberger [120], **

Aggregate 44.3 10.0 logn Königsberger [120], **

Mixture parameters - f

Sand content 3 – unif (2, 4) **

Aggregate content 5 – unif (4, 6) **
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Table A.3: Input parameters and their stochastic properties (mean, standard deviation

- SD, probability density function - PDF) for the Bernard model (** - assumptions).

logn - lognormal distribution, unif - uniform distribution.

Parameter Mean SD PDF Reference

Activation energies – EaX/R [K]

C3S 4500 – unif (4110, 4890) Bernard [111], Venkovic [276]

C2S 2500 – unif (2285, 2715) Bernard [111], Venkovic [276]

C3A 5500 – unif (5025, 5975) Bernard [111], Venkovic [276]

C4AF 4200 – unif (3835, 4565) Bernard [111], Venkovic [276]

Quantitative phase composition mx

C3S 0.622 – unif (0.568, 0.676) Venkovic [276]

C2S 0.152 – unif (0.126, 0.178) Venkovic [276]

C3A 0.106 – unif (0.097, 0.115) Venkovic [276]

C4AF 0.009 – unif (0.008, 0.010) Venkovic [276]

Densities - ρ [kg dm−3]

Clinker 3.15 0.15 logn Weschke [308], **

Sand 2.648 0.15 logn Bass [320], **

Aggregates 2.648 0.15 logn Bass [320], **
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Table A.4: Input parameters and their stochastic properties (mean, standard deviation

- SD, probability density function - PDF) for the Bernard model (** - assumptions).

logn - lognormal distribution, unif - uniform distribution.

Parameter w/c-ratio τx,0 Mean SD PDF Reference

Kinetic parameters: Reaction order – κX [-]

C3S 0.4 12.7 1.79 0.18 logn Bernard [111]

0.5 11.9 1.72 0.17 logn Bernard [111]

0.6 11.2 1.69 0.17 logn Bernard [111]

C2S 0.4 66.1 1.03 0.10 logn Bernard [111]

0.5 60.9 0.96 0.10 logn Bernard [111]

0.6 59.8 0.90 0.10 logn Bernard [111]

C3A 0.4 53.5 1.07 0.11 logn Bernard [111]

0.5 49.2 1.00 0.10 logn Bernard [111]

0.6 42.6 0.93 0.09 logn Bernard [111]

C4AF 0.4 24.2 2.37 0.24 logn Bernard [111]

0.5 21.4 2.30 0.23 logn Bernard [111]

0.6 17.9 2.23 0.22 logn Bernard [111]

Kinetic parameters: Diffusion coefficient – DX [-]

C3S 0.4 1.05 · 10−10 0.13 · 10−10 logn Bernard [111]

0.5 1.64 · 10−10 0.32 · 10−10 logn Bernard [111]

0.6 6.42 · 10−10 0.77 · 10−10 logn Bernard [111]

C2S 0.4 6.64 · 10−10 0.80 · 10−10 logn Bernard [111]

0.5 6.64 · 10−10 0.80 · 10−10 logn Bernard [111]

0.6 6.64 · 10−10 0.80 · 10−10 logn Bernard [111]

C3A 0.4 2.64 · 10−10 0.32 · 10−10 logn Bernard [111]

0.5 2.64 · 10−10 0.32 · 10−10 logn Bernard [111]

0.6 2.64 · 10−10 0.32 · 10−10 logn Bernard [111]

C4AF 0.4 1.05 · 10−10 0.13 · 10−10 logn Bernard [111]

0.5 2.64 · 10−10 0.32 · 10−10 logn Bernard [111]

0.6 6.42 · 10−10 0.77 · 10−10 logn Bernard [111]
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A.4 The Gaver-Wynn-Rho Algorithm

The GWR algorithm is given in [330]. An analytic solution for the inverse LC transform

is given with the Post-Widder formula as

fk(t) = (−1)k
k! pk+1 dk

dpk
f̂(p)→ f(t) for k →∞. (A.12)

The numerical computation of the high-order derivates might be difficult. Gaver [361]

proposed a discrete form, which reads as

fk(t) = (−1)kα(2k)!
tk!(k − 1)! Mk

[
f̂(kα/t)

]
(A.13)

with α = log(2)
M difference operator, M f̂(nx) = f̂ ((n+ 1)x)− f̂(nx).

The difference operator was expanded which yields

fk(t) = α(2k)!
tk!(k − 1)!

k∑
j=0

(−1)j k! ˆf [(k + j)α/t]
j!(k − j)! . (A.14)

An acceleration algorithm helps to improve the convergence of the Gaver functionals [331].

Accordingly, f(t) is approximated as

f(t) ≈ f(t,M) = ρ(0)
m . (A.15)

M is an even integer and ρ(0)
m is determined as follows:

ρ
(n)
−1 = 0, ρ

(n)
0 , n ≥ 0,

ρ
(n)
k = ρ

(n+1)
k−2 + k

ρk − 1(n+1) − ρ(n)
k−1

, k ≥ 1.
(A.16)

The computational precision requirement is defined as

number of precision decimal digits = (2.1)M. (A.17)
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A.5 List of input parameters for the empirical creep

models

Table A.5: List of input parameters for the creep models.

Input parameter ACI209 MC90 B3 B4 GL2000

Concrete age at loading x x x x x

Concrete age when drying starts x x x x x

Relative humidity x x x x x

Volume-surface ratio x x x x x

Cement type x x x x x

Aggregate type x

Cement type x x x x x

Cement content x x x

Water content x

Water-to-cement ratio x x

Aggregate-to-cement ratio x x

Fine aggregate percentage x

Air content x

Slump x

Unit weight of concrete x x

Compressive strength at 28 days x x x x x

Specimen geometry x x

Curing method x x
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